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Chapter 1

Physiological Aspects of Marathon
Running
Billy Sperlich

Abstract Marathon running has evolved as one of the world’s popular running
experiences. Independent of the runner’s performance level the marathon event
represent a major challenge to the runner’s biology. Multiple integrated physiological processes operate to resist fatigue during marathon running. The physical
preparation for a marathon involves a series of complex biological adaptations to
counteract exercise induced fatigue. The following chapter aims at describing
important physiological components that are proposed to constrain a champion’s
physiological capacity for ultimate endurance performance. Further, potential
limiting factors of the lungs, cardio-vascular system, blood oxygen carrying
capacity, muscle properties and metabolism are explained in order to understand the
underlying mechanisms for developing speciﬁc training methods and to estimate
the race pace during marathon running. Other important biological aspects involved
in marathon running such as nutrition, thermoregulation, biomechanics will be
discusses in detail in the following chapters.







Keywords Marathon Oxygen uptake Central limitations Pulmonary diffusion Blood oxygen carrying capacity Muscle adaptation Lactate threshold
Substrate regulation Running Running economy



1.1











Introduction

The question, “the two-hour marathon: who and when?” (Joyner et al. 2011) was
mentioned in 2011, initiating a lively debate about who, how, and when an exciting
barrier of human performance would be broken. The query instigated a search to
identify an outstanding human with extraordinary physiological and mental
stamina.
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During marathon running and prolonged endurance exercise, perceptions of
mental and muscular fatigue eventually occur accompanied by a decline in muscular
performance (Kay et al. 2001; Green 1997; Kay and Marino 2000; Wilmore and
Costill 1999; Millet et al. 2000, 2002; Pinniger et al. 2000; Gibson et al. 2001). To
date several cognitive, bio-chemical and mechanical models have been proposed to
explain the process of fatigue (Noakes 2000, 2007; Hampson et al. 2001; Hunter et al.
2003). However, the fatigue-related process is a complex interplay of neuro-humoral,
metabolic, cardio-vascular and cognitive factors. It has been suggested that the action
of a central (brain-derived) neural regulator controls marathon performance in
anticipation to avoid physical harm (Noakes 2007). This constellation of factors
appears highly individual and remains under investigation (Bouchard et al. 1986).
The mental and physical fatigue occurring during marathon eventually deﬁnes the
velocity achieved during marathon running. To date numerous physiological and
mental components limiting the performance during marathon have been identiﬁed.
So far, three important physiological components are proposed to constrain a
champion’s physiological capacity for ultimate endurance performance. These
components include: the involvement of aerobic and anaerobic energy production—
_ 2peak ), velocity at lactate
as reflected by the runner’s peak oxygen uptake (VO
threshold (vLT), and running economy (RE) (Joyner and Coyle 2008). More than
70 % of the inter-individual variance in long-distance running has been attributed to
_ 2peak , lactate threshold, and running economy (di Prampero et al. 1986) and
VO
together, can to a great extent, explain variation in marathon performance (Sjodin
and Svedenhag 1985).
Of course, other factors such as climate, nutrition, mental stamina, and motivation also signiﬁcantly affect marathon performance (Fig. 1.1 for more details).
For this reason, we have dedicated separate chapters to each of the aforementioned
aspects of marathon science.
It is well known that aerobic metabolism depends highly on oxygen availability
of contracting muscle cells dictated by central (cardio-respiratory and hemodynamic) and peripheral (oxygen extraction) processes (Bassett and Howley 2000).
_ 2peak to be one of the most salient
A substantial body of evidence has shown the VO
_ 2peak determines the upper limit
predictors of endurance performance since (i) VO
for endurance performance (i.e., a runner cannot sustain exercise above 100 %
_ 2peak for prolonged bouts) (Bassett 2002) and (ii) there exists a strong correlation
VO
_ 2peak and performance during a long distance run (Costill 1970).
between VO
_ 2peak have been observed among runners
However, signiﬁcant variations in VO
with a similar level of performance, indicating that other components play an
important role in inter-individual performance variability. From a physiological
standpoint, the oxygen cost of running (expressed as oxygen uptake at submaximal
running), and lactate threshold are additional factors effecting marathon perfor_ 2peak and lactate threshold deﬁne the duration that aerobic and
mance. Basically, VO
anaerobic processes can be maintained, while the runner’s economy regulates
marathon velocity for a given amount of energy consumption.
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Fig. 1.1 Physiological and mental components limiting the performance during marathon (please
note the list may not be exhaustive)

1.2

Oxygen Uptake During Marathon Running

_ 2peak is deﬁned as the maximum amount of oxygen taken up and
A runner’s VO
consumed by all tissue during exhaustive exercise (Bassett and Howley 2000). The
_ 2peak consists primarily—although not exclusively—of the ability
VO
(i) to transport large amounts of blood (i.e. high cardiac output and total body
hemoglobin),
(ii) to distribute blood (i.e. by muscle blood flow) and
(iii) to extract and utilize oxygen within the muscle cell.
(Bassett and Howley 2000; Joyner and Coyle 2008). The biological adaptation from
long distance running allows an athlete to run a marathon at approximately 75–
_ 2peak (Joyner and Coyle 2008; Bassett and Howley 2000). In contrast a
85 % of VO
_ 2peak explaining why marathon
5 and 10-km run will be performed at 90–100 % VO
_ 2peak . Male
runners, when compared to middle-distance runners, possess a lower VO
_
world-class marathon runners hold a VO2peak of >80 ml/min/kg and female runners
of >75 ml/min/kg.
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_ 2peak
Central Limitations to VO

_ 2peak are related to cardiac dimension, pulmonary
The primary limiting factors of VO
diffusion and blood oxygen carrying capacity (Green et al. 1987, 1990).

1.3.1

Cardiac Dimensions

Endurance exercise provokes morphological, regulatory, and functional adaptation
of the runner’s heart (Pavlik et al. 2013). It is well known that endurance athletes’
hearts adapt to training with a reduction in their rate at rest (resting bradycardia)
resulting in heart rates <50 bpm (Underwood and Schwade 1977). Such a reduction
is due to enhanced parasympathetic and reduced sympathetic activity. The reduction in resting heart rate following endurance training allows athletes’ to perform at
a lower heart rate with equal running velocity compared to pre-training.
Recreational endurance exercise produces a global cardiac enlargement, potentially increasing dimensions of all cardiac chambers but rarely produce left ventricular wall thickness greater than normal (Thompson 2007). However, in athletes
performing extreme endurance disciplines such as ultra-runners, cardiac dimensions
—especially chamber size and wall thickness (left ventricle internal dimensions,
intraventricular septum thickness, posterior wall thickness)—may be signiﬁcantly
enlarged beyond normal (Nagashima et al. 2003; Thompson 2007).
The inter-individual difference in peak stroke volume (volume of blood expelled by
_ 2peak . It is noteworthy,
the heart per beat) explains most of the variance in runners’ VO
that the peak values of heart rate are limited and decline with age, but stroke volume
increases substantially especially with high-intensity exercise (Helgerud et al.
2007).

1.3.2

Pulmonary Diffusion

At sea level, pulmonary diffusion may limit performance, since in some cases, the
ability of the pulmonary system to oxygenate blood may be insufﬁcient (Dempsey
et al. 1984; Powers et al. 1985). The runner’s large cardiac output, that is, the
volume of blood being pumped over time, permits the transportation of greater
amounts of blood volume per heartbeat. The large blood transport however, may
not allow the lungs to fully saturate hemoglobin with oxygen since the transit time
of the blood within the lungs may be too short. Thus, well-trained athletes with
large cardiac dimensions may show signs of “exercise-induced arterial hypoxemia”
(Dempsey et al. 1984), especially when commencing heavy exercise.
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Blood Oxygen Carrying Capacity

At the commencement of (endurance) exercise, the vascular system reallocates blood
flow (within and between muscles) to metabolically active skeletal muscles, to ensure
optimal O2-extraction. Increased blood allocation to the muscles is primarily achieved
by elevated blood volume and red blood cells. Low-intensity endurance exercise has
been shown to improve plasma volume (Green et al. 1987) and muscle blood flow
(Coyle 1999) within a relatively short time period (after approximately 3 days of
training (Green et al. 1987)), however a greater amount of exercise is necessary (ap_ 2peak (Hickson
proximately 3–5 weeks with 3–5 sessions/week) to further increase VO
et al. 1981) and capillary- and mitochondrial density (Hoppeler and Weibel 2000).
Reduced blood volume due to dehydration may compromise heat loss and
improve thermal strain in marathon runners (Cheuvront and Haymes 2001).
Remaining well hydrated during marathon (especially when performing in the heat)
is (i) essential for optimal temperature regulation and (ii) upholds blood pressure
and cardiac output for proper oxygen transport.
Altogether, the oxygen delivery to the exercising muscles may be limited by the
aforementioned central factors however, several peripheral factors may also minimize endurance performance.

1.4

_ 2peak
Peripheral Limitations to VO

It is well documented that mitochondria enzyme activity as well as capillary density
limit peripheral O2-utilization. Furthermore, the increase of enzymes as well capillaries improves peak oxygen uptake (Pringle et al. 2003; Kirkendall and Garrett
1998; Hoppeler and Weibel 2000; Tonkonogi et al. 2000; Bizeau et al. 1998)
resulting in greater muscular oxygen extraction from the blood stream.
The trained, in contrast to untrained muscle, has three times greater capillary density,
three to four times greater activity of aerobic enzymes, a larger content of slow twitch
ﬁbers (type I) (Henriksson 1992), and more efﬁcient type I- (Linossier et al. 1993) and
II-muscle ﬁbers (Billat 2001). All aforementioned adaptations ultimately allow
improved mitochondria ATP-synthesis leading to postponed onset of fatigue.

1.4.1

Muscle Adaptation and Lactate Threshold

The training goal of a marathon runner is to increase the velocity that can be
maintained over 42.195 km by improving (i) the efﬁciency of bio-chemical process
to transfer chemical into mechanical energy, (ii) biomechanics of locomotion,
(iii) the ability to resist fatigue.
In endurance athletes, the velocity at the lactate threshold (vLT) is closely linked
to performance (Midgley et al. 2007; Bassett and Howley 2000). As a result, the
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_ 2peak at vLT (% VO
_ 2peak ) are regarded as good
vLT and fractional utilization of VO
indictors of endurance performance between individuals of different ages, genders,
and disciplines (Zinner et al. 2015). In untrained individuals, there is typically no
increase in blood lactate <60 % of peak oxygen uptake, although this value may
vary individually (Scharhag-Rosenberger et al. 2010). In endurance-trained individuals, a rise in the concentration of blood lactate occurs at 75–90 % of peak
oxygen uptake. It has long been suggested that the rise in blood lactate is the cause
for muscle fatigue due to muscle hypoxia. However, as Cairns nicely summarized,
lactate per se is not the reason for acidosis-induced muscle fatigue (Cairns 2006).
As mentioned earlier, the relative contribution of anaerobic metabolism plays a
minor role during marathon running; yet in 5 and 10 km events the contribution
accounts for up to 20 % of the total energy turnover (Joyner and Coyle 2008).

1.4.2

Substrate Regulation During Marathon Running

Depending on body size, gender, and age, the muscle mass of an endurance athlete
totals approximately 15 kg (Hagerman 1984; Coyle et al. 1991). Examination of
muscle biopsies have identiﬁed different muscle ﬁber types with different glycolytic
and oxidative capacity (Saltin et al. 1977; Bassel-Duby and Olson 2006).
Depending on the mode, frequency, intensity, duration of exercise, nutrition and
environmental factors, the muscle has the potential to highly adapt to endurance
training (Hawley et al. 1985; Zierath and Hawley 2004). Plasticity of adaptation
however, seems (Holloszy 1967) genetically determined (Bouchard et al. 2011) and
explains the large inter-individual variance in muscle distribution.
It is important to note, that for a marathon runner, fat oxidation during moderate
or high intensity running is insufﬁcient to satisfy the muscular ATP demands
thereby favoring glycogen pathways. All marathon runners, independent of performance level, rely on carbohydrate fueling as evidenced by an average respiratory
exchange ratio of >0.90 in the last half of the marathon (Spriet 2007).
With ongoing high-intensity running mitochondrial oxidation capacity is limited,
consequently leading to the production of lactic acid (Holloszy et al. 1977; Robergs
et al. 2004; Joyner and Coyle 2008). The oxidation system is highly adaptable to
_ 2peak (Daussin et al. 2007, 2008; Gibala
endurance training and explains why VO
et al. 2006; Burgomaster et al. 2008; Akimoto et al. 2005; Kusuhara et al. 2007;
Serpiello et al. 2011; Laursen and Jenkins 2002) increases and well trained mara_ 2peak without reaching VLT (Holloszy
thon runners may perform close to their VO
et al. 1977).
The velocity during a marathon depends to a great extent on a high level of
aerobic metabolism (Joyner and Coyle 2008). Depending on the analysis and
modelling, aerobic metabolism will account for >86–93 % of energy production in
distance running (Dufﬁeld et al. 2005a, b). With increased running duration, the
capacity of fueling contributes to fatigue since glycogen stores deplete with
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prolonged exercise, thereby limiting oxidative ATP generation, and ultimately
forcing the runner to reduce pace. In this case, special nutrition strategies before and
during a marathon may counteract early depletion of glycogen stores by supplementing glycogen store and preventing hypoglycaemia (Coyle et al. 1983; Sherman
and Costill 1984; Murray 1998).
Depending on the performance level, a marathon is usually run within 2–6 h.
The main fuels for ATP production and muscle contraction derive from muscle and
liver carbohydrates as well as muscle and adipose fat (van Loon et al. 2001;
O’Brien et al. 1993). The depletion of muscle and liver glycogen inevitably lead to
decreased performance (Green 1997; St Clair Gibson et al. 2001). For this reason,
the intake of approximately 30–60 g CHO/h has been proposed during
high-intensity exercise (Coyle and Montain 1992) to prevent muscle glycogen
depletion (Stepto et al. 2001; Wojtaszewski and Richter 1998).
Prolonged muscle contraction, for example, during marathon running, requires
sustained energy fueled by continuous generation of the universal energy compound ATP (adenosine triphosphate). ATP production during marathon running
mainly relies on the breakdown of energy-rich molecules from glucose (also called
as glycolysis) and mitochondrial respiration (ATP production by downbreak of
carbohydrates and free fatty acids aerobic metabolism) (Romijn et al. 1993).
As a general rule, the use of carbohydrates for ATP production increases with
intensity. Untrained runners generally use a higher relative amount of carbohydrates
at a given intensity when compared to well-trained runners. With augmented ﬁtness
(i) the ability to take up free fatty acids from the plasma rises, (ii) the ability to store
and oxidize intramuscular triacylglycerol increases and (iii) the maximal rates of
carbohydrate and fat oxidation elevates (Hawley 2002). Collectively, such adaptations improve the reliance on fat oxidation at a given running velocity with a
simultaneous sparing of carbohydrate fueling.

1.5

Running Economy

Recently, running economy has been deemed the “forgotten factor” in marathon
running (Foster and Lucia 2007). Running economy [deﬁned as the steady state
_ 2 expressed in ml/kg/min (Costill et al. 1973), or ml/min/m (di Prampero et al.
VO
1986)] distinguishes between athletes of different performance levels (Conley and
_ 2peak may perform differently during a
Krahenbuhl 1980). Runners with similar VO
marathon depending on their economy of running. Well trained runners display
lower submaximal oxygen uptake at a given intensity when compared to less
trained runners (Saunders et al. 2004; Barnes and Kilding 2015). Male world class
_ 2max : 83 ml/min/kg
runners have been shown to have a peak oxygen uptake of VO
need at 16 km/h ca. approximately 40 ml/min/km (Lucia et al. 2008), female
_ 2peak of 75 ml/min/kg run 16 km/h with 44 ml/min/kg (Jones
runners with a VO
2006). Recent reviews have nicely summarized which training strategies may be
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most promising for increasing running economy in the range of 1–8 %, including
high-intensity (uphill) running, different forms of strength training, and high altitude training (Barnes and Kilding 2015).
Ultimately however, the amount of accumulated years of running seems to have
the greatest influence on improvements in running economy (Nelson and Gregor
1976; Svedenhag and Sjödin 1985; Jones 2006; Conley and et al. 1984). For
example, a former female world class runner improved her economy of running by
14 % within 5 years (Jones 2006). As experimentally proven, the doubling of
training volume does not lead to further gains in performance (Costill et al. 1988,
1991; Londeree 1997; Lake and Cavanagh 1996). It appears that once a certain
level of adaptation is reached, further adaptations seem to be more dependent on
high-intensity rather than on high-volume training (Londeree 1997).
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Chapter 2

Biomechanics of Marathon Running
Thomas Stöggl and Tobias Wunsch

Abstract This book section starts with an introduction towards the historical
development of modern marathon running with respect to number of participants,
gender and age distribution and the world record marathon times. This encompasses
the development of the mean running velocities, details about the applied stride
characteristics (e.g. stride rate, stride length), the applied strike patterns (e.g. forefoot
strike vs. heel strike), the prevalence and causes of running related injuries. The
second part gives an overview about general biomechanical principles which are
relevant in running. In particular, speciﬁc deﬁnitions (phase deﬁnition of the running
cycle, strike patterns), force components and the mathematical basics with respect to
running energetics, joint loading, leg stiffness etc. are presented. The ﬁnal part gives
an overview about the state of the art knowledge about performance and injury
related aspects with respect to marathon running from a biomechanical perspective.
Special attention is paid to anthropometrics, running technique related aspects,
fatigue effects and footwear.

2.1

Statistics About Marathon Running

2.1.1

Historical Development of Marathon Running

2.1.1.1

General Data About Marathon Running

Marathon running, covering the distance of 42.195 km is part of the Olympics since
1896. Since the New York City Marathon 1976, the sport has exploded on a global
basis. Over the last 40 years, millions of runners participate in marathons in the
world-metropoles like Tokio, Bosten, London, Berlin, Chicago and New York with
more than 40,000–50,000 ﬁnishers, per each. These races, which belong to the
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Fig. 2.1 Development of the number of participants (starters) in the New York City Marathon

“World Marathon Majors Series”, illustrate how the marathon evolved from an
Olympic competition to a world-wide social and ﬁtness phenomenon (Burfoot
2007). To note here that in 1976 only 2090 started in the New-York marathon,
while during the ﬁrst marathon in 1970 only 127 starters were registered with 55
passing the ﬁnish line (Fig. 2.1).
Violet Piercy was the ﬁrst woman who took part in a marathon (1926, London);
however, her time was not ofﬁcially registered. Kathrine Switzer was the ﬁrst
woman who ofﬁcially participated in a marathon (1967, Boston). Even though at
the beginning women were rare and not very accepted in marathon races (1984 ﬁrst
Olympic marathon for women) the participation of women in the marathon has
increased markedly from 11 to 34 %, from 1980 to 1998 and community based
training programs vary in their gender makeup from 28 to 60 % female and 40 to
72 % male (Chorley et al. 2002; Dolgener et al. 1994; Hagan et al. 1987; Janssen
and ten Hoor 1989; Johnson et al. 1982; Krebs 1992; Wen et al. 1997). Today,
female make up to 40 % of all participants (see Fig. 2.1 for the New York City
Marathon). As women have entered the marathon race in unprecedented numbers,
the gender gap between male and female performances has narrowed dramatically.
Indeed the marathon gender gap in 2003 was approximately 8 % (Fig. 2.2a), which
is lower than the differences in many other running distances (Burfoot 2007). The
rate of improvements in marathon performance of women has been much faster
than of men. Thus, it is hypothesized that women marathon runners might ﬁnally
close the gap and overtake men on the long run (Olson et al. 2011). However, in
contrast to this hypothesis, since 2003 only the men’s world records were improved
leading to a gender difference of 10.1 % in 2015.
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Fig. 2.2 Development of the marathon world record time (a), and mean running velocity
(b) across the years (Note not all world records presented were ofﬁcially accepted). (c) Illustration
of the amount of male marathon runners that were able to run below 2:06:00 over the marathon
distance from the year 2000 to 2015 (To note no male runner was able to run below 2:06:00 before
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From 1980 to 1998, the median age of marathon ﬁnishers in the United States
increased for both males (34.0–38.0 years) and females (31.3–34.0 years) (Chorley
et al. 2002). The percent of marathon ﬁnishers who are classiﬁed as junior
(<20 years) has declined from 5 to 1 %, whereas the masters (>40 years) has climbed
from 26 to 40 % (Chorley et al. 2002). Based on the explosive growth in the total
number of ﬁnishers as described above, however the total number of ﬁnishers in the
juniors has stayed relatively unchanged, while the number of masters has markedly
increased representing the most rapidly growing age group (Chorley et al. 2002).

