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Determining the effect and magnitude of advanced footwear technology on female distance running performance.

Abstract
[bookmark: _Hlk92968361][bookmark: _Hlk92970109]There is limited work, to date, in which the potential performance-enhancing effects of Advanced Footwear Technology (AFT) in the female elite athlete has been considered. This study aimed to retrospectively explore publicly available race data for a marathon, half-marathon, and 10-km elite events to analyse the effect of AFT, along with athlete and event characteristics, to determine the effect on female running performance. Race performance times for the top 20 female athletes within the world were extracted from 1990-2020 (n=1722), along with athlete and event characteristics from 2010-2020 (n=660). Data for race shoes were available for 655 of the 660 performances. The changes in grouped mean performance times over the years that AFT had been adopted were compared with the grouped mean of the corresponding number of years immediately prior show marathon, half-marathon, and 10-km performance times were 1.7%, 1.72%, and 1.75% (p < 0.001, pη2 > 0.220) faster during the AFT period. Repeated performance analysis comparing the improvement in race times between the control group and athletes who adopted AFT showed athletes who adopted AFT improved significantly more over the marathon (2.64%, p < 0.001) and half-marathon (1.67%, p < 0.002). Advanced Footwear Technology correlated (r >.50) with improvements in the marathon and half-marathon, but not the 10-km. Based on multiple regression modelling, it can be suggested that wearing AFT improves marathon race time by 78 s (.93%), and half-marathon race time by 28 s (.71%). Based on these results, we observe a small but meaningful performance-enhancing effect of AFT within elite female athletes. 
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Introduction 
The pioneering ‘Nike Vaporfly 4%’ combined the theoretical principles of the ideal running shoes utilising a highly compliant (Kerdok et al., 2002), resilient (Worobets et al., 2014), lightweight midsole foam (Frederick et al., 1984), >10-mm cushioning under the midfoot and forefoot (Franz et al., 2012; Tung et al., 2014), and embedding a curved carbon-fibre plate tuned to the athlete’s mass to increase the midsole longitudinal bending stiffness (Roy & Stefanyshyn, 2006). Subsequently, numerous shoe companies have adopted these performance-enhancing principles, this advanced footwear technology (AFT) combines an embedded rigid moderator inserted between a lightweight, resilient midsole foam and a rocker profile (Frederick, 2022). Despite analysis of data trends suggesting the upper limits of human performance are being reached (Berthelot et al., 2010; Marck et al., 2017), all male and female long-distance world records from 5-k to the marathon, on both the road and track, have been broken by athletes wearing AFT shoes or spikes (Muniz-Pardos et al., 2021). Technological advancements offer a means to elicit performance gains exceeding the limits of physiology (Marck et al., 2017). Subsequently, the recent advancement of numerous long-distance world records has stimulated critiques that the improvements are due to technological not physiological developments (Muniz-Pardos et al., 2021). 

[bookmark: _Hlk123762929][bookmark: _Hlk123768462][bookmark: _Hlk61427052]Laboratory testing demonstrated, that, on average, athletes running in the Nike Vaporfly shoe improved running economy by 4% in comparison with other leading racing shoes at the time of testing (Barnes & Kilding, 2018; Hoogkamer et al., 2017a). However, a significant limitation of this Hoogkamer et al. (2017a) study was that all participants were male. Although, in the Barnes and Kilding (2018) study, the effects of the Nike Vaporfly 4% on running economy were investigated among 12 females, the velocities of 14 and 16 km.h-1 are considerably slower than velocities sustained by elite females over the marathon duration. Consequently, there are very limited data within elite females and we cannot assume the mean improvement of 4% on running economy directly translates to this population. Furthermore, not all AFT are created equally and the mean improvement of 4% in running economy cannot be extrapolated beyond the Nike Vaporfly 4%. Joubert and Jones (2022) compared 7 AFT to a traditional race shoe demonstrating no significant improvement in running economy in two pairs (Hoka Rocket X (-0.08%), Brookes Hyperion Elite 2 (-0.53%)), two pairs enhanced running economy between 1-2% (New Balance Fuel Cell RC Elite (-1.37%), Saucony Endorphin Pro (-1.48%)), and three pairs improved running economy >2.5% (Asics Metaspeed Sky (-2.52%), Nike Zoom X Vaporfly Next % (-2.72%), Nike Air Zoom Alphafly Next % (-3.03%). 

