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Abstract: Technological developments have led to the increased use of carbon fiber and
prosthetic lower-limbs in running events at the Paralympic Games. This study aims to
exploit a series of statistical techniques in order to prepare a response to the vital question
of whether utilizing prosthetic feet can affect an athletes ability when running competitively
at the Paralympics Games by comparing both within and between different classifications.
The study also considers the differences between running on biological limbs and prosthetic
lower-limbs from a mechanical point of view. The results from the male 100 m, 200 m
and 400 m at the 2012 London Paralympic Games have been the source of this investigation.
The investigation provides statistical evidence to propose that the number of prosthetic limbs
used and the structure of such limbs have a significant impact on the outcome of track events
at the Paralympic Games.
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1. Introduction

New technologies are increasingly used in order to enhance the human body and mind beyond the
contemporary standards that categorizes human beings [1]. At the Paralympic Games, composite energy
storage and return prosthetic lower-limbs are currently widely used by athletes. This in turn begs the
question; does the use of prosthetic lower-limbs enhance an athletes running ability? On the other hand,
there is the question of whether the use of prosthetic lower-limbs is an advantage or disadvantage?
This study is aimed at providing answers to these questions with the aid of various statistical techniques.
In order to achieve this aim, we consider two crucial parts of a running competition; (1) the starting point
where athletes begin the race, and (2) the performance during the competition.

We begin by providing a concise insight into the problem. For the athletes who use blade sprosthetic
lower-limbs, there is no contribution from the ankle motion and so, they cannot achieve the energy
gained from flexing the ankle against the starting blocks and the powering off. In fact, there is a lack
of energy generated by the strides at the starting point. Prosthetic lower-limbs store a proportion of a
potential energy when it hits the ground, and this energy is released in a form of kinetic energy when
the blade returns to its natural position. The lower-limb prostheses return about 90% of the energy
generated by the runner’s stride, while an able-bodied leg and foot, can return as much as 240% [2].
Accordingly, a biological lower-limb has a better performance in comparison to a prosthetic equivalent.
Recent studies indicate that running using lower limb sprinting prostheses is physiologically similar
to intact-limb elite running (measured in mean gross metabolic cost of transport), but mechanically
different (longer foot-ground contact, shorter aerial and swing times and lower stance averaged vertical
forces) [3,4].

The IAAF (International Association of Athletics Federations) intended to determine whether
the world record holder Oscar Pistorius prosthetic limbs gave him an advantage over able-bodied
competitors. In their study, they had the bio-mechanical and physiological analysis of long sprint running
by Pistorius, and the results were compared with five able-bodied athletes who are capable of similar
levels of performance at 400 m. The experiment included a 400 m sprint, and the athletes used a mask
in order to measure oxygen and carbon dioxide during inhalation and exhalation to test aerobic capacity,
and ran on pressure plates to measure the force from prosthetic lower-limb and legs. The results of the
IAAF study indicated that Pistorius used 25% less energy in comparison to able-bodied athletes [5].

It is also reported that the amount of energy returned to Pistorius is three times higher than the energy
attainable with a human ankle joint during maximum sprinting. The energy loss in Pistorius’s prosthetics
was measured at 9.3% while the average energy loss in an ankle joint of able-bodied athletes was
measured at 41.4% and the oxygen uptake for Pistorius was 25% lower than able bodied athletes [5].
Lower oxygen uptake suggests lower exertion by the athlete and basically means the athlete is able to
complete the task with a comparatively lower effort [6]. Thus, it was concluded that there is a 30%
mechanical advantage for blade runners in comparison to able-bodied athletes. It was also concluded
that running with energy storage and return prostheses leads to less mechanical work for lifting the body
combined with less vertical motion. Therefore, a blade runner can run in a flatter manner when compared
with able-bodied athletes and benefit from what is termed as a bio-mechanical advantage [5,7].
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One of the key issues in a running competition is the limb repositioning time [8]. The average male
sprinter moves his leg from back to front in 0.37 s. The five recent world record holders in 100 m
competition record the average of 0.34 s. However, Pistorius swings his legs in 0.28 s, largely because
his prosthetic lower-limb are lighter than a regular human leg. On average, his blade’s weigh 2.4 kg while
natural lower-limbs weighs around 5.7 kg [9]. In [10] it was demonstrated that when a sinusoidal input
with a frequency close to the natural frequency of an energy storing and returning (ESR) foot is applied
to a system, it can make the ESR foot susceptible to resonance which if sustained can lead to a bouncing
or a ‘trampoline effect’. They also demonstrated theoretically that if this impulse can be synchronised
with the frequency of human effort, it can result in storage or recovery of substantial amount of energy
in the system [10].

