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Abstract 

Swimmers with limb deficiency are a core population within Para Swimming, accordingly this study 

examined the contribution of limb segments to race performance in these swimmers. Data were 

obtained for 174 male Para swimmers with limb deficiency. Ensemble partial least squares regression 

showed accurate predictions when using relative limb segment lengths to estimate Para swimmers’ 

personal best race performances. The contribution of limb segments to performance in swim events 

was estimated using these regression models. The analysis found swim stroke and event distance to 

influence the contributions of limb segments to performance. For freestyle swim events, these 

changes were primarily due to the increased importance of the hand, and decreased importance of 

the foot and shank, as the distance of the event increased. When comparing swim strokes, higher 

importance of the thigh and shank in the 100 m breaststroke compared with other swim strokes 

confirms the separate SB class. Varied contributions of the hand, upper arm and foot suggest that 

freestyle could also be separated from backstroke and butterfly events to promote fairer classification. 

This study shows that swim stroke and event distance influence the activity limitation of Para 

swimmers with limb deficiency suggesting classification should account for these factors.  

 

Keywords: Paralympic, evidence-based classification, swimming classification, physical impairment, 

para-sport, artificial intelligence. 

 

  



Introduction 

Para swimming is one of the most popular Paralympic sports that includes competitors with a wide 

range of physical, visual and intellectual impairments. Like all Para sports, a classification system is 

used in Para swimming to group athletes into classes for competition based on the activity limitation 

caused by their impairment. The aim of the classification system is to provide fair competition by 

minimising the impact that impairment has on the competition outcome (Tweedy & Vanlandewijck, 

2011). This will ensure that the most successful athletes are those with the best combination of 

physical, technical and psychological attributes that have been gained through effective training. The 

effectiveness of the current Paralympic swimming classification has been questioned, leading the 

international federation that governs the sport to commission research that will guide a new evidence-

based classification system (Burkett et al., 2018; Daly & Vanlandewijck, 1999; Wu & Williams, 1999). 

The most fundamental research required to guide an evidence-based classification system is the 

development of valid and reliable measures of impairment (Hogarth, Nicholson, et al., 2019; Hogarth, 

Payton, et al., 2019; Nicholson et al., 2018), and the establishment of the impact that eligible 

impairments have on swimming performance (Lee, Sanders, & Payton, 2014; Oh, Burkett, Osborough, 

Formosa, & Payton, 2013).  

Para swimmers with limb deficiency have reduced limb length and surface area that affects their ability 

to produce propulsion and minimise their resistance in the water (Lee et al., 2014; Oh et al., 2013). 

The current classification system uses a points-based system to classify athletes into S (freestyle, 

backstroke, and butterfly), SB (breaststroke) and SM (individual medley) classes (World Para 

Swimming, 2017). Direct limb length measurements and body parameters are used to estimate 

‘healthy’ limb segment lengths and determine the relative amount of limb length remaining to derive 

a point score that is used to assign classification. Points are assigned for the hand, forearm, upper arm, 

foot, shank and thigh segments, and differ for the S and SB classes based on their expected 

contribution to swimming performance in the different swim strokes. Although the points assigned to 

limb segments were derived from expert knowledge during the conception of the classification system 

prior to the 1992 Paralympics in Barcelona, there is little scientific evidence to substantiate whether 

the points weighting results in fair and equitable classification for these Para swimmers. 

Recent research has aimed to establish the relationship between relative limb segment lengths and 

personal best 100 m freestyle performance in Para swimmers with limb deficiency (Hogarth, Payton, 

Van de Vliet, Connick, & Burkett, 2018). This study found ensemble partial least squares regression to 

provide accurate predictions of 100 m freestyle performance using limb length measures that were 

expressed as a percentage of the estimated ‘healthy’ limb segment length. Based on these predictions, 



valid classification structures were derived that showed clearer and more consistent differences in 

100 m freestyle performance between adjacent classes than the existing classification system does. 

The increased effectiveness of the newly derived classification structures was attributed to the 

machine learning method better accounting for the impact that limb deficiency impairment has on 

100 m freestyle performance. This study and others demonstrate the potential of using data-driven 

machine learning techniques to establish the impact of impairment on sports performance to guide 

evidence-based classification in Para sport (Connick et al., 2018; Pastor, Campayo-Piernas, Pastor, & 

Reina, 2019). 

