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ABSTRACT
Advancements in shoe technology can improve running economy (RE). However, the effects of advanced footwear technology 
(AFT) have typically been investigated in one specific shoe brand and at relatively high speeds. Moreover, there is often consid-
erable variability in the response to different running shoes. This study, therefore, investigated the effect of five different shoes 
(two with AFT, one standard shoe, one traditional racing flat, and participants' own shoes) on RE at a speed representative of 
recreational runners. Further, it also explored whether spatiotemporal running metrics, anthropometrics, muscle architecture, 
or comfort mediated the effect of shoes on RE. Forty-one (31 male) recreational runners ran at 10 km∙h−1 in five different shoes 
while running biomechanics and gas exchange data were collected. Linear mixed models were used to compare RE across 
different shoes. Correlations were computed between the difference in RE and (difference in) spatiotemporal running metrics, 
anthropometrics, muscle architecture, or comfort to explore mediating effects. RE was significantly better in the AFT shoe 
one compared to other shoes by 2%–4%, with the enhancement relative to the other AFT being non-significant (2%). No spatio-
temporal, anthropometric, muscle architectural, or comfort outcome was consistently significantly associated with relative RE. 
However, a longer contact time, shorter flight time, and higher duty factor showed consistent small-to-moderate non-significant 
associations with better relative RE. In conclusion, AFT technology can enhance RE at speeds typical for recreational runners, 
although with variable magnitude across different brands. Further, anthropometrics, spatiotemporal metrics, muscle architec-
ture, nor comfort strongly influenced the effect of shoes on RE.

1   |   Introduction

Running continues to be one of the most popular sports, with, 
for example, 48 million individuals in the United States running 
at least once a week in 2023 [1]. This high popularity is also re-
flected in the popularity of major race events, where individu-
als often aim to achieve their best performance. Strategies that 
enhance running performance are therefore of high interest 

to runners aiming to improve their performance, as well as to 
coaches, sports scientists, and sports equipment manufacturers.

Advancements in footwear technology (e.g., highly compli-
ant and resilient midsole, embedded longitudinal stiffening 
elements such as a carbon plate, curved sole geometry) have 
been shown to improve running performance [2–5], primar-
ily through improvements in running economy (RE; i.e., by 
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reducing the oxygen or energy required to run at a given steady-
state speed) [4, 6, 7]. Studies comparing advanced footwear 
technology (AFT) with traditional racing shoes, for example, 
demonstrated improvements in RE by 2.8%–4.4% relative to 
traditional racing flats at speeds typical for highly trained and 
elite runners (14–18 km∙h−1) [6, 8, 9]. Recent studies also show 
improvements in RE at speeds more typical for recreational run-
ners (10–12 km∙h−1) [4, 10–12], albeit often with smaller magni-
tudes than higher speeds [10, 12, 13].

An important finding of footwear studies is that the response 
to footwear is highly individual [4, 7, 13–17], with some in-
dividuals showing substantial improvements (e.g., by ~11.4% 
[13]), whereas others show worse RE (e.g., by ~11.3% [13]) 
when running in shoes with AFT compared with traditional 
racing shoes. Although this variability could at least partially 
reflect measurement error in the gas exchange system [18] 
and trial-to-trial biological variability [19], studies that have 
averaged multiple counterbalanced measurements of the same 
individual to reduce measurement error and biological vari-
ability still report variable –albeit smaller– effects between 
different individuals wearing the same shoes, with some indi-
viduals showing up to ~7% benefit and others showing no ben-
efit [6, 8, 11, 19]. This variability has led several researchers 
to recommend an individualized approach to running shoe 
prescription [4, 13, 16].

The robust effect of shoes with AFT features on RE at the group 
level, alongside a highly variable response at the individual 
level, suggests the effect is not solely a direct mechanical ef-
fect, resulting from a change in footwear properties, but that it 
may be mediated by biomechanical and anthropometrical fac-
tors [20], that partly explain the variability in responses to the 
same shoe. Some runners may, for example, increase their leg 
stiffness more than others in specific shoes, thereby possibly 
increasing the beneficial effect of the shoes on RE because of 
the relationship between leg stiffness and RE [21]. Similarly, an 
anterior shift in the center of pressure induced by shoes with a 
longitudinal stiffening element [22] may be more beneficial in 
individuals with certain anthropometric characteristics (e.g., 
specific Achilles tendon moment arm, foot length, calf muscle 
architecture) because of the alterations in ankle extensor force 
production and shortening velocity requirements. These medi-
ating effects may be explored by investigating the relationship 
between the relative increase or decrease in biomechanical or 
anthropometric factors and RE across different shoes. Few stud-
ies have, however, explicitly investigated the possible mediating 
effects of biomechanical or anthropometric factors on RE across 
multiple shoes, with the few studies that have done such analy-
sis often using only two shoes and relatively small sample sizes 
(n < 20) [7, 10, 23].

This study therefore aims to (1) evaluate the impact of two AFT 
shoes on running economy at speeds typical for recreational 
runners and (2) investigate whether biomechanical, anthro-
pometric, or muscle architectural factors mediate the effect of 
shoes on RE across a range of different shoes, including two 
different shoe brands with AFT features, one traditional racing 
shoe, one ‘standard’ neutral training shoe, and the participant's 

own shoes. Moreover, given that previous research has shown 
higher shoe comfort to be associated with better RE [24], we 
also investigate whether comfort mediates the effect of running 
shoes on RE.

