
http://www.diva-portal.org

Postprint

This is the accepted version of a paper published in Disability and Rehabilitation: Assistive
Technology. This paper has been peer-reviewed but does not include the final publisher
proof-corrections or journal pagination.

Citation for the original published paper (version of record):

Rusaw, D. (2017)
The validity of forceplate data as a measure of rapid and targeted volitional movements
of the center of mass in transtibial prosthesis users.
Disability and Rehabilitation: Assistive Technology, 12(7): 686-693
https://doi.org/10.1080/17483107.2016.1222002

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:hj:diva-31177



Title: The validity of forceplate data as a measure of rapid and targeted volitional movements 

of the center of mass in transtibial prosthesis users 

Short title: Measures of rapid and targeted volitional movements 

Format: Original Article 

 

Author: RUSAW, DAVID F.1 

1School of Health and Welfare, Jönköping University, Jönköping, Sweden. 

 

Keywords: Balance, Postural Control, Transtibial, Amputee, Prosthesis, Limits of Stability, 

Posture, Coordination, Volitional, Center of Pressure, Center of Mass. 

Abbreviations: Limits of Stability (LoS), center of pressure (CoP), center of mass (CoM), 

transtibial prosthesis users (TPU), control-group (CON), tibialis anterior (TA), gastrocnemius 

medialis (GM), vastus lateralis (VL), biceps femoris (BF), erector spinae (ES), reaction time 

(RT), maximum excursion (MXE), mean velocity (MVL), directional control (DC), 

electromyography (EMG), median (M), interquartile range (IQR). 

Word count: 3896 

Abstract word count: 195 words 

Corresponding Author:  
 
David Francis Rusaw, PhD 
Jönköping University 
School of Health and Welfare    
Box 1026, 55111 
Jönköping, Sweden 
Tel: 0046036101275 
Fax: 0046036101180 
Email: david.rusaw@ju.se 
 

This research was conducted using using funds provided by The Promobilia Foundation 
(Ref#12066).  All authors were fully involved in the study and preparation of the manuscript 
and that the material within has not been and will not be submitted for publication elsewhere.  



Abstract  

Purpose:  To validate outcome variables from the Limits of Stability protocol that are derived 

from the center of pressure with those same variables derived from the center of mass during 

rapid, volitional responses in transtibial prosthesis users.  

Method:  Prosthesis users (n=21) and matched controls (n=21) executed movements while 

force and motion data were collected.  Correlation coefficients were used to investigate 

relationships between center of pressure and center of mass for: x/y coordinates positions, 

Limits of Stability outcome variables and muscular reaction times.   

Results:  Significant differences were seen in correlation between x/y coordinate positions 

toward the intact limb (mean effect size of differences: r = 0.38).  Limits of Stability variables 

were positively correlated (reaction time and maximum excursion range rs: 0.585 – 0.846; 

directional control and mean velocity range rs: 0.307 – 0.472).  Muscular reaction times 

correlated weakly with those from center of pressure (mean rs prosthesis users – 0.186 and 

controls –  0.101).   

Conclusions:  Forceplate measures are valid in describing rapid, volitional movements in 

unilateral transtibial prosthesis users.  Limits of Stability outcomes extracted from center of 

pressure and center of mass are highly correlated but can be sensitive to direction.  Muscular 

reaction time correlates very little with reaction times extracted from the other variables.



Introduction 

The ability to stand and coordinate movements of the body are a basic requirement for physical 

function and execution of activities of daily living [1] and have a direct effect on quality of life 

[2].  Requirements for this ability are increasingly challenging when physical structures, which 

are integral in the coordination of movement, are removed.  Such is the case for individuals 

who have undergone a limb amputation [3].  These individuals must coordinate whole-body 

movements despite the lack of critical structures, such as the foot, ankle, and more proximal 

joints.  Balance confidence is also decreased in prosthesis users [4,5] and these individuals fall 

more frequently than age matched controls [6,7].  