There are several possible extensions of the above-mentioned study that can further guide evidence-

based classification of Para swimmers with limb deficiency. First, the study was limited to the 100 m 

freestyle swim event and so did not examine the influence that swim stroke and event distance have 

on the relationship between limb deficiency impairment and swimming performance. The current 

classification system attempts to account for the influence of swim stroke by having S and SB classes, 

although it is unknown whether limb segments have similar contributions to swim performance in any 

of the swim strokes. This is a key limitation within the current system.  

Research has also criticised the fact that the current classification system does not account for the 

influence that event distance has on the relationship between physical impairment and swimming 

performance (Burkett et al., 2018; Daly & Vanlandewijck, 1999). It is possible that for the same swim 

stroke, the contribution of limb segments to propulsion and drag forces changes with increasing event 

distance as do other stroke parameters, such as interlimb coordination, and the contribution of race 

segments to the overall outcome of a race (Cossor & Mason, 2001; Osborough, Daly, & Payton, 2015; 

Seifert, Chollet, & Bardy, 2004). Establishing the influence, if any, that swim stroke and event distance 

have on the relationship between limb deficiency impairment and swimming performance is 

important to guide an evidence-based classification system for Para swimmers with limb deficiency. 

This study aims to establish whether differences exist in the contribution of limb segments to race 

performance in swim events stratified by stroke and event distance.  

 

Methods 

Design 

Data for 174 male Para swimmers with limb deficiency were obtained from athlete classification 

records listed in the International Paralympic Committee (IPC) Sports Data Management System 

(SDMS). Para swimmers were included in analyses if they had received international classification and 



were listed as being ‘active’ at the time of data collection. Para swimmers were removed from analysis 

if they had a secondary impairment other than limb deficiency and did not have a recorded race time 

for a long course event in at least one of the swim events included in analysis. The swim events 

included in analysis were the 50 m freestyle, 100 m freestyle, 400 m freestyle, 100 m backstroke, 100 

m butterfly and 100 m breaststroke. These events were chosen to allow for a novel analysis on the 

influence of swim stroke and event distance on the relationship between limb deficiency and 

swimming performance. Data were collected under approved ethical guidelines from the institution’s 

Human Research Ethics Committee.  

Data 

All data were obtained from athlete classification records listed on the IPC SDMS until the end of the 

2016 calendar year (Hogarth et al., 2018). Personal best race times for swim events were recorded 

and expressed as mean race swim speed (m/s). Race times for short course events were excluded to 

remove any possible influence of varied contributions of start and turn components to overall race 

performance. Para swimmers were classified as international standard if they had previously 

competed at a Paralympic or World Championship event (n = 93, 53%). All other swimmers were 

classified as national standard (n = 81, 47%). Absolute limb length measures for the hand, forearm, 

upper arm, foot, shank and thigh were obtained from Para swimmers’ classification records and 

converted to relative limb length measures for analysis (World Para Swimming, 2017; Hogarth, Payton, 

et al., 2019). The method for obtaining absolute and relative limb segment lengths has been detailed 

previously (Hogarth, Payton, et al., 2019). In addition to Para swimming performances, the recorded 

race times for able-bodied swimmers in the semi-finals of corresponding events during the 2015 World 

Championships were obtained (www.omegatiming.com). Able-bodied swimming performances were 

included in analyses by assigning relative limb segment lengths to cases (i.e. 100%).  

Statistical analysis 

Statistics were performed using R version 3.4.1 (R Core Team, 2017). The relationship between limb 

deficiency impairment, described by remaining limb segment lengths, and performance in each swim 

event was established using ensemble partial least squares regression. The partial least squares 

method is a dimension reduction technique that transforms independent and dependent variables 

into x- and y-components. The advantage of this method is that while the independent variables may 

be collinear the derived x-components used in regression will be independent of one another (Mevik 

& Wehrens, 2007). The ensemble learning method is also advantageous as it exploits the distribution 

in prediction errors and regression coefficients within a dataset to improve prediction accuracy and 

stability of regression (Cao et al., 2017).  

http://www.omegatiming.com/
http://www.omegatiming.com/


A systematic approach was used to train and test ensemble partial least squares regression. The entire 

cohort of swimmers with a recorded race time for the event being analysed was included in ensemble 

partial least squares regression. A sampling ratio of 0.8 was used for 100 Monte Carlo experiments 

and K-fold cross validation was used to evaluate prediction accuracy, error and stability of ensemble 

partial least squares regression. Outlying cases in the dataset were then identified and removed based 

on the mean absolute error and standard deviation of absolute error for each case (Cao et al., 2017). 