2   |   Methods

2.1   |   General Study Design

This study used a randomized crossover design whereby all 
participants completed one test session where they ran on a 
treadmill in five different shoes while three-dimensional 
ground reaction forces, full-body kinematics (not reported 
in this study), and respiratory gases were collected. All par-
ticipants were instructed to avoid strenuous activity for 36 h, 
alcohol for 24 h, caffeine for 6 h, and a heavy meal 1 h before 
the session.

2.2   |   Participants

Forty-one recreational runners (31 men, 10 women, mean ± SD 
age 24.4 ± 4.8 years; body height 1.81 ± 0.09 m; body mass 
77.3 ± 8.8 kg; weekly running distance 21.8 ± 18.0 km; 
runs per week 2.88 ± 1.48 times; running experience 
5.1 ± 4.5 years), who were free of any minor musculoskeletal 
injuries for 1 month and of moderate musculoskeletal injuries 
for 3 months, participated. Moderate injuries were defined as 
injuries that required at least 1 week of rest or reduced train-
ing volume, whereas minor injuries were defined as small 
complaints for ≥ 2 days in a row. The included participants 
were comfortable with running on a treadmill with an aver-
age self-reported comfort score of 7.74 ± 1.57 on a scale from 
1 to 10. The study was approved by the local ethics committee 
(nr FHML-REC/2023/017), was conducted according to the 
Declaration of Helsinki, and all participants provided written 
informed consent before testing.

2.3   |   Instruments

All experiments were performed on the computer-assisted 
rehabilitation environment system (CAREN, Motek, The 
Netherlands) [25], which includes an instrumented split-belt 
treadmill (belt length and width 2.15 × 0.5 m, 6.28-kW motor per 
belt, 60 Hz belt speed update frequency, and 0–18 km∙h−1 speed 
range).

For respiratory gas analyses, participants wore a face mask 
(Hans Rudolp Inc., Shawnee, KS, USA) over the nose and mouth 
without detectable leakage. The mask was connected to a T-piece 
that was placed in a free airstream (200 L min−1). Respiratory 
gases were captured using a previously validated indirect cal-
orimeter (Omnical, Maastricht Instruments, Maastricht, The 
Netherlands) [18]. The system was calibrated automatically every 
15–30 min using room air and a gas mixture of known composi-
tion. Lab temperature was kept constant at 21.6°C ± 0.9°C and 
relative humidity of 49.3% ± 4.8% during all test sessions.
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2.4   |   Running Shoes

All participants were provided with four different running 
shoes (Table  1). These included two different brands of shoes 
with AFT (Asics MetaSpeed Sky+ [hereafter referred to as 
AFT1] and Kiprun KD900X [hereafter AFT2]), one traditional 
racing shoe (Saucony FastTwitch 9 [hereafter TRAD]), and a tra-
ditional neutral training shoe (Kiprun KS900 Light [hereafter 
NEUT]). The participants also brought their own regular train-
ing shoes (non-AFT; hereafter OWN).

2.5   |   Data Collection

Body mass was measured to the nearest 0.1 kg using a calibrated 
scale (Seca 799, Seca GmBh, Hamburg, Germany). The Achilles 
tendon moment arm was measured on the right leg in a standing 
position as the perpendicular distance from the center of the me-
dial malleolus to the skin edge of the Achilles tendon. Foot length 
was measured as the straight line distance between the portion of 
the heel that touched the ground and the most anterior point of 
the second toe. Muscle architecture of the medial gastrocnemius 

and soleus from the right leg was assessed in a standing position 
using a 128-element linear, flat-shaped ultrasound transducer in 
B-mode (Telemed ArtUs, Vilnius, Lithuania). Briefly, the probe 
was positioned over the mid-belly and oriented in line with the 
fascicle plane as described previously [28]. Care was taken to min-
imize pressure as this could influence resting muscle architecture. 
Participants were also instructed to shift their center of pressure to 
the center of the foot during the measurements.

The participants then performed a standardized 8-min warm-up 
to familiarize themselves with treadmill running [29]. The 
warm-up started at a speed of 2 m·s−1 (7.2 km∙h−1) and after 4 min 
was increased to the test speed of 2.78 m·s−1 (10 km∙h−1). After 
a brief rest period, the participants ran for ~5 min at 2.78 m·s−1 
in each shoe following a randomized order. A duration of 5 min 
was used to ensure the final 1-min steady-state period could be 
used for biomechanical and gas exchange data analysis. Steady-
state gas exchange was also visually confirmed during the trials, 
with the duration of the trial being extended if a steady state was 
not reached. Three-dimensional ground reaction forces, kine-
matics (not reported here), and gas exchange data were collected 
during all trials. Two of the five running shoes (AFT1 & NEUT) 
were worn twice to improve the accuracy of RE determination 
[19], resulting in a total of seven running trials per participant. 
It was considered unfeasible for participants to run in duplicate 
on all shoes because of the potential fatigue effects in this group 
of recreational runners. Participants were instructed to run as 
if they were running outside and to focus on the simulated vir-
tual forest environment. The treadmill was kept level during 
all trials as this best matches overground physiology at speeds 
< 16 km·h−1 [30]. Rest between the different conditions was ap-
proximately 5 min.

After completing the first trial of each running shoe, the partic-
ipants were asked to verbally rate the comfort of the shoe based 
on the standardized Running Footwear Comfort Assessment 
Tool (RUN-CAT). This tool included assessment of overall com-
fort, heel cushioning, forefoot cushioning, medio-lateral control, 
arch height, and heel cup fit [31]. Although the scale was origi-
nally developed as a visual analogue scale, we asked the runners 
to verbally rate each criterion from 0 to 10 to better mimic an 
in-store experience where visual analogue scales are less likely 
to be used. For the shoes that were assessed twice, the first trial 
was used to assess comfort to match the comfort assessment for 
the other shoes.

