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Abstract

Locomotion is one of the major physiological functions for most animals. Previous studies have described aging mechanisms linked to locomotor
performance among different species. However, the precise dynamics of these age-related changes, and their interactions with development
and senescence, are largely unknown. Here, we use the same conceptual framework to describe locomotor performances in Caenorhabditis
elegans, Mus domesticus, Canis familiaris, Equus caballus, and Homo sapiens. We show that locomotion is a consistent biomarker of age-
related changes, with an asymmetrical pattern throughout life, regardless of the type of effort or its duration. However, there is variation (i)
among species for the same mode of locomotion, (ii) within species for different modes of locomotion, and (iii) among individuals of the same
species for the same mode of locomotion. Age-related patterns are modulated by genetic (such as selective breeding) as well as environmental
conditions (such as temperature). However, in all cases, the intersection of the rising developmental phase and the declining senescent phase
reveals neither a sharp transition nor a plateau, but a smooth transition, emphasizing a crucial moment: the age at peak performance. This
transition may define a specific target for future investigations on the dynamics of such biological interactions.

Keywords: Aging—Comparative biology—Epidemiology—Exercise physiology—Senescence

Aging is a complex, multiscale process that affects all levels of biologi- Sarcopenia characterizes a gradual loss of muscle mass during
cal organization from molecular structure to individual behavior (1). aging while dynapenia represents the progressive decline in muscle
As a highly integrated neurophysiological function, locomotion illus- strength and power (8-10). These alterations of both structure and
trates this process in a clear and dramatic fashion (2,3). The decline of function are related to changes in muscle architecture, composition,
locomotor ability with age is widely documented in Homo sapiens for regeneration, and metabolic biochemistry (8-11). Muscle architecture
swimming, walking, and running performances (4-7). These age-related and composition are gradually altered with a reduction in motor units
alterations are caused in part by underlying changes in physiological and loss of fascicle length through shorter and thinner fibers (8-10).

parameters, such as sarcopenia or dynapenia in skeletal muscles (8,9). These changes also include a shift in pennation angles, an increase
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of intramuscular lipids and noncontractile fibrotic components, such
as collagen (8-11). Intramuscular lipids and fibrosis accumulation
are partly related to the progressive impairment of muscle regenera-
tion, including a decreasing number of satellite cells with reduced
proliferative capacity (8,11). At the cellular and molecular levels
major changes, especially in mitochondria, also occur. Mitochondria
decrease in number and mitochondrial DNA transcription and aden-
osine triphosphate (ATP) production decline (8,9). Finally, there are
strong relationships with other physiological functions which largely
modulate these multiscale gradual alterations; for example, different
nervous regulation of muscular strength can result in reduced recruit-
ment, discharge rate or synchronization of the motor unit pools (10).

Locomotion, an integrated neurophysiological function, reveals
the inherent complexity of aging processes occurring at multiple
levels of biological organization. Observations of sarcopenia have
been made in several wild species, both short and long lived (9,12-
15). Other structural and functional age-related changes have been
described in wide range of species, both captive and wild (16,17);
these depend on the accumulation of changes with time at both the
molecular and cellular levels and appear as a common aspect of
organismal senescence among animals (17-20). However, in most
cases these descriptions remain incomplete because of the difficulty
of collecting reliable quantitative data from molecular, physiological,
and behavioral traits, particularly in natural populations.

Empirical approaches have been used to characterize dynamics of
changes associated with aging at different levels of biological organi-
zation (6). Except for the characterization of survival rate (21,22),
most of these approaches, in particular at physiological, cellular,
and molecular levels, use linear models, but monotonic functions
may have limited utility for characterizing the complex, nonlinear
relationship linking age and phenotypic changes, especially across
the entire life span. In fact, most characterizations only take into
account senescence or ontogeny, but rarely both, which contributes
to fundamental misconceptions about age-related dynamics (21,22).

