
HAL Id: hal-01724284
https://hal-insep.archives-ouvertes.fr/hal-01724284

Submitted on 6 Mar 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Exponential growth combined with exponential decline
explains lifetime performance evolution in individual

and human species
Geoffroy C.B. Berthelot, Stéphane Len, Philippe Hellard, Muriel Tafflet,

Marion Guillaume, Jean-Claude Vollmer, Bruno Gajer, Laurent Quinquis,
Andy Marc, Jean-François Toussaint

To cite this version:
Geoffroy C.B. Berthelot, Stéphane Len, Philippe Hellard, Muriel Tafflet, Marion Guillaume, et al..
Exponential growth combined with exponential decline explains lifetime performance evolution in
individual and human species. AGE, 2011, 34 (4), pp.1001-1009. �10.1007/s11357-011-9274-9�. �hal-
01724284�

https://hal-insep.archives-ouvertes.fr/hal-01724284
https://hal.archives-ouvertes.fr


Exponential growth combined with exponential decline
explains lifetime performance evolution in individual
and human species

Geoffroy Berthelot & Stéphane Len & Philippe Hellard & Muriel Tafflet &
Marion Guillaume & Jean-Claude Vollmer & Bruno Gager & Laurent Quinquis &

Andy Marc & Jean-François Toussaint

Received: 25 February 2011 /Accepted: 23 May 2011
# The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract The physiological parameters characteriz-
ing human capacities (the ability to move, reproduce
or perform tasks) evolve with ageing: performance is
limited at birth, increases to a maximum and then
decreases back to zero at the day of death. Physical
and intellectual skills follow such a pattern. Here, we
investigate the development of sport and chess
performances during the lifetime at two different

scales: the individual athletes’ careers and the world
record by age class in 25 Olympic sports events and
in grandmaster chess players. For all data sets, a
biphasic development of growth and decline is de-
scribed by a simplemodel that accounts for 91.7% of the
variance at the individual level and 98.5% of the
variance at the species one. The age of performance
peak is computed at 26.1 years old for the events studied
(26.0 years old for track and field, 21.0 years old for
swimming and 31.4 years old for chess). The two
processes (growth and decline) are exponential and start
at age zero. Both were previously demonstrated to
happen in other human and non-human biological
functions that evolve with age. They occur at the
individual and species levels with a similar pattern,
suggesting a scale invariance property.

Keywords Ageing .Maximum performance .
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Sport performances analysis revealed a large progres-
sion rate after 1896 (Berthelot et al. 2008, 2010a, b;
Desgorces et al. 2008). These enhancements coincided
with major improvements in other human activities:
energy production, water supply, transports, knowledge
and science. Agriculture yields also dramatically
evolved during the same period and enabled a
sustainable growth of population. Initially triggered
by the industrial revolution, this resulted in a great
increase of life expectancy (Fogel 2004). Such a
process may be referred to as a large phenotypic
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expansion, as mankind optimized its performance
potential over less than ten generations.

Despite the strong development of sports perform-
ances over the last century, the asymptotic progression
pattern demonstrated in several disciplines (Berthelot et
al. 2008, 2010a, b; Desgorces et al. 2008) suggests that
our progression as a species may soon reach its limits.
Nowadays, major efforts are aimed at optimizing the
processes that may further improve performance in all
human domains. Among them, the process of selecting
and hiring future elite performers is partly based on the
assessment of individual performances at a young age
(Hoye et al. 2009). The selected athletes are expected
to progress and reach a peak under appropriate training
programmes. Performance is thus used to determine
their ability to later compete with and surpass others.

Age is also the main determinant in the decline of
physical and intellectual capacities. The effect of age has
been assessed at the cellular level (Kitani 2007), in
several physiological functions (Kühnert and Nieschlag
2004; Aguilaniu et al. 2008; Fotenos et al. 2008; van
Disseldorp et al. 2008) and can also be observed in
various forms of human performance, such as sports
(Baker et al. 2003; Balmer et al. 2008; Fair 2007;
Tanaka and Seals 2003, 2008; Wright and Perricelli
2008; Baker and Tang 2010; Young et al. 2008a, b) and
chess (Charness and Bosman 1990; Fair 2007), which,
respectively, illustrate physical and intellectual capabil-
ities with advancing age. Based on a simple inverted
U-shaped function, Moore has studied the effect of age
on running speed (Moore 1975).