2.6   |   Data Analysis

The rate of oxygen consumption (V̇O2) and carbon dioxide (V̇CO2) 
production were measured continuously and computed at 5-s in-
tervals throughout the running trials. To objectively confirm a 
steady rate of oxygen consumption, we fitted a linear regression 
over the analyzed 1-min period (4–5 min). Although this analysis 
showed 10 slopes to increase significantly (p < 0.05; mean slope 
1.17 ± 2.7 mL∙min−1), the magnitude was well below the recom-
mended 150 mL∙min−1, which is often used to indicate a steady 
state of oxygen consumption [32]. Therefore, no data were excluded 
based on this analysis. Running trials with a respiratory exchange 
ratio (RER) > 1 were, however, excluded from RE analysis, result-
ing in the exclusion of complete data from three participants and 

TABLE 1    |    Shoe characteristics.

AFT1 AFT2 NEUT TRAD

Mass (g) 193 211 252 171

Drop (mm) 5 4 8 5

Longitudinal 
bending stiffness 
(N∙mm−1)

10.5 9.5 4.3 5.7

Stack height (mm) 36.4 34.0 31.8 21.8

Peak force (N) 704 696 732 984

Max displacement 
(mm)

16.8 18.4 14.7 12.8

Energy input (J) 4.88 5.08 4.99 4.73

Energy return (J) 3.78 3.32 2.73 2.66

Energy loss (J) 1.10 1.76 2.26 2.07

Energy return (%) 78% 65% 56% 56%

Heel compression 
stiffness (N∙mm−1)

42.1 37.9 50.6 78.0

Note: AFT = shoe with Advanced Footwear Technology. Data in this table 
were provided by Decathlon, and were collected using procedures described 
in Morio et al. [26], with the exception of a mass of 8.1 kg being used instead of 
6.5 kg, to mimic male impact forces. Bending stiffness was determined using 
a modified mechanical test from Healey et al. [27]. The supplemental file 
provides a brief overview of the tests done for assessing the mechanical shoe 
properties. Longitudinal bending stiffness refers to the resistance the shoe 
provides to bending around a mediolateral axis. Peak force reflects the peak 
vertical force during the impact test. The maximum displacement reflects 
the peak displacement of the shoe sole during the impact test. Energy input 
reflects the energy the shoe receives during an impact test (area under the 
force-displacement curve during the loading phase of the impact test). Energy 
return reflects the energy the shoe returns after the impact (area under the 
force-displacement curve during the unloading phase of the impact test), and 
the energy loss reflects the difference between the input and return energy. Heel 
compression stiffness refers to the resistance the heel provides to the loading 
phase of the impact test, calculated as the ratio between the peak force and the 
peak displacement.
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two additional trials from other participants (thus yielding a total 
sample size of 38 participants). V̇O2 and V̇CO2 from the valid trials 
were subsequently used to determine substrate utilization using 
non-protein equations [33], with energy cost being determined as 
the sum of fat and carbohydrate use. The energy cost was then ex-
pressed as kcal∙kg−1∙km−1.

The filtered kinetic data from the same last 1-min were ana-
lyzed using custom-written algorithms in Matlab (v 2019a, The 
MathWorks Inc., Natick, Massachusetts, USA) to compute the 
following spatiotemporal outcomes: ground contact time (ms), 
flight time (ms), stride time (ms), step frequency (steps∙min−1), 
and duty factor (%). Ground contact time represented the time 
between foot contact and toe-off, flight time represented the 
time no foot contacted the ground, stride time represented the 
time from one foot contact to the next contact of the same foot, 
and step frequency was taken as the number of steps per min-
ute. Duty factor was determined as the ratio between contact 
time and stride time and expressed as a percentage of stride 
time. Footstrike was identified when the vertical ground reac-
tion force exceeded 20 N, and toe-off was identified when the 
vertical ground reaction force dropped below 20 N. Results are 
only reported for the right leg, as preliminary analyses revealed 
similar results for the left leg. Using the last minute of a 5-min 
run provides sufficient time for familiarization with new run-
ning shoes [34].

Ultrasound videos from each participant were exported to 
MATLAB to determine medial gastrocnemius and soleus fas-
cicle length, and fascicle angle using a previously validated al-
gorithm [35]. Within this algorithm, fascicle length was taken 
as the straight-line distance between the two aponeuroses, and 
fascicle angle as the angle of the identified fascicle relative to the 
deep aponeurosis.

2.7   |   Statistical Analysis

For the primary aim, the estimated marginal means from a 
repeated measures linear mixed model fitted with a restricted 
maximum likelihood method (implemented in SPSS Version 
25, IBM Corporation, Chicago, IL) were used to compare RE 
between the different shoes. To this purpose, the shoe was spec-
ified as a fixed effect, and a random intercept and slope were 
modeled per subject. Normality of the residuals was inspected 
visually using Q-Q plots and histograms. A similar model was 
used to compare spatiotemporal running metrics and comfort 
outcomes between the shoes. Pairwise comparisons were used 
to compare all outcomes between the shoes. To correct for the 
family-wise error rate with multiple comparisons, the threshold 
for statistical significance was set at 0.05/4 = 0.0125. We also 
computed Pearson correlations between shoe characteristics 
(Table 1) and RE. Correlations were interpreted as < 0.1 trivial; 
0.1–0.29 small; 0.30–0.49 moderate; 0.5–0.69 large; 0.7–0.89 
very large; 0.9–0.99 nearly perfect [36].