An original approach to more accurately characterize this rela-
tionship in humans was proposed by Moore (4). He used a biphasic
function made of two exponential curves to describe the relation
to age of top running speeds in seven track and field events which
emphasized an asymmetrical pattern with two phases (see Materials
and Methods for more details). In the first phase, performance
increases rapidly during growth at younger ages, in parallel with
structural and functional development, until maximal performances
are attained. In the second phase, aging negatively affects the same
structures and functions leading to a decline in physiological traits
at older ages.

More recently, Berthelot et al. and Guillaume et al. applied the
Moore function to various human sports and activities, including
swimming, tennis, and chess (6,23). Nassif et al.(24) applied the
Moore function to a general population of 31,349 volunteers aged
4-80 years for different tests of physical fitness, including a 20-m
shuttle run, a 4 x 10 m run sprinting run, broad jump, repeated
squat jumps, a flexibility test, and push-ups. Moore’s equation well
described age-related performances in these activities. In all cases, it
delineates the frontiers of performance with age, at both the popu-
lation and individual levels and provides a simple way to compare
aging patterns among species or among different human groups (25).
This equation may also be a useful tool to describe the impact of risk
factors, such as addictive behaviors, on the time course of highly
prevalent degenerative diseases (26).

In this article, we focus on extending the examination of age-
related patterns in locomotor performance to additional species.

We use the Moore function to characterize maximal locomotor per-
formance by age (including both males and females) across the entire
life span to describe age-related changes for an entire species (Canis
familiaris, Equus caballus, and Homo sapiens) or for a population
(Mus domesticus and Caenorhabditis elegans). Because a growing
body of evidence suggest that senescence occurs in most animal spe-
cies (16,17), we hypothesized that we would find similar patterns of
age-related changes in locomotor performance among species; spe-
cifically, we expected a unimodal pattern across age (eg, only one
performance peak) with a short development phase followed by a
longer declining phase. In addition we also hypothesized:

(i) Species differences at the relative age (age scaled by maximal
age) of peak performance. Because of their relative fast develop-
ment and early sexual maturity, we expected that M domesticus
and C elegans would reach an earlier peak in locomotor per-
formance.

(ii) Population differences associated with artificial selection on loco-
motor behavior. We expected that a population of mice selected
for high wheel-running activity would show an expanded pat-
tern for both maximal and mean locomotor performance.

(ili) Modulated effects under various environmental conditions. We
expected that the patterns of change in locomotion by age would
be reduced at temperatures distant from the optimal range. We
examined such temperature impacts by comparing marathon
performances in H sapiens at 5°C versus 25°C, and voluntary
activity at 22°C versus 25°C in isogenic populations of C elegans.

Materials and Methods

Data Sets
Running speeds in H sapiens: International track and field sport
events data
We used 20,625 speed and age (in years) values from international Men
100-m track events, 21,423 speed and age values from international
Women 100-m track events, 18,389 speed and age values from inter-
national 800-m track events, and 21,423 speed and age values from
international marathon, all recorded during the 1970-2013 seasons.
All data were cross-checked with the following websites http://
www.iaaf.org, http://www.mastersathletics.net, http://www.tilas-
topaja.org, and www.chicagomarathon.com. Racing times were con-
verted average running speeds in meters per second. For each year
of age, the single maximal performance among all individuals was
selected to be included in the analysis. For 100-m event (including
both men and women), the final data set used contained 90 maximal
running performances from 6 to 100 years of life. For 800 m and
marathon, the final data sets used contained respectively 92 and 90
maximal running performances from 5 to 100 years of life.

Comparison between Chicago marathon 2006 and 2007

We used respectively 33,637 and 25,523 speeds and ages from
results of Chicago marathon in 2006 and 2007. The final data set
only included men’s performance. Maximal performance, mean per-
formance, and standard deviation were calculated.