The present study is based on a large sample of
individual data from elite athletes in two major Olympic
disciplines (track and field and swimming) and grand-
master chess players. Our aim is to assess and model the
physiological development of performances during
growth and ageing and demonstrate how simple
mathematics can shed light on the result of complex
natural processes.

Material and methods

Data

Two types of data were collected: the individual careers
of athletes and the top performances or world records
established by age class (WRa). The study of these
progressions allows for the measurement of the age of

peak performance in both sport and chess. We focus on
the non-linear function describing these progressions.
In the two studied sports, we covered the full range of
Olympic distances; 13 events were chosen in track and
field: the 100 m (men M and women W), 400 m
(M, W), 800 m (M, W), 1,500 m (M, W), 5,000 m
(M), 10,000 m (M, W) and marathon (M, W). Data
from throwing and hurdle events were not gathered
since the rules depend on age. Twelve events were
chosen in long course pool freestyle swimming: 50 m
(M, W), 100 m (M, W), 200 m (M, W), 400 m (M,
W), 800 m (M, W) and 1,500 m (M, W). Datapoints of
the best 96 all-time chess grandmasters were gathered.

Individual sport careers

The full career data set corresponds to all performances
established by a single athlete and their date of
achievement. All are recorded in recognized data sources
(IAAF, http://www.iaaf.org; FINA, http://www.fina.org).
We selected athletes who established at least one
performance in the yearly 10 best ranking in the period
from 1980 to 2009. Full archived careers were gathered
for 1392 subjects in track and field and 815 individuals
in swimming. The date of birth of each athlete was
recorded (IAAF, http://www.iaaf.org; T&F, http://www.
alltime-athletics.com). For each year of an athlete’s
career, when several performances were established,
only the best one was kept. The average number of
performance points per career was 6.20±1.36 in track
and field and 6.57±0.44 in swimming. These values
represent the average number of marks established by
the athletes listed in the official databases. The careers
containing six or more points well describe the
development of performances, so we decided not to
restrict the study to the minimum of four points required
for each fit. Thus, all careers containing at least six
performance points were used for the modelling. We
thereafter use the term ‘career’ to designate the selected
performances during the full career of a single athlete.

Individual chess careers

The full career data of chess players were gathered
on Jeff Jonas’ Chessmetrics (http://db.chessmetrics.
com; Howard 2005). This web site lists ranking of
top players back into the nineteenth century. We
selected the first 96 chess players that show the
greatest average ratings and recovered their whole
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career. A total of 34,481 ratings were recovered, and
the yearly best performances were selected for each
player. The year of birth of each chess player was
also recorded.

World records

In addition to the previously gathered data, the best
performances of the cadet series (15–16 years old),
junior series (17–18 years old) and master series
(>35 years old) were also collected for the two sports
disciplines (Swimnews, http://www.swimnews.com;
Swimrankings, http://www.swimrankings.net; WMA,
http://www.world-masters-athletics.org).

The complete data (junior+elite+master series in
the two sports and all the whole careers of the chess
players) is used to quantify the best performance
established for each available age. We thereafter use
the term ‘age-related world records’ or WRa to
designate this data set.

The model

For chronometric sports events, times (seconds) were
converted into speeds (metre per second). Each sport
performance is bound to the corresponding age
according to:

t ¼ ΔY þ ΔM

12
þ ΔD

365:25
ð1Þ

where t (in years) is the age, when a given performance
is established; ΔY (years) is the difference between the
year when the performance is established and the
performer birth year; ΔM (months) is the difference
between the performer birth month and the month of
performance and ΔD (days) is the difference between
the day of birth and the day of performance. Only the
year of birth was available for the chess players.