Equations predicting the oxygen uptake-velocity relationship were utilised by Kipp et al. (2019) to quantify how an improved running economy translates into faster running performance. Utilising Kipp et al.’s (2019) calculations, an improvement of 4% in running economy is predicted to increase running velocity by 2.74% when running at the current women’s marathon world record pace of 5.246 m/s. However, it is worth noting that since the advent of AFT the female marathon world record has fallen only by 1.00%. One of the limitations of Kipp et al.’s (2019) mathematical model is that it does not account for how the energetic cost of running increases with race duration (Lacour & Bourdin, 2015), due to slow component increases in oxygen uptake kinetics (Burnley & Jones, 2007) and muscular damage (Hikida et al., 1983). Furthermore, distances shorter than the marathon, such as the half-marathon and 10-km race speeds, are usually run at an intensity above the lactate threshold where the running economy cannot be determined due to the non-oxidative energy contribution (Kipp et al., 2019). Consequently, Kipp et al.’s (2019) calculations may overestimate the performance benefit attributed to an improvement of running economy and thus the effect of AFT. 

Currently two studies have investigated the effects of AFT on race performance (Bermon et al., 2021; Senefeld et al., 2021). Senefeld et al. (2021) analysed race data utilising the top 50 finishers across four of the World Marathon Majors (Berlin, Chicago, London and New York). Males’ marathon finish times were shown to be significantly faster by 2% or 2.8 min and females’ race times were faster by 2.6% or 4.3 min when running in AFT (Senefeld et al., 2021). In the same study, based on within-participant repeated measures analysis, males’ marathon times improved by 0.8% or 1.2 min, whereas females experienced a significantly greater improvement by 1.6% or 3.7 min when running in AFT when compared with their last marathon in traditional shoes (Senefeld et al., 2021). The results from this study are limited, however, to Nike shoes utilising AFT with little known regarding the effects of AFT within other brands on race performance. The impact of AFT for both sexes was explored by Bermon et al. (2021) across road races events including the 10-km, half-marathon, and marathon. The magnitude of improvement in race times associated with performance times in the years of mass utilisation of AFT was greater for females compared with males and also larger the longer the race duration (Bermon et al., 2021). Female race times improved by 1.9%, 1.7%, and 2.0% in the 10-km, half-marathon, and marathon, in contrast male performance times improved by 1.1%, 0.7% and 1.2% between 2016 and 2019 (Bermon et al., 2021). Across the half-marathon and marathon, a repeated samples analysis of performers within the period of 2016-2019 with and without AFT demonstrated all athletes except male half-marathon runners significantly improved their performance times. However, this analysis is limited due to a small number of athletes with repeated performances with and without AFT and no control group was used to compare the magnitude of effect.   

[bookmark: _Hlk123766149]Improvements in running economy are likely to elicit a larger impact over longer race distances where glycogen stores are challenged (Jeukendrup, 2011). Whilst, modifications to shoe weight leading to enhanced running economy have been demonstrated to improve performance times over a short race distances of 3000m (Hoogkamer et al., 2016), the improvements in running economy over longer race distance is currently unknown. We cannot assume the change in running economy measured at submaximal paces effects the metabolic rate independent of running velocity (Hoogkamer et al., 2016). The half-marathon and 10-km have witnessed new world records being achieved by athletes wearing AFT in both males and females’ events (Muniz-Pardos et al., 2021). Currently, only one study to date has been undertaken to investigate the effect of AFT over race distances shorter than the marathon despite the half-marathon and 10-km witnessing new world records. This study aims to conduct a retrospective, observational analysis using real-world data to explore trends in females’ race performances in road events over 10-km, half-marathon, and marathon and evaluate if mass adoption of AFT influences race times. It is acknowledged that marathon performance is multi-factorial and so, a further aim of the study is to develop a multiple-regression model to determine the magnitude of the effect of AFT, along with other determinants available within the public domain including age, race experience, and course, to identify key determinants and their influence on the progression of female running performance over the last decade (2010–2020). 