This was undertaken as it was expected that not all swimmers with a recorded race time for the event 

of interest were specialists in that event and the removal of outliers was considered the best approach 

to derive a substantial and representative sample of swimmers for model training. After obtaining a 

clean data set, ensemble partial least squares regression was retrained to establish the relationship 

between limb segment lengths and competitive swim performance, with stability of regression being 

reconfirmed using K-fold cross validation.  This analysis was conducted twice for each swim event, 

once including the entire cohort of Para swimmers, and once including only Para swimmers of 

international standard.  

The swim performance of all Para swimmers was estimated using the trained ensemble partial least 

squares regression with the highest prediction accuracy and stability. In all cases this was the model 

trained using only international Para swimmers. Kendall’s tau coefficient was calculated to determine 

the strength of association between predicted swim performances among swim events. A higher tau 

coefficient indicates that the swim events are influenced similarly by the location and severity of limb 

deficiency as opposed to a lower tau coefficient.  

The activity limitation resulting from hypothetical cases of limb deficiency (e.g. single through wrist 

impairment) that explain the contribution of whole limb segments to swim performance was 

estimated using the ensemble partial least squares regression with the highest prediction accuracy 

and stability for each event. For each case, the partial least squares regressions trained using 100 

Monte Carlo experiments returned a predicted value of swim performance (i.e. there were 100 

predicted values returned for each case of limb deficiency for each event). The limb segment 

contribution to swim performance derived was then shown by calculating the difference in predicted 

values among hypothetical cases of limb deficiency (i.e. the contribution of the forearm segment was 

calculated by the predicted performance of a single through wrist impairment minus the predicted 

performance of a single through elbow impairment). This allowed for a novel analysis on limb segment 

contribution to swim events that accounted for the uncertainty of predictions derived from ensemble 

partial least squares regression. Kruskal-Wallis and Wilcoxon rank tests were used to determine 

differences in limb segment contributions between swim events of different swim stroke (100 m 



freestyle, 100 m breaststroke, 100 m butterfly, and 100 m backstroke) and event distance (50 m 

freestyle, 100 m freestyle, and 400 m freestyle).  

 

Results 

Ensemble partial least squares regression models explained between 48% and 87% of the variance in 

personal best performance in swim events (Table 1). Prediction and residual plots for partial least 

squares regressions trained in the entire cohort of Para swimmers and international-level Para 

swimmers only are shown in the Supplementary Appendix. The highest prediction accuracy was found 

for models trained for the 50 m freestyle (R2 = .72-.86, RMSE = .12-.14) and 100 m freestyle swim 

events (R2 = .70-.87, RMSE = .12-.15). The ensemble partial least squares regressions trained for the 

400 m freestyle event had similar or lower mean prediction error than other events, although tended 

to explain less variance in personal best performance (R2 = .50-.73, RMSE = .10-.14). Although marginal, 

prediction accuracy was lower, and prediction error greater, for the 100 m backstroke (R2 = .57-.78, 

RMSE = .13-.16) and 100 m breaststroke swim events (R2 = .48-.78, RMSE = .12-.19). There were higher 

prediction accuracies and stability for all models that were trained with Para swimmers of 

international standard (R2 = 0.73 to 0.87 and cvR2 = 0.70 to 0.85) compared with models that were 

trained in the entire cohort of Para swimmers (R2 = 0.48 to 0.73 and cvR2 = 0.44 to 0.72). 

The association between predicted performances among different swim events are shown in Figure 1. 

Kendall’s Tau correlations showed the most similar predicted performances for Para swimmers in the 

100 m butterfly and 100 m backstroke swim events, showing an almost perfect correlation (τ = 0.97). 