Running speeds in E caballus: Thoroughbred racing competition

data

Weused 1,810 speeds and ages (in months) from international 1,200 m
on-turf competition over a 10-year period (2005-2014). All data
were cross-checked with http://jra.jp/. Racing times were converted
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to average running speeds in meters per second. For each month
of age, the single maximal performance among all individuals was
selected to be included in the analysis, so that the final data set con-
tained 91 maximal running performances from 31 to 140 months of
life (see Supplementary Material)

Running speeds in C familiaris: Racing greyhounds

competition data

We used 26,571 speeds and ages (in months) from international 480-m
racing greyhound competition over a 10-year period (2003-2012).
All data were cross-checked with http://www.greyhound-data.com/.
Racing times were converted to average running speeds in meters
per second. For each month of age, the single maximal performance
among all individuals was selected to be included in the analysis, so
that the final data set used herein contained 63 maximal running per-
formances from 12 to 74 months of life (see Supplementary Material).

Activity in M domesticus: Experimental measure of free wheel
running

Colonies and conditions

We used data from Morgan et al. and Bronikowski et al. (27,28) who
conducted studies of life-long voluntary activity in two groups of
mice: A control population composed of 79 mice and a population of
80 mice from the 16th generation of selection for high wheel-running
activity. All the details of the population selection and living condi-
tions are available in Morgan et al. (27).

Experimental system
Mice, in individual cages, had free access to an 11.15-cm-radius run-
ning wheel equipped with a wheel-revolution counter for the dura-
tion of their life span.

Activity measurements

The running wheel was freely accessible in the cage. Every week,
the number of revolutions was recorded. A total of 7,682 activity
performances for selected mice and 7,598 activity performances
for control mice were recorded. For control population, we chose
the maximal activity performances for each of 135 weekly ages
(see Supplementary Material). Then, we compared the maximal
activity performance by age for the two populations (control and
selected).

Freeactivity in C elegans: Experimental measure of bodybends
Strains and culture conditions

We used N2 (wild-type) C elegans provided by the CGC
(Caenorhabditis Genetics Center at the University of Minnesota:
http://www.cbs.umn.edu/research/resources/cgc). All animals were
cultivated on nematode growth media (NGM) plates seeded with
the Escherichia coli OP50 following standard protocols (http://
www.wormbook.org/). We used standard synchronization technique
to ensure that all worms in a set have the same age. L1 starved lar-
vae were transferred on NGM plates and maintained at 22°C until
death. Every 2 days, the entire set was carefully transferred with a
worm-picker on anew fresh plate seeded with E coli OP50.

Experimental system

Worms in NGM plates were placed under the microscope and for
each worm the number of body bends was recorded during 20 sec-
onds using a 6.6 Mpixels CMOS monochrome camera (Pixelink)
connected to a microscope (Leica MZ 16 F).

Activity measurements

Activity was defined as the number of body bends (ie, a full oscil-
lation of the head region of the animal). Images were loaded in the
Image] software (http://imagej.nih.gov/ij/), and the number of body
bends was carefully counted frame by frame. Finally, the number of
body bends was converted to body bends per second. We recorded
1,131 activity performances and chose the maximum by age ranging
from 1 to 15 days of life (see Supplementary Material).

Comparison experiment

We compare free activity between two subpopulations maintained
during all their life respectively at 22°C versus 25°C. We measure at
22°C, 414 locomotor performance from 1 to 15 days and at 25°C,
332 locomotor performance from 1 to 11 days (see Supplementary
Material).

Forced velocity in C elegans: Experimental measure of speed inan
electrotaxis device

Strains and culture conditions

We used the same strains and culture conditions previously described
for the experimental measure of activity.

Experimental system

We used the previously described electrotaxis device (29). Worms
were tracked with a camera CCD (Edmund Optics, EO-0813M) fit-
ted with a 10x lens (Computar MLH 10x).

Velocity measurements

The worms were rinsed with M9 minimal medium and transferred
with a pipet on the agar pad in the electrotaxis device. An electric
field of 4V cm™ was applied in the agar pad for 30 seconds, and
the worms were automatically tracked. We determined the length
of crawling trajectories using the Image] software (http://imagej.nih.
gov/ij/). This was then converted to speed (um/s).We recorded 2,739
activity performances and chose the maximal activity performances
by age every day for 1-14 days of life (see Supplementary Material).