For the secondary aim, we first explored the variation in 
shoe ranking across individuals. To this purpose, Kendall's 
Coefficient of Concordance was used to compare the ranking of 
shoes in RE across individuals. This test, for example, provides 
information on which AFT shoe 1 is always the shoe in which 

individuals are most economical, and by doing so, it provides 
information on the potential individual variation in response to 
different shoes.

To investigate whether biomechanical, anthropometric, muscle 
architectural, or comfort outcomes mediate the effect of shoes 
on RE, we first computed delta (Δ) scores by subtracting the RE, 
spatiotemporal, anthropometric, muscle architectural, or com-
fort data from each shoe from the values of a reference shoe. The 
traditional neutral running shoe was chosen as a reference shoe 
because it was a traditional neutral training shoe and was also 
measured twice. For shoes that were measured twice, we first 
computed an average across both measurements before further 
analyses. Pearson correlation coefficients were then calculated 
between ΔRE and the Δ-value of a spatiotemporal, anthropo-
metric, muscle architecture, or comfort outcome. Males and fe-
males were combined for all analyses because previous studies 
did not show differences in responses to footwear between sexes 
[10, 37], and because a relatively small number of females partic-
ipated in the present study. The participants' own shoes were not 
used in this analysis because of the diversity in the shoes used.

3   |   Results

3.1   |   Group Mean Effects

Running economy, spatiotemporal outcomes, and comfort for 
each shoe are provided in Table 2 and depicted in Figure 1A. 
Table 3 provides a comparison of RE between each shoe. Briefly, 
RE was significantly improved by 2%–4% in AFT1 compared to 
all shoes, with the difference relative to the AFT2 being non-
significant (Table 3, Figure 1A). The difference in spatiotempo-
ral metrics and comfort outcomes is partly presented in Figure 1 
and further detailed in Supplemental file Table S1–S10. Table S11 
provides the correlation coefficients between shoe character-
istics and RE, and shoe characteristics and overall comfort, 
as well as selected other comfort outcomes. Mean ± SD foot 
length and Achilles tendon moment arms were 26.9 ± 1.71 cm 
and 5.81 ± 0.72 cm, respectively. Mean ± SD fascicle length 
and fascicle angle were 41.3 ± 9.32 mm and 21.1° ± 4.44°, and 
33.1 ± 11.3 mm and 20.6° ± 6.32° for the gastrocnemius medialis 
and soleus, respectively.

3.2   |   Variability in Shoe Rank Order

Kendall's Coefficient of Concordance was 0.16, p = 0.001, thus 
indicating low concordance in the ranking of the shoe order 
across the different participants. In other words, there was sub-
stantial variability in the rank order of which shoe was most eco-
nomical across individuals.

3.3   |   Mediating Effect of Anthropometrical, 
Muscle Architectural, Spatiotemporal, and Comfort 
Metrics on RE

Table 4 shows the correlations between anthropometrical, mus-
cle architectural, relative spatiotemporal, relative comfort met-
rics, and relative RE for the three shoes (relative to the reference 
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TABLE 2    |    Mean ± SD running economy and selected spatiotemporal metrics per shoe.

AFT1 AFT2 NEUT TRAD OWN

Energy cost outcomes

Energy cost (kcal∙kg−1∙km−1) 0.99 ± 0.10 1.01 ± 0.09 1.03 ± 0.10 1.02 ± 0.10 1.03 ± 0.09

Spatiotemporal outcomes

Contact time (ms) 269 ± 21 274 ± 22 271 ± 21 271 ± 21 271 ± 23

Flight time (ms) 100 ± 19 96 ± 22 98 ± 19 95 ± 19 97 ± 19

Duty factor (%) 37 ± 2 37 ± 2 37 ± 2 37 ± 2 37 ± 2

Cadence (steps∙min−1) 163 ± 8 163 ± 9 163 ± 9 164 ± 9 164 ± 9

Comfort outcomes

Overall comfort 6.9 ± 1.5 7.1 ± 1.5 6.9 ± 1.3 6.1 ± 1.9 7.9 ± 1.1

Heel cushioning comfort 6.7 ± 1.7 7.1 ± 1.8 6.8 ± 1.6 5.5 ± 1.7 7.4 ± 1.4

Forefoot cushioning comfort 6.9 ± 1.6 7.1 ± 1.7 6.1 ± 1.7 5.4 ± 2.0 7.0 ± 1.7

Medio-lateral control 6.1 ± 1.9 6.0 ± 1.8 6.9 ± 1.9 6.6 ± 1.9 8.1 ± 1.5

Arch height comfort 6.3 ± 2.0 6.6 ± 1.9 6.6 ± 1.6 5.8 ± 2.1 7.4 ± 1.9

Heel cup fit 6.4 ± 2.0 6.6 ± 1.7 7.2 ± 1.3 6.5 ± 1.5 7.9 ± 1.1

FIGURE 1    |    Running economy (left top), overall comfort (rigtht top), duty factor (left bottom), and Cadence (right bottom) for the five different 
shoes. Boxplots depict the median and interquartile range, Tukey whiskers, with dots representing outliers (> 1.5 times the interquartile range). Gray 
lines and dots depict individual data points. Statistically significant (p < 0.0125) differences are indicated by an asterisk (*).
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TABLE 3    |    Pairwise comparisons of RE between the five shoe models.