In order to explain how this bouncing effect can occur, it could be added that in a prosthetic foot,
when the excitation frequency (athlete muscle pressure) is increased, the inertia force will also increase
until it reaches a point at which the inertia force cancels the stiffness force of spring. In this situation
the excitation force acts on the system without any resistance. This will result in oscillating of the mass
at its natural frequency. In the absence of any damping, the amplitude of the resulting vibration will
increase. This condition is called resonance. If the frequency is increased further, the inertia force will
overcome stiffness force. The magnitude of oscillation will become small, until a point where the motion
is controlled by the mass and then the system is said to be in isolation. In simplified terms, the athlete
should apply an energy equal to the loss of energy in one cycle to maintain this advantage. For bilateral
amputees this force is substantially less than for a normal foot due to the fact that residual energy is still
in the mass and continually replenish [11].

The main focus with published research historically has focused on the physiological performance of
lower-limb amputees but no study to date considers this issue from a statistical point of view. However,
it should be stated that the purpose of this paper is not to consider the physiological, bio-mechanical
or philosophical differences between running using lower-limb prostheses. The key purpose of this
paper is the initial exploitation of relevant statistical techniques for identifying these differences from
a statistically reliable point of view as opposed to a physiological point of view. We use the 2012
London Paralympic results as the source of data, and endeavor to extract vital information from this
database by using statistical tools for identifying the differences between running on prostheses and
natural lower-limbs. The number of prosthetic lower-limbs which athletes use in their competition, and
the structure of the blade (whether it is below or above knee) are two key elements which can potentially
have an effect on the outcome of a given event. Also of interest is the comparison between the running
performances of uni-lateral and bilateral amputees during the running competition. This paper seeks to
determine whether these elements can bring about an added advantage or create an undue disadvantage
for the athletes. In the process, we attempt to clarify the differences between running on prosthetic
lower-limb in terms of number (lateral and bilateral), classification (T42, T44) and performance, and
finally combine the results from this paper with selected mechanical revisions from other papers to
conclude which group of runners are taking advantage of their situation.

The remainder of this paper is organized as follows. The data is presented and analysed in the next
section. The statistical analysis of the data is reported and discussed in Section 3, and the paper concludes
in Section 4.
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2. The Data

The data and subsequent analysis is derived from the amputee-based running results from the London
2012 Paralympic Games. At the Paralympic games, different athletes compete against each other
in various categories. These classifications are created by the International Paralympic Committee
(IPC) and have a root in the 2003 attempt to address the overall objective to support and co-ordinate
the on-going development of accurate, reliable, consistent, and credible sport focused classification
systems and their implementations [12]. All the data was retrieved via the official Paralympic Games
website [13]. These data include the name of athletes, ranking, country and most importantly the time
taken to complete the competition. The number of prosthetic limbs for each athlete was identified by
accessing their respective biography’s. Following the evaluation of all different classifications, T42 and
T44 were considered as the two main categories:

T42: The IPC define this as: Single above knee amputees and athletes with other impairments that are
comparable to a single above knee amputation [12] (see Figure 1).

Figure 1. T42 Classification.

T44: The IPC define this as: the class for any athlete with a lower limb impairment/s that meets
minimum disability criteria for: lower limb deficiency; impaired lower limb; impaired lower limb
muscle power; or leg length difference [14] (see Figure 2).

Figure 2. T44 Classification.

It should be noted that during the 2012 Paralympic Games, an additional category, the T43, was
combined with the T44 category in the male running events investigated for this paper. This is due to the
governing body proposing that a low level of athlete participation in one or more classifications can lead
to a combined classification in some events.

T43: The IPC defined this as: double below knee amputees and other athletes with impairments that
are comparable to a double below knee amputation (see Figure 3).



Sports 2014, 2 80

Figure 3. T43 Classification.