Method: 
Ethics:
All procedures involved retrospective analysis utilising publicly accessible information approved by the Institute’s Ethics Board in accordance with the Declaration of Helsinki. 

Participants:
Female marathon (n=620), half-marathon (n=594) and 10-km (n=508) road running performance times for the top 20 athletes within the world in each year from 1990-2020 were extracted from World Athletics (2021), a publicly accessible database (https://www.worldathletics.org), providing a total sample of n=1722. Individual athletes who ranked in the top 20 performances in multiple years will have multiple performances across the data set. 

Data Extraction: 
Performance times, race year, course, the athlete’s name, age, number of previous races completed corresponding to the specific race distance, and 5-k personal best times were extracted via the World Athletics (2021) database for each race distance (n=220) over the years between 2010-2020 (total sample n = 660). 

[bookmark: _Hlk123729317]A reference table identifying all known shoes utilising AFT available before 1st January 2021 was constructed (see supplementary material). Advanced Footwear Technology (AFT) were defined as: footwear containing an embedded rigid moderator (e.g. A full or partial carbon-fibre plate or rods) sandwiched between a lightweight, resilient midsole foam and a rocker profile in accordance with Frederick (2022). Table 4 details technical characteristics and images of the shoes, including the carbon-fibre plate disposition, midsole material, weight for a size 8 UK (g), max heel height (mm), drop (mm), and date of known availability or date first used in competition. The reference table was externally validated by two independent experts, a footwear industry expert and a clinical running lead and podiatrist. The reference table (Table 4, Appendix 1) was utilised to identify and cross-reference AFT worn by the athletes. Footwear were identified from available photographs posted on publicly accessible websites (e.g. https://www.marathonfoto.com/), race footage available on publicly accessible websites (e.g. https://www.youtube.com/) or social media pages following the same method as Senefeld et al. (2021). Shoes were then coded AFT or other. Of the 660 potential data points, 655 had identifiable shoes and were included within the analyses. 

Data Analysis:  
All statistical analyses were undertaken using an IBM SPSS Statistics 27 software package. Initially, the mean and standard deviation of performance times over the marathon, half-marathon and 10-km for the top 20 females were calculated. Analysis of both change in percentage (%) and absolute time (s) were calculated from year to year in chronological order from 1990-2020. Subset analysis comparing the changes in grouped mean (percentage (%) and absolute time (s)) and standard deviation over the years that AFT had been adopted were compared with the grouped mean and standard deviation of the corresponding number of years immediately prior to the utilisation of AFT (AFT group 2017-2020 for the marathon vs. traditional shoe group 2013-2016). Normal distribution ranges were set for skewness between -2 and +2 and kurtosis range of -10 to +10 (Field, 2009). Once parametric assumptions were met, performance times across groups were compared using a one-way analysis of variance (ANOVA) (p .05). Effect sizes were estimated via partial eta square (pη2) and were interpreted as follows: small 0.01-0.05, medium 0.06-0.13 and large ≥ .14 (Bakeman, 2005). Multiple comparisons assessing year-on-year differences were performed applying the Bonferroni method (Field, 2009). Priori analysis was conducted using G*Power to determine the statistical power and sample required, with ANOVA alpha level set at p < 0.05, β = 0.95 for 2 groups and 8 factors, which required a sample size of 118 participants for power 0.95 (Cohen, 1988). 

A subset case-control analysis of female athletes with repeated performances over the marathon and half-marathon was conducted determining a within-athlete change in finish time (s) between the athletes’ fastest time (s) in AFT and traditional shoes and in the control group the improvement from their previous personal best time (s) to their current personal best time (s). Athletes with a previous best time <5 years prior and <5 min slower than their current best time were excluded from the analysis due to improvements in time likely attributed to additional factors beyond utilisation of AFT. Data were available for 88 performances over the marathon (AFT group performances, n = 20; traditional shoe group performances n = 68), and 97 performances over the half-marathon (AFT group performances, n = 25; traditional shoe group performances 72). A two-way independent t-test was conducted (p < 0.05) to assess the difference between the change in performance times of those assigned to the AFT group and those assigned to the control group. Effect sizes were calculated using Cohen’s d and were interpreted as follows: small 0.2-0.49, medium 0.5-0.79 and large ≥ 0.8 (Field, 2009).