Compared shoe Reference shoe Marginal mean ± SE (kcal∙kg−1∙km−1) Mean ± SD % difference in RE p

AFT1 AFT2 −0.02 ± 0.07 −2.14 ± 3.93 0.03

NEUT −0.03 ± 0.07 −3.99 ± 5.03 0.001*

OWN −0.03 ± 0.07 −4.01 ± 4.99 0.001*

TRAD −0.02 ± 0.07 −3.04 ± 6.19 0.001*

AFT2 NEUT −0.02 ± 0.07 −1.82 ± 2.65 0.02

OWN −0.02 ± 0.07 −1.83 ± 3.19 0.01*

TRAD −0.01 ± 0.07 −0.88 ± 3.99 0.21

NEUT OWN −0.01 ± 0.07 −0.01 ± 2.76 0.84

TRAD 0.01 ± 0.07 0.92 ± 3.28 0.24

OWN TRAD 0.01 ± 0.07 0.93 ± 3.53 0.17

Note: Statistically significant differences (p < 0.0125) after decreasing the threshold value for statistical significance are indicated by asterisks (*). Negative numbers 
indicate a lower energy cost (i.e., improved RE) in the compared shoe versus the reference shoe.

TABLE 4    |    Mean (95% confidence intervals) correlation coefficients between anthropometrical, muscle architectural, spatiotemporal, and 
comfort metrics and relative RE.

Outcome AFT1 AFT2 TRAD Average

Anthropometric and muscle architecture outcomes

Foot length −0.10 (−0.44 to 0.26) 0.02 (−0.37 to 0.40) 0.07 (−0.28 to 0.40) 0.00 (−0.36 to 0.35)

Achilles tendon 
moment arm

0.06 (−0.33 to 0.43) 0.29 (−0.13 to 0.62) −0.33 (−0.62 to 0.03) 0.01 (−0.36 to 0.36)

Body mass −0.14 (−0.47 to 0.23) 0.39 (0.01 to 0.67) −0.23 (−0.58 to 0.19) 0.01 (−0.35 to 0.36)

GM fascicle length −0.09 (−0.58 to 0.44) −0.74 (−0.92 to −0.20)* 0.08 (−0.43 to 0.55) −0.25 (−0.64 to 0.26)

GM fascicle angle −0.22 (−0.66 to 0.33) 0.41 (−0.21 to 0.80) 0.13 (−0.39 to 0.59) 0.11 (−0.42 to 0.57)

SOL fascicle length −0.23 (−0.66 to 0.32) −0.25 (−0.74 to 0.41) 0.15 (−0.46 to 0.67) −0.11 (−0.62 to 0.47)

SOL fascicle angle 0.35 (−0.20 to 0.73) −0.02 (−0.61 to 0.59) −0.16 (−0.67 to 0.46) 0.06 (−0.49 to 0.59)

Spatiotemporal outcomes

Contact time −0.29 (−0.60 to 0.09) −0.48 (−0.75 to −0.07)* −0.30 (−0.66 to 0.16) −0.36 (−0.67 to 0.06)

Flight time 0.36 (−0.01 to 0.64) 0.24 (−0.20 to 0.60) 0.23 (−0.55 to 0.14) 0.28 (−0.25 to 0.46)

Duty factor −0.38 (−0.66 to −0.02) −0.39 (−0.70 to 0.04) −0.28 (−0.58 to 0.08) −0.35 (−0.65 to 0.04)

Cadence −0.16 (−0.50 to 0.22) 0.22 (−0.22 to 0.59) 0.02 (−0.37 to 0.34) 0.03 (−0.36 to 0.38)

Comfort outcomes

Overall comfort 0.48 (0.73 to 0.29) −0.03 (−0.48 to 0.43) −0.02 (−0.39 to 0.36) 0.14 (−0.05 to 0.36)

Heel cushioning 
comfort

0.44 (0.06 to 0.71) −0.02 (−0.44 to 0.41) −0.14 (−0.49 to 0.25) 0.10 (−0.29 to 0.46)

Forefoot cushioning 
comfort

0.22 (−0.19 to 0.57) −0.26 (−0.61 to 0.17) −0.11 (−0.46 to 0.27) −0.05 (−0.42 to 0.34)

Medio-lateral control 0.23 (−0.20 to 0.59) −0.04 (−0.43 to 0.36) 0.22 (−0.18 to 0.56) 0.14 (−0.27 to 0.50)

Arch height comfort 0.34 (−0.10 to 0.67) −0.01 (−0.47 to 0.46) −0.65 (−0.84 to −0.31)* −0.11 (−0.47 to 0.48)

Heel cup fit 0.43 (0.07 to 0.69) 0.01 (−0.39 to 0.41) −0.14 (−0.51 to 0.28) 0.10 (−0.28 to 0.46)

Abbreviations: GM = gastrocnemius medialis, SOL = soleus.
*Indicates a significant correlation after adjusting for multiple comparisons (p < 0.0125).
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shoe). Figure 2 also depicts selected relationships. Although sev-
eral correlations were quantitatively potentially relevant, only 
three correlations were statistically significant after correcting 
for multiple comparisons (GM fascicle length and contact time 
in AFT2 shoe, and arch height comfort in the traditional rac-
ing flat).

