Inter-individual variability in muscle fiber type distribution affects running economy but
not running gait at submaximal running speeds
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Abstract

Running economy is an important determinant of endurance running performance, yet insights into
characteristics contributing to its inter-individual variability remain limited. Although slow-twitch
muscle fibers are more energy-efficient than fast-twitch fibers during the (near-)isometric contractions
common during submaximal running, current literature lacks a consensus on whether a relationship
between muscle fiber type distribution and running economy exists. This study aims to resolve the
ongoing debate by addressing potential confounding factors often overlooked in prior research, such
as the effect of different running speeds, the homogeneity of investigated groups, and the potential
impact of the adopted running gait. We selected two groups with predetermined distinct muscle fiber
type distribution in their triceps surae muscle by measurement of carnosine via H-MRS, one
predominantly slow (ST; n = 11; carnosine z-score = -1.31) and the other predominantly fast (FT; n =
10; z-score = 0.83). Across a range of running speeds (2 — 4 m/s), we measured running economy
(W/kg) through indirect calorimetry, along with running kinematics, kinetics and muscle activity of the
lower limb. The ST-group exhibited, on average, 7.8% better running economy than the FT-group (p =
0.01) and this difference was consistent across speeds. Both groups demonstrated almost identical
kinematics, kinetics and muscle activity patterns across submaximal running speeds. Overall, our
findings indicate that distinct muscle fiber type distribution explains some of the observed variability
in running economy, for which a predominance of energy-efficient slow-twitch fibers appear

beneficial. In contrast, muscle fiber type distribution does not affect running gait substantially.
Introduction

Maximal oxygen uptake (VO,max), percentage of VO, max at lactate threshold, and running economy
are key physiological determinants of endurance running performance?. A lower metabolic rate at the
same speed indicates a better running economy and translates to improved endurance performance?.
Although, it has been recognized that inter-individual variations in running economy result from a

complex interplay between training, metabolic, cardiorespiratory, biomechanical, and neuromuscular



factors®, a deeper understanding of how these specific factors impact running economy can facilitate

the development of personalized training programs to enhance performance.

Skeletal muscles are the major energy consumers while running and, importantly, the energy
consumed by these muscles is highly determined by the fiber type of the activated muscle fibers. It is
well established that slow-twitch (type I) fibers are substantially more economical during isometric or
low velocity contractions compared to fast-twitch (type 1) muscle fibers*®. While the distribution of
these muscle fiber types appears highly variable among individuals’?, some of the most energy
demanding muscles during running operate close to isometric contraction velocities®*2. Therefore, the
prevailing theoretical consensus is that a greater proportion of slow-twitch muscle fibers is associated
with more efficient ATP hydrolysis, especially during isometric contractions. Consequently, it is often
suggested that individuals with greater proportions of slow-twitch muscle fibers would have a better
running economy. However, a consensus on the association between muscle fiber typology and
running economy is lacking. Some studies have indeed observed that a greater distribution of slow-
twitch muscle fibers was correlated with better running economy®* . In contrast, other studies did

15-20

not find any correlation between muscle fiber type distribution and running economy*~%°, or even

observed opposite correlations suggesting that larger distributions of fast muscle fibers are beneficial

for running economy at some speeds!”1%%,

This lack of consensus in literature may stem from the relative homogeneity of the populations tested
and/or the speed at which running economy was assessed. Most previous studies examining the effect
of muscle fiber typology on running economy were performed with endurance trained runners. A good
running economy is particularly important for them and they tend to have a predominance of slow-
twitch muscle fibers”2. This homogeneity in muscle fiber typology, combined with the multifaceted
determinants affecting running economy may have contributed to the lack of clear conclusions across
studies. Additionally, running speed could potentially confound the effect of muscle fiber type

distribution on running economy. Studies reporting a significant correlation between muscle fiber type