2.1.1.2

Biomechanical Facts About Marathon Running

When analyzing the historical development of the marathon world record, a steady
increase in performance can be observed in both female and male runners
(Fig. 2.2a, b). Starting with a winning time of 2:55:18 in 1908 in men and 3:40:22
in 1926 in female, representing a mean running speed of 14.44 and 11.49 km/h,
respectively, the to date world records are 2:02:57 [Dennis Kipruto Kimetto (KEN),
2014, Berlin] and 2:15:25 [Paula Radcilffe (GBR), 2003, London], resulting in an
increase in the running speed of 43 % in male and 63 % in female up to mean
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running speeds of 20.59 and 18.70 km/h, respectively. To note, that these world
record times represent impressive mean race paces of 2:55, respectively 3:12 min:
sec per kilometer. The average marathon running velocity for the age group 20–34
(unpublished data of the New York Marathon 2015) is approximately 2.8 m/s
(10 km/h). However, not only a steady improvement of the world record can be
observed, but also the total amount of runners that are able to run very fast
marathon times (i.e. below 2:06:00) has dramatically increased (Fig. 2.2c). While in
the years 2002 and 2003 ﬁrst time four runners were able to run below 2:06:00, up
to present (2015) the number has increased to >55 different runners.
On average marathon runners need approximately 20,000 strides (Nigg 2010)
with a range of 11,400–26,000 strides. Based on a video analysis of various sections
of the marathon (unpublished data), the current world record holder demonstrated a
quite stable mean stride rate of 1.54 Hz (1.51–1.60 Hz), representing a stride length
of 3.71 m (3.57–3.79 m) resulting in approximately 11,400 strides (Fig. 2.3).
The question arises, about the factors that have contributed to this steady
development in performance in both female and male marathon runners. The
answer is multifactorial, with e.g. enhanced professionalization in combination with
higher possibility to earn money with running (Salz and Steinkirchner 2010),
optimized training regimes (Saunders et al. 2006), optimized performance diagnostics and control (Higginson 2009; Wunsch and Schwameder 2015), individual
optimized running technique, improved regeneration strategies, improvements in
running equipment such as footwear or functional clothing (Ali et al. 2011;
Worobets et al. 2013), nutrition strategies during preparation phase but also during
the marathon (Buell et al. 2013; Stellingwerff 2012), fast marathon courses, etc.
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Prevalence of Running Injuries
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During the course of a year, approximately two-thirds of runners sustain at least one
injury that causes an interruption in their normal training (Lysholm and Wiklander
1987). However, for runners training for marathons, the yearly incidence rate can be
as high as 90 % (Satterthwaite et al. 1996). According to a review of Van Gent et al.
(2007) the overall incidence of lower extremity injuries in long distance runners in
preparation to or during a marathon varied from 19 to 79 %. In other studies in
which non-lower-extremity injuries were also described and included, the reported
incidence for injuries ranged from 26 to 92 % (Bennell et al. 1996; Bovens et al.
1989; Kretsch et al. 1984; Lun et al. 2004; Macera et al. 1989, 1991; Maughan and
Miller 1983; Satterthwaite et al. 1999; Walter et al. 1989; Wen 2007). To note here,
that older, more experienced runners were shown to be less affected by injury
(Marti et al. 1988; Taunton et al. 2003).

2.1.2.2

Most Common Running Injuries

According to the review of Van Gent et al. (2007) the most common site of lower
extremity injuries was the knee (7.2–50.0 % e.g. patellofemoral pain syndrome,
Iliotibial band friction syndrome and meniscal injuries), followed by the lower leg
(9.0–32.2 % e.g. shin, Achilles tendon, calf, and heel), the foot (5.7–39.3 %), and
the upper leg (3.4–38.1 % e.g. hamstrings, thigh, and quadriceps). Less common
sites of lower extremity injuries were the ankle (3.9–16.6 %) and the hip/pelvis
(3.3–11.5 %) (Kretsch et al. 1984; Nicholl and Williams 1982a, b; Satterthwaite
et al. 1999). For both sexes the knee was the most common site for injury, with 36
and 32 % for men and women (Taunton et al. 2003). While men were seen to have
hamstring and calf problems more often than women, women tended to have hip
problems more than men (Satterthwaite et al. 1999) (Fig. 2.4). Additional complaints for both sexes included tibial stress syndrome, plantar fasciitis, Achilles
tendonitis (Maughan and Miller 1983), thigh muscle soreness, blistered feet,
chafﬁng, abrasions, malaise, lateral ankle sprains, alimentary disorders and extreme
exhaustion (Satterthwaite et al. 1996, 1999; Taunton et al. 2003).

2.1.3

Epidemiology of Running Injuries

Injuries in marathon runners can be multifactorial, but are often attributed to
training errors (Lysholm and Wiklander 1987). In this context the importance to
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Fig. 2.4 Most common
running injuries of the lower
extremities for both female
and male runners

identify modiﬁable risk factors—since these factors are under the control of the
runner—are highlighted (Cameron 2010). The three most commonly cited independent factors for injury are (1) an increase in weekly mileage too quickly;
(2) previous injury; and (3) level of experience (Fredericson and Misra 2007; Marti
et al. 1988).
The running distance is one of the strongest risk factors associated with injury, as
well as any sudden increase in running mileage or change in training volume or
intensity (Macera et al. 1991; Taunton et al. 2003; Van Gent et al. 2007; Walter
et al. 1989; Warren and Jones 1987). In addition, Nielsen et al. (2012) suggests that
marathon runners should, continually increase their weekly volume before the
marathon and runners may be advised to run a minimum of 30 km/week before a
marathon to reduce their risk of injury (Fredericson and Misra 2007; Rasmussen
et al. 2013). However, from an injury perspective, it remains unclear whether a
maximum in the training kilometers per week exist and if an increase in weekly
mileage is associated with speciﬁc types of running injuries. While Rasmussen et al.
(2013) found no differences in running related injuries between runners with 30–
60 km/week and more than 60 km/week, Macera et al. (1989) and Walter et al.
(1989) reported that an absolute running volume greater than 64 km/week was a
signiﬁcant risk factor for male runners to sustain a running related injury. For knee
injuries, strong evidence was found that increasing the training distance progressively per week is a protective factor. However, the relation between distance and
injury is not simple and there may be a ﬁne balance between overuse and underconditioning among long distance runners (Olson et al. 2011).
A very strong second predictor is previous injury (Taunton et al. 2003; Walter
et al. 1989) with those that had previous musculoskeletal problems, the associated
odds ratio was very high (Macera et al. 1991). It is essential that injured runners
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fully recover before participating in running events to prevent re-injury (Macera
et al. 1991; Marti et al. 1988).
Experienced runners were found to be at a decreased risk of injury because they
are able to listen to the “language of their body” (Taunton et al. 2003) to avoid
overuse injuries and develop musculoskeletal adoptions to running (Satterthwaite
et al. 1999) and are more likely to have better baseline training techniques, which
may lower the injury rate during the marathon training program (Chorley et al.
2002). In terms of recovery time after a running injury, Satterthwaite et al. (1999)
found that injuries of experienced runners heal slower. In contrast Van Middelkoop
et al. (2007) reported that runners with a running experience of more than 10 years
were more likely to recover faster.

2.2

Biomechanics of Running

2.2.1

Kinematics

Kinematics is the branch of mechanics that deals with pure motion, without reference to the masses or forces involved in it. Kinematical analysis in running can be
used to determine (1) Times e.g. step time (from foot strike to the foot strike of the
contralateral foot), stride time (from foot strike to the consecutive set-down of the
same foot), step or stride rate (amount of steps/strides per second), ground contact
time (the duration from foot strike to toe-off), flight, float or air time (from foot
strike to the foot strike of the contralateral foot), swing time (from toe-off to the
consecutive foot strike of the same foot); (2) Distances e.g. step or stride length
(distance covered within one step or stride), oscillation amplitude of the center of
mass (COM) in vertical distance, distance of the COM to the heel at foot strike, etc.;
and (3) Angles e.g. joint angles, foot ground angle, etc.

2.2.1.1

Running Cycle—Deﬁnition of Single Phases

According to kinematical analysis the running cycle can be divided into single
phases (Fig. 2.5):
Stance phase (40 % of the stride cycle): The stance phase can be divided into initial
contact (foot contacts the ground), mid stance (at about 50 % of stance, the foot has
full contact to the ground) and toe-off (foot leaves the ground). The ﬁrst phase
between initial contact and mid stance is characterized by eccentric work of the
lower limb muscles (in particular the quadriceps muscle group) to attenuate the load
acting on the runner (Hamner et al. 2010). The COM shows a downward motion,
which is related to the flexion of the ankle, hip and in particular the knee joint
(Mann and Hagy 1980). At mid stance, when the stance leg has to attenuate the
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Fig. 2.5 Phase deﬁnitions of the running cycle

entire body mass of the runner, the knee is maximally flexed (30–50° knee flexion)
(Malinzak et al. 2001). From this position to toe-off, the lower limb muscles act
concentrically to extend the ankle, knee and hip joint to generate an active push-off
from the ground. During this phase the M. soleus and M. gastrocnemius are the
main contributors to forward and vertical acceleration of the COM (Hamner et al.
2010). Toe-off deﬁnes the end of stance and the beginning of the swing phase and
flight phase in the running cycle.
Swing phase (60 % of the stride cycle): After toe-off the swing leg shows a flexion
in the knee and hip joints to form a compact unit, which can be easily moved
forward by concentric action of the hip flexors. Thus the knee reaches an optimal
height related to the running speed. From this position the swinging limb is
preparing for the next ground contact (Dugan and Bhat 2005).

2.2.1.2

Strike Patterns

Foot strikes during running are typically classiﬁed as either (1) rearfoot strike
(heel strike, heel-toe running), in which initial contact is made somewhere on the
heel or rear one-third of the foot (foot ground angle >0°, Fig. 2.6a); (2) midfoot
strike, in which the heel and the region below the ﬁfth metatarsal contact simultaneously (foot ground angle approximately 0°, Fig. 2.6b); or (3) forefoot strike
(ball running), in which initial contact is made on the front third of the foot, after
which heel contact typically follows shortly thereafter (foot ground angle <0°,
Fig. 2.6c) (Bertelsen et al. 2012; Hasegawa et al. 2007; Larson et al. 2011). In case
of differences in the strike pattern between left and right foot the term split strike is
used (Kasmer et al. 2013).
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Fig. 2.6 Deﬁnition of strike patterns according to the foot ground angle: (a) rearfoot strike,
(b) midfoot strike and (c) forefoot strike (modiﬁed from Wunsch and Schwameder 2015)

2.2.2

Dynamics/Ground Reaction Forces

Dynamics is the branch of mechanics that deals with the motion and equilibrium of
systems under the action of forces, usually from outside the system. Analyzing the
ground reaction force in running, the vertical, the anterior-posterior, and the
medio-lateral force component have to be considered (Fig. 2.7).

Fig. 2.7 Illustration of the
three force-time curves in
(a) vertical,
(b) anterior-posterior
(horizontal) and
(c) medio-later direction of
one ground contact during
running at a running velocity
of 3.5 m/s

Force [N/BW]

(a)

(b)

(c)

Time [% stance]
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Vertical and Impact Forces During Running

The vertical force is the highest force component in running and reaches peak values
of up to three times body weight (Munro et al. 1987). The vertical force component
can be divided into two types (1) high frequency (>12 Hz) “impact” forces and
(2) low frequency (<8 Hz) “active” forces (Fig. 2.7a). “Impact forces” are forces
resulting from a collision between two objects and occur during the ﬁrst 20–30 ms of
stance within the eccentric phase. The expression “active force” is used to indicate
that the whole movement is controlled through muscle activity (Nigg 2010).
In heel-toe running, the magnitude of the impact peak of the ground reaction force
depends on the deceleration of the foot and part of the leg (“effective mass”) and the
deceleration of the rest of the body (Nigg 2010). The effective mass in heel-toe
running is estimated between 5 and 15 kg (Denoth et al. 1984) and is higher when the
knee is more extended at initial contact and smaller when the knee is more bent (Nigg
2010). During forefoot running, the effective mass consists of the forefoot and part of
the foot, and is much smaller (1–2 kg) than for heel strikers (Karamers-de Quervarin
et al. 2009). This might explain why the impact peak during forefoot running was
found to be smaller compared with other strike patterns (Nigg 2010).
In running the vertical force is required to vertically decelerate the body during
the ﬁrst part of stance and thereafter to upward accelerate the COM to provide
sufﬁcient flight time to reposition the limbs (Weyand et al. 2010, 2000).
2.2.2.2

Anterior-Posterior Force (Braking and Propulsion)

The horizontal forces can be divided into braking and propulsive forces. The
braking forces during running occur during the ﬁrst half of stance from initial
contact to mid stance, while the propulsive forces occur during the second half of
stance from mid stance to toe-off. The braking force and braking time should be
very small to avoid loss of speed during the braking phase of ground contact
(Nummela et al. 2007). Chang and Kram (1999) suggest that in running at constant
speed a reduced braking of the COM also requires reduced propulsion to fulﬁll the
running task, which is beneﬁcial in terms of running economy. Furthermore, they
reported that the horizontal propulsive forces make up more than one-third of the
total metabolic cost required for running at a constant speed.
2.2.2.3

Medio-Lateral Force

Medio-lateral forces are the shear forces during stance phase in running, with a
relatively small magnitude compared with the vertical and anterior-posterior forces
(Morley et al. 2010). Cavanagh and Lafortune (1980) reported that medio-lateral
ground reaction forces show a high variability within and between subjects. The
presented course of the medio-lateral force during stance (Fig. 2.7c) consequently is
just one individual characteristic of a runner and not a general mean of this ground
reaction force component.
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2.2.3

Joint Moments, Joint Power and Joint Energy

2.2.3.1

Joint Moments
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A joint moment is deﬁned as the product of the force and the perpendicular distance
between the point of force application and the axis of rotation (moment arm)
(Rodgers and Cavanagh 1984). Joint moments can be divided into external
(Mexternal) and internal (Minternal) moments. The external moment is deﬁned by the
acting force (Fexternal) and the moment arm of a joint (dexternal), deﬁned as the
distance between point of force application and joint center. The internal moment is
deﬁned by the muscle force (Finternal) and the moment arm (dinternal) of the muscle to
the joint (Fig. 2.8). In case of that the external moment is equal to the internal
moment no joint movement will occur. If the external moment is not equal to the
internal moment a joint extension or flexion motion will occur.
As shown in Fig. 2.8 dexternal is much larger than dinternal. To realize an active
push-off from the ground a high amount of muscle force is required. E.g. when
Fexternal = 500 N (i.e. the last part of push-off), dexternal = 0.25 m and dinternal = 0.04 m, Finternal can be calculated as follows:
Minternal [ Mexternal
! Finternal  dinternal [ Fexternal  dexternal
! Finternal [ 500 N  0:25 m=0:04 m
! Finternal [ 3125 N

Fig. 2.8 Illustration of internal and external forces (Finternal and Fexternal) and the moment arms of
the muscle (dinternal) and the moment arm of a joint with respect to the acting ground reaction force
(dexternal and Fexternal)
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Fig. 2.9 Illustration of 1
vertical stiffness, based on the
maximal vertical
displacement of the COM
(ΔCOMZ) and 2 leg stiffness
based on the peak
displacement (ΔL) of the
initial leg length L0

2.2.3.2

Stiffness

In literature mainly between three types of stiffness is distinguished (to mention that
within these three methods variations in the calculation procedures as regards the
determination of leg length, direction of the force, etc. exist). The underlying model
for these considerations is a spring-mass model, that considers the entire body as a
mass and a spring (Butler et al. 2003) (Fig. 2.9).
Vertical stiffness (kvert), is calculated from the maximum ground reaction force
(Fmax) during contact divided by the vertical displacement of the COM (ΔCOMz)
(McMahon and Cheng 1990b): kvert = Fmax/ΔCOMz.
Leg stiffness (kleg), is calculated as Fmax divided by the peak displacement (ΔL)
of the initial leg length (L0) (Morin et al. 2005): kleg = Fmax/ΔL.
Joint stiffness (kjoint), is a measure that can be used to indirectly measure factors
related to lower extremity injuries, related mechanically to the attenuation of loads
transmitted through the body. Joint stiffness is calculated as the change in the joint
moment (ΔM) divided by the change in the joint angle (Δθ) in the braking phase:
kjoint = ΔM/Δθ (Ferris et al. 1998; Hamill et al. 2014; Stefanyshyn and Nigg 1998b).

2.2.3.3

Joint Power and Joint Energy (Work)

The instantaneous joint power (Pj) for the joint j is deﬁned by the joint moment (Mj)
times the angular velocity of the respective joint (ωj): Pj = Mj * ωj.
When integrating the joint power-time curve, the amount of positive (energy
generated) and negative (energy absorbed) work done by the referring joint can be
calculated.
In running, joint power analysis during stance phase indicates that for each joint
there are phases where energy is either absorbed (decrease in joint energy; Eabs) or
generated (increase in joint energy; Egen) (Fig. 2.10). The absorption of energy is
referred to eccentric muscle contraction, whereas the generation of energy is
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Fig. 2.10 Example of time courses of the (a) knee joint angle, (b) angular velocity (differentiation
of joint angle) , (c) joint moment , (d) joint power (joint moment times angular velocity) with Eabs
indicating energy absorption and Egen indicating energy generation, and (e) joint energy
(integration of the joint power curve over time) during the stance phase running at a speed of 3 m/s

referred to concentric muscle contraction. Since athletic performance is largely
dependent on the mechanical energy which is produced at the joints, understanding
the contributions of each of the various lower extremity joints may provide further
insight into athletic performance of these activities (Stefanyshyn and Nigg 1998a).
In this context, training induced differences (e.g. in the muscle-tendon unit) or
running shoes could affect the energy absorbed or generated at the joints. In case of
that the absorbed energy is dissipated and not stored for later re-use, it seems
beneﬁcial that a reduction of such energy absorption might lead to an increase in
performance (Stefanyshyn and Nigg 1998a).