When considering the influence of swim stroke the most dissimilar predicted performances between 

swim events were found when comparing the 100 m breaststroke with the 100 m backstroke (τ = 0.82) 

and 100 m butterfly (τ = 0.80). The lowest correlation between predicted swim performances between 

swim events that are undertaken within the same sport class was found for the 50 m freestyle and 

400 m freestyle (τ = 0.77).   

There were changes in the rank order of predicted performances for hypothetical cases of limb 

deficiency between swim events of different swim stroke and event distance (Figure 2). Although the 

rank order of hypothetical cases of limb deficiency remained unchanged for the 100 m backstroke and 

100 m butterfly, there were differences when comparing these events to both the 100 m freestyle and 

100 m breaststroke. These changes are explained by differences in the contribution of the thigh and 

shank in the 100 m breaststroke, and the contribution of the hand, forearm and upper arm in the 100 

m freestyle compared with the other swim events (Figure 3). There were also changes in the rank 



order of Para swimmers with a single upper or lower limb impairment in freestyle events (Figure 2) 

that was evidenced by higher contribution of the hand, and lower contributions of the foot and shank, 

with increasing event distance (Figure 4).  

 

Discussion 

This study established the contribution of limb segments to Para swimming performance to provide 

evidence for the classification of swimmers with limb deficiency. Based on the results of ensemble 

partial least squares regression, the activity limitation resulting from Para swimmers’ limb deficiency 

impairments was estimated. This knowledge can then determine which swim events, if any, had 

dissimilar relationships between limb deficiency impairment and performance that would warrant the 

allocation of separate sport classes. It was found that swim stroke and event distance influence the 

contribution of limb segments to swim performance to the extent that the current classification 

system might not be fit-for-purpose.  

The variance in swim performance explained by measures of physical impairment in this study is 

similar to previous research (Hogarth, Payton, et al., 2019; Hogarth et al., 2018). Ensemble partial least 

squares regression explained between 47% and 87% of the variance in personal best swim 

performances from limb segment length measures. The inclusion of data for able-bodied swimmers 

in this study resulted in limb segment length measures explaining a further 7% variance in personal 

best 100 m freestyle performance than for previous research (Hogarth et al., 2018). This highlights 

that the variance of sports performance explained by impairment measures is dependent on the range 

of activity limitation (i.e. impairment severity) that is present within the participant cohort. Data for 

able-bodied swimmers were included in this study as it was thought the minimum eligibility criteria 

would influence the defined relationship between distal limb segment lengths and swimming 

performance. For example, previously it was estimated that the forearm (7.6%) had a greater 

contribution to 100 m freestyle performance compared with the hand (6.2%), while the results of this 

study suggest that the hand segment has higher importance than first estimated (7.3%). Although only 

a marginal difference, these results suggest that it is good practice to include data for able-bodied 

athletes in predictive models when estimating the impact of physical impairment on sports 

performance.  

There were considerably higher prediction accuracies found for ensemble partial least squares 

regressions that were trained with international Para swimmers only than for the entire Para 

swimming cohort (Table 1). The cohort of international Para swimmers would have optimised their 



anthropometrical, biomechanical, physiological and psychological determinants of performance to 

greater effect than national Para swimmers, and so the variance in swim performance in this cohort 

is more likely to be explained by measures of limb deficiency impairment than other confounding 

variables. The differences in prediction accuracies were also larger for the 100 m backstroke, 100 m 

breaststroke, 100 m butterfly and 400 m freestyle. These are specialist swim events that might involve 

more complex coordination patterns and require greater technical skill development than the 50 m 

and 100 m Freestyle (Barbosa, Goh, Morais, & Costa, 2017; Bartolomeu, Costa, & Barbosa, 2018). The 

influence of training status on the certainty of the established relationships between physical 

impairment and sports performance suggests researchers should consider limiting their participant 

cohort to highly trained, specialist athletes where possible.  