distribution and running economy often assessed slower running speeds than the studies lacking such
a correlation, suggesting that running speed may present a confounding effect. Moreover, Kyrdlainen
and colleagues (2003)Y” even reported better running economy when more fast muscle fibers were
present at their fastest running speed tested (7 m/s), whereas at slower speeds no correlation was
found. Similarly, Pellegrino et al. (2016)% found significantly better running economy with greater
proportions of fast muscle fibers at their fastest speed (4.56 m/s and 1% grade) but not at slower
speeds. Franch et al. (1998)* observed a positive correlation between the percentage of fast muscle
fibers and running VOZ at their slowest speed (3.42 m/s), indicating worse running economy with
greater proportion of fast fibers, but not at their faster speeds (3.72 and 4 m/s). Contrary to these
findings, Hunter and colleagues (2015)* found a significant correlation between the proportion of fast
muscle fibers and running economy at their slowest speed (2.68 m/s). Despite the broad range of
running speeds previously tested, it has not been directly investigated whether an interaction effect

between muscle fiber type distribution and running speed on running economy exists.

Additionally, the preferred running gait of individuals with different muscle fiber type distributions
may be different, potentially offsetting differences in running economy. The faster cross-bridge cycling
rate of fast fibers, primarily responsible for the higher energy rate during isometric contractions,

enables higher maximal contraction velocities*?!.,

Moreover, fast fibers’ maximal mechanical
efficiencies are reached at higher contraction velocities?>. As humans are remarkably good in self-
optimizing their locomotion pattern?, i.e. they adopt a gait pattern which appears close to their
metabolic optimum, distinct muscle fiber type distributions may induce different running gaits
between individuals. Such differences could result in altered muscle activation patterns, different
spatiotemporal variables and even different joint power distributions among the lower limb joints.
Despite the importance of preferred locomotion patterns for injury prevention and performance

enhancement, there is no data on whether muscle fiber type distribution affects one’s habitual running

gait.



In this study, we aimed to assess how distinct muscle fiber type distributions, assessed by non-invasive
MR spectroscopy of the gastrocnemius medialis and soleus muscle, impact running economy and
running gait across a range of running speeds. We hypothesized that individuals with predominantly
slow muscle fibers would demonstrate superior running economy at slower running speeds, and that
this metabolic advantage would reduce at faster speeds. Additionally, we explored whether muscle
fiber type distribution affects their running gait, by assessing spatiotemporal variables, joint powers

and muscle activities of the lower limb.

Materials and methods

Participants. 31 physically active males were invited for a proton magnetic resonance spectroscopy
scan (*H-MRS) using a 3T whole-body MRI scanner (Siemens, Healthineers AG, Germany). All subjects
participated voluntarily and gave written informed consent, approved by KU Leuven social and societal
ethics committee (approval number: G-2021-4008). To ensure a large range in muscle fiber type
distributions, running was not a prerequisite to participate in the study. While some participants ran
regularly, for many, running was not their primary sport (e.g., soccer, basketball, squash, track & field
sprints) with the weekly training volume for all participants ranging from 5 to 25 hours, with no
significant differences between groups (Table 1). We computed each participant’s muscle carnosine
content of the right soleus and gastrocnemius medialis muscle using H-MRS?*. To estimate each
participant’s muscle fiber type distribution, these carnosine concentrations were converted into z-
scores, based on the normal distribution of a previously collected reference dataset?. Participants
were divided into three groups based on their z-scores, and the middle (e.g. intermediate; n = 10)
group was excluded for subsequent experimental testing. Consequently, we had two groups, i.e.
participants with either a low z-score (n = 11; ST-group) or a high z-score (n = 10; FT-group) with distinct

muscle fiber type distributions (Table 1).

Table 1. Muscle fiber typology group characteristics

ST-group FT-group



Z-score* -1.31+0.61 +0.83+£0.38
Age (y) 24 £5 2312

Body mass (kg) 75.2+7.4 74.7 6.1
Body height (m) 1.82 + 0.08 1.82 +0.06
Hours/week sport 12.0+5.0 10.5+2.9
km/week running 29 +23 20+ 7
VO,peak (mL - min~1 - kg™1) 66.3+7.3 62.7+7.9
Speed at VO, peak (km/h)* 19.9+1.2 18.5+1.4
Speed at 2" ventilatory threshold (km/h)* 16.5+1.1 15.2+1.2

*Indicates significant difference between muscle fiber typology groups (p < 0.05).

