Longitudinal changes in running economy following minimalist footwear and running-retraining interventions over 12 months
ABSTRACT
Purpose: The objective of this study was to compare the long-term effects of running retraining and minimalist footwear on running economy (RE), foot and ankle adaptations, and running biomechanics over a 12-month period. 
Method: In this randomised controlled trial, 61 habitual rearfoot runners were allocated to three groups: minimalist footwear (n = 19), running-retraining (n = 18), and control (n = 24). Participants were evaluated at baseline, two, six, and 12 months. Outcome measures included RE and biomechanics assessed on a treadmill at self-selected comfortable speed, as well as foot and ankle characteristics.
Results: RE improved over time in all groups, with no clear between-group differences at any time point. RE significantly improved from baseline in both the minimalist group (+4.9% at six months and +9.3% at 12 months; P = 0.03 and P < 0.001, respectively) and the running-retraining group (+5.6% at six months and +10.5% at 12 months; P < 0.001 for both). The control group showed an improvement in RE (+4.7%) at 12 months compared to baseline (P = 0.01). No significant changes were observed in foot and ankle characteristics in any group across the follow-up period.
[bookmark: _Hlk215734895][bookmark: _Hlk195803959]Conclusion: Running economy improved similarly across all groups, suggesting that neither running retraining nor transitioning to minimalist footwear provides additional benefits beyond the control condition over a 12 month period. Although descriptive trends indicated greater improvements in the intervention groups, substantial inter-individual variability highlights the need to identify responders to these interventions in future studies.
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1. Introduction
Three key physiological factors have been identified as major determinants of performance in long-distance running events: maximal oxygen uptake (VO2max), running economy (RE), and the fractional utilization of VO2max (%VO2max) during submaximal exercise 1. Running economy is defined as the steady-state oxygen consumption at a given submaximal running velocity, serving as an index of the energy cost of running 2. Notably, running economy can vary by up to 30% among trained runners with comparable VO2max values 2. Running technique is a key determinant of running economy in endurance runners, accounting for approximately 4% to 12% of the variance observed between individuals 3,4. Running technique alteration can be implemented through a running-retraining intervention, or via the use of minimalist footwear 5. 
Among the most frequently modified biomechanical parameters during a running-retraining intervention are footstrike pattern and cadence 6. Both transitioning to a non-rearfoot strike pattern or increasing running cadence from a preferred stride frequency toward the optimal stride frequency have been shown to produce no significant immediate effect on oxygen consumption 7–9. Moreover, even after several weeks of familiarisation, transitioning to a non-rearfoot strike pattern still does not improve running economy 10. The absence of immediate benefits following a running-retraining intervention may be explained by an increased cognitive load and insufficient intermuscular coordination and co-contraction patterns in the lower-limb muscles during the first months of adaptation 4,11. Consequently, oxygen consumption measured immediately or one month after a running-retraining intervention may not accurately reflect its long-term effects 11. 
[bookmark: _Hlk194153985]The use of minimalist footwear has been reported to improve running performance with reductions in metabolic cost of approximately 1 to 2% in non-habitual minimalist runners and 2 to 3% in habitual minimalist runners 12,13. These improvements have been attributed both to the reduced footwear mass relative to traditional shoes and to the spontaneously adopted running technique, which typically involves a more anterior foot strike pattern and does not require additional attentional focus on external cues 12. Moreover, transitioning to minimalist footwear led to more pronounced performance improvements of around 8% four weeks later compared to the immediate effects 14. This delayed improvement may be attributed to enhanced coordination, pre-activation, and adaptive changes in the musculoskeletal structure of the foot and ankle muscles in relation to the new running technique 14–16. 
Therefore, the aim of this study is to compare the effects of minimalist footwear and a two-week running-retraining programme, which includes the adoption of a non-rearfoot strike pattern combined with a 7.5% increase in running cadence, on (1) running economy, (2) running biomechanics, and (3) foot and ankle characteristics over one year. Biomechanical outcomes include step rate and footstrike pattern, and foot and ankle characteristics include foot posture and strength. First, we hypothesised that transitioning to minimalist footwear or a running retraining intervention would lead to greater improvements in running economy compared to a control group 10–12. Second, we expect that both interventions will induce a shift to a non-rearfoot strike pattern and increase the running cadence compared to a control group 14,17. Finally, we expect that both interventions will enhance ankle plantar flexor, hallux flexor, and lesser toe flexor strength, while having no significant effect on foot and ankle posture compared to a control group 15,16. 

2. Materials and methods
A 12-month randomised controlled trial was designed to investigate the effects of minimalist footwear and running retraining in a laboratory on foot and ankle characteristics, running biomechanics, and running economy in recreational long-distance runners. The protocol of this study follows the CONSORT (Consolidated Standards of Reporting Trials) recommendations. This study was prospectively registered at ClinicalTrials.gov (NCT05499871; 11 January 2022).

2.1 Participants 
The required sample size was estimated using G*Power (version 3.1.9.2, Germany) based on a repeated-measures ANOVA with a within–between interaction. A total sample size of 45 participants (15 per group) was estimated to achieve 80% statistical power (α = 0.05) for detecting a small effect size (Cohen’s f = 0.20) on the primary outcome (change in running economy)18. Assuming a 20% dropout rate and 40% running-related injury rate, we aimed to recruit at least 115 participants 19. 
Eligibility criteria included age between 18 and 55 years, running at least 10 kilometres per week for at least one year and no running-related injuries in the three months prior to testing. All participants were habitual rearfoot strikers who wore cushioned shoes and had never used minimalist footwear (footwear with a minimalist index higher than 70%) or modified their running technique. This study was approved by the local ethics committee (12/05/2022; protocol No. 2022-103).
The participants were randomly allocated to the control group (CG), minimalist group (MG), or running-retraining group (RRG). The randomisation was stratified according to the age (under and over 30 years) and weekly mileage (under and over 25 kilometres per week) of the participants in several blocks of six participants. 