Pearson’s correlation was conducted, analysing the relationship between performance time over the marathon, half-marathon, or 10-km (r > 0.50) (Field, 2015) and race year (n = 660), course (n = 660), the individual athlete (n = 660), age (n = 658), number of previous races completed corresponding to the specific race distance (n = 660), and 5-k personal best time (n = 545). A point-biserial correlation (rpb >0.50) (Field, 2015) was conducted, analysing the relationship between performance time and AFT shoes (n = 655). Power calculations for the Pearson’s correlation coefficient, applying a correlation of r > 0.50, p < 0.05, and β = 0.95, required a sample of 38 for a power of 0.95 (Cohen, 1988). Lastly, determinants correlating (r > 0.50) with performance time were inputted into a step-wise multiple linear regression analysis to assess how much the determinants explained change within race performance over the top 20 performances each year from 2010-2020 (n = 220) for each race distance. Power calculations of the multiple linear regression, applying an effect size partial eta squared (pη2) of 0.14, p < 0.05, β = 0.95, using 7 predictors required a sample size of 164 for a power of 0.95. 





Results
[bookmark: _Hlk96519623]Evaluating performance over time
[bookmark: _Hlk92807245]Marathon performance times significantly (p < 0.001) improved on average by 143s (1.7%) during the AFT period (2017-2020, 8405 ± 90s, n = 80) compared with the traditional shoe period (2013-2016, 8547 ± 81s n = 80) where a distinct plateau in performance had occurred (Figure 1). The improvement in marathon performance times during the AFT (2017-2020) period were associated with a large effect size (pη2 = 0.41). Mean marathon performance times increased by 25 ± 8 s (0.30%) each year from 2013-2016 (n = 80) compared with an improvement of 37 ± 41 s (0.44%) each year from 2017-2020 (n = 80). Post-hoc analysis revealed no significant difference in the marathon performance times between the years 2013-2016 (p > 0.05), however, the years from 2018-2020 were all significantly (p < 0.001) quicker than the marathon times from 2013-2016. Marathon performance times were significantly faster in 2017 (p < 0.01) than in 2013, 2014, and 2016, but not significantly (p= 0.106) faster than in 2015. 
[image: ]
Figure 1. Female top 20 mean (± standard deviation shown in error bars) marathon times from 1990-2020 (n = 620) (circles) with a polynomial trend line (dashed line) displaying the rolling average over 6 years. Columns represent the prevalence of AFT each year reported as a total percentage (%). 
Table 1. Female world top 20 mean (s) and standard deviation marathon times from 2015-2020 with the change in marathon race performance compared with the previous year expressed in absolute time (s) and percentage change (%) corresponding with AFT prevalence expressed in absolute number (n) and percentage (%).  
	Year
	Mean & standard deviation marathon performance times (s)
	Change in race performance compared with the previous year
	Prevalence of advanced footwear technology

	
	
	Time (s)
	Percentage (%)
	Number (n)
	Percentage (%)

	2015
	8535 ± 87
	-16
	-0.18
	0
	0

	2016
	8551 ± 72
	15
	0.18
	0
	0

	2017
	8457 ± 86
	-93
	-1.10
	5
	25

	2018
	8400 ± 74
	-57
	-0.68
	14
	70

	2019
	8358 ± 98
	-42
	-0.50
	15
	75

	2020
	8402 ± 79
	44
	0.52
	16
	80



Mean half-marathon running times significantly (p < 0.001) improved by 68 s (1.72%) during the AFT period between 2018-2020 (3960 ± 38 s, n = 60), compared with the 3 years prior 2015-2017 (4028 ± 61s, n = 60), ran in traditional shoes (Figure 2). Improvements in half-marathon race times were associated with a large effect size (pη2 = 0.312). Post-hoc analysis revealed the AFT period years (2018-2020, n = 60) to be significantly (p < 0.001) faster than years 2015 and 2016. However, no significant difference (p > 0.05) in half-marathon times were reported between the year 2017 and the AFT period years (2018-2020, n = 60). 
[image: ]
Figure 2. Female top 20 mean (± standard deviation) half-marathon times from 1990-2020 (n = 594) (circles) with a polynomial trend line (dashed line) displaying the rolling average over 6 years. Columns represent the prevalence of AFT each year reported as total percentage (%). *Only half-marathon performances sub 75 minutes are recorded. Subsequently, for years 1990-1994, mean performance times have been calculated from samples ranging from 10-19 athletes.  