Experimental sessions. The experimental testing consisted of two sessions: a biomechanics and a
metabolic session, in random order. For both sessions, participants performed running trials at five
different running speeds: 2 m/s (7.2 km/h), 2.5 m/s (9.0 km/h), 3 m/s (10.8 km/h), 3.5 m/s (12.6 km/h),
and 4 m/s (14.4 km/h) while running in standardized running shoes (Li Ning Marathon; heel-to-toe
drop: 4 mm; mass: 200 — 265 grams depending on shoe size). During the biomechanical session we
collected spatiotemporal variables, joint kinematics and kinetics, and muscle activation of the tibialis
anterior, soleus, gastrocnemius medialis, gastrocnemius lateralis, vastus lateralis and vastus medialis
of the right leg using surface electromyography (1000 Hz, Cometa, Italy) while running on a force
measuring treadmill (1000 Hz, M-gait Motekforce Link, the Netherlands). This study was part of a larger
project which also involved data collection while walking at 2 m/s°. After arrival in the lab the
participants were prepared for the measurement session by shaving and cleaning the skin before we
applied bipolar EMG electrodes onto the respective muscle bellies, and placed 28 retroreflective
markers on anatomical landmarks and 12 technical cluster markers (4 on the torso, 4 on the pelvis, 5
on each thigh, 5 on each shank and 6 on each foot; 1 marker on each thigh and shank were only used
for scaling purposes). After a 10-minute warm-up at self-selected speed, participants performed five

3-minute running trials with ad libitum rest between trials (ranging from no rest to 5 minutes rest



between trials). Data was collected during the last minute of the trial for at least fifteen strides. We
ordered the running trials from slow to fast to minimize the effect of fatigue (potentially elicited at the

faster speeds).

In the metabolic session we determined the participant’s running economy and VO, peak. After a 10-
minute warm-up, participants ran for 6-minutes at five different speeds, interspersed by 5 minutes of
rest, while we collected oxygen uptake and carbon dioxide production rates (K5, Cosmed, Italy). After
determining each participant’s running economy, participants were allowed ad libitum rest (ranging
from 5 to 13 minutes) before starting the VOZpeak protocol. Here, the treadmill was set to 2.5 m/s (9
km/h) at the start and speed was increased every 1 minute with 1 km/h until exhaustion (treadmill
inclination kept to zero degrees). In order to be able to reliably calculate whole-body metabolic rate
from oxygen uptake rates and carbon dioxide production rates we asked our participants to refrain
from caffeine (for at least 12 hours) and any caloric intake (for at least 2 hours) prior to the start of the

experiment.

Running kinematics, kinetics & spatiotemporal variables. Thirteen infrared cameras (200 Hz, Vicon
Oxford Metrics, UK) captured the trajectories of the 40 retroreflective markers while participants ran
on the force instrumented treadmill. To compute stride frequency, ground contact time and duty
factor, ground reaction forces were first low pass filtered using a fourth order Butterworth filter with

a cut-off frequency of 20 Hz before applying a 50 N threshold to determine foot-ground contact.

Next, we scaled a musculoskeletal model in OpenSim?® according to each participant’s anthropometry
based on their body mass and marker positions measured during a standing static trial. Raw marker
data was filtered with a Woltring filter with cut-off frequency of 20 Hz before computing the joint
angles and joint torques using an inverse kinematics and inverse dynamics approach, respectively.
Next, we calculated joint powers in the sagittal plane by multiplying each joint torque by the joint
angular velocity, determined as the time derivative of the respective joint angles. We calculated net

average joint power by time-integrating joint power and dividing the computed joint work by stride



time. Positive average joint power was calculated by time-integrating only the positive joint power.
Lastly, relative contributions of each joint to the total positive joint power were determined by dividing
joint positive power by the total positive lower limb joint power during the stride. For one participant
technical issues with the motion capture cameras caused very poor marker quality and this individual
(FT-group) was excluded from the kinematic/kinetics analysis. Joint powers were normalized to body

mass and to visually present joint powers we resampled them to 101 datapoints per stride.