Scaling of Data

To compare the age-related patterns between the different species,
we scaled all the data selected (maximal performance by age and
mean performance by age) using the following formulas:

e Scaled speed = Speed / Maximal speed
e Scaled age = Age / Maximal age

We added to H sapiens, E caballus, and C familiaris data sets the age of
the oldest subjects with a null speed, respectively for the oldest known
human (J. Calment, 122 years), the oldest known horse (684 months),
and the oldest known dog (288 months) according to data from http://
genomics.senescence.info/species/ (30). We chose maximal longevities
from the entire species (including both females and males) to compare
in particular physiological frontiers in these three species.

For H sapiens, E caballus, and C familiaris data, the maximal
sprint speed in the data set was used to scale the speed at each age,
and the age of the oldest known subject was used to scale the age.
For M domesticus and C elegans, we used the maximal age and max-
imal performances in the data sets to scale the data.

The Moore Equation: Estimating the Age-Related
Pattern for Each Species

We determined the best performance by age for each data sets and
fitted them with the Moore equation (4,6):
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P()= a(l-ehbt) + c(l- edt) with a,b,c,d >0

where P(?) is the performance (f the time), 2 and c are scaling param-
eters, b and d! the characteristic time of the exponential growth
and decline as exponential processes, respectively. Coefficients are
determined using a least-square nonlinear regression. The quality
of each fit is estimated by the coefficient of determination R? and
RMSE (details are given in Supplementary Material).

Results

Similar Age-Related Patterns in Locomotor
Performances
We found a similar age-related pattern for different maximal locomo-
tor performances in H sapiens (Figure 1). These patterns included both
men and women. We also compared maximal sprint performance by
age between men and women and found that men are on average
13.8% faster across the life span (Supplementary Figures 1 and 2).

To compare performance among species, we scaled the data by
the maximal best performance and the maximal age in each popula-
tion (Figure 2 and see details in Materials and Methods), that is, we
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Figure 1. Age-related pattern for Homo sapiens for three track and field
main events. Despite some asynchrony at the peak, age-related patterns are
similar for different locomotor performances in H sapiens 100 m (sprint, light
gray line (yellow line online), R? = .99), 800 m (middle distance, gray line
(orange line online), R?=.98), and marathon (endurance, dark line (red line
online), R?2=.97).
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Figure 2. Age-related pattern for relative maximal speed in Canis familiaris,
Equus caballus, and Homo sapiens. The Moore function is adjusted to the
maximal speed performances by age in H sapiens for 100-m track and fi

International Association of Athletics Federations (IAAF) main events (dark full
line (yellow line online), R? = .99), in E caballus for racing thoroughbred 1.200-m
turf events (dark dotted line (green dotted line online), R?=.99) and in C familiaris
for racing greyhound 480-m events (light full line (blue line online), R? = .99).

divided each performance value by the maximal performance and
each age by the maximal age. For all the species examined herein, the
changes in locomotor performance with age revealed a similar asym-
metrical pattern, with peak performance occurring during the first
third of life span. However, we observed a wide range of variation in
peak ages among species for a given mode of locomotion. Although
the geometry of the patterns may slightly differ, the overall shape is
always preserved, suggesting the exclusion of bimodal or multimodal
patterns (ie, curves with several performance peaks, at different ages,
do not occur). Also, the patterns do not show any plateaus nor sharp
transitions between the development and the senescence phases.

Maximal sprint speed by age was well described by the Moore
equation for C familiaris, E caballus, and H sapiens (Figure 2). All
three species demonstrated an asymmetrical pattern. However, the
age at peak speed differed among species: Maximal sprint speed was
reached at around 8% of the maximal life span in C familiaris (around
2 years) and in E caballus (around 5 years), but much later in H sapi-
ens (about 21% of the maximal life span, 26 years). We compared
specifically the relative difference for maximal relative performance
between E caballus and C familiaris across the range of our data
(Figure 3). We found that the dynamic of age-related changes are very
similar with a difference on average of 0.31%. Likewise, we compared
maximal relative performance between H sapiens and C familiaris and
found between these species large relative difference (Figure 4).