The model is adjusted to the progression patterns
of 1. all the careers of athletes and chess players and
2. the WRa for all sports events and chess player
using the equation (Moore 1975):

PðtÞ ¼ a� 1� ebt
� �þ c� 1� edt

� � ð2Þ
The coefficients a, b, c and d are estimated using a

least-square non-linear regression method with:

a; c; d > 0
b < 0

�
ð3Þ

For an estimated performance P, the model can be
described as the sum of two von Bertalanffy’s growth
functions (VBGF): PðtÞ ¼ AðtÞ þ BðtÞ, where A(t) is
the increasing exponential process (first VBGF) and B
(t) the decreasing exponential process (the second
VBGF is modified with d>0). The two processes are
antagonists, and for appropriate sets of parameters (3),
the resulting curve is always hump-shaped: rising at
the beginning, reaching a maximum and falling back
to zero: the decreasing B(t) process overwhelm the
increasing A(t) process. For each event, the exact peak
is computed and corresponds to the age when the
performance is maximal. The roots of Eq. 2 are also
computed for each series.

Results

A total of 646 careers (5,167 performances) were kept
for running in track and field, 512 careers (3,129
performances) for swimming and 96 careers (2,969
performances) for chess players (Online Resource 1).
The mean number of careers selected per event is
52.73±16.26 (s.d.) for track and field and 42.67±6.71
for swimming. All the careers of chess players were
kept, as they all included more than six performances.
The mean number of performances by career is 6.20±
1.36 for track and field, 6.57±0.44 for swimming and
31.16±14.24 for chess players.

The model describes the development of careers
with age in sports and chess (Online Resource 2). The
mean adjusted R² for the careers is 0.997±1.82×10−3

for track and field, 0.998±2.29×10−3 for swimming
and 0.755±1.99×10−1 for chess. It also describes the
development of world records with age in the two
disciplines: the mean adjusted R² for the world
records is 0.991±4.05×10−3 for track and field,
0.987±6.06×10−3 for swimming and 0.978 for chess.

In running, the performance peaks at 25.99±2.13
on average and the gathered peaks in all events range
from 23.29 years old (10,000 m M) to 31.61 years old
(Marathon M). The mean age of peak performance for
swimming is younger than the one of track and field
(20.99±1.55) and ranges from 18.36 (1,500 m M) to
23.14 (50 m M). The mean age of peak performance
is 31.39 years for chess.

The average roots value of Eq. 2 of the track and field
events is 109.48±5.97 years old. Roots range from
98.72 years old (1,500 m W) to 118.91 (100 m W).

AGE

http://www.swimnews.com
http://www.swimrankings.net
http://www.world-masters-athletics.org


The average roots value for swimming events is
110.38± 3.23 (110.44 ± 2.14 for men and 110.31±4.28
for women). Roots range from 104.14 (50 m W) to
115.77 (800 m W).

The root for chess is 130.14 years old.

Discussion

The analysis of the age–performance relationship for
each of these events suggests a biphasic development
with two antagonistic processes. This pattern was first
described by Moore using a bi-exponential function
(2) on five sports events (Moore 1975). More recently,
the declining process was reanalyzed by Donato et al.
(2003) and Tanaka and Seals (2008)) and described by
Baker et al. (2003), Baker and Tang (2010) and
Bernard et al. (2010) using an exponential equation:

Y ¼ 1� exp T�T0ð Þ

t
ð4Þ

Stones and Kozma (1984) and Bongard et al. (2007)
also observed and modelled the declining process in a
non-elite population and observed a quadratic de-
crease of performances. A later model investigated the
master athletic world records using third order
polynomial functions (Rittweger et al. 2009). How-
ever, it remained impractical to model the develop-
ment of performance during the whole lifetime, which
could also tend toward positive infinity, making the
estimation of life duration unrealistic.

Chess ratings were also shown to follow an
increasing and decreasing pattern with age (Charness
and Bosman 1990; Roring and Charness 2007) that
was not characterized. The model presented by Moore
was used here to describe the development of 1.
individual athletes’ and chess players’ careers and 2.
the world records by age class in swimming and
running Olympic disciplines and in chess ratings.

Development of careers and world records
with ageing

More than 11,200 performances were used to describe
the development of sports and chess careers. While
the data used to construct individual careers might
remain incomplete (data are not usually recorded at
very young ages; many former athletes are still alive,

which prevents to record data from their late life), the
age span gathered covers a large part of the present
human life-span. The model used properly describes
the biphasic development of each career (mean R2=
0.92, Fig. 1).