Muscle activation. Raw EMG signals were band pass filtered (20-400 Hz), full-wave rectified and low
pass filtered (20 Hz). These filtered signals were subsequently normalized by the peak muscle
activation obtained while running at the range of speeds (2 — 4 m/s) or when walking at 2 m/s. Mean
muscle activity was computed as the area under the normalized EMG curve divided by the stride time.
Due to technical issues some of the EMG data was excluded (Figure 3, Supplementary Table 1). To

visually present muscle activation, data was resampled to 101 datapoints per stride.

Running energetics and VOZpeak. The oxygen uptake and carbon dioxide production rates of the last
two minutes of each running trial were averaged and used as inputs into the Péronnet-Massicotte
equation’ (whole — body metabolic rate = 16.89 * VO, + 4.84 * VC0,) to calculate running
economy, expressed in Watts. To determine each participant’s VO,peak, we computed the maximal
VO, over a 30-seconds time window. Both VO,peak and running economy were normalized to body
mass. To reliably calculate whole-body metabolic rate using indirect calorimetry, participants have to
run at submaximal intensity which we verified using respiratory exchange ratio (RER). At 3.5 m/s one
participant’s (FT-group) and at 4 m/s seven participants’ (4 FT, 3 ST) RER exceeded 1.0. These
individuals’ data for those speeds were excluded from the analysis. For one participant (ST-group)
technical issues halfway through the measurement forced us to discard the running economy data

while running at 3.5 and 4 m/s, as well as VOZpeak.

Statistics. To assess differences between groups and running speeds and to determine muscle typology

group x speed interaction effects, we used linear mixed-effect models (fixed effects: muscle typology



group and running speeds; random effect: participant). When we observed an interaction effect, we
calculated the model-predicted estimated marginal means to detect significant differences between
groups at each condition separately. If there was no interaction effect, we removed the interaction
term from our linear mixed-effect model to only test for significant main effects. Additionally, we
evaluated differences in VOzpeak, 2" ventilatory threshold, and running volume between muscle
typology groups using an unpaired t-test; and differences in maximal speed reached during the
VOzpeak test through a Mann-Whitney U test (data not normally distributed). R statistical software
and specific packages (Imer and emmeans) were used for all analyses, and the significance level was

set at 0.05. Individual data is available as supplementary material.
Results

While whole-body metabolic rate increased with increasing running speed (p < 0.001; Figure 1), we did
not observe a muscle typology group x speed interaction effect (p = 0.53). However, across all speeds
the ST-group was on average 7.8 % more economical than the FT-group (p = 0.01). The greater whole-
body metabolic rate was associated with higher oxygen consumption rates (p = 0.01; Table 1) in the
FT-group compared to the ST-group, whereas RER-values were similar (p = 0.93). Additionally, while
VO, peak was not different between muscle typology groups (p = 0.30), the running speed reached at

VO, peak was higher in the ST- compared to FT-group (p = 0.03; Table 1).

When considering the spatiotemporal variables while running, regardless of muscle fiber type
distribution, step frequency increased whereas ground contact time and duty factor decreased when
running faster (p < 0.001; Table 2). We found a significant muscle typology group x speed interaction
effect (p = 0.04) for step frequency, but not for ground contact time (p = 0.43) nor duty factor (p =
0.07). This interaction effect demonstrates that stride frequency increased more in the FT-group
compared to ST-group when running speed increased. Post hoc pairwise comparison demonstrated no

significant difference in step frequency at any of the running speeds between muscle fiber type groups



(p>0.21). Furthermore, duty factor (p = 0.06) nor ground contact time were different between muscle

fiber type groups (p = 0.23).