In mice, the maximal voluntary activity by age in control lines
was described with a high consistency using the Moore equation
(Figure 5). The fit showed an asymmetrical pattern similar to dogs,
horses, and humans, with a peak speed reached at about 6% of
maximal life span (around 8 weeks). The mean population voluntary
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Figure 3. Relative difference in relative maximal speed between Equus
caballus and Canis familiaris.
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Figure 4. Relative difference in relative maximal speed between Homo
sapiens and Canis familiaris.



activity was also well described by the same function, with a configu-
ration similar to the maximal voluntary speed pattern, and an age at
peak performance around 6% of maximal life span.

Two modes of locomotion were tested in C elegans: Voluntary
activity was measured by assessing the number of body bends per sec-
ond, whereas forced activity was induced by an electrotaxis device.
The Moore function accurately fit both the maximal voluntary activ-
ity (Figure 6) and the forced velocity data (Supplementary Figure 3).
Again, a pattern similar to the other species was observed: Performance
increased over a short range of life span, with a performance peak at
about 8% of maximal life span for voluntary activity; it was around
35% for forced locomotor performance (2 and 5 days, respectively).
The fit of the voluntary and forced activity means provided results
similar to the maximal speed fit: Peaks appeared at about 8% for
mean voluntary activity and at about 32% for mean forced activity.

Also, we compared the relative difference for maximal and mean
relative voluntary activity between M domesticus and C elegans
across the range of our data (Figure 7 and Supplementary Figure 4).
We found that the dynamics of age-related changes are very similar

08 1

relative voluntary activity
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Figure 5. Age-related pattern for voluntary activity for mice (control lines).
The age-related pattern is also similar for voluntary activity in a population
of mice for maximal activity (both male and female) and mean activity. The
Moore function is adjusted to the 135 maximal (dark line (purple line online),
R?=.87) and mean (light gray line (pink line online), R? = .96) freewheeling
activity by age from our control lines. Maximal performances are represented
by filled purple circles and mean by filled pink circles. Standard deviations
by age (gray areas (pink areas online)) are represented to express variability
within the population.
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Figure 6. Age-related pattern for voluntary activity for Caenorhabditis
elegans. The age-related pattern is also similar for voluntary activity in a
population of C elegans for maximal and mean activity. The Moore function
is adjusted to the maximal (black line, R? = .84) and mean (gray line,
R? =.73) number of body bends by age in C elegans N2 wild-type. Maximal
performances are represented by filled black circles and mean by filled
white circles. Standard deviations by age (lightgray area) are represented to
express variability within the population.

with a difference on average of 0.55% for maximal performance and
0.28% for mean performance.

Based on scaled data in M domesticus and C elegans, standard
deviations by age indicate variability in individual performance
curves, hence we also used the Moore function to model individ-
ual variations in M domesticus. The trajectories of two mice from
control lines across the life span show inter-individual variability
with large differences in terms of maximal activity and life span
(Supplementary Figure 5). The two subjects also have a weekly
change in terms of activity with some wide differences in activity
from one week to the other. Despite such individual differences, a
pattern similar to that of the population as a whole was assessed,
with a peak in activity during the early beginning of life and a pro-
gressive decline thereafter.

Effects of Selection on Age-Performance Patterns

We extended our investigations to mice (M domesticus) from lines
that had been selectively bred over 16 generations for high wheel-
running activity. For selected mice, maximal voluntary activity
by age was well described by the Moore equation (Figure 8). The
curves showed asymmetrical patterns similar to those measured in
control mice, with a peak occurring at about 6% of maximal life
span for both maximal and mean voluntary activity (about 8 weeks).
However, compared with control mice, selected mice had a 25.3%

—_ 50————|———'|___'|'___l'___l___—|___'|'___l'___l____
S A0l __]
8§ 30 - e e
Eg 20— e e
&5 I0--@-—mmm e
'-EE 0—‘?—9"—-@—%——“-%—-9-&-6——c—oo—-o——c>—c——o——
QO Qb oo
2= c
B8 20 -
S E —30 | - oo oo o]
04
E 40 - o e 2
=S50 L e _osoaioeo_
0 01 02 03 04 05 06 07 08 09 1
Relative age

Figure 7. Relative difference in relative voluntary activity between Mus
domesticus and Caenorhabditis elegans.