This evolution is also observed for the WRa and
successfully described by the same model (mean R2=
0.99, Fig. 2a) in both chess and sport (Fig. 2a, b).
Using the WRa series, we computed the roots of Eq. 2
for each event (Online Resource 2). These correspond
to a rough estimate of the maximum life-span. The
maximal speed measured in track and field (100 m) is
associated with a value of maximal life-span close to
the archived records for both men’s and women’s
longevity (Young et al. 2009). Through the analysis of
their human maxima, this holistic model establishes a
very coherent link between two major parameters of
the phenotype: motion speed and life duration.

The causes and parameters influencing the decline
of performances in the process of ageing were and
still are extensively investigated (Hayflick 2007;
Kitani 2007; Njajou et al. 2010). Donato et al.
(2003) previously analysed the performances of
American swimmers in US competitions and stated
that the magnitude of age-related decline in swim-
ming was smaller than that observed in running. He
suggested that it was not due to differences in the
training volume with age but rather to a greater
reliance on biomechanical technique in swimming.
The magnitude of age-related decline in sprint and
endurance performances remains a controversial
question (Rittweger et al. 2009). Previous studies
reported that endurance performance was more
affected by age than sprint performance (Baker et al.
2003; Donato et al. 2003). Finally, Wright and
Perricelli (2008) and Donato et al. (2003) observed a
difference between men and women in track and field
and swimming, respectively, and suggested that both
the rate and magnitude of decline were greater for
women. Fair (2007) investigated and compared the
rates of decline in athletics and swimming events as
well as chess. In athletics and swimming, he found
that both men and women generally revealed larger
rates of decline at the longer distances, with a larger
rate of decline for women, in accordance with Tanaka
and Seals (2003). We show here that these processes
are in fact similar and independent from the considered
sport, gender, milieu (ground or water) or principal
anatomic–physiological medium (muscle, cardiovas-
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cular system, brain) as they are most strongly related to
the effect of time upon all living things: ageing.

The performances were gathered over a 30-year
period starting in 1980. Technological, medical and

nutritional innovations appeared in this period and
influenced the environment around each performance.
Recent studies (Berthelot et al. 2008, 2010a; Nevill
and Whyte 2005; Nevill et al. 2007) analysed the
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evolution of world records/top performers and
revealed that performances reached a reliable stability
during this period. However, all the innovations
introduced contributed to widening the sides of the
patterns: athletes can compete earlier (at a young age)
or later. There is no possibility to precisely quantify
the medical or nutritional improvements, which may
have introduced a bias in the coefficients assessment
or in the measurement of the age of peak perfor-
mance. In the period and disciplines covered,
however, only one major technological innovation
was introduced: swimsuits, which induced three
bursts in the evolution of performances (Berthelot
et al. 2010b). All athletes took advantage of them.
This might have led also to a slight overestimation of
the age of peak performance in short distance
swimming. Other confounding variables may have
impacted the performances, but the model shows a
very robust adequacy with each series of perform-
ances, suggesting that the shape of the pattern is
fixed for the studied period.

The progression in performance during the early
phase is similar at both careers and WRa levels for
sport events as well as chess: after the age of
performance peak, the decline is described by the
same equation. Both careers and age-adjusted world
records provide a large coherence to illustrate the
impacts of these associated mechanisms. The declin-
ing process starts from the origin of each career and
each WRa, i.e. at day zero. It competes against the
development process that also starts from the origin,
but the former systematically “wins the battle”.
Performance inevitably returns to zero: for the
individual, this represents death. It is inherent to the
model and remains inescapable at the individual and
at the species level. The opposition between both
biological courses may mathematically represent an
anabolic and catabolic dialogue, which drives life
from the conception of our first cell up to the
reproductive acme then down to the last heart beat.

A biphasic development occurring at several scales?

The model was applied at two different scales: the
single career (Fig. 1) and the world records (Fig. 2a).
It was also applied in two different disciplines:
athletics, swimming and in two different fields: sport
and chess. This biphasic development is also observed
in other sports, such as tennis, basketball, soccer or

baseball, where the age for peak performance appears
similar (Schulz and Curnow 1988; Bradbury 2009;
Guillaume et al. 2010). It is shared by a large variety
of circumstances (Kühnert and Nieschlag 2004;
Aguilaniu et al. 2008; Fotenos et al. 2008) suggesting
a widespread common process in physiology.