In general, running kinematics, lower limb joint torques and powers were remarkably similar between
muscle fiber type groups (Supplementary Figures 1 and 2; Figure 2). Net average ankle and knee joint
power decreased when running faster while net average hip joint power increased (p < 0.001; Figure
2). Average positive joint power increased for all three lower limb joints when speed was increased (p
< 0.001; Figure 2). For average net ankle (p < 0.001; Figure 2B) and average positive knee joint power
(p <0.001; Figure 2F), we found significant muscle typology group x speed interaction effects indicating
that average net ankle power decreased less and average positive knee joint power increased more in
the ST- compared to the FT-group when running faster. Yet, post hoc pairwise comparison revealed no
significant group difference at any of the speeds (p > 0.14). Also, for all other net or positive average
joint powers there was no group effect (p > 0.34). The relative contribution of the ankle and knee to
total lower limb positive power production decreased when running faster, whereas the relative
contribution of the hip increased (p < 0.001; Figure 3). The contributions of the ankle and hip to the
total positive power was similar between muscle fiber type groups (p > 0.46). For the contribution of
the knee joint, we observed a muscle typology group x speed interaction effect (p = 0.007), indicating
that the reduction in contribution of positive knee joint power when running faster was smaller in the
ST-group. Yet, pairwise comparisons revealed no significant difference at any of the running speeds (p

> 0.29).

Mean activation of all measured lower limb muscles increased when running faster (p < 0.01; Figure
4). However, only for gastrocnemius medialis mean muscle activation we observed a significant muscle
typology group x speed effect with a greater increase in mean activation in the ST- compared to the
FT-group with speed (p < 0.01; Figure 4D), but no significant difference between muscle fiber type
groups at any speed (p > 0.22). Similarly, there was no muscle fiber type group effect for any of the

other muscles (p >0.17).
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Figure 1. Running economy, expressed as whole-body metabolic rate in Watts/kg, across a range of

speeds in two groups with either a slow (Red, ST-group) or fast (Blue, FT-group) muscle fiber type

distribution. Dots present the individual data with mean and standard deviation represented by the

bar graphs. *indicates a significant group effect and the arrow represents a significant speed effect (p

< 0.05). The number in the bar graphs indicate the number of participants included in the analysis.

Table 2. Spatiotemporal variables in two groups with either a slow (ST-group) or fast (FT-group)

muscle fiber type distribution across a range of speeds.

Step frequency
(steps/min)*®*
Ground contact
time (ms)?

Duty factor (-)?

ST

FT

ST

FT

ST

FT

2m/s

158 +9
153+5
307 + 36
291 +21
0.40+0.04

0.37+0.02

2.5m/s
159 +11
154 + 6
274 £ 27
267 £ 19
0.36+0.03

0.34+£0.02

3m/s

162 +11
158+ 6
253 £ 22
241 £ 16
0.34+0.03

0.32+0.02

3.5m/s
165+11
162+7
234+ 19
225+13
0.32+0.03

0.30+0.02

4m/s

169 + 11
168 +7
219+ 17
210+ 14
0.31+0.03

0.29+0.02



VO, (mL * ST 28.4%2.2 33.3+2.6 38.3+2.2 444 +2.4 51.6+4.2
min~1 x kg_1 )¢ FT 31.5%+29 36.7+2.9 42.1+29 47.3+3.0 54.6+5.9
RER (-)? ST 0.89+0.05  0.90+0.05 0.90+0.05 0.92 +0.06 0.95 +0.05
FT  0.87+0.07 0.90%0.07 0.89+0.06 0.94 +0.05 0.95+0.04
“ significant speed effect (p < 0.05); ® significant muscle typology x speed interaction effect (p < 0.05);

¢Significant group effect (p < 0.05).

Discussion

We demonstrated that individuals possessing predominantly slow muscle fibers were more
economical runners than individuals with predominantly fast muscle fibers at speeds ranging from 2 —
4 m/s. Contrary to our hypothesis, we did not observe an interaction effect between running speed
and muscle typology group, indicating that the metabolic benefit of having a large proportion of slow-
twitch fibers is independent of speed within the speed range we evaluated. Despite some interaction
effects in spatiotemporal (e.g. stride frequency) and average joint powers (e.g. net ankle and positive
knee) between muscle typology group and running speed, at submaximal running speeds, the running

gaits adopted by both groups appear very similar.