2.2 Treatment Arms 
Participants allocated to the RRG received four sessions of real-time feedback supervised by an instructor in a laboratory on a treadmill at self-selected comfortable running speed, and carried out two unsupervised sessions outside the laboratory, distributed over two weeks. Real-time feedback sessions consist of running softer, adopting a non-rearfoot strike and increasing the initial step rate by 7.5% 20. Participants were instructed to focus on achieving softer and quieter landings, to land on the ball of their foot and match their steps to an audible metronome set to the new rate 6. The retraining protocol employed a faded feedback approach 5 (Supplemental Table 1). The first two sessions lasted 15 minutes and were supervised by an instructor in the laboratory. Then, one session of 15 minutes was performed by each participant in their usual running environment using a metronome and focusing on running softer and adopting a non-rearfoot strike pattern. The same approach was used during the second week of the running-retraining programme, but each session lasted 20 minutes. Participants were also encouraged to apply the new technique in a progressive running programme during the first two months and maintain it thereafter (Supplemental Table 2). 
Participants allocated to the MG received either trail minimalist footwear (Merrel trail glove 6; minimalist index = 78%) or road minimalist footwear (Topo athletic ST-4; minimalist index = 76%) according to their preferences. Like the RRG, participants were also encouraged to integrate into their own running training the same progressive running programme, where they had to wear the minimalist footwear. After the first two months, participants were encouraged to continue using minimalist footwear during their own running training. 
The control group received a static stretching protocol without any intensity, based on a previous study, which demonstrated no effect on running performance or foot-ankle characteristics 21,22. Participants were instructed to perform the protocol during 5-minute sessions, three times per week. In addition, the control group was instructed to maintain their usual training habits throughout the study period.
A per protocol analysis was performed to investigate the effect of each intervention on running economy, running biomechanics, and foot-ankle characteristics. Inclusion required participation in the four evaluation sessions and remaining injury free throughout the follow-up duration. Participants in the MG had to run in minimalist footwear for ≥25% of their weekly mileage at 12 months, and participants in the RRG had to adopt a non-rearfoot strike or increase step rate by ≥7.5% from baseline. Participants not meeting these criteria were excluded from the analysis.

2.3 Experimental protocol
Each participant was assessed at four time points: baseline, two months, six months, and 12 months of follow-up. Foot strike pattern and foot-ankle characteristics were assessed on the dominant leg, defined as the preferred leg to kick a ball 23. 

2.4 Questionnaire
At each session, participants completed a baseline questionnaire assessing training habits including weekly distance, training volume, and training frequency. The questionnaires were specifically developed for the purposes of the present study and were not based on a previously validated instrument. Additionally, at two months, participants in the intervention groups reported their adherence to the proposed running programme (0 = not at all to 3 = entirely). At six and 12 months, participants in the RRG indicated the frequency of using the new running technique (0 = less than one training session in five to 5 = every training session), while participants in the MG reported the weekly distance covered using minimalist footwear.

2.5 Indirect calorimetry
Before the biomechanical recording, all participants completed a 6-minute treadmill familiarisation run at a self-selected comfortable speed. Self-selected comfortable speed was defined as the treadmill running speed at which participants reported feeling able to run comfortably. Self-selected comfortable speed was determined during the baseline evaluation, and participants were systematically assessed at the same speed throughout the study. Running economy was then assessed during a separate 6-minute treadmill run at the same self-selected speed. The test was performed on a motorised treadmill (HP Cosmos Pulsar, Nussdorf-Traunstein, Germany) set at 0 percent incline. Participant body mass was measured prior to each session. Inspired and expired gases were collected via a mouthpiece connected to a breath-by-breath metabolic system (Ergocard Pro version, Medisoft). The gas analyser and flowmeter were calibrated before each test. Percentage measurement errors for this device were −2.52 ± 2.14 percent for VO₂ and −2.82 ± 4.12 percent for VCO₂ 24. To allow participants to acclimate to the equipment, the metabolic data from the final minute of the 6-minute bout were averaged to quantify running economy. Steady-state conditions were confirmed by a respiratory exchange ratio < 1.00. If a plateau in oxygen uptake was not observed by the end of the 6-minute period, the run was extended by one additional minute to ensure a submaximal steady-state effort 2. In accordance with current recommendations, running economy was derived from breath-by-breath VO₂ and VCO₂ using the Brockway equation: Energy cost (Wkg−1) = (16.58 × VO₂) + (4.51 × VCO₂) 25. Metabolic power was then normalised to the body mass measured at each session and expressed as metabolic energy cost (J·kg⁻¹·m⁻¹) by dividing by treadmill speed. Participants were asked to systematically wear the same pair of shoes as used during their baseline assessment. Participants in the minimalist group were evaluated with their own conventional running shoes at baseline, and with the provided minimalist shoes at two, six, and 12 months.