2.2.4

Running Economy

Running economy is typically deﬁned as the metabolic cost required to run submaximally at a given velocity and can be determined by measuring the steady-state
_ 2 Þ (Anderson 1996; Conley and Krahenbuhl 1980;
oxygen consumption ðVO
Saunders et al. 2004). In running, a strong relation between distance running performance and running economy can be observed (Anderson 1996; Conley and
Krahenbuhl 1980; Fletcher et al. 2009).
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In the classic study of Pollock (1977) it was demonstrated that elite runners with a
_ 2max values but better running economy when
focus on marathon had lower VO
compared with those who focused on shorter running distances. From a biomechanical point of view running economy is affected by a number of variables such as
stride length and stride rate (Cavanagh and Williams 1982), ground contact time
(Nummela et al. 2007), ground reaction forces (Nummela et al. 2007), muscular
activity (Kyrolainen et al. 2001; Tartaruga et al. 2012b) vertical oscillation of the
COM (Heise et al. 2011; Tartaruga et al. 2012a; Williams and Cavanagh 1987) or the
capacity of elements to store and return elastic energy (Gleim et al. 1990). However,
descriptive kinematic and kinetic parameters alone cannot explain the complexity of
running economy (Kyrolainen et al. 2001; Martin and Morgan 1992; Williams and
Cavanagh 1987). It has been suggested that further variables that describe muscle
force production (i.e. force-length-velocity relationship and activation) are probably
more suitable for explaining running economy (Martin and Morgan 1992).

2.3

Predictors of Marathon Performance and Injury

In this chapter selected aspects related to marathon performance and injury are
presented.

2.3.1

Anthropometrics

Distance runners come in many sizes and shapes, from tall to short, from stout to
lean (Frederick 1990; Frederick and Clarke 1982; Kleindienst et al. 2003). Their
anthropometric data show that the average marathoner is 176.5 cm tall and has a
body mass of 65.8 kg, with a high range in both parameters (152–197 cm and 40–
100 kg) (Kleindienst et al. 2003).

2.3.1.1

Related to Performance

Top-class Kenyan marathon runners (n = 14) with a marathon personal best of
<02:07:16 and a training volume of 180–220 km per week were 171.2 ± 6.1 cm tall
and had a body mass of 57.7 ± 4.0 kg. Furthermore, this group of elite athletes were
characterized by the following anthropometric proﬁle (Vernillo et al. 2013):
(1) body density 1.13 ± 0.02; (2) percentage of body fat 8.87 ± 0.07 %; (3) somatotype dispersion mean 4.58 ± 3.62; (4) somatotype attitudinal mean 0.51 ± 0.09;
(5) height to weight ratio 44.32 ± 1.06; (6) skinfolds extremity to trunk ratio
0.36 ± 0.11; (7) endomorphy 1.53 ± 0.32; (8) mesomorphy 1.61 ± 1.81 and
(9) ectomorphy 3.86 ± 0.78 (Fig. 2.11).
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Fig. 2.11 Anthropometrical
characteristics of world elite
marathon runners (Vernillo
et al. 2013)
58 kg
171 cm

In the few studies that compared elite and non-elite marathon runners it was
indicated that the anthropometrics of a runner can have a substantial impact on the
running performance. Studies comparing elite and non-elite runners showed that a
reduced body mass (53 vs. 64 kg in female) (Hagan et al. 1987); (58 vs. 66 kg in
male) (Kleindienst et al. 2003; Vernillo et al. 2013) was associated with race times
in both genders. Elite versus non-elite females showed a body mass index of 19.6
versus 20.3 and body fat of 14.8 versus 16.4 % (Hagan et al. 1987). With respect to
running performance, body mass index (r = 0.52) and body fat (r = 0.52) were
positively related to marathon race time in females (Hagan et al. 1987). These
ﬁndings are in line with Knechtle et al. (2011) who found that body mass index
(r = 0.48), body fat (r = 0.56) but also body mass (r = 0.60), skin-fold at pectoral
(r = 0.61), mid-axilla (r = 0.69), triceps (r = 0.49), subscapular (r = 0.61), abdominal
(r = 0.59), suprailiac (r = 0.55) and medial calf (r = 0.53) site correlated to
half-marathon race time of recreational female runners. Elite runners were also less
endomorphic but more ectomorphic than the average runners. No signiﬁcant differences between elite and non-elite runners were found for either bone widths or
circumferences (Bale et al. 1986).
Scholz et al. (2008) identiﬁed a strong correlation between the moment arm of
the Achilles tendon and running economy in highly trained male runners. Smaller
moment arms of the Achilles tendon correlated with lower rates of metabolic energy
consumption (r2 = 0.75, P < 0.001). In contrast to that, Kunimasa et al. (2014)
found that the Achilles tendon moment arm was signiﬁcantly longer and the foot
lever ratio was signiﬁcantly lower in Kenyans than in Japanese distance runners.
Furthermore, running performance was positively related to the Achilles tendon
moment arm (r = 0.55, P < 0.001) and negatively to the foot lever arm (r = −0.45,
P = 0.002).
Kenyan elite distance runners were shown to have a lower BMI and a more
slender body shape compared to Caucasian elite distance runners (Saltin et al.
1995). Furthermore, Kenyan boys’ circumference of the lower leg was found to be
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smaller when compared with Caucasian boys. Therefore the long, slender legs of
Kenyans could be advantageous as the energy cost when running is a function of
leg mass (Larsen 2003).
Thus, knowledge about the anthropometrics of marathon runners could be useful
to practitioners and researchers, providing information for talent identiﬁcation and
development for the assessment of training progression to enhance performance
(Vernillo et al. 2013).

2.3.1.2

Related to Injury

A number of authors (McKenzie et al. 1985; Messier and Pittala 1988; Warren and
Jones 1987) have reported that runners with high longitudinal arches (pes cavus) are
at an increased risk of injury during running, whereas others (Montgomery et al.
1989; Rudzki 1997a; Wen et al. 1997) did not ﬁnd arch height to be a risk factor in
running injuries.
Another anatomical factor that has been suggested to be related to running
injuries is the range of motion in plantar and dorsiflexion. Some studies (James and
Jones 1990; Messier and Pittala 1988; Warren and Jones 1987) have found that
runners with a greater range of motion in plantar flexion have more injuries than
runners with less mobility in plantar flexion. On the other hand, van Mechelen et al.
(1993) reported no difference in ankle range of motion between a group of runners
with lower extremity injuries and a group of controls, and Montgomery et al. (1989)
suggested that military recruits who sustained stress fractures during training tended
to have less ankle flexibility than recruits who did not sustain these injuries.
Anatomical variables such as tibia varum, rearfoot varus, and leg length discrepancies could be grouped together as lower extremity alignment abnormalities.
These factors, and other problems related to alignment of the body have been
reported to be associated with overuse running injuries by some authors (James and
Jones 1990; Lysholm and Wiklander 1987; Stanish 1984), although others
(Montgomery et al. 1989; Rudzki 1997b; Walter et al. 1989; Wen et al. 1997) did
not ﬁnd these associations.
Due to these conflicting reports in the literature we can overall conclude that
injury mechanisms in running are highly individual. Further research in this ﬁeld is
desired to identify different types of runners with speciﬁc anatomical risk factor
proﬁles.

2.3.2

Running Stride Characteristics

Running speed is deﬁned as the product of stride length and stride rate (Hay 2002):
v(m/s) = strides/sec(Hz)·cycle length (m). Submaximal running speed up to a level
of 90 % is primarily regulated by an increase in stride length, while maximal
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running speed is achieved by an increase in stride rate (Cavanagh and Kram 1989;
Mero and Komi 1986; Nummela et al. 2007). The stride cycle splits up into ground
contact and swing phase with the former being the only phase during the running
cycle in which a runner can produce force and influence stride length and running
speed. The increase in stride length results from increasing both vertical and horizontal ground reaction forces affecting the COM motion during stance (Nummela
et al. 2007). The primarily task of the swing phase is to reposition the leg and to
prepare the consecutive ground contact.

2.3.2.1

Related to Performance

Oxygen uptake increases curvilinear as stride length is either lengthened or shortened compared to the individual preferred condition (Cavanagh and Williams
1982). For a given speed most runners typically choose a stride length/stride rate
relation close to the most economic one, determined by VO2 (Cavanagh and
Williams 1982; Högberg 1952). To enhance running economy, interventions for
altering stride length and stride rate are often approached from a practitioner’s
perspective. However, most reports in the literature do not support a correlation
between running economy and stride length/stride rate. There is evidence that:
(1) the level of performance has no influence on the stride length/stride rate relation
(Williams and Cavanagh 1987), (2) training interventions with the objective of
altering stride length and stride rate have no general effect on running economy
(Franch et al. 1998) and (3) seem only be effective for a small group of runners
(Morgan et al. 1994).
In terms of ground contact time, short contact times were shown to be beneﬁcial
for both running economy and maximal running speed (Nummela et al. 2007).
Furthermore, the braking force and braking time should be very small to avoid loss
of speed during the braking phase of ground contact, which can be reached by a
small horizontal distance between the COM and ﬁrst contact point of the leg
(Nummela et al. 2007).
According to the motion of the COM, most reports in the literature stated that
excessive vertical oscillation of the COM is linked to poor running economy
(Anderson 1996; Heise and Martin 2001; Saunders et al. 2004; Williams and
Cavanagh 1987). The vertical oscillation of the COM requires potentially a wasteful
vertical motion in running (Anderson 1996) with an increase in vertical impulse
shown to be negatively related to running economy (Heise and Martin 2001).

2.3.2.2

Related to Injury

Heiderscheit et al. (2011) found that subtle increases in step rate can substantially
reduce the loading of the hip and knee joints during running and might be beneﬁcial
in the prevention and treatment of common running-related injuries. However, it
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has to be considered that despite the clear reduction in the magnitude of knee joint
loading when step rate is increased, the corresponding increase in the number of
steps required for a given distance (i.e. loading cycles) may offset any potential
beneﬁt to injury reduction. That is, the cumulative loading incurred by the lower
extremity may be the same for a given running distance (Heiderscheit et al. 2011).
However, running with shorter stride lengths has been suggested to reduce the risk
of a tibial stress fracture, despite the greater number of loading cycles (Edwards
et al. 2009). Thus, it appears that the beneﬁts of reducing the magnitude of loading
outweigh the detriments of increased loading cycles. Whether this same
injury-reducing beneﬁt is realized for other common running-related injuries (e.g.,
anterior knee pain, iliotibial band syndrome) has yet to be determined (Heiderscheit
et al. 2011).

2.3.3

Strike Pattern

Runners can be categorized according to their strike pattern (Fig. 2.6). In long
distance running the percentages of heel, midfoot, forefoot and split strike among
elite runners were 75–89, 3–24, 1–2 and 6 % (Hasegawa et al. 2007; Larson et al.
2011). Novice runners (inactive persons taking up running) showed almost exclusively the heel strike pattern (97–99 %) (Bertelsen et al. 2012). Why runners prefer a
certain strike pattern is unclear and seem to be dependent by a sum of influencing
factors as e.g. running speed, training, fatigue, presence of shoes, shoe design and
surface characteristics such as stiffness, slipperiness, unevenness and roughness
(Breine et al. 2014; Lieberman et al. 2015). Thus it was proposed that one’s footfall
pattern is an intrinsic dynamic which is difﬁcult to alter (Hamill 2012).

2.3.3.1

Related to Performance

Differences in strike patterns have led to numerous hypotheses about their advantages and disadvantages (Lieberman et al. 2015). Especially the forefoot running
pattern has gained popularity for its claimed beneﬁts of performance enhancement
and prevention of injuries (Lieberman et al. 2010; Romanov and Fletcher 2007). It
was hypothesized that forefoot running would functionally improve the spring-mass
mechanics of running (Lieberman et al. 2010). Forefoot runners activate their
plantar flexor muscles 11 % earlier and 10 % longer than heel strikers. This earlier
and longer relative activation of the plantar flexors likely enhances the capacity for
the passive structures of the foot and ankle to store elastic energy, which could
enhance the performance of the active muscle by increasing the storage of elastic
strain energy in the cross-bridges and activated titin (Ahn et al. 2014).
However, numerous studies showed that no differences between heel and forefoot strike in terms of running economy could be detected (Ardigo et al. 1995;
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Cunningham et al. 2010; Gruber et al. 2013; Larson et al. 2011; Perl et al. 2012).
_ 2 or carbohydrate contribution
Gruber et al. (2013) e.g. found no differences in VO
to total energy expenditure (%CHO) between heel and forefoot strikers and Larson
et al. (2011) found no signiﬁcant differences between marathon race times and foot
strike patterns both in runners of recreational and sub-elite level. These results
suggest that the forefoot pattern is not more economical than the heel strike pattern
(Gruber et al. 2013). The strike patterns of the current and previous world record
holder furthermore support these inconclusive results. While Dennis Kimetto (WR
2014) could be identiﬁed as heel striker the previous world record holder Wilson
Kipsang (WR 2013) and Haile Gebrselassie (WR 2007) were mid- and forefoot
striker (unpublished data).

2.3.3.2

Related to Injury

Within the last years training programs e.g. the “pose running method” and minimalistic shoe concepts (see Sect. 2.3.5) have been developed to alter the heel strike
pattern towards a mid- or forefoot running style (Arendse et al. 2004; Diebal et al.
2012). It was demonstrated that in forefoot running no discernible impact peak in
the vertical ground reaction force occurs which was suggested to prevent injuries
(Lieberman et al. 2010). However, there is conflicting evidence that the amount of
impact is related to injury. Some studies found a relationship between vertical
ground reaction forces and injury (Hreljac et al. 2000; Milner et al. 2006) while
others did not (Bredeweg and Buist 2011; Hamill et al. 2014; Scott and Winter
1990). According to Hamill et al. (2014) limited evidence exists regarding the
mechanical changes that occur with the initial adoption of the forefoot pattern.
An abrupt change of an intrinsic dynamic strike pattern could rather lead to
overuse injuries. Perl et al. (2012) reported that running with a non-heel strike
pattern increases Achilles tendon impulse by 24 % for each step compared to
running with a heel strike pattern. Injury to the Achilles tendon may result from
repetitive submaximal loading, creating microscopic tears to collagen ﬁbers which
experience high tensile forces during running (Kirkendall and Garrett 1997; Micheli
1986). Furthermore, changing a strike pattern towards a forefoot running style
could also lead to an increase in the contact pressure on the metatarsals (Goss and
Goss 2012) which increases the risk of osteoarthritis in these joints.

2.3.4

Fatigue Effects

In general fatigue can be divided into peripheral fatigue, occurring within the motor
units of muscles, and into central fatigue, in the brain and the spinal cord (Weir
et al. 2006). Thus fatigue in running is a multi-dimensional response of the human
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body which influences the physiological and biomechanical movement pattern to
change away from the baseline condition (Hunter and Smith 2007; Maclaren et al.
1989). The internal changes with fatigue could therefore ultimately lead to external
kinematic and kinetic changes during a marathon which affect the stride characteristics and contribute to a reduction in running economy up to 15 % (Hunter and
Smith 2007; Kyrolainen et al. 2000).

2.3.4.1

Related to Performance

As response to fatigue, athletes slightly change their running kinematics within a
stride cycle. According to the spatio-temporal variables a fatigued runner demonstrates a decrease in stride rate (Avogadro et al. 2003; Candau et al. 1998; Dutto and
Smith 2002; Garcia-Perez et al. 2013; Gerlach et al. 2005; Hunter and Smith 2007),
an increase in stride length (Garcia-Perez et al. 2013) and increase in contact time
(Avogadro et al. 2003) or no changes in these parameters (Finni et al. 2003; Morgan
et al. 1990). These kinematical changes seem to be necessary to minimize metabolic
cost during fatigue (Hunter and Smith 2007). Furthermore, fatigued runners show a
minor reduction in the foot ground angle (Christina et al. 2001), an increase in
maximal knee flexion and extension (Mizrahi et al. 2000) and an increase in the hip
vertical excursion between the highest position to peak acceleration position
(Mizrahi et al. 2000).
In terms of stiffness, the relationship between mechanical stiffness and athletic
performance is of great interest to the sport and research communities (Brughelli
and Cronin 2008). According to the literature, running economy has been shown to
be related to stiffness (Dutto and Smith 2002; Heise and Martin 2001; Kerdok et al.
2002; Mcmahon and Cheng 1990a). Kerdok et al. (2002) reported that an increase
in lower extremity stiffness induced by running on softer surfaces is associated with
greater running economy. In addition Dutto and Smith (2002) reported that as
runners become fatigued both stiffness and running economy decreased. Thus, it
could be speculated that increased stiffness in a runner is beneﬁcial in order to
utilize the stored elastic energy that occurs during the loading portion of stance
(Latash and Zatsiorsky 1993) and positively affect running economy.

2.3.4.2

Related to Injury

Fatigue can be hypothesized to be a primarily contributor for running related
injuries (Willems et al. 2012). However, a number of different factors seem to affect
fatigue induced injuries. Willems et al. (2012) analyzed prior to and after a 20 km
run the force distribution underneath the feet via a foot scan. The results showed an
increased loading under the whole and medial arch which was in line with other
research on this topic (Garcia-Perez et al. 2013; Weist et al. 2004). These ﬁndings
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indicate that the natural damping of the foot is reduced with fatigue in running
leading to an increased risk of stress fractures (Weist et al. 2004).
Another risk factor for running related injuries with fatigue might be the vertical
ground reaction force (Zadpoor and Nikooyan 2011). However, there are conflicting
reports in the literature about the amount of increase or decrease in the vertical
ground reaction force with fatigue (Christina et al. 2001; Gerlach et al. 2005; Rabita
et al. 2011). In a mathematical modeling study Nikooyan and Zadpoor (2012)
showed that actually no changes in the vertical ground reaction force peaks (impact
and active) occurred. Yet the soft tissue vibration increased with fatigue. Soft tissue
vibrations occur in response to the impact force and are normally heavily damped
through the musculoskeletal system (Nigg and Wakeling 2001). The increase in
vibration therefore could indicate that the capacity of the human body’s protective
mechanism decreases with muscle fatigue (Zadpoor and Nikooyan 2010).
In terms of running related injuries also the vertical and leg stiffness should be
considered. Dutto and Smith (2002) showed that both vertical and leg stiffness
decreased with fatigue. These changes are primarily caused by the reductions in
stride rate and can be related to muscle activation of the lower limb (Dutto and
Smith 2002). According to the literature there is evidence that increased stiffness
would be beneﬁcial in terms of injury prevention, whereas reduced stiffness could
enhance the risk of lower limb injuries (Grimston et al. 1991; Hamill et al. 2011;
Hennig and Lafortune 1991).