Our findings support the notion that variations in the distribution of muscle fiber types of the soleus
and gastrocnemius medialis muscles across individuals contribute to differences in running economy.
Moreover, the similar running gaits and muscle activations between muscle fiber type groups suggest
that the superior running economy of the ST-group is directly related to the different metabolic rates
of the activated muscle fibers. The faster cross-bridge cycling rate of fast muscle fibers is fundamental
to the larger maximal contraction velocity achievable by these fibers*. However, as every cross-bridge
cycle has an energetic cost of 1 ATP, these fast fibers consume three to five times more energy during
isometric contractions®. Importantly, dynamic ultrasound studies revealed that muscles crucial for

running, i.e. triceps surae and vastus lateralis muscle, operate at relatively slow, close to isometric,



contraction velocities>*2. Recently, we demonstrated that the net whole-body metabolic energy
expenditure of performing isolated triceps surae muscle contractions at low contraction speeds was
twice as high in individuals with predominantly fast compared to individuals with predominantly slow
muscle fibers®. Based on these combined observations, we contend that the energy-efficient force
production of slow fibers, operating at relatively slow speeds in these major energy-consuming
muscles while running, explains the superior running economy observed in the group with a high

proportion of slow muscle fibers.

We tested whether the disparity observed in previous studies could be attributed to the different
running speeds tested. Our data did not reveal a significant interaction effect between running speed
and muscle fiber type group for speeds between 2 and 4 m/s. This suggests that the superior running
economy in the ST-group is independent of running speed. The underlying assumption for the
hypothesized reduced difference in running economy at faster speeds was that increased running
speed leads to faster muscle contraction velocities, thereby diminishing the metabolic advantage of
slow muscle fibers. Remarkably, faster running has only a small and inconsistent effect on muscle
contraction velocity. While there is some increase in triceps surae muscle contraction velocity when
running faster!t!2, the vastus lateralis muscle contraction velocity seems to actually decrease®, this
therefore might explain why slow-twitch fibers remain more efficient with slight increases in speed.
Consistent with our results, Bellinger and colleagues', using a similar non-invasive methodology to
assess muscle fiber type distribution, observed that a slow muscle fiber typology was beneficial for
running economy at six different speeds (85 — 110% of gas exchange threshold; 3.57 —4.60 m/s) in well
trained middle distance runners possessing a slow or intermediate (but not fast) muscle fiber typology.
In contrast to our findings, Kyrélainen and colleagues'” and Pellegrino and colleagues (2016)% reported
positive correlations between the distribution of fast muscle fibers and running economy at their
fastest speed (7 m/s and 4.56 m/s and 1% grade respectively). It is worth noting that at this speed the
subjects, although well-trained runners, exhibited substantial lactate production, compromising the

validity of running economy values. Additionally, the brief duration ran at the highest speed in



Kyrdlainen et al.'” (1 minute, with data collected during the last 20 seconds) further reduces the validity
of these results. Nevertheless, we acknowledge that the fastest speed tested in our study was only
moderately fast (4 m/s) and one should be cautious when extrapolating our results to even faster
speeds. Most participants were not highly trained runners and could not sustain faster aerobic running
speeds (note that 7 out of 21 subjects were already excluded from our fastest speed as their RER

exceeded 1.0).

Additionally, the lack of consensus in previous studies may stem from the limited variation in muscle
fiber type distributions within each study, particularly in those that found no correlation. Remarkably,
in studies showing no association between muscle fiber type distribution and running economy, the
average percentage of slow-twitch fibers exceeded 60% (muscle biopsy from vastus lateralis) and the
number of individuals possessing less than 50% of slow-twitch fibers were small'®8. Muscle fibers are

2829 \where motor neurons innervating slow muscle fibers are

recruited according to the size principle
activated first, and only when muscle force demand is high enough, larger motor neurons activating
faster muscle fibers are additionally activated. Although speculative, it is plausible that a high
proportion of slow muscle fibers (i.e. >60%) may sufficiently cover the majority of muscle force demand
during running at submaximal speeds. Consequently, having even larger proportions of slow muscle
fibers may yield only negligible metabolic benefits. Previous research has indeed demonstrated that
muscle fiber type distribution could not distinguish between good (<1050 IAAF points) and excellent
(>1050 IAAF points) endurance runners® further suggesting that an extremely slow muscle fiber type

distribution does not provide an additional benefit. While more research is needed to either confirm

or refute this hypothesis, it could explain the conflicting findings in previous studies.