Volitional movement of the body in transtibial prosthesis users has been investigated in 

previous studies.  When asked to lift one leg, prosthesis users showed an earlier muscle 

activation of the tensor-fascia-latae when compared to controls [8,9].  Aruin, et al. [10] asked 

individuals to catch a falling ball and showed that prosthesis users showed an increased 

magnitude of activity on the intact side of the body, indicating what the authors describe as a 

postural adaptation.  Curtze, et al. [11] used kinematics to determine reaction time following a 

tether-release fall and showed shorter reaction times following the drop regardless of side, but 

that the reactions were greater when lead with the intact side.  As the reaction time variable is 

calculated using varying methods in these previously stated studies, it is difficult to draw 

conclusions based on the sum of the studies.  It is necessary to study the muscular reaction times 

in combination with the center of pressure (CoP) and center of mass (CoM) in order further 

understand the coordination of volitional movements. 

An additional test of volitional movement is called the Limits of Stability (LoS) [12-15].  This 

test investigates a participants’ ability to shift their center of mass towards 8 predetermined 

goals and evaluates how effectively they can coordinate these movements without falling. 



In our previous investigation [16], results suggested transtibial prosthesis users utilize real-time 

vibratory feedback in a feedforward (anticipatory) postural control strategy during the LoS 

protocol.  It has been shown that LoS outcome variables associated with accuracy and control 

improve in the 6 months following amputation but not the temporal variables [12].  Transtibial 

prosthesis users have reduced accuracy in movements directed backwards and towards the 

prosthesis and reduced limits towards the prosthetic side when compared to controls [15] and 

alignment changes do not affect these results [17].  

Validity of the data derived from the LoS protocol rests upon the assumption that the variables 

derived from the center of pressure (CoP) are a reflection of the same variables derived from 

the center of mass (CoM).  This is a result of the analytical model utilized in the analysis, refered 

to as the Inverted Pendulum Model [18,19].  This model dictates that the difference between 

the CoP and CoM (CoP-CoM) will be negatively correlated with the horizontal acceleration of 

the CoM.  This model has been validated in for both able-bodied [18,19] and  prosthesis users 

in quiet standing [20] but has been questioned when more dynamic activities are being 

conducted such as standing on an unstable platform [21] and walking [22,23].  To date, no 

studies have investigated specifically how movements of the CoP reflect those of the CoM 

during the inherently dynamic LoS protocol, or how the outcome variables from the LoS 

protocol based on the CoP reflect those from the CoM in prosthesis users.  For this reason an 

exploratory study investigating the association of these variables is warranted. 

The aims of this study are to: 1) validate the outcome variables of the LoS protocol in transtibial 

prosthesis users via CoP data, and movement of the CoM; 2) investigate the association between 

the reaction time as measured by movement of the CoP, CoM and that measured by EMG of 

the lower-extremity. 

2 Methods  

2.1 Participants 



Data from a previous study investigating the use of vibratory feedback to improve postural 

stability was used [16] to conduct an a-priori sample size calculation.  Utilizing differences and 

standard deviation of the reaction times towards the prosthesis with vibration and without 

vibration (174 ms [397]) it was determined that a total sample size of n=42 was required to 

detect a statistically significant difference (p<0.05) between two matched-groups, given a 

statistical power of 0.8, a minimum effect size of dz=0.44. 

An experimental group of transtibial prosthesis users (TPU; n=21) was recruited on the basis 

that they: had a unilateral transtibial amputation with no concomitant health issues, no current 

issues regarding fit or function of the prosthesis including wounds, blisters, or skin breakdown 

and had been a regular prosthesis user for at least one year.  A control group (CON; n=21) was 

matched based on age, sex, height and weight.  Participant characteristics are given in Table 1.  

All participants gave informed, written consent to the study which was approved by the 

Regional Ethical Review Board in Linköping, Sweden. 