2.3.5

Footwear

In general a running shoe consists of: (1) The outsole: Rubber sole to provide
enough traction between the shoe and the running surface; (2) The midsole: The
classic midsole is built of EVA (Ethylene-vinyl acetate) foam and should guarantee
sufﬁcient cushioning. Sometimes further cushioning and torsion elements of different material e.g. plastic, gel, air pocket are integrated. The midsole of a running
shoe shows a positive drop deﬁned as the difference between heel and forefoot
height, and (3) The insole and the upper: Both are in contact with the foot and
should cope with the foot anatomy and runners needs in comfort (Fig. 2.12).

2.3.5.1

Related to Performance

Shoe Mass
According to Frederick (1986) a reduction of 100 g shoe mass causes a 1 %
_ 2 . It is estimated that a 1 % decrease in VO
_ 2 can permit a runner to
reduction in VO
increase his or her speed per unit cost by approximately 0.049 m/s (Hanson et al.
2011). During a marathon this could save a runner approximately 3 min.
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Fig. 2.12 Components of a running shoe

Energy Consideration
An athlete has three major strategies available to improve the work-energy balance
during locomotion (1) to store and return energy, (2) to optimize muscle functions
and (3) to minimize the loss of energy (Nigg and Segesser 1992). These three
factors have to be considered to provide an optimal energy condition in shoe soles.
However, running shoe designs had limited success following the concept of
energy return due to the capability of cushioning materials to energy return (Nigg
2010; Shorten 1993). Also the concept of optimizing the musculoskeletal system by
optimizing the force-length and force-velocity relationship of speciﬁc muscles
lacked from scientiﬁc support in running (Roy and Stefanyshyn 2006). It is much
more known from cycling, where the position of the athlete on the bicycle could be
adjusted in order to optimize the length-ranges and velocities in which muscles work
(Nigg 2010). Therefore, Nigg and Segesser (1992) suggested that novel running
shoe designs should focus on strategies to minimize the energy loss. To follow this
concept next to material changes (e.g. adidas Boost) (Nigg et al. 2003; Worobets
et al. 2013) also structural changes of running shoe midsoles (e.g. adidas
Springblade, On running shoe) were considered. According to Roy and Stefanyshyn
(2006) increased midsole longitudinal bending stiffness could lead to improvements
in running economy by 1 % and also structural changes of the midsole were
identiﬁed to improve running economy up to 2 % (Wunsch et al. 2015).
Another strategy of minimizing energy loss relates to the extra energy cost
through muscle activity to damp soft tissue vibrations especially at impact during
locomotion. The strategy should, therefore, consist in minimizing the negative
effects of resonance between the input signal (impact force) and the oscillation
frequencies of the soft-tissue vibration (Nigg 2010). However, to the best of our
knowledge no shoe-concept was yet designed that addresses this strategy.
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Midsole Thickness, Minimalistic Running Shoes and Barefoot Running
Minimalistic running shoes (with a very thin and flexible midsole e.g. Vibram
FiveFingers, etc.) have been in the focus of attention during the last years especially
because of the assumed beneﬁts on performance enhancement and injury prevention (see Sect. 2.3.3). In this context minimalistic running is often associated with
running barefoot. At the 1960 Olympic Games in Rome, Abebe Bikila won the
marathon with a new world record time of 2:15:16 running the entire race barefoot
(Nigg 2010). In terms of running performance it is assumed that the oxygen consumption for running barefoot compared to running with running shoes typically
shows a differences of about 4–5 % in favor of running barefoot (e.g. Freychat et al.
1996; Nigg 2010). These beneﬁts in running barefoot might belong to the additional
mechanical work an athlete must perform against the gravity as well as to accelerate
the additional mass of the shoe during a marathon. The lack of difference found in
most of the studies suggests that factors other than shoe mass play important roles
in determining the metabolic costs of barefoot versus shod running (Burkett et al.
1985; Divert et al. 2008; Franz et al. 2012; Frederick 1984; Squadrone and Gallozzi
2009). Furthermore, barefoot running is different to running in barefoot or minimalistic shoe concepts. Athletes and their coaches should not expect to instantly
replicate barefoot running while running in a minimalist shoe (Bonacci et al. 2013).
Thus Nigg (2010) suggests that the performance advantage of barefoot running is
small and that barefoot running may only be beneﬁcial for a small group of runners.
The Preferred Movement Path
The traditional thinking in the sport shoe and orthotics community is that shoes and
orthotics align the skeleton. However, experimental results do not provide conclusive support for this expectation (Nigg 2010). The skeleton of an individual
athlete much more attempts for a given task (e.g. heel-toe running) to stay with
minimal adjustments in the same movement path, ‘the preferred movement path’
(Nigg 2001; Nigg et al. 2015). The changes (if any) are typically subject speciﬁc,
small, and often inconsistent (Nigg 2010). Muscle activity is used to ensure that the
skeleton stays in this path (Nigg et al. 2015). If this paradigm is correct a good
running shoe with the potential to increase running performance would be a shoe
that allows or support the skeleton to move in the ‘preferred movement path’.
A good shoe would consequently demand less muscle activity for the movement
task (Nigg et al. 2015). Furthermore, from a training perspective the paradigm of
the ‘preferred movement path’ could also be used to develop running shoes that
clearly focus on disturbance of the ‘preferred movement path’ of a joint leading to
an increased muscle activity of selected muscles (Nigg 2010).
Furthermore the theory of the ‘preferred movement path’ seems not only be
effective regarding performance but also in term of preventing running related
injuries (Nigg et al. 2015).
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Related to Injury

Midsole Thickness, Minimalistic Running Shoes and Barefoot Running
Based on current knowledge it is not known whether people running barefoot or in
minimalistic shoes have more, equal, or fewer injuries than people running in
conventional running shoes (Nigg 2010). From an injury perspective barefoot and
minimalistic running could much more be used as a training tool to strengthen the
foot muscles (Bruggemann et al. 2005). Barefoot training has been used by coaches
for a long time with the suggestion that barefoot training improves the strength of
the overall muscular system and that barefoot training strengthens all the muscles,
including both the large muscles like the M.biceps femoris and the
M.gastrocnemius, as well as small muscles like the M.soleus and the M.peroneus
longus leading to a well-balanced development of the muscles crossing the joint
(Nigg 2009). Experimental evidence for such training could be provided by studies
using wobble board training (Emery et al. 2005; Emery and Meeuwisse 2010). The
relationship between wobble board training and barefoot training is that both
training forms strengthen the small and large muscles crossing a joint improving
motion and control strategies of the athlete (Nigg 2009). However, also different
barefoot shoe concepts which can be classiﬁed into shoes that try to (a) mimic the
shape of the human foot (e.g. adidas ‘Feet You Wear’ concept), (b) mimic the
kinematics of barefoot running (e.g. Nike free concept), and (c) mimic the feeling of
barefoot movement (e.g. MBT Masai Barefoot Technology concept) were effective
in terms of injury prevention. It has been shown that (a) the ‘Feet You Wear’
Basketball shoe could reduce the risk of injuries (Meeuwisse et al. 2003), (b) the
Nike free running shoe increase the flexor strength of the Metatarsophalangeal
(MTP) joint (Potthast et al. 2005) and reduces the rate of injuries (Brüggemann
et al. 2008) and (c) MBT shoes were able to reduce low back pain in golfers (Nigg
et al. 2006). These ﬁndings illustrate the potential of barefoot running or running
with barefoot shoe concepts as a suitable trainings tool to prevent injuries.
However, translations of these ﬁndings into marathon running are not yet available.
Comfort
Runners can quickly identify comfortable running shoe. Maybe comfort it is one of
the key aspect when buying a certain running shoe. Even though it is very difﬁcult
to provide a highly reliable measurement for comfort (Miller et al. 2000;
Mundermann et al. 2001) studies assessing comfort of shoe and insert conditions
have shown that the choice for a certain shoe concept is highly individual and
different functional groups of runners need different shoe designs to feel comfortable (e.g. some participants like a medial support while others not) (Mundermann
et al. 2001; Nigg et al. 2015). Furthermore, there is evidence that shoe designs that
are more comfortable for a runner are associated with lower movement-related
injury frequency than shoe conditions that are less comfortable (Nigg et al. 2015).

2 Biomechanics of Marathon Running

2.4

37

Conclusion

Sports Biomechanics has the potential to evaluate aspects of performance and
injury in marathon running. The current book chapter illustrates in many sections
that there is still discrepancy regarding the performance and injury related factors in
marathon running. E.g. questions about the optimal spatio-temporal parameters, the
distribution of force components along stance in combination with whole body
posture, the optimal strike pattern etc. is still open to debate. In this context it
should be considered that each marathon runner is an individual, with speciﬁc
anthropometrics, training history and stress tolerance. Thus, an optimization of an
individual running technique in terms of performance and injury prevention is
highly subjective. The same is true for the choice of an optimal running shoe.
Future shoe concepts could use novel midsole materials and designs to improve the
energy conditions in running, to support the ‘preferred movement path’ and be
comfortable and therefore be individually tailored and custom ﬁt. Within this
process a ﬁne balance between performance orientation and injury prevention is
desired.
The big open questions in marathon running who will break the 2-h marathon
barrier and when this might happen is still open for discussion (Joyner et al. 2011).
In 2008, after the race where Haile Gebrselassie won the Berlin Marathon with the
world record time of 2:03:59, he told the reporters that he was too old to break the
2-h barrier (Delliaux et al. 2011). It is suggested that a world-class marathon runner
from East Africa, aged around 25 or less, could break the 2 h barrier if speciﬁcally
trained early enough (Olson et al. 2011). Whoever breaks the 2 h will likely have an
outstanding running economy combined with an optimal running technique and
ideal anthropometrics for marathon running. Modeling using the progression data of
the world record times since the late 1920s demonstrates that the time under 2-h
will possibly occur by the years 2021–2022 or using a less optimistic model by the
year 2035 (Joyner et al. 2011).
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Chapter 3

Nutrition for Marathon Running
Karsten Koehler

Abstract Marathon runners can uniquely beneﬁt from nutritional strategies that
support their training responses and/or maximize their performance during the actual
race. Promising strategies during marathon training include the adequate provision
of dietary energy, macronutrients (carbohydrates, protein), and selected micronutrients (e.g., iron) to meet the increased requirements of prolonged distance running.
Nutritional and training approaches aimed at increasing fat oxidation rates or
facilitating weight loss may be associated with negative effects and should therefore
be conducted with care. During the actual marathon race, runners can beneﬁt from
carbohydrate loading strategies that serve to maximize pre-race muscle glycogen
storage capacity. Consumption of carbohydrates, fluid, and sodium can prevent
preemptive fatigue due to nutrient depletion, and caffeine supplementation can
provide ergogenic effects during prolonged running. Because the responses to these
nutritional interventions can vary substantially among individuals and require ﬁne
tuning depending on factors such as performance level, environmental conditions,
designated running pace, propensity for gastrointestinal discomfort, and availability
of aid stations during the race, marathon runners are highly encouraged to familiarize
themselves with these strategies prior to utilizing them in a competitive setting.
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Introduction

Nutrition is a factor of paramount importance for marathon running. Adequate
nutritional strategies can support the marathon runner in achieving their goals when
training for marathon running as well as in maximizing their performance during
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the actual race (Burke et al. 2007). It is beyond the scope of this chapter to address
general nutritional guidelines for individuals who exercise, which are covered in
detail elsewhere (Rodriguez et al. 2009). The purpose of this chapter is to discuss
and deﬁne speciﬁc nutritional requirements of the marathon runner and to identify
nutritional strategies that have the potential to improve marathon performance.
These include strategies to optimize the storage and utilization of energy substrates,
the prevention of fatigue secondary to nutrient depletion, and minimization of
gastrointestinal distress during prolonged running.
Due to the high load of marathon training, runners uniquely beneﬁt from
strategies that allow them to sustain prolonged exercise at a vigorous pace and from
interventions that maximize marathon-speciﬁc training adaptations (Stellingwerff
2013). Nutritional strategies should be aligned with the goals, requirements, and
characteristics of speciﬁc training periods and consequently may vary between
general training, race-speciﬁc training, pre-race preparation periods, and speciﬁc
training interventions practiced only by a few (elite) runners, such as altitude
training or heat acclimatization (Stellingwerff 2012; Burke et al. 2007).
Energy production during prolonged running is almost exclusively aerobic. The
primary energy substrates utilized during marathon running are carbohydrates
(CHO) originating from intramuscular glycogen stores and plasma glucose, which
is maintained by liver glycogen as well ingested dietary CHO, and fatty acids
originating from intramuscular triglycerides and plasma free fatty acids, which are
mainly derived from adipose tissue (Spriet 2007). However, the relative contribution of these metabolic fuels is largely dependent the relative exercise intensity,
which is deﬁned by the actual running pace as well as the runner’s training status:
Recreational runners who complete the marathon distance in the range of 3.5 h or
more exercise at intensities of 60–65 % of maximal oxygen uptake (VO2max),
where fat oxidation can account for as much as 60 % of total energy production
(Romijn et al. 1993). The relative contribution of fatty acid oxidation is considerable lower in faster recreational runners who exercise at intensities 70–75 % of
VO2max, and elite marathon runners who ﬁnish a marathon in 2:20 (h:min) or less
rely almost exclusively on CHO, as their intensity is between 80 and 90 % of
VO2max (Spriet 2007; Stellingwerff 2013). Because CHO storage is limited, the
depletion of muscle glycogen and plasma glucose can occur after as little as 90 min
of running, which is associated with the onset of fatigue and the need to reduce the
running pace (Rapoport 2010; Jeukendrup 2011). Therefore, various nutritional and
training strategies that serve to maximize the muscle glycogen storage and minimize the utilization of muscle glycogen and liver-derived plasma glucose during
marathon running are associated with performance beneﬁts (Jeukendrup 2011;
Stellingwerff 2013).
Another nutritional factor that can limit prolonged running performance during
marathon training and competition is adequate hydration, particularly in environmental conditions that facilitate excessive fluid losses (Maughan et al. 2007). This
chapter will provide a general overview of hydration strategies and discuss how
these can be integrated with other nutritional goals.
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The cumulative mechanical impact of prolonged running on the gastrointestinal
tract as well as the consumption of beverages and food while exercising is associated with an increased risk of gastrointestinal complications (Pfeiffer et al. 2012).
Nutritional strategies will be addressed that can help minimizing these complications and consequently directly impact the well-being and performance of runners.

3.2

Nutrition for Marathon Training

During general marathon training, the optimal diet provides nutrients to ensure
good overall health of the runner and to maximize the effects of marathon training.
Appropriate nutrient timing before, during, or after a workout can help to reduce
fatigue, enhance training adaptations and performance, and maximize recovery
(Rodriguez et al. 2009). Nutrients that are of particular relevance for general
marathon training include overall dietary energy, macronutrients, iron, vitamin C
and other dietary antioxidants, and nutrients that modulate immune function.
Recommendations for other nutrients, for which there is currently not sufﬁcient
scientiﬁc evidence that they are speciﬁc to marathon running, can be found elsewhere (Rodriguez et al. 2009).

3.2.1

Energy, Body Weight, and Body Composition

Endurance exercise, and particularly long distance running, is associated with a high
energy cost (Loucks 2007). The energy cost of distance running can be estimated at
approximately 1 kcal (4.2 kJ) per km per kg body weight (1 kcal/kg/km or
4.2 kJ/kg/km), or 1.6 kcal/kg/mile (6.7 kJ/kg/mile) (Maughan and Burke 2002), so
that even in recreational runners, energy requirements may be substantially higher
than in the general populations. Considering that elite marathon runners may train as
much as 150–280 km/week on 2–3 sessions per day (Burke et al. 2007; Stellingwerff
2013), it is not surprising that energy requirements of marathon runners are signiﬁcantly elevated when compared to their sedentary counterparts. For example,
total energy expenditure increased on average by 30 % in sedentary individuals who
underwent a 40-week training program while preparing for a half-marathon. As
such, their physical activity level, which is deﬁned as the ratio of total energy
expenditure to resting energy expenditure, increased from sedentary 1.6 to 2.1
(Westerterp et al. 1992). Even greater physical activity levels of 2.3 and higher have
been measured in elite distance runners (Fudge et al. 2006). It is generally recommended that athletes increase their caloric intake to account for the increased energy
expenditure of exercise (Rodriguez et al. 2009), but it should be considered that
energy balance is not necessarily the goal of marathon training (Loucks 2004, 2007).
A low body weight and/or a low body fat percentage are beneﬁcial for marathon
running, as they assist fast and economic running and facilitate heat dissipation

50

K. Koehler

(O’Connor et al. 2007). Therefore, many marathon runners may intentionally limit
their caloric intake to attain or maintain a low body weight and/or a low body fat
percentage (Burke 2007). In fact, issues surrounding inadequate dietary energy
intakes are particularly prevalent in marathon running and other endurance sports
(Loucks 2004, 2007). Considerations speciﬁc for the female marathon runner, who is
at an even greater risk of not meeting her energy requirements (Loucks 2007), will be
addressed elsewhere in this book, but there is increasing evidence that male
endurance athletes are also at risk of energy deﬁciency (Hagmar et al. 2013).
Negative health effects of chronic energy deﬁciency can include disrupted reproductive function, reduced bone strength and quality, and impaired cardiovascular
health (Loucks et al. 2011), and there is preliminary evidence that chronic energy
deﬁciency may also be associated with suboptimal endurance exercise performance
(Vanheest et al. 2013). Therefore, marathon runners are advised to deﬁne realistic
goals for their body weight and body composition, which should not interfere with
other nutritional targets. Because appetite and voluntary food intake are not reliable
markers of energy requirements, athletes may need to determine the increased
energy cost of marathon training to adequately adjust their overall dietary energy
intake (Loucks 2007). Observational as well as experimental data suggests that
athletes should maintain their energy availability in the range of 30–45 kcal per kg
fat-free mass (FFM) even when attempting to lose weight in order to prevent the
suppression of metabolic and reproductive functions and to conserve bone health
(Loucks 2007). Energy availability, which is deﬁned as the difference between daily
caloric intake and the energy expended during exercise and describes the amount of
dietary energy that is available for other metabolic functions after deducting the
energy cost of exercise training, can be easily monitored by athletes and/or their
coaches, as it requires only the assessment of total dietary energy intake, exercise
expenditure, and the size of fat-free mass (Loucks 2007).

3.2.2

Substrate and Macronutrient Metabolism

3.2.2.1

Carbohydrates

Because of their high training load, it is a crucial ability for the marathon runner to
quickly recover between subsequent training bouts. It is undisputed that a high dietary
CHO intake can facilitate the restoration of muscle glycogen stores between repeated
bouts of prolonged exercise as well as improve performance during subsequent
exercise bouts (Costill and Miller 1980; Fallowﬁeld and Williams 1993). Current
recommendations acknowledge that CHO requirements are increased during periods
of high training load, even though most studies have failed to demonstrate that a high
CHO intake during endurance training is associated with improved aerobic performance (Sherman et al. 1993; Achten et al. 2004). Nevertheless, current recommendations for long-distance running suggest a CHO intake of 5–7 g per kg body weight
during periods of moderate training loads and a CHO intake of 7–12 g/kg during
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high-volume periods (Burke et al. 2006; Jeukendrup 2011). Because dietary energy
intake may vary depending on energy balance and body weight goals, some athletes
may need to increase their CHO intake substantially to reach these recommendations
(Burke et al. 2006; Loucks 2007). This is particularly true for female athletes, whose
habitual energy and CHO intakes are often lower when compared to their male
counterparts (Tarnopolsky and Ruby 2001). For athletes who attempt to lose weight,
it may be beneﬁcial to periodize CHO and energy intakes over the course of a
competitive season such that CHO and energy intakes are reduced during periods that
emphasize body weight and body composition goals and, conversely, CHO and
energy intakes are increased during training period that emphasize performance and
recovery (Burke et al. 2004).