The present analysis demonstrates that this pattern
is similar in track and field and swimming, despite the
fundamental differences separating the two disci-
plines. The athletes encounter two fluid mediums,
and the magnitudes of the drag forces in air or water
are widely different. Running, swimming or flying are
techniques developed by organisms to move while
minimizing drag and energy losses (Alexander 2005;
Bejan and Marden 2006). Such abilities play an
important role in the theory of senescence and partly
determine the capacity of a predator to catch a prey or
the optimal response to danger (Medawar 1952;
Williams 1957; Hamilton 1966; Reznick et al. 2004;
Carlson et al. 2007). In fact, animal performance (i.e.
running, swimming or flying speeds) is critically
involved in the escape from predators (Husak 2006;
Irschick et al. 2008).

Our results also suggest that this ability to perform
may be, to a certain extent, still correlated to life
expectancy in the human species. Therefore, the
biphasic development described here may also be
operant not only in human but in other animal
species, such as in insect (Dukas and Visscher 1994)
and mammals (Bronikowski et al. 2006). Several
studies also demonstrated that the net photosynthesis
rate is related to leaf age (Kasemsap et al. 1997;
Wullschleger and Oosterhuis 1990) through a biphasic
pattern:

Y ¼ aþ bX expðcX Þ
h i

ð5Þ

The similarity of the mathematical models (2), (4) and
(5), used to describe processes that fundamentally
differ from one another by their nature or scale,
suggests that a common law exists for a sizeable set
of biological and physiological phenomena, all
undergoing the same decaying process. A large
number of biological processes in nature are fractals:
they exhibit auto-similar shapes at different scales
(Mandelbrot 1982). We show here that the biphasic
relation between performance and age exhibits a
similar pattern at the individual and at the species
level, suggesting a scale-invariant process. The growing
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and declining pattern of performances similarly operates
for a living organism (the first studied scale) and a
population (the second studied scale). All simultaneous
biphasic developments at work determine the life-span
of the studied system (cells, organisms, populations,
Fig. 3a). This evolution seems to have been optimized
through the human phenotypic expansion in the last
two centuries (Fig. 3b).

In summary, the development of sport and chess
performances during the process of ageing exhibits
two coexisting and conflicting processes that result in
a biphasic pattern. It is possible to obtain the expected

average performance gain from one age to another by
deriving the equation on world records. Thus,
characterizing the progression and regression of
individual athletes or chess players as they age is
mathematically feasible and may lead to nomograms
with a physiological pattern and to the identification
of ‘atypical paths’ (Berthelot et al. 2010a, b) or
abnormal trajectories. The estimated age of peak
performance of the world records (26.1 years old) is
in accordance with other biological and physiological
phenomena such as the age of peak bone mineral
density (Boot et al. 2010), the development of the
pulmonary function (Schoenberg et al. 1978), the
cognitive capacity (Salthouse 2009) or the human
reproduction (Kühnert and Nieschlag 2004).

Inherent to these phenomena, the function includes
two mathematical terms associated with developmen-
tal growth and decline that closely describe perfor-
mance development and occur at different levels.
From a theoretical point of view, it has the self-
similarity characteristics of a scale-invariant process.
Technological improvements and the evolution of
rules both led to modifications in the evolution pattern
of performances. This may have slightly biased the
coefficients assessment and the exact age of peak
performance. Further, changes in the environment and
increased athlete detection efforts might also have
influenced the pattern. However, the model was
adjusted with a high adequacy to the series of
performances gathered here. It may therefore lead to
several applications well outside the field of sport.
The investigation of the age of peak performances for
different phenomena occurring at different scales
might lead to a classification of these phenomena,
with early or late peaks. Another implication would
be to study the interaction of the two phases at
different scales and the development of a method to
estimate life expectancy for a set of individuals.
Injuries and illness and their impact on performances
would also help to estimate their influence on the
pattern. The use of QALYs and DALYs could help to
model and understand this issue.

The study of the world records progression and top
performances revealed a plateau in a majority of
studied events. We extended the studied data and the
model to a broader context: the development of
physiological performance in the process of ageing.
This questions the upcoming evolution of the biphasic
pattern presented here: will the phenotypic expansion
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continue, plateau or decrease? Do we have the ability
to maintain our development in a sustainable way?
Current trends and official statements develop multiple
scenarios: a better understanding of their different steps
and possible regulations will be necessary. Our results
might help to define the contours of such questions.
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