 

 

 Participant Sex Height Weight Age YSA Cause Control Sex Height Weight Age
1 M 182 82 63 18 Trauma C1 M 177 76 62
2 M 173 94 67 24 Trauma C2 M 172 103 65
3 M 181 66 30 13 Trauma C3 M 185 68 32
4 M 178 84 43 17 Trauma C4 M 185 86 47
5 M 181 60 60 21 Vascular C5 M 177 66 60
6 F 170 70 51 33 Infection C6 F 172 77 56
7 M 187 73 44 8 Trauma C7 M 192 89 48
8 M 179 87 51 8 Trauma C8 M 183 85 50
9 M 176 92 80 10 Trauma C9 M 175 77 75
10 F 167 65 39 30 Trauma C10 F 168 70 39
11 M 182 72 48 6 Trauma C11 M 177 74 52
12 M 183 81 67 7 Trauma C12 M 176 87 66
13 M 183 78 33 7 Trauma C13 M 178 85 35
14 M 172 78 64 11 Vascular C14 M 172 80 64
15 M 187 83 56 9 Vascular C15 M 180 80 51
16 F 156 62 63 37 Trauma C16 F 153 61 63
17 M 177 79 49 18 Trauma C17 M 191 99 43
18 M 170 85 40 18 Trauma C18 M 171 76 37
19 F 182 60 34 11 Infection C19 F 166 59 33
20 M 173 100 50 4 Trauma C20 M 180 96 42
21 M 180 100 29 7 Trauma C21 M 185 107 38

mean(SD) M=17;F=4 177.1(7.4) 78.6(12.2) 50.5(13.9) 15.1(9.4) 176.9(8.8) 81.0(13.0) 50.4(12.6)



Table 1 - Participant characteristics.  Participants 1-21 from TPU with matched CON.  Sex (M=male, F=female), Height (m), 
Weight (kg), Age (years), YSA=years since amputation (years), cause of amputation.  Summary statistics (means and standard 
deviation (SD)) presented where appropriate. 

 

2.2 Experimental Protocol 

Prior to testing, the participants were fitted with a safety-harness in case of a fall.  Surface 

EMG Trigno electrodes (Delsys Inc., Natick, USA) were positioned on lower-extremity 

musculature over the tibialis anterior (TA) and gastrocnemius medialis (GM) muscles on the 

non-amputated limb, and bilaterally on vastus lateralis (VL) and biceps femoris (BF), and the 

left and right erector spinae muscles (ES).  Sixty-nine passive-reflective markers were placed 

to identify anatomical joints/segments of upper and lower-extremities.  Markers were placed 

bilaterally at the medial and lateral malleolus, medial and lateral femoral condyles, greater 

trochanter, iliac crest, acromion, medial and lateral epicondyles and styloid processes.  Foot 

segments were identified using 3 markers at the 1st metatarsalphalangeal joints, the 5th 

metatarsalphalangeal joints and the heel.  The pelvis was identified using markers at the 

ASISs and sacrum.  The head was identified using 3 markers placed medially, laterally and 

anteriorly.  9 additional segment s were identified using marker clusters attached to the upper 

and lower arms and legs, and trunk.  Using these reflective markers, CoM position was 

calculated for each individual based on anthropometric data [24] within the Visual 3D 

analysis software. 

During testing participants stood on a forceplate (Pro Balance Master, NeuroCom 

International Inc., Oregon, USA).  The system incorporates a 46 cm × 46 cm forceplate which 

is capable of sagittal plane pitch rotations in toes-up and toes-down directions.  Participants 

stood on the forceplate facing a computer screen which prompted them through the LoS 

protocol. This test is an evaluation of the participant’s ability to voluntarily shift CoM 

towards goals which represent their maximum distance from a central position in 8 directions 

(Fig. 1).  