3.2.2.2

Fat Adaptation

Strategies that are associated with an increased oxidation of fatty acids originating
from plasma free fatty and/or intramuscular triglyceride stores will allow athletes to
conserve crucial CHO stores during long-distance running (Spriet 2007).
Well-controlled laboratory studies have shown that overall fat oxidation can
increase by as much as 30 % after several days of endurance training on an isocaloric diet with a low CHO (2.5 g/kg/d) and high fat content (4.6 g/kg/d) (Burke
et al. 2000). This drastic increase in fat oxidation is likely due to the upregulation of
beta-oxidative pathways and muscle fatty acid transporters as well as elevated
whole body-fat oxidation (Burke and Hawley 2002). The increase in fat oxidation
following several days of such a high-fat/low-CHO diet can be maintain even when
athletes restore their muscle glycogen stores by consuming a high-CHO diet for
24 h (Burke et al. 2002). However, studies have failed to demonstrate a clear
performance beneﬁt of this strategy for trained individuals (Burke and Hawley
2002). High-intensity performance capacity, which can be crucial during surges or
sprints, appears to be compromised during high-fat/low-CHO diets secondary to a
downregulation of glycolytic pathways during fat adaptation (Havemann et al.
2006), and a low CHO intake has also been linked to an increased risk of injury or
disease (Nimmo et al. 2007), reduced well-being, and an impaired capacity to train
(Burke et al. 2004). Therefore, fat-adaptation strategies that involve multiple days
of training on a high-fat/low-CHO diet are currently not recommended. However,
many elite marathon runners periodically conduct single training sessions in a state
of low CHO availability, which they achieve by exercising following an overnight
fast or after deliberately not restoring CHO stores after workout earlier in the day
(Stellingwerff 2013). These single training bouts on low CHO availability are
considered physiologically and psychologically challenging and likely results in an
improved capacity to oxidize fat without increasing the risk of side effects of
prolonged fat adaptation strategies, such as delayed recovery, decreased training
quality, immune stress, and impaired high-intensity exercise capacity. Elite marathon runners incorporate 1–5 training sessions with low CHO availability per week
into their training regular training schedule, but it is recommended to gradually
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reduce the frequency of these low CHO availability training bouts during the
preparatory training and taper periods prior to the marathon race (Stellingwerff
2013).

3.2.3

Protein Requirements

For male endurance athletes, protein requirements can be as high as 1.6 g/kg, which
is twice as high as requirements for the sedentary population. Protein requirements
for female endurance athletes are about 10–20 % lower than in male athletes, i.e.
1.3–1.45 g/kg (Tarnopolsky 2004). The increased protein requirements in endurance athletes reflect increased levels of amino acid oxidation during prolonged
aerobic exercise, which can account for as much as 5 % of the energy expenditure
of exercise (Rennie et al. 2006). Protein oxidation and requirements are particularly
increased in the CHO-deﬁcient state, during high-intensity exercise, and in the
calorie-restricted state (Tarnopolsky 2004). In fact, increased protein during periods
of calorie-restricted weight loss may be associated with a preservation of lean mass
(Pasiakos et al. 2013). In most endurance athletes, habitual dietary protein intake is
in the range or exceeds these requirements, but some athletes may consume inadequate protein from their diet, particularly those who chronically restrict caloric
intake (Tarnopolsky 2004).
The co-ingestion of protein and CHO following endurance exercise (<8 h) can
enhance muscle resynthesis and stimulate muscle protein synthesis (Moore 2015),
and post-exercise consumption of a supplement providing both CHO and protein
has been shown to result in improved endurance performance when compared to
placebo (Roy et al. 2002). There is no evidence that the ingestion of protein in
addition to CHO during endurance exercise is beneﬁcial (Colombani et al. 1999).

3.2.4

Micronutrients

3.2.4.1

Iron

Iron is an integral component of the oxygen-carrying molecules hemoglobin and
myoglobin and many cellular mechanisms. Reduced iron status is associated with
impaired exercise capacity and performance (Zourdos et al. 2015), and adequate
iron stores may be particularly critical for adaptations to altitude training (Hawley
and Spargo 2007). Due to potentially low dietary iron intake as well as increased
iron requirements of endurance training, marathon runners and other endurance
athletes are a group that is particular prone to suffer from suboptimal iron status
(Zourdos et al. 2015). In many endurance athletes, and particularly in female athletes, dietary iron intake is below the recommendations, and dietary iron intake may
further be compromised by diets that provide only few sources of highly
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bioavailable heme iron, such as meat products, but include large amounts of
nutrients that reduce intestinal iron absorption, such as tannins (e.g., in coffee or tea)
or phytates (e.g., in legumes or grains).
In addition, prolonged running is associated with increased iron requirements
secondary to increased erythrocyte turnover and increased hemolysis and hemoglobinuiria, which can be caused by the destruction of erythrocytes in capillaries in
the foot due to the prolonged repeated impacts of running (“foot strike hemolysis”).
Other factors for increased iron requirements in endurance athletes include
increased iron losses through gastrointestinal bleeding and sweating, as well as
altered iron metabolism secondary to the exercise-induced upregulation of hepcidin,
a protein involved in iron sequestration (Peeling et al. 2008). The relative contribution of these factors in the pathophysiology of iron status abnormalities in
endurance athletes remains poorly understood, but it is well documented that athletes are at increased risk of low iron status when compared to their sedentary
counterparts. Whereas the prevalence of iron deﬁciency anemia, which presents the
most severe form of iron status abnormalities characterized by hemoglobin concentrations below the clinical range of 130 g/L in males and 120 g/L in female, is
similar among athletes and general population, the prevalence of iron depletion,
characterized by low iron storage, is signiﬁcantly increased in athletes. Among
women the risk of low iron status is further elevated due to the iron loss of
menstrual bleeding, and the prevalence of iron depletion in female athletes can be as
high as 37 %, which is approximately 1.5 times greater than in sedentary women
(Fogelholm 1995).
For endurance athletes, it is typically recommended to monitor iron status at
regular intervals of 1–2 times per year (Rodriguez et al. 2009). Clinical measures of
iron status (Table 3.1) include makers of iron storage, such as ferritin, markers of
cellular iron demand, such as soluble transferrin receptor (sTfR), and measures of
oxygen transport capacity (hemoglobin, hematocrit). In athletes with
iron-deﬁciency anemia, supplementation with 50–100 mg iron per day is typically
associated with improvements in aerobic capacity (Zourdos et al. 2015). In athletes
with iron deﬁciency without anemia, which is typically deﬁned by serum ferritin
concentrations below 12–15 µg/L, or iron depletion, deﬁned by ferritin concentrations below 20–35 µg/L, iron supplementation may improve metabolic efﬁciency, endurance capacity, and endurance performance (Zourdos et al. 2015);
whereas, iron supplementation is not associated with performance beneﬁts in
athletes with adequate iron status, as indicated by serum ferritin above >35 µg/L.
A study among participants of the Zurich marathon revealed that 15 % of male
runners demonstrated serum ferritin concentrations that were indicative of iron
overload (Mettler and Zimmermann 2010). Because iron supplementation in
individuals with adequate iron status can increase the risk of side effects, such as
hematochromatosis and iron toxicity, it is critical to monitor iron status prior to
supplementation (Zourdos et al. 2015). It is further noteworthy that nutritional
interventions that increase dietary iron intake and enhance bioavailability of dietary
iron appear at least equally effective in preventing exercise-induced reductions in
iron status when compared to iron supplementation (Lyle et al. 1992).

54

K. Koehler

Table 3.1 Stages of Iron status abnormalities, their effects on marathon-related performance, and
their prevalence in marathon runners
Stage

Clinical
marker

Performance and health effectsc

Low iron
storage (iron
depletion)
Iron deﬁciency

Serum ferritin
<20–35 µg/Lc

Unclear, but supplementation
recommended

Serum ferritin
<15 µg/Lb
sTfR: log
(serum
ferritin) ≥4.5b
Iron-deﬁciency
Hemoglobin
anemia
<120 g/L
(women)a
Hemoglobin
<130 g/L
(men)a
Iron overload
Serum ferritin
>150 µg/L
(women)a
Serum ferritin
>200 µg/L
(men)a
a
World Health Organization (2007)
b
Sinclair and Hinton (2005)
c
Zourdos et al. (2015)
d
Mettler and Zimmermann (2010)

3.2.4.2

Prevalence
in marathon
runnersd

Impaired marathon performance,
immunosuppression, reduced bone
strength; reversible by
supplementation

Women:
28 %
Men: 1.6 %

Impaired oxygen transport capacity,
reduced aerobic capacity; reversible by
supplementation

Women:
14 %
Men: <1 %

Hemochromatosis, iron toxicity

Women:
4.7 %
Men: 15 %

Antioxidants

The role of dietary antioxidants for marathon runners and other endurance athletes
remains only poorly understood. It is well documented that due to their increased
oxygen turnover, endurance athletes are exposed to greater levels of oxidative
stress, and that supplementation of dietary antioxidants, primarily vitamin C and
vitamin E, can attenuate measures of oxidative stress (Gomez-Cabrera et al. 2015).
However, recent evidence suggests that the generation of oxidative stress per se is
not critical and in fact may trigger cellular mechanism that are required for optimal
training responses to aerobic exercise training. Because supplementation of high
doses of dietary antioxidants may have the capacity to attenuate the beneﬁcial
effects of chronic exercise training (Gomez-Cabrera et al. 2015; Braakhuis 2012),
antioxidant supplementation is not recommended for marathon runners and other
endurance athletes. However, consumption of antioxidants in the range of the
recommended daily allowance from food sources should provide health beneﬁts
without impairing training responses, and should be highly encouraged in athletes
(Pingitore et al. 2015; Braakhuis 2012).
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Training of Race Strategies

Particularly during later stages of marathon training, athletes are encouraged to
incorporate race-speciﬁc strategies into their training regimen. Strategies that may
warrant familiarization include CHO loading strategies as well as the consumption
of CHO and fluid under race-like conditions. These strategies will be discussed in
detail in the next section (Table 3.2).
Table 3.2 Recommended nutritional strategies during marathon training
Nutrient/strategy

Goal

Recommended
intake

Comment

Energy

Weight stability: meet
energy requirements
Weight loss: energy
deﬁcit, but prevent
negative metabolic and
health effects

Energy expenditure of
running: *1 kcal/kg/km
(1.6 kcal/kg/mile)

Carbohydrates

Meet CHO requirements

Protein

Meet protein
requirements

Energy
Availabilityf:
45 kcal/kg FFM/da
Energy
Availability:
>30 kcal/kg
FFM/da
Moderate training
loads: 5–7 g/kg/db
High training
loads: 7–12 g/kgb
Men: 1.6 g/kgc
Women: 1.3–
1.45 g/kgc

Iron

Prevent iron depletion
and deﬁciency

Men: 8 mg/dd
Women (age ≤50):
18 mg/dd
Women (age >51):
8 mg/dd

Fat adaptation

Single training sessions in
low glycogen state

1. Overnight fasted,
exercise directly
after waking, no
food
2. Limited CHO
intake after ﬁrst
session of the day
Consume normal
CHO following
sessione

a

Sufﬁcient in most
athletes
Elevated during periods
of energy deﬁcit
Highly bioavailable iron
(heme iron); facilitate
iron absorption (vitamin
C)
Monitor iron status 1–2
times/year
1–5 times per week,
reduce frequency closer
to race

Loucks et al. (2011)
Burke (2007)
c
Tarnopolsky (2004)
d
Food and Nutrition Board (2015)
e
Stellingwerff (2012)
f
Energy Availability = Dietary Energy Intake − Exercise Energy Expenditure
b
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Nutrition for the Marathon Race

Nutritional strategies before and during the race that provide nutrients at the right
time can help to delay the onset of fatigue. Because of the paramount importance of
CHO as metabolic fuel for marathon running (Spriet 2007), interventions that
maximize muscle glycogen stores prior to the race and approaches during the race
that minimize the breakdown of muscle glycogen and liver-derived plasma glucose
are the most promising strategies to improve marathon performance. Well-being
and marathon performance can further be improve through the consumption of fluid
and minerals for the prevention of dehydration and the use of supplements with
ergogenic effects.

3.3.1

Carbohydrate Loading

During running events with a distance of 30 km and greater, fatigue is typically
caused by the depletion of muscle glycogen stores and/or hypoglycemia (Burke
2007; Jeukendrup 2011), and is well established that fatigue can be delayed substantially when muscle glycogen stores are increased (Rapoport 2010). Even
though to this date no ﬁeld studies have explicitly been conducted over the full
marathon distance, it is unequivocally accepted that marathon runners uniquely
beneﬁt from maximized muscle glycogen storage (Burke 2007). Studies conducted
in the 1960s and 1970s established a classical model of muscle glycogen supercompensation, according to which a 3- or 4-day phase of prolonged exercise with a
very low dietary CHO intake (≤15 % of dietary energy from CHO), which served
to fully deplete muscle glycogen stores, followed by a 3–4 day loading phase with
minimal exercise and very a high CHO intake (≥70 % of dietary energy from
CHO), doubled muscle glycogen stores (Karlsson and Saltin 1971). As such, this
strategy allowed runners to maintain their designated pace for a longer duration and
improved 30-km running performance (Karlsson and Saltin 1971; Williams et al.
1992). However, these early studies also revealed potential side effects associated
with glycogen supercompensation strategies, which included fatigue and difﬁculties
to maintain the high training load required to fully deplete muscle glycogen as well
as gastrointestinal distress secondary to the drastic change in dietary CHO intake
between the depletion and loading phase (Burke 2007). Follow-up studies showed
that a similar increase in muscle glycogen could be attained when the CHO intake
during the initial depletion phase was maintained at normal levels (50 %) while
runners exercised to deplete their muscle glycogen stores (Sherman et al. 1981).
Recent experiments have shown that as little as 24 h of carbohydrate loading are
sufﬁcient to maximize muscle glycogen storage when athletes consume a diet with
very high CHO content of 10 g/kg or more (Sedlock 2008). Most but not all data
further suggest that slightly higher muscle glycogen levels can be attained when
CHO loading occurs after the depletion of glycogen stores through prolonged
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low-intensity or short, high-intensity exercise due to increased rates of glucose
transport and glycogen synthesis in the glycogen-depleted state. Elevated muscle
glycogen levels can be maintained for 3–5 days when refraining from prolonged
exercise (Sedlock 2008).
Even though several carbohydrate loading strategies exist, all seem to result in a
similar increase in muscle glycogen storage, which is unarguably effective in
improving the ability to sustain prolonged endurance exercise (Jeukendrup 2011).
For endurance events lasting 90 min or longer, successful CHO loading can
improve performance by as much as 2–3 % (Jeukendrup 2011), even though
individual performance effects may vary substantially among individuals (Sedlock
2008).
The amount of CHO consumed during CHO loading is crucial for the success of
CHO loading and should be in the range of 10–12 g/kg/day; whereas the type and
source of dietary CHO do not seem to impact the capacity to store muscle glycogen
(Sedlock 2008). Nevertheless, foods with a high CHO content may be required for
athletes to consume the recommended amounts of CHO, and foods with a high
glycemic index have been utilized in situations when the time for CHO loading is
limited (Sedlock 2008). Despite earlier reports, it has been shown that female
athletes exhibit a similar capacity to increase their muscle glycogen stores when
compared to their male counterparts. However dietary intake must be adjusted to
meet the CHO and energy needs of CHO loading, which may require female
athletes, whose energy and CHO intake is habitually lower than that of male
athletes, to drastically increase their dietary intake (Tarnopolsky and Ruby 2001).
Studies of dietary practices of marathon runners suggest that even though most
athletes self-report the consumption of a high CHO diet prior to a race, actual
pre-race CHO intake may be substantially lower than recommended. This ﬁnding
has been attributed to nutritional naivety as well as conscious attempts to avoid
CHO-rich foods (Burke and Read 1987).
Because glycogen storage is associated with water retention, maximized CHO
storage is typically associated with a weight gain of typically 1–2 kg (Jeukendrup
2011). For most athletes, the beneﬁts of increased muscle glycogen storage will
outweigh side effects, but some athletes may be opposed to gaining weight.
Because most CHO loading strategies require substantial changes in the diet and as
such can be associated with gastrointestinal distress, athletes should be encouraged
to include their preferred CHO loading strategies into their training regimen as to
test them prior to the actual marathon race.

3.3.1.1

Pre-race Diet

During the ﬁnal hours before a marathon, athletes should consume primarily easily
digestible foods in order to minimize the stress on the digestive system. Theories that
the ingestion of CHO shortly before exercise could be associated with performance
detriments secondary to insulin-induced hypoglycemia and subsequent performance
detriments are not only unfounded (Jeukendrup 2011). In fact, CHO ingestion as
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close as 5–15 min prior to exercising has been shown to evoke similar beneﬁcial
metabolic effects as the ingestion of CHO during exercise (Jeukendrup 2011).

3.3.2

Maintaining High Rates of CHO Oxidation During
the Marathon

The beneﬁcial effects of CHO ingestion during prolonged running have been
known since the 1920s. CHO can improve performance during prolonged running
through central effects as well as metabolic effects, which include the preservation
of muscle glycogen, the provision of additional fuels, and the prevention of
hypoglycemia (Tsintzas and Williams 1998; Carter et al. 2004; Millard-Stafford
et al. 1997; Tsintzas et al. 1996). The effects of CHO ingestion on aerobic performance are dose-dependent, and performance beneﬁts are maximized at CHO
intake rates of 60–80 g/h (Stellingwerff 2013; Jeukendrup 2011). However, the
utilization of exogenous CHO as metabolic fuel is limited by the ability to absorb
CHO in the small intestine, and marathon runners should carefully choose CHO
sources that allow them to maximize the potential of CHO ingestion. When CHO
are consumed from a single source, such as glucose or glucose polymers (e.g.
maltodextrin), exogenous CHO oxidation is limited by the saturation of intestinal
glucose transporters (SGLT-1), which occurs at around 60 g/h during exercise
(Baker and Jeukendrup 2014). However, the addition of fructose, which is absorbed
using alternate intestinal transporters (GLUT-1), can increase exogenous CHO
oxidation to approximately 90 g/h (Baker and Jeukendrup 2014). Because high
CHO oxidation rates have been reported following the administration of fluids, bars,
and gels (Jeukendrup 2011), it seems likely that exogenous CHO oxidation is
independent of the form of CHO administration. Limitations in intestinal CHO
absorption and oxidation appear to be independent of body size. Consequently, the
beneﬁts of CHO supplementation may be even greater in smaller and lighter
marathon runners, who are may be able to oxidize similar amounts of exogenous
CHO when compared bigger and heavier athletes (Stellingwerff 2013). On the other
hand, slower runners, in whom CHO oxidation is lower due to the lower rate of
energy expenditure as well as a lower contribution of CHO oxidation to total energy
expenditure, may not require as much as 60–90 g/h of exogenous CHO while
running a marathon. Athletes are strongly encouraged to adjust their CHO intake
strategies to match CHO oxidation rates at their designated race pace.