2.6 Footstrike determination and cadence
During the final minute of the same 6-minute treadmill run, a high-speed video (240 Hz) was recorded to assess biomechanical parameters. Frame-by-frame analysis with Dartfish® (version Prosuite 10.0, Dartfish, Alpharetta, Georgia) allowed identification of each runner’s dominant leg footstrike pattern (forefoot/midfoot or rearfoot). The footstrike pattern analysis showed inter-rater reliability (ICC = 0.98) 26. Step rate was measured by timing 50 strides (100 steps), with excellent intra- and inter-rater reliability (ICC > 0.98) 26.

2.7 [bookmark: _Hlk130740118]Foot-ankle characteristics assessment
Foot posture index (FPI-6) and navicular drop (ND) were used to evaluate foot posture. The FPI-6 presents an excellent test-retest and inter-rater reliability (ICC: 0.81–0.86) as does the ND (ICC: 0.84) 27,28.
Then, ankle plantar flexor, hallux flexor, and lesser toe flexor strength were assessed using a digital hand-held dynamometer (MicroFET2, Hoggan Health Industries, West Jordan, UT, USA) in accordance with prior methodology 29. A diagram illustrating the dynamometer testing setup is provided in the Supplemental Material. The ankle plantar flexor lever arm was measured between the lateral malleolus and the dynamometer contact point. The testing order was randomised. Participants completed two familiarisation trials, followed by three maximal efforts, each lasting 3–5 seconds, with 30 seconds of rest. The highest value was retained. Strength was reported in Newton-meters (N.m) for ankle plantar flexors and in Newtons (N) for hallux and toe flexors. All values were normalised to body mass. These measures demonstrated good to excellent reliability (test-retest ICC: 0.67–0.88; inter-rater ICC: 0.66–0.89) 27.
After a familiarisation period, participants performed three single-leg drop jumps from a 30 cm box with their dominant lower limb to measure jump height and reactive strength index (RSI). In the barefoot condition, participants were instructed to jump as high as possible while keeping their knees and trunk as straight as possible, hands on their hips, and to push off the ground as quickly as possible. Video recording (240 Hz) of the foot from the front of the patient was performed for subsequent analyses using the “MyJump Lab Pro” application (Carlos Balsalobre-Fernández, version 2.1.1). “MyJump Lab Pro” showed good validity for RSI (r = 0.97) and jump height (r = 0.97). “MyJymp Lab Pro” also had good reliability for RSI (ICC = 0.98) and jump height (ICC = 0.96) 30.

2.8 Statistical analysis
Separate linear mixed-effects models (LMMs) were used to evaluate the impact of interventional groups on running economy. Comparable analyses were conducted for training habits (weekly distance and training volume), foot-ankle characteristics, and running biomechanics. The fixed effects are the intervention group (CG, MG, RRG), time (baseline, two months, six months, 12 months) and self-selected comfortable running speed. To appropriately capture individual variability in temporal trajectories, the models included both a random intercept and a random slope for time at the participant level. Effect sizes (ES) were derived from post-hoc contrasts of the LMMs and reported. To correct for small-sample bias, ES were expressed as Hedges g, with ES between 0.2 and 0.49 representing a small effect, between 0.5 and 0.79 representing a moderate effect, and ≥0.8 representing a large effect 31. ES <0.20 were considered trivial.
Statistical analyses were performed using R software (Version 4.1.1, R Core Team, 2017) 32. An alpha level of 0.05 was used for all inferential statistics.

3. Results
In total, 182 participants were assessed for eligibility. An overview of the inclusion, allocation, and analysis processes is provided in Figure 1. At baseline, there were no significant differences between the CG (n = 24), MG (n = 19), and RRG (n = 18) in individual characteristics (Table 1). The results of the linear mixed model showed no significant Group × Time interaction for weekly distance (P = 0.09) and training volume (P = 0.55).
3.1 Adherence to running-retraining programme
In the MG, runners self-reported wearing the minimalist footwear 64.2 ± 29.9% and 57.8 ± 29.2% of their total weekly distance at six and 12 months, respectively. In the RRG, 90.6% and 87.4% of the runners self-reported being attentive to adopting the new running technique during all or almost all their running sessions at six and 12 months, respectively.

3.2 Running economy
The results of the linear mixed model showed a significant Group × Time interaction (P = 0.006). Post-hoc analysis showed no significant difference in running economy in any groups at two months of follow-up compared to baseline. Conversely, post-hoc analysis showed a significant reduction in running economy for the MG and RRG at six (MG: Diff = −4.87%, P = 0.02; RRG: Diff = −6.56%, P < 0.001) and 12 months (MG: Diff = −9.28%, P < 0.001; RRG: Diff = −11.08%, P < 0.001) of follow-up compared to baseline. Post-hoc analysis also showed a significant difference in running economy for the CG (Diff = −4.83%, P = 0.04) at 12 months of follow-up compared to baseline. Longitudinal changes in running economy across groups is available in Figure 2.
Moreover, post-hoc analysis showed no significant differences in running economy between the CG and intervention groups (MG or RRG) at each evaluation session, with only a small effect size (P > 0.05) (Table 2). Similarly, post-hoc analysis showed no significant differences in running economy between the MG and RRG at each evaluation session, with only a small effect size (P > 0.05).