 

 

Fig. 1 – The eight (8) goal directions in the LoS protocol.  Zero represents the starting point for all trials, and each goal 
direction following the cue to move.  For the TPU, 2-4 are always towards the intact side and 6-8 towards the prosthetic side. 

 

For each participant, it was first explained that the LoS protocol evaluated their ability to move 

their body as “quickly, straight and as far as possible” towards each of the 8 goals following 

the cue to move.  Each test is 8 seconds in length following the cue to move.  Participants were 

then given 3-5 practice tests in varying directions followed by a complete round of 8 tests under 

the normal test conditions.  Following these practice tests one round of 8 tests was conducted 

according to the LoS protocol and subsequently used in the analysis. An 8-camera Oqus motion 

analysis system (Qualysis AB; Gothenburg, Sweden) captured full-body kinematics.  

Coordinate and EMG data were sampled at 100Hz and 1000Hz respectively using Qualisys 

Track Manager (QTM) (Qualysis AB; Gothenburg, Sweden).  Force data was sampled at 100Hz 

within the embedded software in the Pro Balance Master (NeuroCom International Inc., 

Oregon, USA).  An analog signal (5V rising) from the Pro Balance Master allowed 

synchronization of data from QTM and Pro Balance Master. All data was then exported to 

Visual 3D (C-Motion, Inc.; Germantown, USA) for processing.   

2.3 Data Analysis 



The coordinate system utilized defined all instances in the x-direction, y-direction and z-

direction as mediolateral (𝑀𝑀𝑀𝑀; side-to-side), anteroposterior (𝐴𝐴𝐴𝐴; front-to-back) and 

inferosuperior (up-and-down) directions respectively.  Outcome variables utilized in the 

analysis can be categorized into those associated with: 1) the CoP; 2) the CoM; and 3) EMG. 

Center of Pressure 

CoP data was derived using signals from four force transducers placed at the corners of 46 x 

46 cm forceplate: (RF) right-front, (RR) right-rear, (LF) left-front and (LR) left-rear.  

Calculations are based on equations 1 and 

2:

                                                    𝐶𝐶𝐶𝐶𝐴𝐴𝑥𝑥 = (𝑅𝑅𝑅𝑅+𝑅𝑅𝑅𝑅)−(𝐿𝐿𝑅𝑅+𝑅𝑅𝑅𝑅)
𝑅𝑅𝑅𝑅+𝑅𝑅𝑅𝑅+𝐿𝐿𝑅𝑅+𝐿𝐿𝑅𝑅

× 10.2                                              (1)  

                                                    𝐶𝐶𝐶𝐶𝐴𝐴𝑦𝑦 =
(𝑅𝑅𝑅𝑅 + 𝑀𝑀𝑅𝑅) − (𝑀𝑀𝑅𝑅 + 𝑅𝑅𝑅𝑅)
𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑅𝑅 + 𝑀𝑀𝑅𝑅 + 𝑀𝑀𝑅𝑅

× 10.2                                              (2) 

Where RF, RR, LF, LR represent the instantaneous force at each transducer [25,26].   

The dependent variables of interest were the reaction time (RTCoP) (sec), Mean Velocity 

(MVLCoP) (degrees/sec), Maximum Excursion (MXECoP) (degrees) and Directional Control 

(DCCoP) (% of straight line).  These variables have been described elsewhere [15,17,25] and are 

based on what is defined as the sway-angle (the angle formed by vertical projection of the center 

of the forceplate and a line projected through the individual’s theoretical CoM).  The ML- and 

AP-coordinate positions of the CoP (CoPML and CoPAP) were also calculated for each of the 8-

second tests (m).  Normalization of goal directions for the TPU was conducted resulting in goals 

2-4 being towards the intact side and 6-8 being towards the prosthesis for all trials (Fig. 1). 