4   |   Discussion

The aims of this study were to (1) investigate the effects of two 
shoes with AFT on RE at speeds representative of recreational 
runners relative to a traditional neutral shoe, traditional racing 
flat, and the participant's own shoes, and (2) investigate whether 
running biomechanics, anthropometrics, muscle architecture, 
or comfort mediate the effect of shoes on RE. Overall, our find-
ings show that AFT can enhance RE also at speeds typical for 
recreational runners, although the magnitude of the effect dif-
fered (albeit non-significantly) between the two investigated 
brands. Further, individual variability in RE within different 
shoes does not seem consistently strongly mediated by anthro-
pometrics or muscle architecture, or spatiotemporal metrics, 
although some spatiotemporal metrics showed consistent non-
significant correlations of at least small magnitude that may be 
worthwhile to explore in further research.

4.1   |   Effect of Different Shoes on RE

Running economy in the AFT1 shoe was significantly improved 
by 2%–4% compared to all other shoes, except for AFT2, where 
there was a non-significant difference of 2% (Figure 1). Similarly, 
AFT2 quantitatively improved RE compared to the other shoes 
by 1%–2%. These findings were partially expected as both AFT 
shoes incorporate features such as a highly compliant and re-
silient midsole, a carbon plate, and a curved sole geometry. 
Previous studies have shown that such features can improve RE 
compared to traditional racing shoes and regular training shoes, 
although the exact mechanisms for the performance-enhancing 
effect of shoes with AFT remain debated [37]. For example, 
some studies show a beneficial effect of a moderately stiff carbon 

plate [38], yet others suggest no additional effect of the carbon 
plate within AFT shoes [27, 39]. Similarly, the compliance and 
resilience (energy return) of the midsole have been suggested 
to play an important role in the performance-enhancing effect 
in some [40], but not all studies [39]. Notably, the benefit of the 
energy returned by compliant midsoles for enhancing RE has 
recently also been debated [41]. The conflicting findings are at 
least partly related to differences between loading in bench-top 
experiments and actual running [42] and likely also result from 
the complex interaction between diverse shoe features.

In an attempt to gain further insight into the potential mech-
anisms for the differential effects of the investigated shoes 
on RE in the present study, we explored the relationship be-
tween selected shoe characteristics and RE at a group level 
(Table  S11). This analysis showed that the energy loss was 
most strongly associated with RE (r = 0.99), such that lower 
energy loss (i.e., less energy dissipated) was associated with 
better RE. It has previously been shown that the midsole 
foam properties have an important contribution to the en-
ergy return [40], and differences in these properties between 
the shoes in the present study therefore have an important 
effect on RE. Notably, previous studies typically quantified 
the energy return value. However, part of the larger energy 
return when compressing shoes is used to return the com-
pressed material to its original state, and energy loss has 
therefore been suggested to be more relevant in the context of 
RE [41]. Further, an increased longitudinal bending stiffness 
was also very strongly associated with better RE (r = −0.92). 
Interestingly, the relationship also appeared to be linear, with 
no maximum optimal stiffness. This is in contrast to previous 
research that showed an intermediate stiffness value to be op-
timal for enhancing RE [38]. This apparent conflict may be be-
cause all longitudinal bending stiffness values in the present 
study (4–10 N∙mm−1) were lower than the optimal stiffness in 
previous research (35 N∙mm−1) [38], although this difference 
may also at least partly reflect different methods to assess lon-
gitudinal bending stiffness. Increasing the mass of the shoe 
increases the energy cost of running by ~1% for every 100 g 
added [43]. We also observed a moderate correlation (r = 0.46) 
between shoe mass and RE in line with these findings. 

FIGURE 2    |    Scatterplots depicting the correlation between (left) body mass and the change in running economy between the AFT1 and neutral 
reference shoe, and (right) the change in duty factor and change in running economy between the AFT1 and neutral reference shoe. Negative run-
ning economy values depict a lower energy cost in the AFT1 shoe, while positive duty factor scores depict a higher duty factor in the AFT1 shoe (i.e., 
more time spent on the ground relative to stride time). Dots depict individual datapoints, and the regression line with shaded area depicts the linear 
regression line with 95% confidence bands.
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Notably, as this correlation was weaker than the correlation 
between energy return and RE, increasing the energy return 
or bending stiffness is more important than decreasing the 
mass of the shoe for enhancing RE, at least within the range 
of masses (171–252 g) and energy return values (56%–78%) in-
vestigated here. Indeed, the traditional racing shoe had the 
lowest mass in the present study, but RE was worse compared 
to two shoes that had a slightly heavier mass, but also had 
better energy return (Table 1). Similar findings have been ob-
served previously [9, 44]. Although our analysis also showed a 
moderate magnitude correlation between higher stack height 
and lower energy cost, increasing the midsole thickness in 
isolation does not improve RE [45] or even reduce RE [40], 
thus this effect likely reflects the different material properties 
associated with thicker insoles (i.e., more compliant and re-
silient material [40]), rather than stack height/midsole thick-
ness per se. In this context, it is also interesting to hypothesize 
on the potential reason for the ~2% difference in RE between 
the AFT shoes. First, assuming the energy cost of running in-
creases by ~1% for every 100 g added [43], the 18 g difference 
in mass would explain only 0.18% of the difference in RE be-
tween shoes, although the exact magnitude also depends on 
running speed [46]. The remaining difference may therefore 
primarily reflect a greater longitudinal bending stiffness in 
the AFT1 shoe, which can enhance RE by reducing the calf 
muscle shortening velocity and shortening distance [47].