3.3 Running biomechanics 
The results of the linear mixed model showed a significant Group × Time interaction (P = 0.003). Post-hoc analysis showed no significant differences in running cadence across the follow-up period for the CG and MG. Conversely, post-hoc analysis showed that runners in the RRG increased their running cadence at two (Diff = +7.1%, P < 0.001), six (Diff = +6.0%, P < 0.001), and 12 months (Diff = +4.3%, P < 0.001) compared to baseline. 
No significant differences in running cadence were found between the CG and MG at each evaluation session. Conversely, post-hoc analysis highlighted significant differences in running cadence between the CG and RRG at two (Diff = +9.0%, P < 0.001), six (Diff = +8.5%, P < 0.001), and 12 months of follow-up (Diff = +6.66%, P < 0.001). Post-hoc analysis also highlighted significant differences in running cadence between the MG and RRG at two (Diff = +7.2%, P < 0.001) and six (Diff = +6.1%, P = 0.003), but not at 12 months of follow-up (Diff = +4.5%, P = 0.16).
No change in footstrike pattern was observed in the control group. In the minimalist footwear group, seven runners (36.8%) had transitioned to a non-rearfoot strike pattern at two months. At six months, two additional runners had transitioned, resulting in a total of nine runners (47.3%) adopting a non-rearfoot strike pattern. At 12 months, one runner reverted to a rearfoot strike pattern, resulting in a total of eight runners (44.4%) maintaining a non-rearfoot strike pattern. In the running retraining group, all runners (100%) had transitioned to a non-rearfoot strike pattern at two months. At six months, one runner reverted to a rearfoot strike pattern, resulting in 18 runners (94.7%) maintaining a non-rearfoot strike pattern. No further changes were observed at 12 months.

3.4 Foot and ankle characteristics
The linear mixed model showed no significant effects of Group, Time or Group × Time interaction for any of the foot and ankle variables (all P > 0.05). Post-hoc analysis performed on the Group × Time interaction, including estimated marginal mean and effect size for each group at each time are available in Table 3. 
The results of the effect of each intervention on running economy, running biomechanics and foot-ankle characteristics at 12 months are summarised in the Figure 3.


4. Discussion
Effect of the interventions on running economy
Our first hypothesis was not confirmed by the results, highlighting that both interventions had no superior effect on running economy compared to a control group. Running economy improved similarly across all groups, suggesting that neither running retraining nor transitioning to minimalist footwear provides additional benefits beyond the control condition over a 12 month period. The improvement in running economy observed in the CG may have resulted from their participation in the study and being accountable for the kilometres they ran. Study participation may have introduced a Hawthorne effect  whereby participants modified their behaviour due to being observed. This may have led to more consistent or attentive training practices, which could potentially enhance fitness and, consequently, improve running economy at a given velocity 33. Given these findings, a similar mechanism may also explain the improvements observed in the intervention groups. Although descriptive differences between groups were observed, these should be interpreted with caution given the absence of statistically significant between-group effects. Nonetheless, the magnitude of change exceeded the typical error of measurement for running economy (~2.5%), suggesting that these changes may be of potential practical relevance 34,35. Further prospective studies are warranted to better understand the factors influencing individual responses to such interventions.
From a time-course perspective, our results are consistent with previous studies reporting no improvement in running economy during the initial months following running retraining intervention 10. However, our study is the first to explore the effect of altering the running technique beyond a four-month follow-up period. The delayed improvement observed in the RRG may be due to the higher attentional demands during the initial months of a running technique alteration and the progressive enhancement of intermuscular coordination and co-contraction in the lower limb muscles 4,11. Finally, the improvement in running economy observed in the MG were more modest compared to previous studies, with decreases in metabolic cost of approximately 2% after two months and 5% after six months of transition to minimalist footwear 12,14. These comparatively smaller reductions may be explained by the initial lack of familiarity  of our participants with minimalist footwear 33. On the other hand, the progressive improvement of running economy observed in the MG may reflect a gradual optimisation of intermuscular coordination and a reduction in co-contractions during running with minimalist footwear 4. 

Effect of the interventions on running biomechanics
The secondary aim of this study was to compare the effects of minimalist footwear and running retraining on the evolution of running biomechanics over one year. In accordance with previous studies, runners in the RRG modified their running technique to increase their running cadence by 7.1%, 6.0%, and 4.3% at two, six, and 12 months of follow-up compared to baseline, respectively 36,37. This progressive decrease in the magnitude of the cadence increase may be explained by the fact that runners gradually converge toward their individual optimal step rate over time. Previous research has shown that trained runners typically present only about a 3% difference between their preferred and optimal step rate 7. In addition, this convergence toward a more optimal step rate may also contribute to the progressive improvement in running economy observed in the RRG throughout the follow-up period 38. In addition, all runners except one maintained a non-rearfoot strike pattern at 12 months of follow-up in the RRG. In parallel, the running cadence remained unchanged and approximately 40% of the runners transitioned to a non-rearfoot strike pattern in the MG. The transition to a non-rearfoot strike pattern may be explained by the zero-drop construction of the minimalist footwear used in this study 39. Furthermore, running with a non-rearfoot strike pattern may result in a greater effective mechanical advantage at the knee without increasing triceps surae metabolic energy consumption and contribute to the observed improvements in running economy in both the MG and the RRG 10,40.
Effect of the interventions on foot-ankle characteristics
This study also compared the effects of minimalist footwear and running retraining on foot and ankle characteristics over one year. The results did not confirm our hypothesis because none of the interventions improved foot and ankle characteristics across the follow-up or compared to the control group. Previous studies with participants transitioning completely to minimalist footwear in daily or running activities have showed an increase in foot muscle strength of approximately 25 % 41. In our study, runners used minimalist footwear for approximately 60 % of their total weekly running distance. The absence of changes in foot and ankle muscle strength in our sample could be explained by a smaller stimulus induced by a partial transition to minimalist footwear compared with previous studies. Increased foot and ankle muscle strength using minimalist footwear could require a complete transition to minimalist footwear. This study is the first to explore the effect of running retraining intervention on foot muscle strength without any additional modalities. Previous studies have shown that transitioning to a non-rearfoot strike pattern with minimalist footwear induces a 27.5 % increase in isometric plantar flexor muscle strength, 20 % increase in isometric toe flexor strength, and 6.3 % increase in cross-sectional Achilles tendon after 12 weeks 15,16. Although no significant difference was found in this study, runners in the RRG increased ankle plantar flexor and hallux flexor strength by 6%. Finally, the RSI also remained unchanged in both RRG and MG over the 12 months of follow-up. 