1 o5 T T T T T T T

> 0.8

relative activit

04 05 06
relative age

Figure 8. Breeding selection extend the age-related pattern in mice.
The Moore equation respectively is adjusted to the maximal and mean
performances in wheel-running activity in mice selected for high running
behavior (upper dark line (dark blue line online) + lower dark line (light blue
line online), RW? =.91 and Rmean2 =.96) and in their control (upper light line
(purple line online) + lower light line (pink line online), R, ., 2= 87, R, ean 2: .96).
Standard deviations by age (gray areas (blue and pink areas online)) are
represented to express variability within the population.



increase in maximal performance and a 41.4% increase in mean per-
formance (Supplementary Figures 6 and 7).

Effects of Temperature on Age-Performance Patterns
Temperature was found to considerably alter the patterns of age-
related effects on locomotion in both endotherms and ectotherms.
First, in H sapiens, we compared the effect of a 20°C difference in
temperature onlocomotion for menrunning the Chicago marathon
(4.5°Cin 2006 versus 25°C in 2007). Speed and age data were col-
lected for all 33,638 finishers in 2006 and all 25,524 finishers in
2007.We fit the Moore function to both maximal and mean perfor-
mance by age for Men (Supplementary Figure 8). Results revealed
a similar pattern at both temperatures, with a peak performance
at 30 years. However, both maximal performances and mean per-
formances were impacted by temperature, with a9.2% decrease in
runningspeed for maximal performanceanda 12.0% reduction for
mean performance in the hotter conditions (Supplementary Figures
9 and 10). We also compared voluntary activity patterns in C ele-
gans, between two subpopulations maintained throughout the life
spanat22°Cand 25°C,respectively (Supplementary Figure 11). We
measured 374 locomotor performances from 1 to 15 days at 22°C,
and 291 performances from 1 to 11 days at 25°C. Results revealed
a similar pattern with a peak around 5% of the maximal life span
atboth temperatures. Activity was lower at 22°C for both maximal
and mean values during the first part of life. Thereafter, worms at
22°Cmaintained a higherrate of voluntary activity during the dete-
rioration phase, because of an accelerated deterioration of worms at
25°C(SupplementaryFigures12and 13).

Discussion

A Robust Nonlinear Pattern Describes Age-Related
Physiological Functions and Performances in Living
Organisms

The Moore equation effectively describes the relationship between
age and locomotor performance for the five studied species. Based
on these results, we hypothesize that these age-related patterns are
common features of the relationship between age and locomotor
performance in a wide range of organisms. The shape of the pat-
terns seems to match descriptions of other age-related locomotor
performances in different species, such as flight performances in
Drosophila (31), honeybees (32), and codling moths (33), maximal
sprint speed in dogs and horses (34-36), physical activity in differ-
ent rodents and monkeys (16,27,28), grip strength in mouse lemurs
(15), hunting rates and success in wolves (37), swimming speed in
zebrafish (38), and voluntary activity and electrotactic behavior in
C. elegans (29,39). Likewise, other performance traits might follow
a similar pattern, such as biting force in mouse lemur (40), cognitive
performances in Rhesus monkey (41), attentiveness in domestic dogs
(42), pharynx pumping rate in C. elegans (43), and perhaps even
photosynthetic yield in cotton leaves (44).

Comparison of Age-Related Changes in Locomotor
Performance Among Species

Our comparison of maximal sprint speeds in C familiaris, E cabal-
lus, and H sapiens shows that the performance peak is reached much
earlier in C familiaris and E caballus than in humans (8% vs 21%).
Previous studies supported this relative difference (6,34-36), con-
sistent with the fact that H sapiens have among the slowest growth
rates and greatest longevities in mammals, and hence may have

slowed its relative physiological development rate during evolution
(45). However more research, including phylogenetically corrected
analyses (46), need to be done before a convincing argument can be
made. Interestingly, the age at peak performance for voluntary activ-
ity corresponds to the beginning of sexual maturity for H sapiens, M
domesticus, and C. elegans (30). Although we did not examine vol-
untary activity in humans herein, Beets et al. showed that the daily
number of free steps in humans peaked at 10-12 years, close to the
onset of puberty, before gradually declining (7,47).