Center of Mass 

Similar to those variables extracted from the CoP, dependent variables based on CoM [24] 

were reaction time (RTCoM), Mean Velocity (MVLCoM), Maximum Excursion (MXECoM) and 

Directional Control (DCCoM).  These variables were calculated based on the descriptions of 

the variables for the CoP [25] but using the ML- and AP-coordinate position of the CoM 



instead of the CoP.  The CoP variables are derived and modeled after movement of the 

theoretical angular movement of the CoM [25].  In contrast, these variables were derived 

using position and movement of the CoM. At the start of each trial a vertical projection of the 

CoM on the forceplate served as the adjacent side of a triangle formed between this and a 

hypotenuse from the point projected on the support surface and the CoM.  In this way a 

“sway-angle” was formed using the CoM data and not the CoP.   

For the calculation of each of the variables it was necessary to construct individual coordinate 

systems for each of the goal directions.  In all directions the z-direction was defined by the 

starting point for each trial.  Vertical from this point (based on the lab-coordinate system) was 

defined as the z-direction.  The ML-direction was defined as a line bisecting the “zero” point 

of each trial (Fig. 1) and the goal for each trial.  The AP-direction was defined as the 

perpendicular projection from the ML-direction.  The z-direction was perpendicular to both 

the ML- and AP- directions (vertical).  For analysis only the ML- and AP-directions were 

exported.   

RTCoM was defined as the length of time for the CoM to move through a sway-angle towards 

to the goal greater than 3SDs of the RMS-sway in the x-z plane (sagittal plane) during the 2 

seconds prior to the cue to move (sec). 

MXECoM was defined as the largest angle formed after the cue to move in the direction of the 

goal (x-z plane) (m). 

MVLCoM was defined as the total angular distance towards the goal (x-z plane) divided by the 

length of the trial (degrees/sec). 

DCLCoM was defined as the ratio of the total angular distance towards the goal (x-z plane) and 

the total angular distance not towards the goal (y-z plane) (%). 



The x- and y-coordinate positions of the CoM (CoMML and CoMAP) were also calculated for 

each of the 8-second tests (m). 

EMG 

The outcome variable for the EMG data was reaction time (RTEMG) and was calculated for each 

of the individual muscle groups (TA, GM, VL, BF, ES).  Reaction time was determined by 

calculating the RMS activity of each muscle group during the 100ms prior to the cue to move.  

RT was determined as the first instance the EMG signal deviated more the 3SDs from the RMS 

background activity (sec).  For the purposes of analysis, left side CON muscles were compared 

to the intact of the TPU and right side CON compared to the affected side of the TPU. 

Correlation coefficients (rs) were calculated for each 8 second test using: 

1) ML- and AP-coordinate positions of the CoP and CoM. 

2) outcome variables (RT, MVL, MXE, DCL) derived from the CoP and CoM. 

3) EMG reaction times (RTEMG) and the RTs derived from the CoP and CoM. 

2.4 Statistical Analysis 

Normality of the data was determined using a Shapiro-Wilk test.  In instances where normality 

was not shown non-parametric analyses were conducted.  Statistical significance was 

determined using a critical alpha level of α=0.05 for all tests. 

In the ML- and AP-coordinate position of the CoP and CoM analysis descriptive data is 

presented with median and IQR.  A Mann-Whitney-U test for independent samples was 

conducted to establish if significant differences existed between the ML- and AP-direction 

correlation coefficients between TPU and CON. 

In the outcome variables analyses (RT, MVL, MXE, DC) of CoP and CoM descriptive statistics 

are provided for the within-group analyses.  Statistical exploratory analysis utilized correlation 

coefficients (rs) for the comparison of CoP and CoM variables to explore the association 

between the variables for each of 8 the directions. 



The association between the EMG reaction times and the RTCoP and RTCoM was further explored 

using the descriptive statistics and correlation coefficients (rs).  

3 Results 

2.2 CoP and CoM of the ML- and AP-coordinate positions 

Statistically significant differences were seen between the TPU and CON when comparing the 

correlation coefficients for the ML- and AP-coordinate positions of the CoP and CoM.  