Table 2. Female world top 20 mean (s) and standard deviation half-marathon times from 2015-2020 with the change in half-marathon race performance compared with the previous year expressed in absolute time (s) and percentage change (%) corresponding with AFT prevalence expressed in absolute number (n) and percentage (%).  
	Year
	Mean & standard deviation marathon performance times (s)
	Change in race performance compared with the previous year
	Prevalence of advanced footwear technology 

	
	
	Time (s)
	Percentage (%)
	Number (n)
	Percentage (%)

	2015
	4063 ± 60
	-17
	-0.41
	0
	0

	2016
	4035 ± 49
	-28
	-0.69
	0
	0

	2017
	3987 ± 51
	-48
	-1.20
	0
	0

	2018
	3970 ± 44
	-17
	-0.44
	10
	50

	2019
	8963 ± 23
	-6
	-0.16
	13
	65

	2020
	3947 ± 42
	-17
	-0.42
	18
	90



Race performance times over the 10-km from 2011-2015 (n = 100) ran in traditional shoes (1897 ± 29s) were significantly (p < 0.001) slower compared to race times during 2016-2020 (n = 100) the AFT period (1864 ± 33s) associated with a large effect size (pη2 = 0.220). During the AFT period (2016-2020, n = 100) mean 10-km race times improved by 33s (1.75%) compared with the 5-year period prior (2011-2015, n = 100). Over the period 2011-2015, where races were run in traditional shoes the mean change in time, was 0 s (-0.01%) per year, in comparison times improved by 4 s (-0.21%) per year during the AFT period (2016-2020). Post-hoc analysis demonstrates only times for the year 2019 were significantly (p < 0.001) quicker than times in all other years within the traditional shoe period (Table 3).  The Pearson correlation coefficient revealed only the individual athlete (r = 0.58) correlated with 10-km performance. The point-biserial correlation coefficient revealed AFT (rpb = 0.20) did not correlate with faster running times. 
[image: ]
Figure 3. Female top 20 mean (± standard deviation) 10-km times from 1997-2020 (n = 480) (circles) with a polynomial trend line (dashed line) displaying the rolling average over 6 years. Columns represent the prevalence of AFT each year reported as total percentage (%). *years 1990-96 were excluded due to lack of data only 38 data points out of 120 available. 

Table 3. 10-km ANOVA Bonferroni Post-hoc results comparing the race performance times between the years 2011-2020, traditional shoe period from 2011-2015, AFT period from 2016-2020. Prevalence of AFT shoes each year expressed in both absolute values (n) and percentages (%). 
	Year
	Traditional shoe years significantly different from 2011 – 2015 (p < .05)
	Prevalence of advanced footwear technology

	
	
	Number (n)
	Percentage (%)

	2016
	None 
	1
	5

	2017
	2011, 2013
	2
	10

	2018
	2011, 2013
	9
	45

	2019
	2011, 2012, 2013, 2014, 2015
	8
	40

	2020
	2011, 2013
	13
	65


Case-Control Analysis of Repeated Performances:
[bookmark: _Hlk92809555]Performance improvement was strongly moderated by racing shoe for both the marathon (p <0.001) and half-marathon (p =0.002) with a larger effect size for the marathon (d = -1.17) than the half-marathon (d = -0.72). The marathon AFT group improved their performance time by 331 ± 312 s (3.79%, n = 20) compared with the traditional shoe group, who improved their performance by 123 ± 116 s (1.15%, n =68) a difference of 207 s (2.64%). Over the half-marathon the AFT group improved their performance time by 142 s ± 140s (3.58%, n = 25) compared with 77 ± 64 s (1.91%, n =72) for the traditional shoe group, which was a difference of 65 s (1.67%).   