Practical implications
Running retraining and the use of minimalist footwear did not lead to statistically greater improvements in running economy compared to the control condition after one year of follow-up. These findings suggest that such interventions should not be systematically prioritised by coaches as primary strategies to improve running economy and, potentially, performance in recreational endurance runners. Coaches should also consider that adaptations related to running retraining or minimalist footwear may not be immediately observable, likely due to the early stages of motor skill learning or the time required to optimise intermuscular coordination and co-contraction associated with running technique alterations. Moreover, although running economy is an important physiological determinant of endurance performance, it does not directly reflect performance outcomes such as race time or time-trial results. Therefore, the observed changes in running economy should be interpreted with caution, as they may not necessarily translate into meaningful improvements in running performance. Finally, the effects of both interventions on reductions in energy expenditure varied substantially among runners, highlighting the need for future research to identify runner profiles most likely to benefit from technique modifications or minimalist footwear.
This study has several limitations that should be considered before generalising the results. First, the duration of the running-retraining protocol was shorter than in previous studies consisting of four supervised and two unsupervised sessions instead of the eight supervised sessions typically used 5. However, adherence and retention of the new running technique were comparable to those reported in previous studies. Second, the study experienced a relatively high attrition rate. Although this loss to follow-up was anticipated and incorporated into the sample size calculation, and despite final group sizes exceeding the minimum required to maintain adequate statistical power, such attrition may still introduce a risk of bias, particularly when withdrawals are due to running-related injuries. In addition, the use of a per-protocol approach may have further limited the generalisability of the findings, as only participants who adhered to the intervention and remained injury-free were included in the analysis. This may have resulted in a selection bias towards individuals who responded more favourably to the interventions, potentially leading to an overestimation of their effects. It is noteworthy that the incidence of running-related injuries observed in the present trial aligns with rates typically reported in cohorts of recreational runners. This suggests that the attrition attributable to injury more likely reflects the usual background incidence rather than any intervention-specific effect 42. Third, training habits were self-reported through questionnaires at four time points, which may have limited the accuracy of the data compared to continuous monitoring of training load, including both volume and intensity. Fourth, running economy was determined using a single 6-minute bout, whereas current recommendations suggest the use of multiple submaximal stages at constant speeds to better capture potential variations across intensities 2. In addition, maximal oxygen uptake was not measured. These methodological choices were made to reduce the overall testing burden, given the longitudinal design of the study involving multiple assessments over a 12-month period and a relatively large sample size. Moreover, the primary focus of the study was on running economy, which can be influenced by neuromuscular and biomechanical adaptations independently of maximal oxygen uptake 2. Finally, ventilatory thresholds were not assessed through an incremental test, which would have ensured that the selected running speed remained below the second ventilatory threshold for all participants. However, steady-state conditions were confirmed by a respiratory exchange ratio < 1.00 and a plateau in oxygen uptake at the end of the 6-minute period, suggesting that exercise intensity was within a submaximal domain and likely below the second ventilatory threshold 2. 

5. Conclusion
Running economy improved similarly across all groups, suggesting that neither running retraining nor transitioning to minimalist footwear provides additional benefits beyond the control condition over a 12 month period. Although descriptive trends indicated greater improvements in the intervention groups, substantial inter-individual variability highlights the need to identify responders to these interventions in future studies.
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Figure captions:
Figure 1. Participant enrolment, allocation, and analysis flowchart for per-protocol analyses. 
Figure 2. Longitudinal changes in running economy across the three groups (control group (CG), minimalist group (MG), running-retraining group (RRG)), based on estimated marginal means from linear mixed models. 
Figure 3. Summary of the effects of running retraining and minimalist footwear on foot-ankle characteristics, running biomechanics and running economy at 12 months.

Table 1. Comparisons of individual baseline characteristics between groups.
	Variables
	Group
	Mean (± SD)
(1)
	P-value
	Effect size

	Sex (M / F)
	CG
	14 (58.3%) / 10 (41.7%)
	/
	/

	
	MG
	12 (63.1 %)/ 7 (36.8%)
	
	

	
	RRG
	9 (47.4%)/ 10 (52.6%)
	
	

	Age (years)
	CG
	29.9 (± 11.3)
	0.90
	0.004

	
	MG
	31.4 (± 10.2)
	
	

	
	RRG
	30.5 (± 10.3)
	
	

	Mass (kg)
	CG
	69.0 (± 13.5)
	0.87
	0.005

	
	MG
	67.3 (± 8.7)
	
	

	
	RRG
	67.6 (± 11.5)
	
	