The Age of Peak Performance in Humans Depends

on the Locomotion Mode

In H sapiens, the peak of voluntary activity—10 to 12 years (47)—
is earlier than the peak for maximal sprint performances, which
is around 26 years (6). The difference might be influenced by cul-
tural factors or by social environments (7). Berthelot et al. showed
that the age at peak for maximal human performances depends on
locomotion mode, effort duration, and gender (6). For example, the
maximal swimming speeds appear earlier than the maximal running
performances: 18-23 vs 23-31 years, respectively (6). Differences in
peak ages are also measured in other circumstances: For example,
cognitive performances reach their peak later in life. The peak for
chess competition is around 31 years (6), whereas the peak for facial
recognition is between 30 and 34 years (48).

Because locomotion is a highly integrated trait (2,3), differences
in the age at peak performance among different types of performance
might be related to functional or structural differences in senescence
of physiological traits (49). For example, in C elegans, the differ-
ence in locomotor activity peak age between voluntary activity and
forced electrotactic conditions might be related to a wide variability
of aging effects on muscular and neuronal structures (12). Such an
asynchrony among phenotypic traits has already been described for
several species in both laboratory and natural conditions (17,49).

Individual Variation in Locomotion With Aging

Our results for C elegans and mice are consistent with those of pre-
vious studies that demonstrate significant individual variability in
locomotor performance with age both in C elegans and H sapiens.
Herndon et al. measured individual variability in locomotor per-
formances with age within isogenic populations of worms (12). In
H sapiens, Tudor-Locke and Bassett measured large variation in
healthy adults;“sedentary” participants walked less than 5,000 steps/
day, whereas highly “active” participants walked more than 12,500
steps/day (7). In the same way, Nassif et al. described high variability
in physical fitness levels irrespective of age group (24). For example,
in the 20-m shuttle run test among 9,710 girls aged 12-17 years,
the mean running distance was 512.20 m with a standard devia-
tion of 60.58 m (min = 120 and max = 980, cv = 8.45%), whereas
among 413 women aged 40-60 years the mean running distance
was 482.05 m with a standard deviation of 68.57 m (min = 240 and
max = 700, cv = 7.03%).

Have Maximal Locomotor Performances Reached

Their Limits?

The large populations of C familiaris, E caballus, and H sapiens
examined hereinrepresent the best sprint performances from individ-
uals who underwent optimal training regimes in a highly competitive
environment. Other environmental aspects, such as nutrition, medi-
cine, and technological innovations, also contribute to performances
that develop at the physiological limits (50). Denny and Desgorces



et al. previously showed that performance development in racing
greyhounds, thoroughbreds, and human athletes followed a similar
trend during the past century, with an increase of performance until
the 1990s followed by an asymptotic limit thereafter (50-52). In this
context, and without future major technological or biotechnologi-
cal improvements, our data may accurately describe the age-related
physiological frontiers for maximal sprint performances.
Environmental conditions could have
effects on senescence patterns. Temperature or long-term diet changes
have been directly related to change in survival pattern (12,18,53). In
addition, the exposure to environmental stressors during development
(food availability, temperature, predators, etc.) also impacts survival
patterns (20). The anthropocene with unprecedented environmental
change (temperature, pollution, food availability, species extinction,
etc.) could also adjust drastically the senescence patterns of many living
species (54). The data from the Chicago marathon show that locomo-
tor traits are also affected, and the temperature change expected during
the 21st century may contribute to alter the locomotor age-related pat-
tern, at least for endurance performances (50). Our results in C elegans,

benefi or detrimental

where longevity depends on temperature (12), also support this point.