In agreement with the current classification system, Para swimmers showed the most dissimilar 

predicted performances among swim events for the 100 m breaststroke (Figure 1). This can mostly be 

attributed to the increased importance of the thigh and shank segments to performance in the 100 m 

breaststroke compared with other swim events (Figure 3). Previous research has shown higher relative 

swim velocities using the arm-stroke only (79 to 90%) compared with leg kicking only (57 to 73%) in 

front crawl, backstroke and butterfly in able-bodied swimmers suggesting that the upper limbs have 

a greater overall importance to swim performance in these strokes compared with the lower limbs 

(Bartolomeu et al., 2018). Comparatively, swimmers produce similar or higher swim speed when leg 

kicking only compared with arm-stroke only in the breaststroke (Bartolomeu et al., 2018). The reason 

for the increased importance of the lower limbs in breaststroke is that the orientation of the lower 

limb segments and their horizontal action during the breaststroke kick creates greater propulsion to 

overcome drag forces, as opposed to other strokes where the orientation of leg kicking is mostly 

vertical (Vorontsov & Rumyantsev, 2000a). 

There were more similar limb segment contributions found for the swim events that make up the S 

sport class. The predicted performances of Para swimmers for the 100 m butterfly and 100 m 

backstroke showed an almost perfect correlation (τ = 0.97), with the hand, thigh and foot segments 

having the highest contributions to swim performance in both events (Figure 3). Still, there were 

differences found in the contribution of most limb segments to performance in these events, 

particularly the forearm segment, that could impact on fairness of classification for Para swimmers 

with an impairment above the wrist joint (Figure 2). There were more apparent differences in limb 

segment contributions found when comparing the 100 m freestyle to the 100 m backstroke and 

butterfly events (Figure 1 and Figure 3). The differences in limb segment contributions is enough to 

change the rank order of predicted performance for some limb deficiency profiles, particularly those 

athletes with a single below elbow or single below knee impairment (Figure 2). The results of this study 



can be used to determine classification for each swim stroke to best promote fairness for all athletes 

with limb deficiency, rather than grouping swim strokes into any single sport class.  

The aggregated contribution of the upper and lower limb segments to swim performance in the 100 

m freestyle, backstroke and butterfly events is inconsistent with some research. Studies have shown 

able-bodied swimmers to produce larger propulsive force and swim velocities when performing arms-

only compared with legs-only swimming (Bartolomeu et al., 2018; Morouco, Marinho, Izquierdo, 

Neiva, & Marques, 2015). In front crawl for example, the difference in relative swim velocity attained 

using arms-only (86% of full-stroke) and legs-only (59% of full-stroke) swimming has been as large as 

27% of swimmers’ full-stroke swim velocities (Bartolomeu et al., 2018). Similar differences have been 

shown between the propulsive forces produced during arms-only and legs-only tethered swimming 

(Morouco et al., 2015). However, when aggregating the median estimate of contribution of limb 

segments this study found the lower limbs to have greater contribution to swim performance in all 

swim events, except for the 400 m freestyle (Figure 3 and Figure 4). For instance, the ratios of lower 

to upper limb segment contributions ranged between 1.02 to 1.13 for the 100 m freestyle, butterfly 

and backstroke events (i.e. the lower limb has 1.13 times more contribution to swim performance 

than the upper limb). This difference is marginal, albeit unexpected given the research showing the 

greater swim velocities and propulsive forces attained using arms-only versus legs-only swimming.  

These results can be explained by the impact that lower limb loss might have on swimmers’ drag 

profiles as well as the impaired ability to facilitate the propulsive actions of the arm pull by using an 

effective leg kick. In swimming strokes with alternative arm and leg movements it is necessary to avoid 

significant deviation of hydrodynamic reaction forces from the swimming direction, as this causes 

undesired vertical and transverse movement increasing hydrodynamic drag force (Vorontsov & 

Rumyantsev, 2000b). Several limb segments contribute to drag and lift forces that serve to balance 

the vertical and transverse forces of pulling movements so that body alignment is maintained, and 

hydrodynamic drag force minimised (Vorontsov & Rumyantsev, 2000a). This is evidenced by the 

contributions of the lower limb segments to swim performance in freestyle and backstroke (Figure 3). 

These segments may be most important to performance in these strokes for their compensatory 

actions.   