Tables 1–3 present some descriptive statistics for 100 m, 200 m and 400 m competitions. In these
tables N stands for the number of competitors in each competition and the first number in parentheses
indicates how many of them used two prosthetic limbs; the middle number indicates how many of them
used just one prosthetic limb, and finally the last one indicates how many did not use any prosthetic limbs.
For example, 6 (1,5,0) in the first row of Table 1 indicates that in T42/1st Round/Heat 1, six athletes
competed against each other while one of them used two prosthetic lower-limb, five of them used only
one prostheses and none of them used their natural limbs. Furthermore, s.d. stands for standard deviation,
Min and Max indicate the minimum and maximum of running time. In this paper, the analysis of variance
(ANOVA) test has been considered as the key statistical tool in identifying the differences between
different groups. Note that one of the assumptions of using one way ANOVA is that the dependent
variable should be approximately normally distributed for each category. Here, the Shapiro-Wilk (S-W)
test of normality [15] is also performed.

Table 1. Descriptive statistics for 100 m competition.

Category N Mean Median s.d. Min Max S-W

T42/1st Round/Heat 1 6 (1,5,0) 13.73 13.07 1.55 12.43 15.76 0.78∗∗

T42/1st Round/Heat 2 6 (1,4,0) 12.92 12.73 0.49 12.53 13.77 0.84
T42/Final 8 (1,6,0) 12.71 12.69 0.25 12.4 13.03 0.91

T44/1st Round/Heat 1 7 (2,5,0) 11.92 12.16 0.55 11.08 12.49 0.89
T44/1st Round/Heat 2 7 (3,3,1) 12.61 11.92 0.5 11.18 12.61 0.96
T44/1st Round/Heat 3 6 (1,5,0) 11.96 12.61 0.56 11.29 12.69 0.92

T44/Final 8 (3,4,1) 11.37 11.23 0.36 11.03 11.97 0.82∗∗

∗∗ indicates significant levels at 5%.

Table 2. Descriptive statistics for 200 m competition.

Category N Mean Median s.d. Min Max S-W

T42/Final 9 (2,6,1) 26.04 26.07 0.76 24.38 26.97 0.91
T44/1st Round/Heat 1 6 (3,3,0) 23.82 24.25 1.09 21.88 24.88 0.86
T44/1st Round/Heat 2 6 (1,5,0) 23.83 23.93 1.28 22.23 25.62 0.96
T44/1st Round/Heat 3 6 (1,4,0) 21.14 24.42 1.63 21.30 26.23 0.93

T44/Final 8 (3,5,0) 23.39 23.03 2.14 21.45 28.19 0.79∗∗

∗∗ indicates significant levels at 5%.
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Table 3. Descriptive statistics for 400 m competition.

Category N Mean Median s.d. Min Max S-W

T44/ 1st Round/Heat 1 6 (2,3,1) 55.01 55.35 3.09 50.63 59.79 0.97
T44/ 1st Round/Heat 2 5 (3,2,0) 51.87 52.29 2.22 48.31 53.86 0.89

T44/ Final 8 (5,2,1) 51.9 51.62 2.93 46.68 55.91 0.96

3. Statistical Analysis

In this section, we try to answer the question of whether or not the usage of prosthetic limbs enhances
an athlete’s ability in a running competition for different categories. In order to answer this question,
three separate one-way ANOVA) tests were performed. The first test was run to assess the difference
between performance of athletes in terms of running time and disability status (lateral and bilateral) or in
other words, to evaluate the effect of number of prosthetic lower-limbs in a running competition. Table 4
presents the results. The results of the ANOVA test confirms that there are no significant differences
for the effect of disability status or using any number of prosthetic lower-limbs, in all cases for 100 m
competition as the p-value > 0.05. Similarly, the results indicate that there are no significant differences
for 200 m–T42. Note that, for 200 m-T42, (and in contrast to the previous results) the sample size is too
small (N = 9) and therefore it is difficult to discover a significant effect from the data. Statistical tests
require a larger N to guarantee a representative distribution of the population or groups of individuals
to whom results will be concluded. Interestingly and in contrast to the previous results, Table 4, reveals
significant results for 200 m T44 at a 5% significance level and for 400 m T44 at a 10% significance level.

Table 4. ANOVA results 100 m, 200 m and 400 m competitions.