Limitations of the Moore Equation and Population

Size Effect

The Moore equation is a mathematical description using four
parameters which adjust both growing and declining phases (fitting
parameters are available in Supplementary Table 1). It generally does
a good job for fitting traits or performance changes with age across
the entire life span. However, our data sets present some limitations.
First, in C familiaris and E caballus, data are missing after the first
third of life span because of the retirement of the oldest animals from
competition. This may lead to extrapolation and/or interpolation
errors. A minimization of these errors could possibly be obtained by
adding the oldest animal record to ensure a reasonable convergence
toward the maximum recorded life span. Second, our results indicate
that the accuracy of the fit of the function depends on the density
of the sampling across ages and the population size. A lack of data
during the growing phase may lead to errors in estimating the peak,
whereas reduced sample sizes may increase variability and approxi-
mations within the pattern. In both cases, the fit of the Moore equa-
tion could be explored through simulations and compared with
other biological curve fitting approaches (eg, function-valued meth-
ods) that rely on interpolations (55). However, despite these limita-
tions, we think that the application of the Moore equation to the
data presented herein is generally robust given the similarity of pat-
terns of locomotor dynamics with age in multiple species.

Common Mechanism From Unicellar to H sapiens?
Phenotypic traits are shaped by a complex and intimate interplay
between genes and environment (18,20,56,57) and are composed,
for each individual, of a developmental and a senescent phase. The
development from fertilization to maturity for a wide range of
organisms shares common morphogenesis processes, despite major
differences in shape and growth rates (58). For example, at the cel-
lular level, the WnT signaling pathway is highly conserved from
amoeba to humans and is implicated in embryogenesis (59).

During the senescent phase, homologous pathways are also
implicated in aging in a wide range of organisms; for example, the
insulin/IGF1 regulatory system is conserved in composition and
function from yeast to mammals (60). However, despite the progres-
sive increase of knowledge about the hallmarks of aging (19) and

important attempts to unify theories under a common entropic ori-
gin (61), the interaction of senescence with the development phase
is often overlooked. Moreover, the temporality of such a process
and its gradual progression are also regularly omitted or elusive in
molecular and cellular studies. Our results offer a new overview for
such hidden dynamics (1). In particular, the age at peak performance
may be a key moment, at the crossroad of growth and aging, and
thus may provide a great opportunity to thoroughly examine the
scope of interactions between both components; this, for example,
might be a critical moment for changes in gene expression (62,63).

Studying Senescence Patterns Using Sophisticated
Locomotor Tracking Technology

Measuring accurate senescence patterns, particularly in the wild,
remains complex (17,20). This difficulty has constrained the past char-
acterization of phenotypic changes with ages and lead sometimes to
fallacy (17). In the wild, most researches continue to focus on mortal-
ity and fecundity rates (17). Locomotor performance, as a major inte-
grated trait in living organisms, represents an excellent trait that could
be used to characterize senescence in natural populations of animals.
An accurate characterization seems now available with new tracking
technologies (64). Global positioning systems (GPS) are smaller, are
cheaper, and have better temporal resolution (64). An exponential
number of studies with more robust tracking technology underlines
the potential of such methods to better understand ecological patterns,
including collective motions, social behavior, or eco-physiology (64).

Conclusion
Despite substantial variability and complexity differences, our study
shows a common pattern in age-related changes for locomotor per-
formances among Caenorhabditis elegans, Mus domesticus, Canis
familiaris, Equus caballus, and Homo sapiens. Differences only
appear in the relative age at peak performance, depending on the
species or locomotion modes, and selective breeding and tempera-
ture variation may also alter the details of these dynamics.

Overall, our results indicate that locomotor performance provides
a consistent biomarker of age-related changes across five species. Its
accurate modeling during ontogenesis and senescence sustains a con-
tinuous process, easily measurable now throughout the life span in
humans and domesticated/lab species, and perhaps in natural popu-
lations in the near future using recently developed technologies. The
study of multiscale interactions may provide clues for universal mech-
anisms, common to numerous structures, organisms, and species.
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