Multiple Regression Analysis 
[bookmark: _Hlk92811272]Based on the Pearson correlation coefficient the individual athlete (r =0.61, p <0.001), the year the marathon was ran (r =0.58, p =0.245), and AFT (rpb =0.54, p <0.001) correlated with marathon performance, whereas there were low correlations for the course (r = 0.31), country the athlete represented (r = 0.27), age on race day (r = -0.03), number of prior races including races the athlete did not finish (DNF) (r = .04), and /5-k personal best times (r = 0.19) with marathon performance. Based on stepwise multiple linear regression analysis, a combination of athlete and AFT significantly (p < 0.001) predicted marathon times, accounting for 42% of the variance (R2 = 0.424). The regression equation is detailed in equation 1. Details of the athlete and AFT codes can be found in the supplementary material.  
[bookmark: _Hlk92811950]
Eq 1. 

Based on predictive regression analysis, athlete 1 (supplementary material) would complete the marathon 78 s faster wearing AFT (8353s) in comparison with traditional shoes (8431s). 
Advanced footwear technology marathon time prediction:
.

Traditional shoes marathon time prediction:
. 

Based on the Pearson correlation coefficient the individual athlete (r = 0.72, p <.001), the year the half-marathon was ran (r =0 .70, p =0.09), the course (r = 0.50, p < 0.001) and AFT (rpb = 0.50, p =0.04) correlated with half-marathon performance. The country the athlete represented (r =0 .10), age on race day (r = 0.07), number of prior races including DNF’s (r = 0.04), and 5000m/5k personal best times did not correlate (r = 0.14) with half-marathon times. Stepwise multiple linear regression reported a combination of athlete, course and AFT significantly (p < 0.003) predicted half-marathon times, accounting for 57% of the variance (R2 = 0.572). The regression equation is detailed in equation 2. Details of athlete, AFT and course codes can be found in the supplementary material. 

Eq 2. 

Predictive regression analysis shows athlete 1 (supplementary material) on the same course would complete the half-marathon 28s faster wearing AFT (3936s) compared with traditional shoes (3964s). 

Advanced footwear technology half-marathon time prediction:
 
Traditional shoes half-marathon time prediction: 



Discussion
Based on the findings, there was a performance-enhancing effect of AFT compared with traditional shoes with AFT eliciting a greater magnitude of effect, the longer the race duration. Based on the results from this study, footwear technological advancements contributed to the improvements in the marathon and half-marathon race times within elite female athletes. However, AFT are unlikely to have a significant effect on 10-km running times and are unlikely to have contributed to the recent progression of 10-km running times. 

In agreement with Bermon et al. (2021) we demonstrated AFT elicited a larger performance enhancing effect the greater the race duration. The performance improvements are likely attributed to the enhanced elastic properties of shoes utilising AFT, which improve running economy (Barnes & Kilding, 2019; Hoogkamer et al., 2019). The primary physiological determinants of the marathon and half-marathon race performance are regarded as V̇O2max, lactate threshold, and running economy (Joyner, 1991; Midgley et al., 2007). Running economy is the only determinant which can be directly modified by biomechanical improvements (Hoogkamer et al., 2017b). Improvements in running economy increase the maximal sustainable running velocity, thus reducing marathon and half-marathon performance time (Poole et al., 2016; Smith and Jones, 2001). According to Hoogkamer et al. (2017b), with AFT reducing the energetic cost of running, athletes can sustain a faster velocity while consuming metabolic energy at the same rate. The magnitude of improvement in half-marathon race times attributed to AFT appears less than the improvement for the marathon, possibly due to the lower contribution of running economy on half-marathon performance (Alvero-Cruz et al., 2020). 