	Height (m)
	CG
	1.74 (± 0.10)
	0.09
	0.078

	
	MG
	1.72 (± 0.09)
	
	

	
	RRG
	1.67 (± 0.10)
	
	

	BMI (kg/m²)
	CG
	22.5 (± 2.4)
	0.13
	0.065

	
	MG
	22.6 (± 2.3)
	
	

	
	RRG
	24.0 (± 3.0)
	
	

	Running experience (years)
	CG
	7.1 (± 7.5)
	0.87
	0.004

	
	MG
	7.1 (± 7.9)
	
	

	
	RRG
	8.2 (± 7.3)
	
	

	Weekly distance (km)
	CG
	26.6 (± 17.6)
	0.40
	0.030

	
	MG
	25.2 (± 15.2)
	
	

	
	RRG
	20.7 (± 8.0)
	
	

	Training volume (hours/week)
	CG
	2.9 (± 1.5)
	0.62
	0.016

	
	MG
	3.0 (± 1.6)
	
	

	
	RRG
	2.6 (± 0.9)
	
	

	Self-selected comfortable speed (km/h)
	CG
	11.1 (± 1.4)
	0.23
	0.048

	
	MG
	10.8 (± 2.1)
	
	

	
	RRG
	10.2 (± 1.9)
	
	


M = male; F = female; P-value from ANOVA-1 analysis (group effect); effect size = eta squared; CG = control group, MG = minimalist group, RRG = running-retraining group.
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[bookmark: _Hlk201045420]Table 2. Post-hoc comparisons of the linear mixed model between groups (control group (CG), minimalist group (MG), and running-retraining group (RRG)) across the four periods of assessment during one year of follow-up for running performance and running biomechanics. 
	Category
	Variables
	Group
	Baseline
	Control group differences at baseline
	T2
	Baseline vs T2 
	Control group differences at T2
	T6
	Baseline vs T6 
	Control group differences at T6
	T12
	Baseline vs T12 
	Control group differences at T12

	
	
	
	EMM (± CI95%)
	ES (± CI95%)
	EMM (± CI95%)
	ES (± CI95%)
	ES (± CI95%)
	EMM (± CI95%)
	ES (± CI95%)
	ES (± CI95%)
	EMM (± CI95%)
	ES (± CI95%)
	ES (± CI95%)

	Running performance
	Running economy
(J/kg/m)
	CG
	4.34 (4.22 - 4.46)
	
	4.30 (4.18 - 4.42)
	−0.05 (−0.18 - 0.07)
	
	4.22 (4.10 - 4.34)
	−0.12 (−0.23 - −0.01)
	
	4.13 (4.00 - 4.25)
	−0.29 (−0.46 - −0.12)**
	

	
	
	MG
	4.31 (4.18 - 4.45)
	−0.02 (−0.18 - 0.13)
	4.23 (4.10 - 4.36)
	−0.09 (−0.22 - 0.03)
	−0.05 (−0.20 - 0.09)
	4.10 (3.97 - 4.23)
	−0.19 (−0.30 - −0.08)*
	−0.09 (−0.23 - 0.04)
	3.91 (3.77 - 4.05)
	−0.49 (−0.67 - −0.32) ***
	−0.20 (−0.37 - −0.02)

	
	
	RRG
	4.42 (4.30 - 4.55)
	0.07 (−0.07 - 0.23)
	4.31 (4.18 - 4.44)
	−0.13 (−0.26 - 0.01)
	0 (−0.13 - 0.15)
	4.13 (4.00 - 4.26)
	−0.28 (−0.39 - −0.17)***
	−0.07 (−0.21 - 0.06)
	3.93 (3.79 - 4.07)
	−0.63 (−0.80 - −0.46) ***
	−0.18 (−0.35 - −0.01)

	Running biomechanics
	Cadence
(step/min)
	CG
	164.2 (161.3 - 167.2)
	
	164.1 (161.1 - 167.1)
	−0.02 (−0.14 - 0.11)
	
	163.2 (160.1 - 166.2)
	−0.08 (−0.19 - 0.03)
	
	163.4 (160.1 - 166.7)
	−0.08 (−0.25 - 0.09)
	

	
	
	MG
	165.7 (162.4 - 169.0)
	0.06 (−0.12 - 0.24)
	166.9 (163.6 - 170.2)
	0.10 (−0.03 - 0.22)
	0.11 (−0.06 - 0.28)
	167.2 (163.8 - 170.6)
	0.10 (−0.01 - −0.21)
	0.15 (−0.02 - 0.33)
	167.1 (163.4 - 170.7)
	0.12 (−0.06 - 0.29)
	0.14 (−0.04 - 0.32)

	
	
	RRG
	167.1 (163.9 - 170.6)
	0.12 (−0.06 - 0.30)
	179.0 (175.9 - 182.2)
	1.06 (0.93 - 1.19) ***
	0.60 (0.43 - 0.77)***
	177.2 (173.9 - 180.4)
	0.70 (0.59 - 0.81) ***
	0.54 (0.37 - 0.72)***
	174.4 (170.9 - 177.9)
	0.65 (0.47 - 0.82) ***
	0.42 (0.24 - 0.60)***


EMM = estimated marginal mean; T2 = two months of follow-up; T6 = six months of follow-up; T12 = twelve months of follow-up; ES = effect size, CI95% = confidence interval 95 %, * = P-value < 0.05, ** = P-value < 0.01, *** = P-value < 0.001.