Overall comfort also differed significantly between the dif-
ferent shoes, with the participant's own shoe being rated as 
most comfortable, in line with previous research [4]. This is 
likely because runners partly select their shoes based on com-
fort [48], and because repetitive running in the shoes further 
increases shoe fit to the specific foot, thereby potentially in-
creasing comfort. The traditional racing shoe was rated as 
least comfortable overall, likely because of its thin midsole 
and resulting lower shock absorption, in particular at the fore-
foot (Table  2, Table  S7). In line with previous studies show-
ing lower frontal plane ankle stability with higher midsole 
thickness [45], perceived medio-lateral balance was lowest in 
shoes with AFT, likely because of the thick midsole (Table 2, 
Table S8). In further support of this, we also observed a mod-
erate negative relationship (r = −0.53) between stack height 
and perceived medio-lateral stability across the different 
shoes (Table S11). Similarly, the runners may also have been 
able to perceive the heel compression stiffness differences, as 
indicated by a moderate correlation (r = 0.63) between per-
ceived heel cushioning and heel compression stiffness from 
mechanical testing (Table S11).

4.2   |   Spatiotemporal, Anthropometrical, Muscle 
Architectural, or Comfort Metrics as Mediating 
Factors of RE

Although there were significant differences in RE between 
the investigated shoes at a group level, there was also sub-
stantial variability in the ranking of the most economical shoe 
across individuals (Kendall's Coefficient of Concordance 0.16, 
p = 0.001). Although this undoubtedly partly reflects mea-
surement error in RE, a part of this variation also reflects in-
dividual variation in the response to different shoes. Such a 

finding reinforces previous suggestions that shoe wear needs 
to be individualized. It has previously been suggested that 
the response to different shoes is partly mediated by running 
biomechanics [20]. Based on this potential mediating effect 
of running biomechanics on RE across different shoes, we 
explored whether changes in spatiotemporal metrics were 
associated with changes in RE for each shoe. A similar anal-
ysis was done for anthropometrics, muscle architecture, and 
comfort.

Anthropometrical outcomes such as body mass, foot length, and 
Achilles tendon moment arm, or muscle architectural outcomes, 
did not (consistently) mediate the effect of shoes on RE across 
the three different shoes investigated (Table 4). Although these 
varying correlation magnitudes and directions could suggest 
that the mediating effect differs between shoes by its interac-
tion with specific shoe features, it could also suggest that the 
anthropometrics or muscle architectural characteristics inves-
tigated in the present study do not simply mediate the effect of 
shoes on RE, with the small correlations observed within some 
shoes reflecting measurement error and variability. In support 
of the latter interpretation, most previous studies also reported 
no relationship between body mass and relative RE across dif-
ferent shoes [10, 23, 49, 50]. Further, re-analyses of the data pro-
vided by Beck and colleagues [49] showed also only trivial and 
non-significant correlations between foot length and relative RE 
(average r = −0.03), or Achilles tendon moment arm and rela-
tive RE (average r = 0.00) when comparing RE in the shoes with 
three longitudinal stiffness values to the most compliant shoe.

Spatiotemporal running metrics generally showed quantita-
tively stronger magnitude associations with relative RE than 
the anthropometrical outcomes, although none of the associ-
ations were statistically significant. It is, however, interesting 
to note that in all three shoes investigated, a relatively longer 
contact time, a relatively shorter flight time, and a resulting 
higher relative proportion of stride time spent on the ground 
(i.e., higher duty factor) were weakly to moderately yet non-
significantly associated with a better relative RE (Table 4). In 
other words, individuals who prolonged their ground contact 
time more in the shoes with AFT, or in the traditional racing 
shoe, tended to show a relatively larger benefit in RE in those 
shoes as compared to the reference shoe, possibly because of 
a slower fascicle shortening velocity with longer contact times 
[21, 51]. Nevertheless, as the correlations were non-significant, 
further research is required to substantiate this notion. 
Further, the reason why some individuals may change their 
spatiotemporal metrics more than others in response to differ-
ent footwear requires further research. Cadence was not asso-
ciated with relative RE (also a trivial magnitude correlation). 
Previous studies typically also observed no significant correla-
tions between relative spatiotemporal metrics and relative RE. 
Beck and co-workers [49] for example, found no significant re-
lationship (p = 0.135) between the change in contact time and 
the change in RE between a shoe with and without a carbon 
plate. Re-analyses of the data provided by the authors showed 
similar non-significant, trivial to small correlations between 
relative contact time and relative RE in all three shoes (aver-
age r = −0.01), and similar non-significant and trivial to small 
correlations between relative step frequency and relative RE 
(average r = 0.03). Similarly, Hoogkamer and colleagues [6] 
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found no significant association between relative contact time 
or step frequency and relative RE in three different shoes. Re-
analysis of the data provided by the authors indeed showed 
that relative contact time was not consistently correlated with 
relative RE in the Nike Vaporfly prototype or Adidas shoe vs. 
the traditional racing shoe (average r = 0.07 across the two 
shoes and three speeds). In a multiple regression analysis, 
the percent changes in peak vertical ground reaction force, 
step frequency, and contact time, however, explained 20% of 
the variance in the reductions in energetic cost between the 
Nike Vaporfly and traditional racing shoe, with longer con-
tact times being associated with better relative RE, similar to 
the non-significant association in our study. Finally, Barnes 
and Kilding [9] also, mostly found trivial to small correlations 
between relative RE and relative spatiotemporal metrics be-
tween the Nike Vaporfly and Adidas shoes across all speeds. 
However, when contact time, stride length, and stride fre-
quency were combined in a regression analysis, they contrib-
uted 0.17% and 0.95% to the 2.60% and 4.20% improvement in 
RE, respectively. Overall, when these findings are combined 
with those of the present study, they suggest that changes in 
spatiotemporal metrics in isolation may be at best weakly as-
sociated with changes in RE.