[bookmark: _Hlk92897747]Although a similar magnitude of improvement in road race times over the 10-km were observed between our results 1.75% and Bermon et al. (2021) 1.9% our results demonstrated no correlation between faster 10-km performance times and AFT race shoes. Similar to the marathon determinants of performance, V̇O2max (Evans et al., 1995), velocity at V̇O2max (vV̇O2max) (Morgan et al., 1989) and lactate threshold (Fay et al., 1989), are fundamentally associated with shorter race distances such as the 10-km. However, running economy is more influential in determining marathon race performance in comparison to 10-km road running performance (Midgley et al., 2007; Morgan et al., 1989). Muniz-Pardos et al. (2021) reported that 10-km road race times improved by 2.3% when adopting AFT race shoes over traditional shoes, which does not support the findings of the current study. Based on results from this study AFT have a reduced impact on race performance where running economy is less significant to performance (Alvero-Cruz et al., 2020; Midgley et al., 2007). The half-marathon and 10-km are competed at velocities above lactate threshold where it is not possible to measure running economy, therefore it is not fully understood how both oxidative and non-oxidative metabolic demands change at higher intensities (Kipp et al., 2019). More research needs to be undertaken to determine how AFT might affect running economy, vV̇O2max, and lactate threshold over 10-km and half-marathon race velocities.

The ergogenic effect of AFT on the marathon and half-marathon was further explored through the development of a multivariate regression model. The magnitude of improvement predicted for both the marathon (0.93%) and the half-marathon (0.71%) were considerably smaller than the predicted improvements applying the calculations recommended by Kipp et al. (2019) of 2.74% and 2.67% over the marathon and half-marathon, respectively. Applying Kipp et al.’s (2019) equation factoring in height, weight, and percentage improvement in running economy of 4% from AFT for the female marathon world-record (2:14:04) velocity of 5.246 m.s-1 attributes a 2.74%, improvement in time to AFT. Likewise, applying Kipp et al.’s (2019) equation for the half-marathon world-record (1:04:02) velocity 5.491 m.s-1 attributes a 2.67% improvement in time attributed to AFT. Whilst this study did not independently investigate the effect of AFT Nike shoes on race performance 90.2% and 87.8% of the AFT identified in the marathon and half-marathon were Nike models. However, the predicted benefit of 0.93% over the marathon is strikingly similar to the degree of advancement of the female marathon world record of 1% ran in AFT (Joyner et al., 2020). Differences may be explained by individual athlete variation in the energetic savings provided by AFT with improvements in running economy ranging from -1.59 to -6.26% in Hoogkamer et al.’s (2017a) study and -1.72 to -7.15% in Barnes and Kilding’s (2018) study. Furthermore, Kipp et al.’s (2019) equation does not account for individual variability in the V̇O2-velocity relationship (Saunders et al., 2004). Running economy is likely to decline over the marathon duration resulting from the race distance and fast speeds that incur muscle damage (Millet et al., 2011) or substrate utilisation shifts (Vernillo et al., 2017), causing Kipp et al.’s (2019) equation to overpredict the performance benefits. A larger difference in the predicted benefit of AFT is observed over the half-marathon between our results and Kipp et al.’s (2019) predictive equation, which may be attributed to a lower impact of running economy on shorter race distances (e.g. the half-marathon and 10-km) where velocities exceed lactate threshold (Alvero-Cruz et al., 2020; Midgley, et al., 2007).

[bookmark: _Hlk92959640][bookmark: _Hlk92959729]Both the between-measures (1.7%) and the within-measures (2.64%) analysis demonstrated a similar magnitude of improvement associated with AFT utilisation compared with Senefeld et al. (2020) results (2.6% between-measures and 1.6% within-measure). However, the magnitude of improvement predicted by the multiple linear regression model for the marathon (78s, 0.93%) was significantly smaller than the 2.6% (258s) and the 1.6% (222s) reported by Senefeld et al. (2020), suggesting Senefeld et al. (2020) results may overestimate the magnitude of effect of AFT on female marathon race performance. Furthermore, differences in performance times may be observed between our findings which investigated the effects of numerous models of AFT on race performance times where improvements in running economy have varied from 0.08-3.03% (Joubert & Jones, 2022), in contrast Senefeld et al. (2020) results only looked at AFT in Nike shoes where reported improvements in running economy ranged from 2.72-3.03% (Joubert & Jones, 2022). The marathon performance is multi-factorial (Joyner et al., 2020), however, Senefeld et al. (2020) infers direct correlation between the adoption of AFT and improved marathon performances. Based on the results of the current study, it can be suggested that improvements in race performance times since the adoption of AFT are not perfectly correlated with other factors beyond the shoes contributing to faster race times. Based on the regression modelling for both the marathon and the half-marathon suggest changes within the athlete population to attribute the largest change within performance time not AFT (Equation 1 & Equation 2). 