Table 3. Post-hoc comparisons of the linear mixed model between groups (control group (CG), minimalist group (MG), and running-retraining group (RRG)) across the four periods of assessment during one year of follow-up for foot-ankle posture, foot-ankle muscle strength, and drop jump.
	Category
	Variables
	Group
	Baseline
	Control group differences at baseline
	T2
	Baseline vs T2 
	Control group differences at T2
	T6
	Baseline vs T6 
	Control group differences at T6
	T12
	Baseline vs T12 
	Control group differences at T12

	
	
	
	EMM (± CI95%)
	ES (± CI95%)
	EMM (± CI95%)
	ES (± CI95%)
	ES (± CI95%)
	EMM (± CI95%)
	ES (± CI95%)
	ES (± CI95%)
	EMM (± CI95%)
	ES (± CI95%)
	ES (± CI95%)

	Foot-ankle posture
	Foot posture index
(FPI-6)
	CG
	5.1 (4.0 - 6.1)
	
	5.2 (4.1 - 6.2)
	0.04 (−0.09 - 0.17)
	
	5.4 (4.4 - 6.4)
	0.09 (−0.02 - 0.20)
	
	4.9 (4.0 - 5.9)
	−0.05 (−0.13 - 0.22)
	

	
	
	MG
	4.6 (3.5 - 5.8)
	−0.05 (−0.23 - 0.13)
	5.1 (3.9 - 6.2)
	0.12 (−0.01 - 0.25)
	−0.01 (−0.16 - 0.19)
	4.9 (3.8 - 6.0)
	0.05 (−0.06 - 0.16)
	−0.07 (−0.24 - 0.11)
	5.0 (3.9 - 6.0)
	0.09 (−0.08 - 0.26)
	0 (−0.17 - 0.17)

	
	
	RRG
	5.1 (4.0 - 6.2)
	0 (−0.17 - 0.17)
	5.1 (4.0 - 6.2)
	0 (−0.13 - 0.13)
	0.01 (−0.18 - 0.17)
	4.8 (3.7 - 5.8)
	−0.07 (−0.18 - 0.04)
	−0.08 (−0.25 - 0.1)
	4.7 (3.6 - 5.7)
	−0.13 (−0.30 - 0.04)
	−0.04 (−0.21 - 0.12)

	
	Navicular drop
(cm)
	CG
	0.48 (0.43 - 0.53)
	
	0.46 (0.41 - 0.52)
	−0.05 (−0.18 - 0.07)
	
	0.47 (0.41 - 0.52)
	−0.03 (−0.14 - 0.07)
	
	0.49 (0.43 - 0.55)
	0.03 (−0.08 - 0.14)
	

	
	
	MG
	0.42 (0.36 - 0.48)
	0.12 (−0.28 - 0.03)
	0.40 (0.34 - 0.46)
	−0.04 (−0.17 - 0.08)
	0.11 (−0.27 - 0.03)
	0.42 (0.36 - 0.48)
	−0.01 (−0.09 - 0.12)
	0.08 (−0.22 - 0.06)
	0.45 (0.38 - 0.51)
	0.069(−0.07 - 0.26)
	0.09 (−0.27 - 0.08)

	
	
	RRG
	0.50 (0.44 - 0.55)
	0.03 (−0.12 - 0.20)
	0.46 (0.40 - 0.52)
	−0.10 (−0.23 - 0.02)
	0 (−0.14 - 0.15)
	0.48 (0.43 - 0.54)
	−0.03 (−0.14 - 0.08)
	0.03 (−0.11 - 0.18)
	0.50 (0.44 - 0.56)
	0.01 (−0.18 - 0.15)
	0.02 (−0.15 - 0.19)

	Foot-ankle muscle strength

	Plantar flexor strength
(Nm/kg)
	CG
	0.90 (0.84 - 0.97)
	
	0.89 (0.83 - 0.96)
	−0.03 (−0.16 - 0.09)
	
	0.84 (0.77 - 0.90)
	−0.17 (0.28 - 0.06)
	
	0.88 (0.81 - 0.95)
	0.07 (−0.24 - 0.09)
	

	
	
	MG
	0.86 (0.79 - 0.93)
	−0.07 (−0.24 - 0.09)
	0.89 (0.81 - 0.96)
	0.07 (−0.05 - 0.20)
	−0.04 (−0.20 - 0.11)
	0.87 (0.79 - 0.94)
	0.01 (−0.10 - 0.12)
	0.10 (−0.07 - 0.28)
	0.94 (0.86 - 1.02)
	0.18 (−0.07 - 0.29)
	−0.10 (−0.25 - 0.06)

	
	
	RRG
	0.85 (0.78 - 0.92)
	−0.09 (−0.26 - 0.07)
	0.90 (0.83 - 0.97)
	0.15 (0.02 - 0.28)
	0.06 (−0.09 - 0.22)
	0.87 (0.80 - 0.94)
	0.05 (−0.05 - 0.16)
	0.02 (−0.15 - 0.20)
	0.90 (0.82 - 0.97)
	0.15 (−0.32 - 0.01)
	−0.02 (−0.13 - 0.18)

	
	Hallux flexor strength
(N/kg)
	CG
	2.65 (2.46 - 2.84)
	
	2.77 (2.57 - 2.96)
	0.11 (−0.01 - 0.24)
	
	2.63 (2.43 - 2.83)
	−0.01 (−0.13 - 0.09)
	
	2.82 (2.60 - 3.03)
	0.20 (0.04 - 0.37)
	

	
	