Differences (Median(IQR)) seen between the TPU and CON were towards the intact foot with 

goals 2AP (TPU and CON); 0.97 (0.03), 0.95 (0.05), p=0.011), 3ML (TPU and CON; 0.98(0.01), 

0.97(0.03), p=0.024), and 3AP (TPU and CON; 0.86(0.19), 0.61(0.52), p=0.011).  Summary 

statistics given in Table 2. 

 

 

Table 1 - Median and interquartile range (IQR) for the ML- and AP-direction correlation coefficient (rs) of the CoP and CoM 
for the two groups (TPU & CON) for each of the goal directions (1-8).  Goal directions normalized according to Figure 1, 
there 1=anterior, 2=anterior/intact, 3=intact, 4=posterior/intact, 5=posterior, 6=posterior/prosthesis, 7=prosthesis, 
8=anterior/prosthesis.  Bold text indicates statistically significant differences between TPU and CON. 

 

3.2 Outcome variables (RT, MVL, MXE, DCL) derived from the CoP and CoM 

Descriptive statistics were utilized to investigate the patterns of correlation between the CoP 

and CoM variables for the two groups.  Results show that the strongest statistically significant 

positive correlations existed for both the TPU and CON within the RT (rs – TPU: 0.591, 

p=0.000; CON: 0.663, p=0.000) and MXE (rs – TPU: 0.846, p=0.000; CON: 0.585, p=0.000) 

variables.  There were weak to moderate statistically significant positive correlations for both 

the TPU and CON within the DCL (rs – TPU: 0.472, p=0.000; CON: 0.307, p=0.000) and MVL 



(rs – TPU: 0.432, p=0.000; CON: 0.351, p=0.000) variables.  Summary statistics given in Table 

3. 

 

 

Table 2 - Group median (M) and interquartile range (IQR) for each of the variables: directional control (DCL), reaction 
time (RT), maximum excursion (MXE), and mean velocity (MVL).  Spearman correlation coefficient (rs) provided with p-
value for the within-group correlation analyses for both groups (TPU and CON): DCLCoM-DCLCoP, RTCoM-RTCoP, MXECoM-
MXECoP, MVLCoM-MVLCoP. 

 

Strong statistically significant positive correlations were seen for all directions in the MXE 

variable for both the TPU and CON.  Similarly, strong statistically significant positive 

correlations were seen for most directions in the RT variable for both the TPU and CON with 

the exception of forward and backward (goal 1 and 5) for the TPU (rs – 1: 0.419, p=0.059; 5: 

0.419, p=0.059).  Both the DCL and MVL variables exhibited varying levels of correlation with 

sporadic statistically significant differences being seen.  Summary statistics given in Table 4.  

 



 

Table 3 - Group median (M) and interquartile range (IQR) for each of the variables: directional control (DCL), reaction time 
(RT), maximum excursion (MXE), and mean velocity (MVL) for the two groups (TPU & CON) for each of the goal directions 
(1-8).  Goal directions normalized according to Figure 1, there 1=anterior, 2=anterior/intact, 3=intact, 4=posterior/intact, 
5=posterior, 6=posterior/prosthesis, 7=prosthesis, 8=anterior/prosthesis.  Spearman correlation coefficient (rs) provided with 
p-value for the within-group correlation analyses for groups (TPU and CON): DCLCoM-DCLCoP, RTCoM-RTCoP, MXECoM-
MXECoP, MVLCoM-MVLCoP.  Bold text indicates statistically significant differences between TPU and CON.   

 

3.3 Reaction times (RTCoP) and the RTs derived from the and CoM (RTCoM ) and EMG 

(RTEMG) 

Statistically strong positive correlations were seen between the RTCoP and RTCoM for both the 

TPU and CON (rs – TPU: 0.591, p=0.000; CON: 0.663, p=0.000).  Statistically significant 

weak correlations were seen in the TPU for the GM, VL, and BF on the intact side and VL 

and BF on the affected side.  The TPU also showed statistically significant weak correlations 

for ESL and ESR. 