3.3.3

Hydration

Depending on environmental conditions, hydration can become a performancelimiting factor during marathon running. Documented fluid loss during marathon
running and similar distance running events is typically in the range of 0.7–1.8 L/h,
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but may be as high as 3.7 L/h in some individuals (Cheuvront and Haymes 2001).
Athletes are generally advised to start exercising in a euhydrated state, which can be
achieved through ingesting sufﬁcient fluid (5–7 mL/kg) approximately 4 h before
competition and subsequent monitoring of the urinary response (Sawka et al. 2007).
While exercising, it is recommended to consume adequate fluid in order to maintain
the level of dehydration below 2 % of body weight (Sawka et al. 2007; Maughan
and Shirreffs 2008). If dehydration is expected to be greater due to severe environmental conditions and/or limited fluid availability during the race, hyperhydration strategies may be warranted. Hyperhydration can be achieved through
consumption of excess fluid and the addition of sodium to retain fluid and prevent
increased urination (Shirreffs et al. 2004). Athletes are strongly advised to refrain
from prohibited hyperhydrating substances, such as glycerol (World Anti-Doping
Agency 2015). Even though endurance performance capacity can be negatively
impacted by dehydration by as little as 2 % of body weight, it has been repeatedly
reported that faster marathon runners tend to consume less fluid and attain greater
levels of dehydration when compared to slower runners (Zouhal et al. 2011).
However, it remains unclear if these ﬁndings suggest that mild dehydration is
associated with a performance beneﬁt or that faster and better-trained runners have
a greater tolerance for dehydration. Because fluid losses can vary considerable
among individuals and are strongly dependent on both individual and environmental factors, athletes are advised to determine their individual fluid loss, and
consequently their requirements, under race-like conditions. Exercise-associated
fluid losses can easily be determined by assessing changes in body weight over the
course of an exercise bout (Sawka et al. 2007).
Over-consumption of fluid may result in dilutional hyponatremia, which is
associated with moderate side effects, such as confusion, weakness, and fainting
(plasma Na+ <130 mmol/L), and severe side effects, including seizures, coma, and
death (plasma Na+ <126 mmol/L). In most marathon runners, hyponatremia is
asymptomatic, but it can become severe in a small proportion of athletes (Kipps
et al. 2011), and has been linked to several fatalities during marathon races.
Hyponatremia can be prevented by avoiding excessive fluid intake and by attenuating sodium depletion in runners who excrete salty sweat (Montain et al. 2006),
which can be reached through sodium consumption of approximately 450 mg/h
from sports beverages or the addition of salt to water and other beverages
(Murray 2007).

3.3.4

Gastrointestinal Distress

Between 10 and 95 % of marathon runners experience gastrointestinal distress
during prolonged running (Jeukendrup 2011). Most runners report only mild
symptoms, such as nausea and dizziness, but more severe complications such as
stomach and intestinal cramps, vomiting, and diarrhea, may occur in a small proportion of runners and can impair marathon performance substantially (Pfeiffer
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et al. 2012). Gastrointestinal distress occurs more frequently during running when
compared to other endurance exercise modes and its incidence increases with
exercise duration (Peters et al. 1999). Dietary factors that have been linked to
gastrointestinal distress include the consumption of highly concentrated sports
drinks and particularly highly concentrated CHO and/or large amounts of CHO that
may exceed the intestinal CHO absorption capacity (Sareban et al. 2015; Pfeiffer
et al. 2009; Rehrer et al. 1992). Because the gastrointestinal CHO tolerance varies
considerably among individuals and may adapt to chronically high CHO exposure,
marathon runners are encouraged to determine their individual tolerable rate of
CHO consumption (Jeukendrup 2011). Other dietary risk factors associated with
gastrointestinal distress include the consumption of fat, ﬁber, or protein while
exercising (Peters et al. 1999). Because none of these nutrients are essential for
marathon running, athletes should be discouraged from products that contain signiﬁcant amounts of fat, ﬁbers, or protein during the race. There is limited evidence
that gastrointestinal distress could be linked to insufﬁcient fluid consumption and
dehydration during prolonged running (Stuempfle et al. 2013), so that fluid consumption, particularly early during the race, may reduce the risk of gastrointestinal
distress. Vitamin E has been linked to the prevention of intestinal ischemia during
prolonged exercise (Buchman et al. 1999), but there is no evidence that vitamin E
supplementation could reduce gastrointestinal distress during marathon running.

3.3.5

Supplements

Despite an ever-growing market for sport supplements, compelling scientiﬁc evidence for an ergogenic effect exists for only a few substances. Caffeine, when
consumed at doses of 3–6 mg/kg, improves aerobic endurance performance (Burke
2008) so that caffeine can have ergogenic effects for marathon runners. Caffeine has
a half-life of 3–5 h and should be consumed approximately 1 h prior to the race.
Slower runners may beneﬁt from additional caffeine consumption (1 mg/kg) after
approximately 2 h into the race. Even when caffeine is consumed at later stages
during the race, performance beneﬁts are still likely to occur (Burke 2008). Side
effects of caffeine exist and include insomnia, tachycardia, headache, and nausea.
The effects of caffeine on exercise performance are not altered by habituation or
withdrawal (Van Soeren and Graham 1998), and the use of caffeine is currently not
banned by the World Anti-Doping Agency (2015).
A novel group of supplements that may be of interest for marathon runners are
dietary sources of nitrates, which can increase metabolic efﬁciency during submaximal exercise via generation of nitric oxide. As such, acute supplementation of
nitrate or consumption of nitrate-rich beetroot juice of can reduce oxygen demand
and increase running economy during prolonged exercise (Barnes and Kilding
2015). However, it remains to be determined whether these effects translated into
meaningful improvements in aerobic performance, and consequently, in marathon
performance (Table 3.3).
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Table 3.3 Recommended nutritional strategies for race preparation and during the marathon race
Nutrient/Strategy
Race preparation
Carbohydrate
loading

Hydration

Caffeine
During the race
Carbohydrates

Hydration

Sodium

Goal

Recommended
intake

Comment

Maximize
intramuscular
glycogen
stores

10–12 g/kg/d,
1–3 d prior to
racea
High glycemic
index if limited
to 1 db
5–7 mL/kg, 4 h
prior to
exercisec
3–6 mg/kg, 1 h
prior to raced

Exercise to deplete glycogen stores
prior to loading may increase
effects; Little or no exercise during
loading

60–90 g/he

For >60 g/h: multiple CHO sources
(e.g. glucose + fructose (2:1))

Fluid intake
should match
sweat loss
450 mg/hf

Considerable individual variation,
dependent on environmental
conditions

Begin race in
euhydrated
state
Ergogenic
effects
Maximize
exogenous
CHO
oxidation
Maintain
dehydration
<2 %
Prevent
hyponatremia

Test urine response

Side effects possible

a

Burke et al. (2007)
Sedlock (2008)
c
Sawka et al. (2007)
d
Burke (2008)
e
Baker and Jeukendrup (2014)
f
Murray (2007)
b

3.3.6

Practical Recommendations

During the marathon race, athletes typically have access to aid stations, where fluid
(e.g., water and sports drinks) and food (e.g. bars, gels, and bananas) are provided.
Based on availability, preference, and needs, some athletes may consider carrying
small amounts of food and/or fluid in pockets or attached to belts. Elite runners
typically have access to reserved aid stations so that they can consume customized
drinks and foods during the race without having to carry these items.
The use of sport drinks is beneﬁcial because they provide fluid as well as CHO
and electrolytes, which both facilitate fluid uptake. The CHO concentration of a
drink can be tailored such that both fluid and CHO requirements are met. CHO
concentrations should be in the range of 4–8 % (40–80 g per L) in order to avoid
delayed gastric emptying as well as gastrointestinal complications, both factors that
are more likely to occur when CHO concentrations exceed 8 % (80 g per L) (Baker
and Jeukendrup 2014). If needed, additional CHO can be supplied through sport
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gels, sport bars, or confectionary. Athletes are highly encouraged to incorporate
their individual race strategies in their marathon training in order to familiarize
themselves with the strategies and reﬁne and adjust them based on individual needs
and preference.
It is well documented that most athletes consume notably less CHO and fluid
than recommended while competing in long-distance running events. Further,
habitual CHO intake is typically lower during running when compared to other
endurance events (Pfeiffer et al. 2012). Factors that may be associated with the
limited ad libitum intake of CHO and fluid include individual habits, nutritional
beliefs and practices, difﬁculties to consume large amounts of fluid while running,
the need to slow down at aid stations, and the emergence of sport gels, which allow
runners to consume CHO with less fluid.

3.4

Nutrition After the Marathon

Only very limited research is available how nutritional strategies may affect the
recovery from marathon running. The main nutritional goals after marathon completion involve facilitation of the recovery of fluid and glycogen stores and providing nutrients to support recovery and repair mechanisms and immune function.
Depending on the level of dehydration attained during the race, adequate
rehydration may be the most signiﬁcant nutritional strategy following marathon
running. The goal of rehydration is to regain fluid balance, and the effectiveness of
rehydration is dependent on the amount of fluid consumed as well as the electrolyte
content, primarily that of sodium. Effective rehydration can only be attained if the
amount of fluid consumed covers both the fluid loss that occurred during the race
(mainly in form of sweat) and additional fluid losses that occur in response to
ingesting fluid (primarily in form of urine). As such, it is recommended to consume
at least 1.5 times the fluid volume that was lost during exercise (Maughan et al.
1997). A higher sodium concentration will replace sodium sweat losses and retain
fluid by reducing urinary output. Therefore, a sodium concentration of 50–
60 mmol/L (1.1–1.4 g/L) is considered beneﬁcial with regards to the effectiveness
of rehydration when compared to a lower sodium concentration (20–25 mmol/L;
0.5–0.6 g/L) (Maughan et al. 1997).
Repletion of muscle glycogen stores typically occurs within 24–48 h when
adequate CHO (7–10 g/kg) are consumed (Burke et al. 2004). Because glycogen
synthesis is impaired in damaged muscle ﬁbers (Costill et al. 1988), more CHO may
be needed to restore muscle glycogen levels. However, in contrast to other events
where athletes may have to compete again shortly after the race, fast glycogen
repletion recovery should not be a high priority for marathon runners (Burke et al.
2004). Co-ingestion of protein along with may be beneﬁcial for glycogen resynthesis and may provide additional amino acids for post-exercise protein synthesis.
However, it remains unknown if these strategies actually translate into improved
recovery and/or improved performance during subsequent marathon races.
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Marathon running and other prolonged endurance exercise is associated with an
increased risk of upper respiratory tract infections (URTI). Even though the pathophysiology of URTI is not fully understood, it has been hypothesized that prolonged
heavy exertion is associated with an acute suppression of immune function
(Akerström and Pedersen 2007). Whereas results from a meta-analysis suggest that
supplementation of vitamin C may be associated with a reduction in infection rates in
populations who are exposed to severe exercise (Akerström and Pedersen 2007),
prospective studies have failed to demonstrate the capacity of vitamin C supplementation to attenuate the immune response to prolonged running (Peters et al.
2001). Supplementation of glutamine, an amino acid that is essential for lymphocyte
proliferation, has been associated with reduced infection rates following marathon
and ultramarathon running in one study (Castell and Newsholme 1997). However,
subsequent trials have failed to conﬁrm these effects. For other supplements,
including colostrum, which contains bovine immunoglobulins, there is no scientiﬁc
evidence the infection risk following prolonged exerting exercise such as marathon
running can be reduced by supplementation (Akerström and Pedersen 2007).
Alcohol consumption following strenuous exercise may impair muscle glycogen
synthesis and can negatively impact the post-exercise inflammatory response. More
importantly, alcohol consumption may interfere with other recovery strategies
(Vella and Cameron-Smith 2010). Therefore, athletes are encouraged to refrain
from excessive alcohol consumption following the race and focus their attention on
nutritional and hydration strategies that are effective in supporting post-marathon
recovery.

3.5

Summary

Promising nutritional strategies that can be beneﬁcial for marathon runners include
provision of adequate energy, carbohydrates, and protein, to address the increased
nutrient requirements of marathon training. Prolonged training in a state of low
carbohydrate or energy availability can be associated with negative health and
performance effects and should therefore be avoided by marathon runners. Both
nutritional and exercise-related factors explain why marathon runners are at particular risk of inadequate iron status. The importance of carbohydrates for marathon
performance is highlighted by the fact that pre-race strategies aimed at maximizing
muscle glycogen storage as well as the administration of additional carbohydrates
during the race are highly likely to improve marathon performance. Adequate
provision of fluid and sodium is particularly important in conditions when dehydration and/or sodium losses may limit performance or impact health negatively.
Among the many supplements available for marathon runners, clear scientiﬁc
evidence for a performance beneﬁt is only available for caffeine. Incorporating
these strategies into their training routine will allow marathon runners to become
familiarized with these strategies and test their individual responsiveness prior to
the actual race.
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Chapter 4

Thermoregulation During Marathon
Running
Oliver Faude and Lars Donath

Abstract Marathon running is a popular psycho-physiologically demanding
endurance event. As the majority of the energy produced during a marathon is
converted to heat, marathon running is considered a particular challenge for the
thermoregulatory system. Marathon race pace is mainly determined by the oxygen
uptake (VO2) which can be maintained during the run and running economy.
Marathons are run at an exercise intensity ranging from 60 to 85 % of maximal
oxygen uptake, depending on the performance level of the athlete. The main factors
affecting thermoregulation are environmental conditions and dehydration. Changes
in body temperature during long-distance endurance events are the result of heat
production and heat loss. Premature hyperthermia negatively affects the cardiovascular, central nervous and muscular systems. Excess heat can be dissipated by
radiation, conduction, convection and evaporation. Radiation (*60 %) and convection (*15 %) make up the greatest part of heat loss at rest. The proportion of
heat loss by evaporation rises during exercise and is the main source for heat
dissipation in warm environmental conditions. The two main physiological
mechanisms for heat loss are an increase in skin blood flow and sweating. Potential
strategies to counter health risks and performance decrements when performing in
extreme environments are heat acclimation, appropriate hydration, precooling and
adequate clothing.

4.1

Introduction

Marathon running has a long tradition and gained increasing popularity during the
last decades. Elite marathon athletes receive notable public and scientiﬁc attention.
The “race” for the ﬁrst sub two-hour marathon among the world’s best runners as
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well as scientists has been opened (Joyner et al. 2011; Hunter et al. 2015). Also a
huge amount of recreational runners join marathon runs all around the world.
The marathon is a psycho-physiologically demanding endurance sport.
Seventy-ﬁve to 80 % of the total energy produced during endurance work is
converted to heat (Maughan et al. 2007). Dealing with heat production represents a
meaningful challenge for the human organism, particularly for the thermoregulatory
system.
This chapter aims at summarizing the physiological basis of marathon running
with a particular emphasis on thermoregulatory processes. We discuss the influence
of different environmental conditions on thermoregulation and marathon performance. Finally, we introduce various measures for adaptation to challenging
environmental conditions in order to improve human thermoregulatory function
during marathon running.

4.2

Physiological Basis of Marathon Running

The running velocity during a marathon is mainly determined by the oxygen uptake
(VO2) which can be maintained during the run and running economy, i.e. the VO2
per unit distance or time (Jones 2006; Coyle 1995). A consistent race pace leading
to a steady-state VO2 which can be maintained for the complete distance is considered ideal for marathon performance (Abbiss and Laursen 2008; Ely et al. 2008).
Exercise intensities during marathon running typically range from 60 to 85 % of
maximal oxygen uptake (VO2max). Top athletes perform at relatively high intensities (>80 % VO2max) and recreational runners at about 60 % VO2max (Coyle
2007). However, in both groups of runners overall caloric expenditure is about the
same, if running economy is comparable. Although elite runners utilize more fat
compared to lower level runners, elite athletes burn more carbohydrates as they
perform at relatively higher intensities and respiratory exchange ratio is higher.
Muscle glycogen depletion and hypoglycemia are considered the main reasons for
premature fatigue and termination, particularly in temperate environments. The rate
of energy turnover, which can be up to 20 kcal per minute in elite runners
(Gonzalez-Alonso 2007), may vary with environmental conditions (Coyle 2007).
It is important to choose an appropriate marathon pace which can be maintained
without developing premature hyperthermia as this negatively affects the cardiovascular, central nervous and muscular systems. Changes in body temperature
during long-distance endurance events are the result of heat production and heat
dissipation. The vast amount of metabolic energy produced during endurance
events is transferred to heat (Maughan et al. 2007). Heat production is proportional
to running VO2. In consequence, runners with a better running economy produce
less heat compared to athletes with diminished running economy at the same
absolute intensity.
Several physiological mechanisms contribute to heat provoked fatigue. Nybo
(2008) postulated a combination of central and peripheral mechanisms which may
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play a part in heat-induced fatigue during endurance exercise. In the heat, the
contribution of the central nervous system to fatigue might be larger than at
moderate temperatures (Nielsen and Nybo 2003; Maughan and Shirreffs 2004).
There is also evidence suggesting that volitional muscle contraction could only be
sustained up to a certain core body temperature (Nielsen et al. 1993; Walters et al.
2000). Furthermore, heat causes hyperventilation and, thus, also hypocapnia;
consequently, cerebral blood flow can be reduced. A lower oxygen partial pressure
causes central fatigue before cerebral metabolism and muscular motor function are
impaired. Temperature changes can also influence cardiovascular function. Due to
the redistribution of blood from the core to the periphery (increased skin perfusion
due to vasodilatation of the blood vessels of the skin to improve heat dissipation),
an adequate cardiac output is maintained by an increased heart rate. Stroke volume
is decreased with increasing core body temperature, because the reduced central
blood volume leads to a lower ﬁlling pressure, and diastolic ﬁlling time is reduced
due to a higher heart rate (Gonzalez-Alonso and Calbet 2003). In this context, the
arteriovenous anastomoses of the skin play an important role, as they are opened
with increasing body temperature and create a short cut between arteries and veins.
Blood flow through these cross connections does not run through capillaries and
can thus not be used for exchange of nutrients and oxygen.

4.3

Thermoregulation During Endurance Exercise

Body temperature is usually determined by exercise intensity (i.e. running velocity
during the marathon) and kept within a narrow range of about 1 °C when ambient
conditions are moderate (Maughan et al. 2007). Excess heat can be dissipated by
several mechanisms.