A recent systematic review found increased comfort to be asso-
ciated with better RE [24]. While one significant correlation was 
observed between relative RE and relative comfort outcomes in 
the present study (Table 4), the correlations were highly variable 
between the different shoes, and overall trivial to small when 
averaged across the three shoes (Table 4). Therefore, our find-
ings do not provide strong support for the notion that those who 
experience specific shoes as more comfortable are also more 
economical in those shoes. The apparently conflicting findings 
with the systematic review may be because the studies com-
pared group-level comfort and RE, and because studies included 
in the systematic review could use barefoot running and foot 
orthoses, which may have more substantial effects on comfort 
and RE than a comparison between different ‘regular’ running 
shoes. Moreover, four of the six included studies also controlled 
for mass differences between the shoes, whereas our study did 
not correct for this to enhance ecological validity.

4.3   |   Limitations

This study has several strengths, but also limitations that should 
be kept in mind when interpreting the findings. Strengths in-
clude the relatively large and mixed-sex sample, the use of five 
running shoes with relatively widely varying characteristics, 
and the integration of biomechanical, anthropometrical, muscle 
architectural, and perceptual (comfort) measurements as pos-
sible mediating factors. A first limitation relates to the use of 
single trials for assessing RE in some shoes. Specifically, while 
multiple measurements of RE per shoe are recommended to re-
duce measurement error [19], we assessed RE in duplicate for 
only two of the five shoes. This decision was made to reduce the 
influence of fatigue in this group of recreational runners, where 
multiple trials could otherwise have offset the benefit of hav-
ing more measurements. Nevertheless, the single trials for some 
shoes could have increased measurement error and thereby 
reduced our ability to establish relationships between relative 

RE and relative anthropometric, spatiotemporal, or comfort out-
comes. However, the gas exchange system used in the present 
study is among the most accurate and reliable systems available 
[18], thus reducing the error associated with a single measure-
ment. Moreover, we used a relatively large sample size to further 
reduce the impact of measurement errors on the investigated 
relationships. Finally, studies that used multiple measurements 
for all shoes (e.g., Hoogkamer et al. [6]) also found that changes 
in body mass or spatiotemporal metrics across shoes could not 
accurately explain changes in RE across shoes, thus further in-
creasing our confidence in the observed findings. A second lim-
itation relates to our assessment of variability in the rank order 
of RE across shoes. Specifically, we ranked running shoes from 
1 to 5 according to their relative RE per individual, but the differ-
ences between shoes were sometimes very small. The Kendall's 
Coefficient of Concordance may therefore overestimate the ac-
tual variability in response to different shoes, whereby some 
shoes may be considered equally economical, yet still ranked 
in a specific order. A third and final consideration is that the 
participants were asked to verbally rate comfort on a 0–10 scale, 
rather than by using a visual analogue scale. While the use of a 
visual analogue scale may offer increased resolution, we pur-
posely used a verbal assessment to increase ecological validity 
towards an in-store shoe purchase where sales persons would 
likely also ask the runner to verbally rate the comfort, instead of 
using a scale. Similarly, it has been shown that subjective com-
fort ratings are more reliable when the assessment is repeated 
[31], but we chose not to perform repeated runs to better mimic 
an in-store experience.

4.4   |   Perspective

There are several implications from this study. First, our find-
ings add to a growing body of literature that shows which in-
clude AFT features (Asics MetaSpeed Sky and KiprunKD 
900X) can enhance RE compared to traditional racing shoes 
(Saucony Fastwitch 9), or training shoes (Kiprun KS900 Light, 
and the participants own shoes) also at speeds representative 
of recreational runners. Notably, the enhancement of RE by 
the Asics shoe (4%) was in line with previous studies showing 
a similar enhancement at higher running speeds (2.8%–4.4% at 
14–18 km∙h−1) [6, 8, 9]. Using established relationships between 
a given improvement in RE and a given improvement in velocity 
[52], it can be determined that the 2%–4% benefit in RE with the 
Asics or KiprunKD shoes, respectively, would improve mara-
thon time by 5.5–9.5 min (2.2%–4.4%), respectively, for a 4:13:00 
marathon runner. Such improvements are arguably of relevant 
magnitude.

Second, our findings indicate that easy-to-obtain anthropomet-
rical characteristics such as foot length, Achilles tendon mo-
ment arm, or body mass do not mediate the effect of shoes on 
RE, and such outcomes can therefore not be used to estimate if 
a given individual is likely to benefit more from a specific shoe. 
Similarly, a change in perceived comfort between two shoes is 
unlikely to reflect the change in running economy between two 
shoes and can therefore not be used to recommend which shoe 
is most economical. Finally, changes in selected spatiotemporal 
metrics such as contact time, flight time, and duty factor also 
showed no significant relationships with the change in RE, but 
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the small to moderate magnitude for some outcomes may be of 
potential relevance and requires future research using a larger 
sample size.

5   |   Conclusion

Advanced footwear technology enhanced RE at speeds typical 
for recreational runners, although with variable magnitude 
(2%–4%) across the two different brands. Further, neither an-
thropometrics, muscle architecture, spatiotemporal metrics, nor 
comfort strongly or consistently influenced the effect of shoes 
on RE.
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