The CON exhibited statistically significant weak correlations for the VL on the left side and 

TA on the right side.  Summary statistics given in Table 5. 

 



 

Table 4 – Group median (M) and interquartile range (IQR) for.  Spearman correlation coefficient (rs) provided with p-value 
for the within-group correlation analyses for both groups (TPU and CON): All correlation coefficients and significance are 
based on analysis with the RTCoP-RTCoM, RTCoP-RTEMG (tibialis anterior (TA), gasstrocnemius medialis (GM), vastus lateralis 
(VL), biceps femoris (BF), erector spinae – left side (ESL), erector spinae – right side (ESR). 

 

 

4 Discussion  

The aims of this study were to validate the outcome variables of the LoS protocol in transtibial 

prosthesis users via CoP data and movement of the CoM.  An additional aim was to investigate 

the association between the reaction time as measured by movement of the CoP, CoM and that 

measured by EMG of the lower-extremity.  Results indicate differences between the groups in 

association between movement of the CoP and CoM, the variables of the LoS protocol and the 

association between the reaction times amongst the CoP, CoM and EMG.  Results suggest 

researchers should be cautious of which variables of the LoS protocol are used in analysis for 

individuals who use a prosthesis, specifically DC and MVL. 

There was a statistically significant strong positive correlation between movement of the CoM 

and CoP in all of the directions, with the exception of the CON showing a statistically 

significant moderate positive correlation in the lateral direction (towards the right side) (median 

(IQR) = 0.61(0.52)).  When looking at how the groups differed from each other there were three 

directions that resulted in significant differences between the ML- and AP-directions between 

the groups.  All three of these differences were present when movements were directed towards 



the intact limb (Goals 2AP, 3ML, and 3AP).  As previous research has shown, in quiet standing 

there is a strong association between the movement of the CoM and CoP in prosthesis users 

[20].  Yet, in the current study the subjects were asked to rapidly move their CoM towards the 

individual goals.  This dynamic activity is substantially different than standing, and association 

between these two variables cannot be assumed without evidence.  Although Aruin, et al. [10] 

utilized different methods than in the current study, they were able to show TPUs exhibited 

differences in coordination of mediolateral movements compared to controls.  These authors 

showed that TPUs exhibited a longer phase shift of CoP between the initiation of movement 

and the maximum lateral position of the CoP.  Although they did not incorporate CoM data in 

their analysis, it is possible the greater phase length of this shift of the CoP played a role in the 

differences seen in the current study, as this temporal difference between TPU and CON in 

lateral movement of the CoP would be exhibited in movements towards goals 2 and 3. 

The LoS variables derived from the CoM and CoP showed statistically significant positive 

correlations from moderate (DCL and MVL) to strong (RT and MXE).  This would seem to 

indicate that the measures that are extracted and presented by the forceplate reflect the same 

variables calculated based on the CoM.  This is in itself a validation of the measures within this 

prosthesis user group.  When the data was analyzed by direction it became clear there are 

differences present in the validity of the CoP and CoM when direction is taken into account.  

RT and MXE exhibited the highest correlations with all but two directions exhibiting 

statistically significant strong or moderate correlations (RT - TPU – goals 1 and 5 (0.42(0.06) 

& 0.42(0.06)).  DCL and MVL exhibited non-statistically significant weak positive correlations 

in 4 of the 8 variables in the TPU.  This suggests that researchers must be cautious in their 

interpretation of the DCL and MVL variables for the prosthesis user group.  It is interesting to 

note results in the DCL and MVL for the control group showed weak non-significant 

correlations for all the directions.  This calls into question the MVL and DCL variables ability 



to describe movement of the CoM in this control group.  As CoM and CoP are two related, but 

independent variables, and movement of the CoP being the body’s physiological response to 

motions of the CoM [18], the results suggest that they may be measuring two different aspects 

of postural control in the current study.  This could be due to the complex movement required 

during the LoS protocol, itself a challenge to the simple inverted pendulum model to describe 

postural control during standing [21] or a consequence of the definition of the outcomes, where 