4.3.1

Physiological Mechanisms of Heat Exchange

The heat balance equation describes heat body storage as the sum of metabolic heat
production as well as heat exchange by radiation, conduction, convection and heat
loss by evaporation (Maughan 2010; Wendt et al. 2007; Keneﬁck et al. 2007). The
human organism is able to loose heat mainly via the latter four mechanisms.
Radiation, convection and conduction can also contribute to heat gain when
ambient temperature is higher than skin temperature.
Radiant heat exchange is the loss or gain of heat in form of infrared heat rays.
The human body dissipates and receives heat rays at the same time. When body
temperature is higher than ambient temperature, more heat emits than is received
(Wendt et al. 2007). Convection is heat transfer via a moving gas or fluid, for
instance the heat transport from the body core to the periphery via blood.
Conduction describes the heat transfer from the body to an object or vice versa.
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Finally, evaporation is heat loss in form of insensible water loss or sweating.
Insensible water loss means processes such as ventilation or diffusion and cannot be
controlled or regulated, respectively. In contrast, sweating can be physiologically
regulated and is the most important means of heat transfer from the body to the
surroundings under unfavorably warm conditions. The heat loss per mL of evaporated water is about 2.4 kJ and high-level athletes are able to evaporate water up to
3.5 L per hour. At rest in a temperate room, radiation (*60 %) and convection
(*15 %) make up the greatest part of heat loss. The contribution of conductive heat
loss can be regarded negligible, particularly during exercise. Whereas the amount of
heat loss by evaporation is about 25 % at rest, this proportion rises during exercise
and is the main source for heat dissipation in warm environments.
The two main physiological mechanisms for heat dissipation are an increase in
skin blood flow and sweating. The hypothalamus is the central unit responsible for
thermoregulatory responses. There is a high density of heat-sensitive neurons
together with (a lower amount of) cold-sensitive neurons in the preoptic, anterior
part of the hypothalamus (Wendt et al. 2007). These neurons continuously monitor
blood temperature in the brain. In addition, afferent feedback from thermoreceptors
distributed throughout the whole organism is collected by the hypothalamus. This
information from the periphery as well as from the brain is integrated and compared. When temperature increases the hypothalamus sends inhibitory signals to
motor control centers (Nybo 2008).
The normal temperature of the human body is about 37 °C. There is slight
variation around 1 °C above and below this temperature set-point (e.g. due to
circadian rhythm and/or menstrual cycle) and the organism strives to maintain this
temperature within a narrow range. If body temperature falls below or rises above
this range, thermoregulatory responses are initiated. In case of a drop in body
temperature, an increase in metabolic heat production, e.g. via shivering and
cutaneous vasoconstriction is initiated. When body temperature rises, skin blood
flow is mediated by cutaneous vasodilation in order to increase heat flux from body
core to the skin. During exercise there are competing demands regarding cutaneous
circulation. Vasomotor reflexes are initiated in order to redistribute blood from
inactive tissue (including the skin). This mechanism guarantees appropriate transport of oxygen and energy-rich substrates to skeletal muscle and is also important to
maintain blood pressure, particularly, in warm environments when sweating can
lead to considerable fluid loss and, thus, a decrease in plasma volume.
Besides an increase in skin blood flow, the activation of eccrine sweat glands is a
powerful mechanism for heat dissipation. This mechanism is becoming increasingly
relevant for heat loss when ambient temperature exceeds skin temperature and no
further heat loss via radiation and convection is possible. Sweat is a hypotonic
solution as compared to plasma with sodium chloride being the primary electrolyte
in sweat (besides small amounts of potassium, calcium, and magnesium). In warm
environments, 1.0–2.5 L of sweat per hour is commonly observed, although
amounts greater than 2.5 L per hour are not unusual in high-level athletes under
extraordinary ambient conditions.
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Determinants of Body Temperature During
Endurance Running

Models that intend to simulate the effects of environmental conditions on human
endurance performance and thermoregulatory responses are based on the heat
balance equation. Metabolic heat production, thermal environmental heat load and
the capacity of heat loss are the key components of this equation. Theoretically,
these equations should enable the estimation of endurance performance under
various physiological and environmental assumptions. The accuracy of such estimations, however, has been questioned as the detrimental effect on marathon performance in the heat has been largely overestimated. Whether mere physical laws
can be applied to estimate the impact of environmental conditions on performance
has been doubted. Maughan et al. (2007) suggest that the factors influencing heat
exchange and consequently performance in the heat are manifold. Pace during
marathon running and, thus, energy expenditure is not constant, but varies (e.g. with
velocity, wind, terrain, due to race tactics etc.). Environmental conditions are also
not constant during the course of a marathon. For instance, temperatures in the
morning at the start can considerably deviate from those during the ﬁnal kilometers
of the race. Sweat distribution and skin temperature are not constant on the whole
body surface. Wind velocity is important for evaporation and can vary largely with
wind and running velocity and, potentially much more with limb velocity. When
sweat evaporates, the skin surface is covered by a concentrated salt solution. This
may affect osmolality and skin temperature and, consequently vapor pressure and
the ability to evaporate sweat (Wendt et al. 2007; Maughan 2010).

4.4
4.4.1

Factors Influencing Thermoregulation
Environment

Marathons are performed under a broad range of different environmental conditions
(e.g. with regard to temperature, humidity, sunshine, wind, rain) (Keneﬁck et al.
2007). Ambient temperature and relative humidity have a considerable influence on
the ability of the organism to loose heat (Maughan and Shirreffs 2004).
Performance may be compromised, but also well-being and health may be threatened under extreme environmental conditions. The effectiveness of the above
mentioned mechanisms for heat exchange is to a large extent determined by
environmental conditions.
In between extreme environmental conditions there is an optimal setting for
performance. This optimal condition, however, may considerably vary between
individual athletes. In addition, typical temperature differences in the range of
moderate climatic environments (e.g. 11 and 21 °C) may relevantly affect
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endurance performance and, thus, thermoregulation can be affected even in temperate conditions (Galloway and Maughan 1997).
Cool temperatures alone are usually not a particular challenge for the human
organism. Heat loss is to a large extent covered by radiation and convection (Wendt
et al. 2007). If low temperatures meet wind and rain, however, there is considerable
risk of hypothermia or superﬁcial wind-chill injury (Maughan et al. 2007).
With increasing ambient temperature, heat loss is mainly covered by evaporation
of sweat from the skin surface. If air temperature increases above *36 °C, evaporation is the only effective way of cooling. The effectiveness of cooling by
evaporation is determined by the water vapor pressure gradient between skin and
environment and moving air. In relatively dry air there is large potential for
evaporation, whereas in a humid environment sweat will accumulate and, thereby,
impair heat loss by evaporation. In a hot and humid environment, athletes are
exposed to a critical heat load and the risk for heat illness, particularly heat stroke is
increased.
Sweat production is covered by body water from blood plasma. To maintain
blood volume, intracellular fluid is mobilized. In extremely high temperatures,
when large volumes of sweat are produced, a progressive reduction of blood and
consequently stroke volume together with dehydration occur. This effect may lead
to a reduced muscle blood flow. Further, an increased skin blood flow is needed to
support heat loss. When relative humidity is high, the large sweat volumes cannot
be effectively evaporated. In consequence, body temperature further rises resulting
in increased cardiovascular and thermoregulatory stress and, ﬁnally, in an impaired
performance capacity and potentially in health threats. Although there is a large
amount of convincing evidence that heat and humidity impair endurance performance, the absolute performance decrement is surprisingly small in elite runners
(Maughan et al. 2007). The differences between cold to temperate and hot conditions is a few minutes.

4.4.2

Dehydration

Besides environmental conditions, dehydration is considered the most important
factor that affects thermoregulation while exercising in the heat. Available evidence
suggests that a sweat loss of at least 3 % of body mass can negatively affect
endurance performance, particularly when exercising in the heat (Hew-Butler et al.
2015). A reduction in body water content as a result of dehydration has a detrimental effect on plasma volume. Thus, blood flow to the exercising muscles and,
consequently, oxygen and substrate availability is directly diminished. Dehydration
also adversely affects thermoregulation as skin blood flow as well as sweating
response, i.e. the two most important mechanisms for heat loss during exercise in
the heat can be deteriorated when dehydration is present. It is generally recommended that fluid intake should be appropriate to match sweat loss in order to avoid
dehydration.
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Strategies to Cope with Thermoregulatory Challenges

Various intervention strategies have been introduced and scientiﬁcally evaluated in
order to cope with the thermoregulatory challenges during long distance endurance
exercise. Reducing health risks and declines of performance in the heat were the
main purpose. As hot and humid environmental conditions pose the largest
demands on the human organism, most of these interventions focus on reducing
thermal stress. Heat acclimation and rehydration are considered the most important
options. In addition, further measures such as whole-body precooling, hyperhydration and clothing are widely applied and scientiﬁcally discussed. A summary of
the main intervention strategies to reduce health risks and performance decrements
while exercising in the heat is given in Table 4.1.

Table 4.1 Intervention strategies to attenuate the health risks and performance decrements
potentially associated with marathon running in extreme environmental conditions (based on
Racinais et al. 2015; Wendt et al. 2007)
Heat
acclimation

Hydration

Cooling

Clothing

Event
organizers

• Repeated training in the heat to obtain biological adaptations
• At least 60 min exercise per day to increase core and skin temperatures and
to stimulate sweating
• Preferably in the same environment as competition
• Preferably two weeks in order to maximize adaptations (although most
adaptations are obtained after one week)
• Start exercise euhydrated (drinking 6 mL fluid per kg body mass every
2–3 h prior to the start)
• Minimize water loss during exercise (without increasing body mass)
• Sodium requirements are increased when exercising in the heat
• Appropriate rehydration after exercise with appropriate amounts of fluid,
carbohydrate, sodium and protein
• Precooling may increase heat storage capacity and, thereby, endurance
performance in the heat (>27 °C)
• Mixed-methods cooling (external, i.e. cooling vests, combined with internal,
i.e. ice slurries) is most promising
• Individualized application and familiarization prior to main competition
• In hot, humid environments minimal clothing pose the least amount of
resistance to evaporation
• Bright clothing can protect from sun and reduce radiant heat gain
• In cold environments appropriate levels of insulation layers to maintain body
temperature and block air movements
• Scheduling the event according to expected weather conditions and patterns
• Inform and appropriately advise participants on environmental conditions
and potential risks
• If necessary, canceling the event
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Acclimation

Heat acclimation (i.e. performing repeated training sessions in the heat) is potentially the most effective strategy to prepare for endurance competitions in hot
environments. Several beneﬁcial physiological adaptations have been reported in
the literature (Wendt et al. 2007; Racinais et al. 2015). After a sufﬁcient period of
heat acclimation resting core body temperature is lower. This enables a greater
increase in body temperature until a critical temperature is reached. A further
important adaptation is an increase in plasma volume which, in turn, leads to a
reduced exercise heart rate. Cutaneous vasodilatation is also increased after successful adaptation. Sweat rates in the heat are increased, but sodium and chloride
losses are reduced.
Full adaptation takes at least 7 up to 14 days, but relevant effects can be observed
after the ﬁrst 3 days (Wendt et al. 2007). In order to maximize adaptive responses,
acclimation time should be at least two full weeks (Racinais et al. 2015). Adaptive
responses can be maintained for at least one week, but can last up to one month. It is
recommended to induce heat acclimation by strenuous interval training or continuous exercise at ≥50 % of maximal oxygen uptake for at least one hour every
3 days. Exercise bouts of at least 90 min to two hours seem most appropriate.
Preferably the environmental conditions during the acclimation period should be
the same as the competition venue (Racinais et al. 2015).

4.5.2

Hydration

Besides acclimation, rehydration during exercise in the heat represents the second
important strategy to counter the harmful effects of exercising in hot environments.
As mentioned above, heat acclimation increases sweating rates during exercise.
Consequently, fluid requirements during exercise are also increased. For optimal
fluid replacement, no general recommendations exist. The effectiveness of fluid
intake is determined by (a) the rate of gastric emptying, (b) the intestinal absorption
and (c) the ability to retain fluid in intra- and extracellular compartments. Larger
drinking volumes may result in faster gastric emptying, but this depends on the
energy content (amount of carbohydrates) and osmolality of the beverage. Repeated
drinking of smaller single doses may support fluid replacement (Wendt et al. 2007).
It has to be considered that the absorption of water is a mainly passive process
depending on the osmotic gradient which is beneﬁcially affected by the carbohydrate content. Sodium supports fluid retention and may improve palatability. Thus,
the amount of fluid which is replaced may be increased when sodium is added to the
beverage. Drinking large volumes of plain water during exercise can result in a
rapid fall in plasma sodium concentration and osmolality. This can lead to severe
adverse conditions (e.g., hyponatremia). Exercise-associated hyponatremia is
deﬁned as a drop of serum, plasma or blood sodium concentration below the normal
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range of the reference values of the test laboratory occurring during or up to 24 h
after exercise (Hew-Butler et al. 2015). In most cases, hyponatremia develops as a
result of a relative excess in total body water during long-lasting endurance events.
One of the main risk factors is overdrinking plain water or hypotonic beverages, i.e.
a fluid intake larger than fluid losses via sweating and urinary excretion.
The intake of fluids should closely match the rate of fluid loss during exercise.
The ingested fluids are evenly distributed throughout the body after about 20–
30 min. Sports beverages with about 7 % carbohydrates improve intestinal
absorption. In order to achieve optimal water retention, the sodium concentration of
the sports drink should be at least 50 mmol/L. In temperate environments drinking
to thirst is considered an appropriate stimulus for adequate fluid replacement. Thirst
is an evolutionarily ﬁne-tuned regulatory mechanism to protect plasma volume and
osmolality (Hew-Butler et al. 2015). During exercise in warm, humid conditions
when fluid loss via sweating can exceed gastric emptying so that dehydration
occurs rapidly, drinking before thirst should be considered. However, an increase in
body weight as a result of excessive overdrinking should be avoided (Racinais et al.
2015). Beverages containing appropriate amounts of sodium should be used to
reduce the risk of hyponatremia, although this approach is not sufﬁcient in case of
excessive overdrinking (Hew-Butler et al. 2015).
Another strategy to reduce dehydration during long-distance endurance exercise
might be hyperhydration, particularly by consuming high amounts of glycerol
solutions (not plain water). It has been speculated that such an approach may reduce
thermal stress during exercise. To date, there is no valid evidence in this regard,
particularly when compared to an euhydrated state before exercise (Wendt et al.
2007). In order to start exercise in an euhydrated state it is recommended to drink
6 mL of fluid per kg body mass every two to three hours prior to competition or
training in the heat (Racinais et al. 2015). Appropriate rehydration after exercise
with fluid volumes corresponding to 100–150 % of exercise-induced body mass
loss together with appropriate amounts of carbohydrates, sodium and protein is
recommended (Racinais et al. 2015).

4.5.3

Cooling Strategies and Clothing

Further strategies to reduce health risks or performance decrements when exercising
in thermally challenging environments refer to whole-body precooling and appropriate clothing.
The starting point for cooling strategies is the observation that voluntary
exhaustion occurs at a similar core body temperature in different individuals during
endurance exercise in the heat (Maughan 2010; Martin 2007). The potential
mechanism of cooling procedures before the start of exercise is a reduction of core
temperature and, thereby an increase in heat storage capacity (Wegmann et al.
2012). Body cooling can be performed by means of cold air exposure, cold water
immersion, cooling packs or garments or drinking cold beverages. Our research
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group recently analysed the effects of various precooling techniques on endurance
performance in a systematic review and meta-analysis (Wegmann et al. 2012). The
main result was that there is a performance-enhancing effect of precooling under
speciﬁc circumstances. High-level endurance athletes can increase their performance by up to 4 % during time trials, i.e. under realistic conditions. A beneﬁcial
effect was particularly present when environmental temperature was higher than
27 °C and cold drinks, cooling packs and vests were the most feasible methods.
Mixed-methods cooling, i.e. combining external cooling (cooling vest) with internal
cooling (cold beverages or ice slurries) seems most promising (Racinais et al.
2015).
The performance-enhancing effect was, however, limited to endurance events
lasting up to one hour (Wegmann et al. 2012). Few studies evaluated endurance
exercise lasting longer and the reported results were less clear. It might be speculated that the cooling effect is of limited duration and, thus, performance during
longer events may be unaffected. This may have particular relevance for marathon
running as even the fastest runners perform longer than two hours. Furthermore, the
main increase in core temperature usually occurs during the last 10 km of a race.
Therefore, a beneﬁcial effect of precooling in marathon running is questionable and
without convincing evidence to date. A possible solution might be the ingestion of
cold drinks during exercise. The palatability might be limited as athletes usually are
not used to consume cold drinks or even ice slurries. Familiarization to cooling
procedures during training periods, preferably under environmental conditions
typical for the main competition, and individualized application are therefore recommended (Wegmann et al. 2012; Racinais et al. 2015).
Besides cooling strategies, appropriate temperature- and climate-adapted clothing might support withstanding thermal challenges. The type and amount of
clothing can have a considerable impact on heat loss. Clothing represents a layer of
insulation and, thus, impairs heat transfer and sweat evaporation from the skin
surface (Gavin 2003). In hot, humid environments clothing should impose the least
amount of resistance to evaporation, i.e. minimal clothing, particularly bright garments are considered most appropriate (Wendt et al. 2007). Otherwise, appropriate
clothing can also protect from sun and, thereby, reducing radiant heat gain and
thermal stress in high ambient temperatures (Gavin 2003). Exercising in cold
environments, particularly when temperature falls below 0 °C, requires appropriate
levels of insulation layers to maintain body temperature (Gavin 2003). Clothing in
winter ideally blocks air movements, but enables water vapor to escape when
sweating occurs (Gavin 2003).

4.5.4

Recommendations for Organizers of Marathon Events

In order to minimize the risk of adverse events as a result of extreme environmental
conditions, the organizers of endurance events, particularly of marathons with mass
participation have the particular responsibility to adopt preventive strategies
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(Racinais et al. 2015). The speciﬁc climatic conditions and the typical weather
patterns of the competition venue should always be taken into account and medical
support and, potentially, cooling facilities may be arranged in anticipation.
Additionally, scheduling the starting time according to the anticipated weather
conditions, for instance, early in the morning or late afternoon according to the
expected peak temperatures or temperature course for the duration of the event, is
an appropriate approach. Particularly, in mass participation events there might be a
higher risk of heat illness. Thus, appropriate information and advice is recommended and, under extreme conditions canceling an event might be the safest
proceeding for participants.

4.6

Gender Differences

The number of women participating in marathon events has considerably increased
during the last decades and scientiﬁc efforts are made to particularly understand and
improve female marathon performance (Jones 2006; Hunter et al. 2015). There are
anthropometric, physiological and hormonal differences between male and female
athletes. Therefore, it has been speculated that thermoregulation may also differ
between genders (Cheuvront and Haymes 2001).
Women have a smaller body mass and a larger surface area-to-mass ratio as well
as a higher body fat content as compared to men. Body fat is an insulating layer
and, thus, may reduce the ability to dissipate heat. However, differences in body fat
do not seem to affect thermoregulation (Cheuvront and Haymes 2001). Heat production is proportional to body mass and heat loss a function of body surface area.
Thus, it has been assumed that women may have an advantage from a thermoregulatory perspective (Dennis and Noakes 1999). Males produce more sweat
than females in relative as well as in absolute terms and, thus, it has been suggested
that dehydration and the need for fluid replacement is lower in women. It is well
known that rectal temperature and skin blood flow are affected by menstrual cycle
with a rectal temperature about 0.5 °C higher in the luteal as compared to the
follicular phase. This difference also leads to a higher threshold for the initiation of
sweating and cutaneous vasodilation.
Recent research suggests that women may adopt more appropriate pacing
strategies during a marathon compared to men, i.e. women are more likely than men
to maintain race pace through the run (March et al. 2011), particularly in temperate
conditions. When race temperature increases, the velocity decline is augmented.
Trubee et al. (2014) recently reported that non-elite women paced consistently
better than non-elite men and that this difference increased from cold to warm race
temperatures. Pacing of elite runners was similar for both genders. In a hotter
environment, novice runners should start at a slower initial velocity to maintain or
increase running velocity later in the race.
Research on thermoregulation in female marathon runners during realistic outdoor conditions is limited. Although there are plausible reasons which suggest
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differences in thermoregulatory responses between genders, it seems likely that
women respond to thermal stress in a similar way than men. In extreme ambient
conditions, however, gender differences in thermoregulation may become apparent
(Cheuvront and Haymes 2001).