Category N p-value

100 m
T42/1st Round/Heat 1-2 12 (2,9,1)+ 0.656
T42/All 20 (3,15,2)+ 0.354
T44/1st Round/Heat 1-3 20 (6,13,1) 0.667
T44/All 28 (9,17,2)+ 0.922
200 m
T42/Final Round 9 (2,6,1)− 0.925
T44/1st Round/Heat 1-3 18 (5,12,1) 0.003∗∗

T44/All 26 (8,17,1)+ 0.009∗∗

400 m
T44/1st Round/Heat 1-2 11 (5,5,1) 0.062∗

T44/All 19 (10,7,2) 0.010∗∗

∗ and ∗∗ indicate significant levels at 10% and 5%, respectively.
+ indicates the data in this group are not normal, but they have met the homogeneity factor.
− indicates that data in this group are normal, but the homogeneity factor has not been met.

All results are tested for normality and homogeneity as these are the two key assumptions for an
ANOVA test. When any of these two assumptions were not fulfilled, the result from the Kruskal–Wallis



Sports 2014, 2 82

test was included instead of ANOVA. The results of this section indicates that as the length of the
competition increases, the number of the prosthetic lower-limbs which athletes use can be considered as
a factor. This has a significant effect on the outcome of the competition. However, during the 100 m
competition, this factor was not identified as an element which can impact the final outcome of the event.

Next, we consider the effect of the blade’s structure in terms of classification (T42 or T44). Here, the
aim is to compare the two categories of T42 (amputee above knee) and T44 (amputee below knee) to
evaluate whether the performance differs for each type of prosthetic lower-limb or not. Table 5 represents
the results. For example the first row of this table (T42/Final–T44/Final) indicates that 16 people in total
competed against each other in the final round of the 100 m and then these 16 people were divided
into two groups (T42 and T44) and as the data in these two groups were not normally distributed, the
Kruskal–Wallis test was opted to ascertain whether there is any difference between the mean time of
these two groups. The results of this test at the 5% significance level indicates that there is a statistically
significant difference in the performance between the T42 and T44 groups. The same procedure was
carried out in the second and third columns. These results indicate that whether an athlete is disabled,
below or above knee can have some statistically significant effect on his running performance.

Table 5. ANOVA results for 100 m and 200 m competitions considering the effect
of classification.

Category N p-value

100 m
T42/Final–T44/Final 16 (4,10,2)+ 0.000∗∗

T42/All–T44/All 48 (12,32,4)+ 0.000∗∗

200 m
T42/Final–T44/Final 17 (5,11,1)+ 0.009∗∗

∗∗ indicates significant levels at 5%.
+ indicates the data in this group are not normal, but they have met the homogeneity factor.

One of the common justifications of athletes with two prosthetic limbs for their results is that their
superior performance is not due to the effects of prosthetic lower-limb. Here we seek to find a definitive
answer to this justification with the aid of an ANOVA test which can prove or disprove same. For this
purpose, we consider all six athletes in the data set who participated in 100 m, 200 m and 400 m events.
They all belonged to the T44 classification, use different prosthetic lower-limb and the individual results
have been compared based on a Kruskal–Wallis test. The results of this test indicates that there is no
significant difference at a 5% significance level between the performance of the six athletes. Therefore,
there is not enough evidence to support the argument that at least one of them had a better performance
in comparison to the other athletes. As such, we propose that any effect of using energy storage and
return prostheses is not the predominant factor with respect to running performance when athletes use
two prosthetic limbs. The detailed results of this test are reported in Table 6.
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Table 6. ANOVA results for performance.

Category N p-value

Performance 30 (27,3,0)+− 0.5122
+ indicates the data in this group are not normal, but they have met the homogeneity factor.
− indicates that data in this group are normal, but the homogeneity factor has not been met.

4. Conclusions

This paper finds evidence which indicates that the number of the prosthetic lower-limbs which an
athlete uses in their competition and also the nature of the event (T42, T44) are two key elements which
can affect the results of track running events to a degree. The results also confirm that as the length of
competition increases, the number of the prosthetic lower-limbs which athletes use can make a significant
difference in their competition time. Also, an amputees race category, can make a difference. The
statistical results in this paper do not support the argument that any particular athlete with two prosthetic
lower-limbs had results which are significantly different from others in the T44 category at the 2012
London Paralympic games.

Finally, it can be concluded that the athletes who use two prosthetic lower-limb do have an advantage
in comparison to the others- especially in long run competitions. Also, the athletes who competed in T44
classification reported a better performance in comparison to T42. According to the results of this paper,
the athletes who use two prosthetic lower-limbs with disabilities below their knee have an advantage in
running competitions in comparison to other lower-limb amputee-based classifications.
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