Although some interaction effects were observed between muscle fiber type groups and running
speed, habitual running gait was not strongly affected by one’s muscle fiber typology at submaximal
running speeds. Humans demonstrate a remarkable ability to self-optimize their gait pattern by

instinctively adopting the most efficient locomotion pattern?. Despite the distinct mechanical and



metabolic properties of fast and slow muscle fibers, leading to potential variations in running gaits
between muscle fiber type groups, our study found that running kinematics, kinetics, and muscle
activity patterns were nearly identical across these groups at submaximal running speeds. Yet, we did
find a group x speed interaction effect for stride frequency. Running faster can be achieved by
increasing stride frequency, taking longer strides or a combination of both. The observed interaction
effect indicates that the FT-group relied more on increasing stride frequency to run faster than the ST-
group. Our selected speeds were far from maximal speeds, yet, these results potentially indicate that
the FT-group may demonstrate higher stride frequencies than the ST-group at speeds close to their
maximum (or can attain higher maximal running speeds). However, it is important to note that some
of the p-values for the spatiotemporal variables during running were close to 0.05. This suggests that
we should be cautious in drawing strong conclusions, especially considering the limited number of
individuals in each group. Furthermore, we found a group x speed interaction effect for average
positive knee joint power and the contribution of positive knee joint power to the total lower limb
positive joint power. The vastus lateralis muscle has been previously demonstrated to reduce its
contraction velocity with increasing running speed®. At slower contraction velocities, the metabolic
benefit of slow over fast muscle fibers is larger and hence the greater increase in average positive knee
joint power in the ST- compared to the FT-group may present different optimal strategies to increase
running speed. Alternatively, as fast fibers are more susceptible to muscle damage than slow fibers
and the vastus lateralis demonstrates eccentric muscle contractions when running fast® the reduced
positive (as well as negative) average knee joint power in the FT-group may be a protective mechanism
to avoid damage of fast muscle fibers. Lastly, the relative contribution of positive hip joint power
increased with running speed, but none of the muscles assessed for muscle activation crossed the hip
joint, implying that difference between muscle fiber type groups could still have occurred for these
muscles. Future research directly assessing muscle fiber kinematics, including muscle activation of
muscles crossing the hip joint and/or investigating faster running speeds will likely provide more in-

depth information.



While the difference in running volume between the ST- and FT-group did not reach statistical
significance (p = 0.24; Table 1), the numerical higher running volume of the ST- compared to FT-group
(29 vs. 20 km/week on average) may be considered as a potential limitation of the study. There is
indeed ample scientific evidence that increasing general aerobic fitness and running in particular

31734 and hence one could argue that the better running economy in the

improves running economy
ST-group may be attributed to their higher average distance ran on a weekly basis. To ensure a large
spread in muscle fiber type distribution among groups, we recruited physically active individuals, yet
regularly running was not a prerequisite. Analyzing the data revealed that two participants in the ST-
group were well-trained runners (75 and 50 km/week, respectively). When these individuals were
excluded from our analysis average running volume was almost equal between groups (21 vs. 20
km/week for the ST- and FT-group respectively), yet the significantly better running economy in the
ST- compared to the FT-group persisted (p = 0.03). Additionally, while there is large variability in the
relative distribution of slow and fast muscle fibers among individuals, each muscle still contains a mix
of both fiber types. Moreover, the use of 'H-MRS to estimate a muscle fiber type distribution non-
invasively, does not directly assess the myosin heavy chain isoform typically obtained through muscle
biopsies. Consequently, this method does not allow for precise quantification of muscle fiber type
distribution as a percentage, complicating direct comparisons with studies using muscle biopsies.
Furthermore, our assessment of muscle fiber type was limited to the two major plantar flexor muscles
— the gastrocnemius medialis and soleus muscle. Although this muscle group is a major energy
consumer during running, accounting for up to 32% of the total whole-body metabolic rate®, there
are many other active muscles whose fiber type distribution was not assessed. While there is some
intermuscular correlation in muscle fiber type within an individual®®, we should be cautious with
extrapolating the muscle fiber type distributions of one muscle to another. Our study design ensured
distinct groups with predominantly slow or fast muscle fiber distributions, providing meaningful
insights despite these methodological considerations. As we excluded the intermediate group, we