Interestingly, there were similar or higher correlations found for predicted performances between the 

100 m freestyle, butterfly and backstroke events (τ = 0.88 to 0.90), than for the 50 m, 100 m and 400 

m freestyle (τ = 0.77 to 0.87). These results suggest that event distance has more influence on the 

relationship between limb deficiency impairment and swim performance than for swim stroke in these 

events comprising the S sport class. The interaction between limb segments and the water, such as 



drag and lift forces, might change with increasing swim distance as do other parameters including 

stroke rate, stroke length, intra-cyclic velocity fluctuation, and interlimb coordination (Osborough et 

al., 2015; Osborough, Payton, & Daly, 2010; Pelayo, Alberty, Sidney, Potdevin, & Dekerle, 2007; Seifert 

et al., 2004). As increased stroke efficiency is required with longer race distance, the lower limb 

segments may play less of a role in generating propulsion and better serve by performing their 

compensatory actions. Conversely, with shorter race distances an increased leg kicking amplitude 

might allow for the lower limb segments that are the main propelling segments of the lower leg, the 

foot and distal half of the shank, to have a greater contribution to propulsion and swim velocity.  

This is contradictive of previous research that has used computational fluid dynamics to estimate the 

forces of the upper and lower limbs to propulsion during front crawl swimming at different stroke 

rates (Cohen, Cleary, Mason, & Pease, 2018). This research found that with increasing stroke rates and 

swimming speeds, the lower limbs generate relatively less thrust than the upper limbs due to the 

increased hydrodynamic drag force at higher swim speeds, even with higher kick frequencies. In fact, 

they found the ratio of thrust from upper to lower limbs increased from 1.1 to 2.5 with increasing 

stroke rates and swim speed. The results of this study are contradictive to this research, showing the 

lower limb segments that are the major contributors of the lower limb to propulsion, the foot and 

shank, to have increased importance to freestyle swimming in the short distance events.  

There are several explanations for this finding. First, although the shank and foot segments might 

contribute little propulsion to the direction of swimming, their coordination with the upper limbs 

facilitate the pulling actions of the upper limb while minimising hydrodynamic drag force. Due to 

increasing energetic demand high stroke rates and kicking frequencies are less economical with 

increasing event distance (Pyne & Sharp, 2014). For longer distance events, the orientation of the 

thigh segment might serve to counteract the pulling actions of the upper limb without the need for 

increased vertical or transverse forces generated by the shank and foot segments. Second, it is 

important to consider how the interactions between propulsion generated by the upper and lower 

limbs and swim velocity could change for Para swimmers with limb deficiency (Lecrivain, Payton, 

Slaouti, & Kennedy, 2010; Lecrivain, Slaouti, Payton, & Kennedy, 2008). The non-linear properties of 

upper and lower limb actions during the swim strokes (Bartolomeu et al., 2018), and altered arm and 

leg coordination of Para swimmers with limb deficiency (Osborough et al., 2015; Osborough et al., 

2010) show that Para swimmers can use altered kick-to-stroke rates and amplitudes to manipulate 

the relative contributions of the upper and lower limbs (Fulton, Pyne, & Burkett, 2011).  

This study provides new knowledge to guide classification of Para swimmers with limb deficiency 

although it is not comprehensive. Only male swimmers were included in the analysis limiting the 



transference of results to classification of female Para swimmers. Although it is unlikely that the 

impact of limb deficiency impairment is influenced markedly by gender it is important that future 

studies establish that this is the case. This study also limited the measures used to describe the 

location and distribution of limb deficiency. The relative limb length measures used in this study are 

equivalent to those used by the current classification system. However, it is possible that the inclusion 

of measures such as streamline height and limb length symmetry further explain activity limitation in 

Para swimmers with limb deficiency. Further research is required to identify measures that describe 

the location, distribution and severity of limb deficiency and establish the strength of association 

between these measures and swim performance. Estimates of limb segment contributions to swim 

performance might also change markedly for Para swimmers with dysmelia whose proximal rather 

than distal limb segments are affected by their medical conditions. It is important that studies 

establish the effect that specific cases of limb deficiency impairment have on the biomechanical 

determinants of swim performance to guide classification in these cases. Finally, the impairment-

performance relationships that have been established in this study are dependent upon the training 

status and event specialisation of Para swimmers that have been included in analysis. Although steps 

have been taken to reduce this bias it should be noted that varying relationships may be established 

in other participant cohorts, or within the same participant cohort at different times, when 

interpreting the results of this study.  