The findings of this study and any conclusions drawn must be interpreted with respect to the limitations of the work. Firstly, the study is theoretical, applying a retrospective analysis of performance times specifically using the last 11 years to develop a regression model to predict the influence of AFT on race performance. Therefore, the true cause and effect relationship cannot be identified between improvements within performances and the ergogenic effect of AFT. Thus, further investigation is warranted evaluating the direct relationship between AFT and race performance. Marathon performance is multi-factorial and likely influenced by numerous factors not evaluated within this study. This point is exemplified by the marathon and half-marathon regression models explaining only 42% and 57% of the variance in performance times, respectively. Additional factors beyond the remit of this study, which may explain further variance within long-distance running performance times include: anthropometrics (Foster & Lucia, 2007; Sano et al., 2013), biomechanics (Gomez-Molina et al., 2017), training history (Foster et al., 1977), pacing strategies and race tactics (Renfree & Gibson, 2013; Hanley, 2015), drafting techniques (Hoogkamer et al., 2018), weather (El Helou et al., 2012), altitude (Hamlin et al., 2015), pollution (Marr & Ely, 2010) and nutrition (Burke et al., 2007). A pragmatic decision was made to limit the number of factors included within the model due to the availability of data within the public domain. Finally, the regression model assumes a linear and homogenous response to AFT based upon the group response when wearing these running shoes. 

Not all AFT are created equally. There are significant differences in the 3D shape, longitudinal bending stiffness, and location of the imbedded moderator between AFT (Muniz-Pardos et al. 2020). Not all AFT utilise a full-length carbon fibre plate to act as a stiff moderator, moderators may be split into multiple plates imbedded within the midsole and may not adopt carbon fibre as the moderator, for example, Adidas Adizero Adios Pro utilise an array of plastic rods (Muniz-Pardos et al. 2020). Furthermore, different AFT models utilise different midsole foams and thicknesses with differing levels of compliance and resilience, which in turn return different rates of energy to the runner (Hoogkamer et al. 2017). Consequently, differences in AFT design has led to varied degrees of improvement within running economy measured in the laboratory with Joubert and Jones (2022) reporting considerable variation with improvements ranging from -0.08% to -3.03% when running in different AFT shoe models. We are in a dynamic state of AFT development, with numerous running shoe companies competing in an arms race to produce new and improved models. Consequently, the magnitude of performance enhancement attributed to AFT is in a state of flux, new AFT models may offer further ergogenic benefits associated with a larger magnitude of performance enhancement. This point is exemplified by Joubert and Jones (2022) who demonstrated Nikes third-generation of AFT (Nike Air Zoom Alphafly Next %) elicited a larger improvement in running economy 3.03% compared to 2.72% associated with their second-generation AFT (Nike Zoom X Vaporfly Next %), an improvement of 0.31%. Additionally, Hoogkamer et al. (2017a) and Barnes and Kilding (2018) reported considerable inter-individual variation in the energetic saving provided by the Nike Vaporfly 4% ranging from -1.59 to -7.15%, therefore it is likely that the magnitude of improvement attributed to the footwear will vary accordingly. The significant inter-individual variation in running economy whilst running in AFT demonstrates changes in performance times may be largely influenced by outliers in the sample size utilised of 20 athletes from each year, in light mean results should be interpreted with caution. 

In conclusion, female marathon, half-marathon, and 10-km performance times were found to have significantly improved since the introduction of AFT. The utilisation of AFT elicits a greater ergogenic effect the greater the race distance associated with improvements in the marathon and half-marathon, but not the 10-km. Although, the magnitude of effect appears smaller than previously reported, the benefits of wearing AFT provide a significant competitive advantage with the potential to determine race finishing positions. The women’s marathon medal positions have been separated by 60s or less over last 5 Olympiads (Athens 2004- Tokyo 2021), a time differential which is smaller than the calculated performance benefit of AFT on female marathon race performance.  
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