deemed the comparison between groups as the most appropriate way to evaluate our hypothesis



rather than investigating correlations. Importantly, when conducting correlations analyses, our
conclusions were generally consistent with the exception that no correlation between running
economy and z-score was observed at 4 m/s, which is at least partially explained by the limited sample
size at this running speed. Finally, while we focused on the effect of muscle fiber typology on running
economy including lower body gait biomechanics as a potential confounding factor, the mechanisms
underlying running economy are multifactorial, and other factors (e.g. anthropometry®’) could have

potentially confounded our results.

In summary, our study revealed that individuals with a substantially higher proportion of slow muscle
fibers exhibit better running economy than individuals with higher proportions of fast muscle fibers,
within a range of submaximal running speeds (2-4 m/s). Importantly, the similarities in adopted
running gait and the related muscle activations suggest that the difference in running economy
between these groups is likely linked to the distinct metabolic characteristics of fast and slow muscle
fibers and not to differences in running gait. Furthermore, while large variability in individual running
gaits exists, it appears that muscle fiber type distribution does not drive these differences at

submaximal running speeds.
Perspective

The superior running economy of individuals with a large proportion of slow muscle fibers has
implications for talent detection and performance. Running economy contributes to endurance
running performance®® and to compete with the best in the world a runner should have exceptional
running economy®. In this study, the ST-group was 7.8% more economical than the FT-group, a
difference in running economy which is almost twice as large as the benefit of advanced footwear
technology (i.e. “4%*). Moreover, while V0,peak was not significantly different between muscle fiber
typology groups, the maximal speed reached during the VOzpeak test was greater in the ST- than in
the FT-group highlighting the importance of a rather slow muscle fiber type distribution as one element

for endurance running performance.
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Figure 2. Lower limb joint power for the slow (red, ST-group, n = 11) and fast (blue, FT-group, n = 9) muscle fiber type groups across a range of running

speeds. Solid line present the group mean data with shaded area the standard deviation. Right: net and positive average joint power across a range of



running speeds. Dots present the individual data with mean and standard deviation represented by the bar graphs. Arrows indicate significant main effect for

running speed (p < 0.05). # indicates a significant group x speed interaction effect (p < 0.05).
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Figure 3. The relative contribution of each lower limb joint to positive average joint power (in %) across a range of speeds in two groups with either a slow
(ST-group, upper) or fast (FT-group, lower) muscle fiber type distribution. Radius of the pie charts is scaled on the total positive power in each condition. ¢

significant speed effect (p < 0.05); © significant muscle typology x speed interaction effect (p < 0.05).
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Figure 4. Mean muscle activity for the slow (red, ST-group) and fast (blue, FT-group) muscle fiber type groups across a range of running speeds. Solid lines

present the group mean data with shaded area the standard deviation. Right: stride mean muscle activation across a range of running speeds. Dots present



the individual data with mean and standard deviation represented by the bar graphs. Arrows indicate significant main effect for running speed (p < 0.05). #
indicates a significant group x speed interaction effect (p < 0.05). SOL: soleus; GM: gastrocnemius medialis; GL: gastrocnemius lateralis; TA: tibialis anterior;

VL: vastus lateralis; VM = vastus medialis. Number under each bar graph represent number of subjects included in the analysis.
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