	MG
	2.55 (2.34 - 2.76)
	−0.06 (−0.22 - 0.10)
	2.76 (2.55 - 2.98)
	0.19 (0.05 - 0.32)
	0 (−0.16 - 0.16)
	2.77 (2.54 - 2.99)
	0.17 (0.05 - 0.28)
	0.07 (−0.08 - 0.23)
	2.78 (2.54 - 3.02)
	0.25 (0.08 - 0.41)
	−0.02 (−0.20 - 0.15)

	
	
	RRG
	2.65 (2.45 - 2.85)
	0 (−0.17 - 0.16)
	2.83 (2.62 - 3.04)
	0.16 (0.03 - 0.29)
	0.03 (−0.12 - 0.19)
	2.89 (2.67 - 3.11)
	0.19 (0.08 – 0.30)
	0.13 (−0.01 - 0.29)
	2.82 (2.59 - 3.04)
	0.19 (0.02 - 0.35)
	0 (−0.16 - 0.15)

	
	Lesser toe flexor strength
(N/kg)
	CG
	2.38 (2.19 - 2.58)
	
	2.34 (2.15 - 2.53)
	−0.05 (−0.18 - 0.07)
	
	2.35 (2.17 - 2.54)
	0.02 (−0.14 - 0.08)
	
	2.33 (2.14 - 2.53)
	0.06 (−0.23 - 0.011)
	

	
	
	MG
	2.17 (1.96 - 2.39)
	−0.13 (−0.30 - 0.05)
	2.29 (2.08 - 2.51)
	0.13 (−0.01 - 0.25)
	−0.03 (−0.19 - 0.14)
	2.31 (2.10 - 2.52)
	0.11 (0 - 0.22)
	−0.03 (−0.19 - 0.14)
	2.22 (2.00 - 2.43)
	0.04 (−0.22 - 0.13)
	−0.07 (−0.25 - 0.11)

	
	
	RRG
	2.17 (1.97 - 2.38)
	−0.13 (−0.30 - 0.04)
	2.29 (2.09 - 2.49)
	0.13 (−0.01 - 0.25)
	−0.03 (−0.20 - 0.14)
	2.29 (2.09 - 2.49)
	0.10 (−0.01 - 0.21)
	−0.04 (−0.20 - 0.12)
	2.23 (2.02 - 2.43)
	0.06 (−0.12 - 0.23)
	−0.06 (−0.25 - 0.11)

	Drop jump
	Drop jump height
(m)
	CG
	9.16 (8.10 - 10.25)
	
	8.88 (7.82 - 9.94)
	−0.05 (−0.16 - 0.06)
	
	9.37 (8.29 - 10.46)
	0.04 (−0.07 - 0.15)
	
	9.19 (8.03 - 10.36)
	0.01 (−0.15 - 0.18)
	

	
	
	MG
	9.28 (8.12 - 10.45)
	0.01 (−0.16 - 0.19)
	9.32 (8.15 - 10.48)
	0.01 (−0.12 - 0.13)
	0.04 (−0.12 - 0.21)
	9.18 (7.99 - 10.37)
	−0.01 (−0.12 - 0.09)
	−0.02 (−0.18 - 0.14)
	9.33 (8.04 - 10.61)
	0.01 (−0.16 - 0.18)
	0.01 (−0.15 - 0.18)

	
	
	RRG
	9.27 (8.16 - 10.38)
	0.01 (−0.16 - 0.18)
	9.53 (8.40 - 10.65)
	0.05 (−0.07 - 0.18)
	0.07 (−0.09 - 0.24)
	8.80 (7.66 - 9.93)
	−0.08 (−0.19 - 0.02)
	−0.06 (−0.23 - 0.10)
	8.94 (7.71 - 10.17)
	−0.07 (−0.24 - 0.10)
	−0.03 (−0.19 - 0.14)

	
	Reactive strength index

	CG
	0.89 (0.82 - 0.96)
	
	0.86 (0.79 - 0.93)
	−0.08 (−0.21 - 0.02)
	
	0.84 (0.77 - 0.92)
	−0.12 (0.23 - 0.01)
	
	0.87 (0.79 - 0.95)
	−0.07 (−0.25 - 0.09)
	

	
	
	MG
	0.86 (0.78 - 0.94)
	−0.05 (−0.22 - 0.12)
	0.87 (0.79 - 0.95)
	0.02 (−0.10 - 0.15)
	0.01 (−0.15 - 0.18)
	0.88 (0.80 - 0.96)
	0.04 (−0.06 - 0.16)
	0.05 (−0.10 - 0.22)
	0.89 (0.80 - 0.98)
	0.09 (−0.07 - 0.26)
	0.03 (−0.15 - 0.21)

	
	
	RRG
	0.87 (0.80 - 0.95)
	−0.03 (−0.20 - 0.13)
	0.89 (0.81 - 0.96)
	0.03 (−0.09 - 0.16)
	0.04 (−0.12 - 0.20)
	0.82 (0.75 - 0.90)
	−0.12 (−0.23 - 0.01)
	−0.03 (−0.19 - 0.13)
	0.81 (0.73 - 0.89)
	−0.19 (−0.36 - 0.02)
	−0.09 (−0.27 - 0.08)


EMM = estimated marginal mean; T2 = two months of follow-up; T6 = six months of follow-up; T12 = twelve months of follow-up; ES = effect size, CI95% = confidence interval 95%, * = P-value < 0.05, ** = P-value < 0.01, *** = P-value < 0.00