RT and MXE are real numbers, and DCL and MVL are fractions making them sensitive to the 

magnitude of the denominator.  Further research is warranted in order to determine if these 

results are generalizable or reflect only this sample group. 

The calculated reaction time variables showed varying levels of association with each other. 

RTCoM and RTCoP clearly showed statistically strong positive correlations with each other for 

both the TPU and CON respectively (rs – TPU: 0.591, p=0.000; CON: 0.663, p=0.000).  In the 

TPU, RTEMG variables exhibited statistically significant weak correlations for all of the 

variables except the tibialis anterior (TA) of the intact side.  The CON exhibited two statistically 

significant weak correlations for the vastus lateralis (VL) and tibialis anterior (TA) (rs – VL: 

0.171, p=0.029; TA: 0.194, p=0.012).  Effective reaction from appropriate muscles is required 

in order to coordinate body movements [27].  The fact that the TPU has a systematic weak 

correlation between the CoP variable and the individual muscle RTEMG variables should not 

necessarily be seen as problematic.  The CON exhibits very little correlation between the 

variables as it is possible that in some movements a short reaction time from the RTEMG is 

actually counterproductive [27].  For instance in the type of reaction required to move from the 

center position to goal 1 a quick reaction from gastrocnemius would likely move the CoM 

posteriorly, something less optimal.  In the same movement (towards goal 1) the TPU would 

likely require a short reaction time in the vastus lateralis on the affected side in order to stabilize 

the prosthetic side knee and drive the CoM forward.  The reaction time variables are not directly 



comparable and further research is suggested to understand the differences between the groups 

in their muscular reactions required to coordinate the same movement.   

Certain limitations must be discussed.  The statistical analysis was from the outset designed to 

be exploratory.  For this reason adjustments for multiple comparisons were not utilized.  The 

result is that the likelihood of Type I errors is greater.  Had adjustments been made the 

likelihood for type II errors would have been greatly inflated, increasing the risk that important 

contrasts between variables would be missed [28,29].  Though, the exploratory results of the 

current study need be validated with more confirmatory research which encompasses 

appropriately focused research questions.   

The current study utilized CoP data from a single forceplate.  Although this means the 

contributions from individual feet cannot be separated, the movement of the global center of 

pressure has been validated as a measure of the movement of the center of mass in this group 

[20].  Though, one should be cautious to apply to the current results to the prosthetic limb as 

this has not been validated.  The results from the CoP data are in line with previous data 

published regarding the LoS test variables for unilateral transtibial prosthesis users including 

reduced excursion towards the prosthetic limb and reduced mean velocities [15,17].  One should 

be conscious that an evaluation of these variables were not in line with the aims of this study, 

though it suggests valid data was used to address the aims of this study. 

The results of this study suggest there is validity to the CoP variables extracted from the Limits 

of Stability protocol for unilateral transtibial prosthesis users.  Though, researchers and 

clinicians need be aware that there is directional sensitivity to these variables that differ between 

TPUs and those who do not use a prosthesis.  Rehabilitation staff should take into account these 

differences when designing protocols which intend of improving aspects of postural control. 

5 Conclusion 
 



Forceplate measures are valid in describing rapid and volitional movements of the center of 

mass for unilateral transtibial prosthesis users.  Limits of stability outcomes extracted from 

center of pressure and center of mass data are highly correlated in some variables, but 

sensitive to direction in others.  Muscular reaction time correlates very little with the reaction 

times extracted from the CoP and CoM data. 
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