 

Conclusion 

This study found both swim stroke and event distance influence the relationship between limb 

deficiency impairment and swim performance. The varied contributions of limb segments to 

performance in swim events causes considerable differences in the ranking of limb deficiency profiles. 

This suggests that Para swimming classification should account for the influence of swim stroke and 

event distance on the activity limitation experienced by Para swimmers with limb deficiency. The 

models trained in this study that showed accurate and stable predictions can be used to estimate the 

activity limitation of Para swimmers with limb deficiency to guide their classification.  



Tables and Figures 
 
Table 1. Prediction accuracy, error and internal cross-validation of ensemble partial least squares regression in predicting personal best race performances 
from relative limb segment lengths. 

PLSR = Partial least squares regression. R2 = coefficient of determination. RMSE = Root mean square error.  

 

    Personal best race 
performance (m/s) 

Ensemble PLSR K-fold cross validation 

  n Sport class Median (range) R2 RMSE R2 RMSE 
50 m freestyle Entire cohort 154 S4 to s10 1.68 (1.06 to 2.01) 0.72 0.14 0.71 0.14 
 International 82 S4 to s10 1.80 (1.06 to 2.01) 0.86 0.12 0.84 0.12 
100 m freestyle Entire cohort 157 S4 to s10 1.51 (0.61 to 1.84) 0.70 0.15 0.69 0.15 
 International 86 S4 to s10 1.57 (0.76 to 1.84) 0.87 0.12 0.86 0.12 
400 m freestyle Entire cohort 105 S5 to S10 1.37 (0.89 to 1.63) 0.50 0.14 0.45 0.14 
 International 62 S5 to S10 1.40 (1.05 to 1.63) 0.73 0.10 0.70 0.10 
100 m breaststroke Entire cohort 127 SB4 to SB9 1.12 (0.48 to 1.49) 0.48 0.19 0.42 0.20 
 International 58 SB4 to SB9 1.22 (0.59 to 1.49) 0.78 0.12 0.74 0.13 
100 m backstroke Entire cohort 122 S4 to s10 1.36 (0.75 to 1.72) 0.57 0.16 0.54 0.17 
 International 71 S4 to s10 1.38 (0.84 to 1.72) 0.78 0.13 0.73 0.14 
100 m butterfly Entire cohort 93 S5 to S10 1.49 (0.78 to 1.72) 0.63 0.15 0.59 0.16 
 International 56 S5 to S10 1.53 (0.89 to 1.72) 0.81 0.11 0.78 0.12 



 

 
Figure 1. Scatterplot matrix showing the similarities in activity limitation experienced by Para 

swimmers with limb deficiency in different swim events. Data are Kendall’s Tau with values closer to 

1 indicating larger rank correlations between predicted swim performances.   

 

 

 

 

 

 



 

Figure 2. Estimated activity limitation of limb deficiency impairment profiles for swim events. 

Predicted performances are derived from ensemble partial least squares regression trained with data 

for international Para swimmers only. There were significant differences between all hypothetical 

cases of limb deficiency except for: Single, through shoulder and single, through hip impairments in 

the 100 m freestyle (p=0.35); and single, through elbow and single, through knee impairments in the 

100 m (p=0.45). 

 

 

 

 

 

 



Figure 3. Estimated contribution of limb segment lengths to performance in swim events of different 

swim strokes. Data are based on differences in predicted performance for limb deficiency impairment 

profiles (see Figure 2) and are expressed as a percentage of predicted performances of an able-bodied 

swimmer. There were significant differences in limb segment contributions between all events, except 

for: The foot for the 100 m freestyle and 100 m breaststroke (p=0.99); and the thigh for the 100 m 

freestyle and 100 m backstroke (p=0.42). 

 

  



 

Figure 4. Estimated contribution of limb segment lengths to performance in freestyle swim events of 

different event distance. Data are based on differences in predicted performance for limb deficiency 

impairment profiles (see Figure 2) and are expressed as a percentage of predicted performances of an 

able-bodied swimmer. There were significant differences in limb segment contributions between all 

events, except for: The hand for the 50 m freestyle and 100 m freestyle (p=0.29); and the thigh for the 

100 m freestyle and 400 m freestyle (p=0.42). 
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