4.7

Summary and Practical Implications

Marathon running is physiologically and psychologically very demanding. The
majority of the energy produced during a marathon is converted to heat. Hence,
marathon running is particularly challenging for the thermoregulatory system,
especially in extreme environmental conditions. The main factors affecting thermoregulation are environmental conditions and dehydration. Changes in body
temperature during long-distance endurance events are the result of heat production
and heat loss. Premature hyperthermia impairs cardiovascular, central nervous and
muscular systems. Excess heat can be dissipated by radiation, conduction, convection and evaporation. At rest radiation and convection make up the greatest part
of heat loss. The proportion of heat loss by evaporation rises during exercise and is
the main source for heat dissipation in warm environmental conditions. The two
main physiological mechanisms for heat loss are an increase in skin blood flow and
sweating. Potential strategies to counter health risks and performance decrements
when performing in extreme environments are heat acclimation, appropriate
hydration, precooling and appropriate clothing. In addition, the organizers of
endurance events, particularly of marathons with mass participation have the particular responsibility to adopt preventive strategies in order to minimize the risk of
adverse events as a result of extreme environmental conditions.
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Chapter 5

Coping with Stress During a Marathon
Christian Zepp

Abstract To successfully ﬁnish a marathon, athletes have to deal with a variety of
stressful situations and demands during a race. These stressors can have different
detrimental effects on athletes’ pace, performance, or well-being. In order to support
athletes to effectively cope with stressors during a marathon, the present chapter
gives an overview of the development and effects of stress on endurance athletes,
based on the transactional model of stress and coping (Lazarus and Folkman 1984)
and the cognitive-motivational-relational theory (Lazarus 1991). Furthermore,
several internal and external stressors that can occur during a marathon are presented, as well as their potential effects on the athlete. In addition, several coping
strategies from sport psychology literature are introduced and discussed in terms of
their effectiveness in speciﬁc subgroups. Finally, a stepwise approach is presented
to allow athletes to prepare themselves for, and to actively deal with, the potentially
stressful situations and demands during a marathon.
Keywords Stress

 Coping  Strategies  Endurance

For both recreational and competitive athletes, participating in a marathon
(26.2 miles/42.2 km) is a very demanding and, in many situations, a very stressful
experience. The physical and mental requirements necessary to successfully ﬁnish a
marathon are greater than those of other distances and sports (e.g., Kellmann 2002;
Mann and Schaad 2001). Besides the physical preparation, mental preparation is
crucial to equip oneself with the strategies to negate potentially stressful situations
experienced during the race. Whilst this mental preparation for a long distance
endurance competition can take months or years (O’Neil and Steyn 2007), its
importance is clear as it has been demonstrated that perceived stress can lead to
higher levels of competitive anxiety in marathon runners and, therefore, impaired
performance (Hammermeister and Burton 2001).
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The present chapter aims to further the understanding of stress development and
to offer insights into the strategies used to improve coping with stressful situations
and demands. To this end, the chapter comprises three aspects: ﬁrstly, the development of stress and emotions, including the types and effects of potential stressors
that may occur during a marathon will be described; secondly, several coping
strategies will be presented that have been discussed in sport psychology literature
in previous years; and ﬁnally, suggestions for athletes about how to prepare
themselves for potential stressors during a marathon conclude the chapter.

5.1

Development of Stress and Emotions During
the Marathon

The contributions of Lazarus and Folkman (1984) and Lazarus (1991, 1999) to the
theoretical approaches to stress, emotion, and coping have been signiﬁcant. With
their development of the transactional model of stress and coping (Lazarus
and Folkman 1984) and the cognitive-motivational-relational theory (Lazarus 1991,
1999, 2000a), they have helped to identify the factors that influence the development of stress and to assist athletes in coping with perceived stress. Within their
frameworks, they consider the stimulus input, the evaluation of this stimulus, and
the individual response (Levine and Ursin 1991).
The transactional model of stress and coping states that stress develops through a
process that involves a dynamic transactional relationship between the athlete and
his environment (cf. Fig. 5.1; Lazarus and Folkman 1984): As soon as the athlete is
confronted with a potentially stressful situation or demand, the athlete initiates an
evaluation process which determines the emotional response and level of perceived
stress. This evaluation process comprises a primary appraisal, a secondary
appraisal, and the assessment of perceived coping resources, a process that is
influenced by individual (e.g., self-esteem, previous experiences, personality, goals)
and situational factors (e.g., weather conditions, distance to aid station, number of

Fig. 5.1 Transactional model of stress and coping based on Lazarus and Folkman (1984)
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spectators). During the primary appraisal process, a marathon runner will evaluate
the impact of a stressor (e.g., situation, demand) in regard to personal goals,
commitments, and values. The result of this evaluation process might either be
irrelevant (i.e., it has no influence on well-being or performance), beneﬁcial (i.e., it
maintains or increases well-being or performance), or stressful (i.e., it has a negative impact on well-being or performance). In the case of a stressful situation or
demand, the athlete experiences this as either a challenge, a threat, as harmful, or as
detrimental to well-being and/or performance (Lazarus and Folkman 1984).
Simultaneously to the athlete’s evaluation of the situation or demand as stressful, a
cognitive evaluation is made of their ability to cope with the appraised challenge,
threat, harm, or detriment during secondary appraisal. During this secondary
appraisal, the athlete evaluates whether or not they possess sufﬁcient coping
resources to execute the necessary cognitive and behavioural coping strategies and
successfully deal with the perceived challenge, threat, harm, or detriment identiﬁed
during primary appraisal. Dealing with coping resources such as psychological,
physiological, social and material aspects, and eventually perceiving control over
the stressor is most important for athletes to successfully cope with the situation or
demand (Lazarus 1991).
While the transactional model of stress and coping predominantly deals with
psychological states that athletes experience during potentially stressful situations
or demands, it does not include the influence of emotions. Thus, Lazarus (1991,
1999) extended the early transactional model of stress and coping by including
emotions as an important factor for the development of stress in the
cognitive-motivational-relational theory. Cognitive-motivational-relational theory
considers the relationship between the athlete, i.e., the athlete’s motives and beliefs
that influence their emotions, and the athlete’s environment, i.e., the primary and
secondary appraisal of situations or demands (Lazarus 1991, 1999, 2000a).
According to cognitive-motivational-relational theory there are up to six
appraisal-related decisions to make for each emotion. Hence, experiencing potentially stressful situations or demands leads to a diverse cognitive patterns which can
describe the relational meaning, distinguishing any emotion from each of the other
emotions (cf. Lazarus 1991). For the primary appraisal, decisions relate to goal
relevance, goal congruence/incongruence, and type of ego-involvement. Regarding
the secondary appraisal, decisions relate to the evaluation of blame or credit, coping
potential, and future expectations. Consequently, the elicited emotion, and the type
and intensity of that emotion, is dependent upon the speciﬁc combination of primary and secondary appraisals (Lazarus 1991, 1999, 2000a).
The comprehensive framework of cognitive-motivational-relational theory is the
most commonly applied theory for stress and emotions in sport contexts (e.g., Neil
et al. 2013; Wolf et al. 2014) and has been adapted for endurance sport athletes
(Hammermeister and Burton 2001, 2004). Research shows that the combined effect
of primary appraisal, secondary appraisal, and perceived coping resources best
predicts the development of cognitive and somatic state anxiety in endurance
athletes.
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Stressors During the Marathon

In addition to experiencing longitudinal stressors in preparation for the marathon
(e.g., overload training, reduced time of recovery, infectious episodes; Niemann and
Lee 1990; O’Connor 2007), athletes are likely to experience several different
potentially stressful situations and demands during the race. It is crucial for athletes
to identify stressors prior to the marathon, in order to be able to prepare themselves
for the potentially stressful situation by developing appropriate coping strategies, or
to look for assistance to do so (Devonport 2015). Stressful situations and demands
can be categorised as internal and external stressors.
Internal stressors describe all demands that develop due to psychological or
physiological experiences, including dealing with pain, fatigue, injury, personal
goals, previous negative experiences or results, recovery deﬁcits, perceived motivational climate, and anticipating “hitting the wall” (Buman et al. 2008b; Freund
et al. 2013; Marcora et al. 2009; Pensgaard and Roberts 2000).
Experiencing pain during an endurance task such as a marathon is common
among athletes (Buman et al. 2008b) and leads to feelings of stress and increased
negative affect (Baden et al. 2005; Forys and Dahlquist 2007; St Gibson et al.
2006). Based on the model of pain in sport developed by Addison et al. (1998),
fatigue/discomfort, as well as positive and negative pain can be identiﬁed as types
of pain. It has been shown that personality factors influence the pain perceptions in
long endurance athletes (Freund et al. 2013), for example, athletes with rather
depressive traits show low pain tolerance (e.g., Willoughby et al. 2002), whilst
athletes high in self-efﬁcacy beliefs are more likely to tolerate pain (e.g., Dolce et al.
1986).
The potential occurrence of injuries during competition is a stressor that athletes
think about during long endurance runs (Samson et al. 2015). Previous experience
of stressful situations seem to make athletes particularly susceptible to injury
(Andersen and Williams 1988, 1999; Williams and Andersen 1998). Whether
athletes are more or less likely to experience an injury when they face a potentially
stressful and injury-inducing situation depends on the personality characteristics of
an athlete, their history of stressors, and their coping resources. The outcome of an
athlete’s appraisal of a stressful situation determines the psychological and
psycho-physiological responses that are responsible for the development of an
injury, particularly in the case of athletes who have experienced injuries before as
they are more likely to experience further injury due to stress during competition
than athletes who have not experienced injury (Kleinert 2002).
Another physical source of stress derives from the muscular and mental fatigue
experienced during long endurance events (e.g., Marcora et al. 2009). Athletes who
are mentally fatigued reach exhaustion signiﬁcantly faster than athletes who do not
report mental fatigue (Marcora et al. 2009).
Cognitive processes experienced during a long endurance run, such as thoughts
about pace, distance, pain, discomfort and the environment, can be potential
stressors for athletes (Samson et al. 2015). For example, thinking about personal
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goals can be a potential stressor, particularly when athletes are threatened by the
possibility of not reaching their goals and feel helpless to improve the situation,
which evokes an emotional response (Buman et al. 2008b). This phenomenon has
been referred to as competitive suffering in the sport psychology literature and is
associated with perceived pressure in athletes. Subsequently, pressure to perform
well has been shown to elicit stress and anxiety (Laborde et al. 2014a, b) and,
therefore, has the potential to negatively impact on cognitive processes such as
decision-making (Laborde et al. 2013). To cope with such emotions during the
marathon, athletes will react with an increased effort in order to regulate the
stressful situation (Beedie et al. 2012), thus it is necessary for athletes to have
effective stress and emotion regulating strategies available in order to immediately
deal with the stressor at hand.
One potential stressor of particular concern is the anticipation of “hitting the
wall”, which normally occurs between miles 18 and 21 (29-34 km; Buman et al.
2008b; Masters and Lambert 1989; Stevinson and Biddle 1998). “Hitting the wall”
is a multi-dimensional phenomenon that is beyond normal fatigue (Buman et al.
2008b), said to consist of affective (e.g., discouragement, frustration), behavioural
(e.g., pace disruption, running difﬁculties), cognitive (e.g., anxiety, trouble focusing), motivational (e.g., desire to quit/walk, decreased motivation), and physiological (e.g., general/leg-related fatigue, cardio-respiratory) dimensions (Buman
et al. 2008b), and is experienced by approximately half of all marathon runners
(Buman et al. 2008a; Morgan and Pollock 1977; Stevinson and Biddle 1998;
Summers et al. 1982). Although it is predominantly those runners who anticipate
“hitting the wall” that suffer from the experience of really hitting the wall, it seems
that male runners are more susceptible to this experience than female runners
(Buman et al. 2008a; Stevinson and Biddle 1998). Interestingly, at least one-third of
affected athletes report a lack of coping strategies in order to deal with the phenomenon (Buman et al. 2008b). Thus, anticipating and eventually “hitting the wall”
are powerful stressors for marathon runners.
External stressors describe all situations and demands that are relate to environmental, organisational, and interpersonal factors. Whereas environmental
stressors refer to heat, cold, rain, wind, altitude, terrain, or distance, organisational
stressors can relate to poor hydration, poor nutrition, or sleep deprivation (based on
O’Neil and Steyn 2007). In addition, interpersonal stressors can include social
relationships, social evaluations, external pressure to perform, conflicts, or lack of
social support (e.g., Hammermeister and Burton 2001; Hanton et al. 2005).
Studies in other sports describe various additional stressors. For example, in a
study with elite athletes from different sports (Hanton et al. 2005), competitive and
organizational stressors were identiﬁed that influenced athletes: Performance issues
that directly relate to competition included preparation (e.g., inadequate
mental/physical preparation), injury (e.g., risk of injury, competing despite of
injury), pressure (e.g., performing under pressure, international competition),
opponents (e.g., intimidation by opponents, competing against better athletes), self
(e.g., body type, physical appearance), event (e.g., start of the event, nature of
competition), and superstitions (e.g., particular venue). In addition, Scanlan (1991)
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Fig. 5.2 Potential stressors during a marathon

was able to identify negative aspects of competition, negative signiﬁcant-other
relationships, demands or costs of the sport, and traumatic experiences as sources of
stress in elite ﬁgure skaters. Some of these stressors are potentially present in
marathon competitions as well, leading to several emotional responses, which
impact differently on individual athletes (Fig. 5.2).

5.3

Effects of Stress and Emotions During the Marathon

Importantly, when dealing with stress and emotions in sport, one should be aware
that classifying emotions as ‘positive’, ‘negative’, ‘helpful’, or ‘unhelpful’ is
inappropriate (Hanin 2007; Nesse and Ellsworth 2009) because emotions are
functional in nature, providing valuable information to the athlete (Friesen 2015).
With this in mind, it is important to consider that the experience of a certain
emotion by different runners can be appraised in different ways, such that one
athlete may need to cope with the emotion while the other athlete has no need to
cope with the emotion.
Stressful situations can have a range of psychological, cognitive and physical
effects, such as anxiety, poor performance, lack of perceived control, decreased
well-being, perceptual distortions, or even experiencing injuries (e.g.,
Hammermeister and Burton 2001; Hanin 2010; Raglin 2007).
Athletes are likely to experience anxiety as an emotional response to the stressful
situations and demands experienced prior to or during a marathon race (Raglin
2007). Research has shown that the influence of anxiety on the performance of
athletes varies considerably, with 30–45 % of athletes achieving their best performances under conditions of high anxiety (Raglin and Hanin 2000). It seems,
therefore, that even emotions perceived as potentially negative can have positive
influences on performance (Hanin 2007).
Previous studies have found that emotions described as predominantly positive
are not necessarily associated with optimal performance, and that emotions
described as mainly negative are not necessarily associated with poor performances
(Beedie et al. 2000). Moreover, the emotion-performance relationship differs
between individuals (Hanin 2010), emphasising the need for athletes to ﬁnd out
their personal optimal competitive emotional states in order to positively influence
their athletic performance and psychological well being.
Jones et al. (2009) demonstrated that the perception of challenge and threat
during competition is an important determinant of perceived control in athletes. For
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example, pacing, an endurance tactic that is usually externally controlled by a
pacemaker for elite-athletes or even for non-elite athletes, may result in perceived
stress and negative emotional states (cf. Brick et al. 2014). Experiencing stress leads
to decreased efﬁcacy beliefs in athletes, while positive emotional states increase
athletes’ efﬁcacy beliefs during training periods (Samson 2014).
Of particular concern to those involved in competitive sports is the detrimental
influence of stress and emotion on performance (e.g., Bueno et al. 2008; Lazarus
2000b). During competition, stress and emotion can draw attention away from the
competitive task at hand and divert it towards different goals than those deﬁned
prior to the race (Bueno et al. 2008). Hence, stress and emotions can be misleading
and destructive during a marathon. To compound the problem, endurance athletes
who fall behind their goals during the race are likely to experience competitive
suffering and, in turn, adapt their coping efforts to manage reactions to goal failure
(Bueno et al. 2008).
In addition to impairing athletic performance, stressful situations and demands
also affect the general psychological well-being and mental health of athletes
(Golenia and Sulprizio 2007; Hammermeister and Burton 2001, 2004; Lazarus
2000a; Sulprizio and Kleinert 2011, 2014). Moreover, stress and the concomitant
emotions also have an effect on the physiological level. Typical physiological
responses to stressful situations and demands include increased heart rate, sweating,
muscular tension during competition or adjusted heart rate variability (e.g., Crocker
and Hadd n.d.; Laborde et al. 2015). Responses such as these raise the energy cost
of the activity, potentially leading to a reduced ability to perform to one’s physiological maximum.
As the transactional model (Lazarus and Folkman 1984) points out, different
runners can appraise potentially stressful situations or demands, such as hot weather
or pain, in different ways during the marathon. For example, a newcomer to
marathon running may be unable to cope with extreme weather when confronted
with it for the ﬁrst time, whereas an experienced runner who has competed in all
kinds of weather may well have developed effective coping strategies speciﬁc to the
extreme conditions, such as focusing on the task at hand (e.g., running) and not on
the weather, or motivating self-talk. Through the use of strategies such as these, the
athlete will appraise the situation as irrelevant and will, eventually, ensure that it has
no impact on personal well-being or performance. In contrast, the less experienced
runner might appraise the situation as stressful and as threatening towards their
goals. This example shows that a situation or demand can be appraised in different
ways and can represent two different meanings to two different runners, thus
evoking different emotions that each require their own coping strategies (Richards
2012).
For some people, engaging in challenging and stressful tasks is enjoyable and
can lead to joy and even euphoria (Selye 1978), however, some struggle to effectively cope with stressors and emotions. With this in mind, it’s recommended to
consider an individual athlete’s responses to stress and concomitant development of
emotions with reference to their individual zone of optimal functioning (IZOF;
Hanin 2000), in which an athlete is able to perform best. Within the IZOF model it
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is assumed that optimal stress intensities may vary from very low to extremely high
between athletes. Indeed, the notion that it is not only low or moderate intensities of
stress and emotions or anxiety that enable athletes to compete at their best is
supported in the literature, with studies showing that almost a third of all athletes
beneﬁt from high levels of stress and anxiety prior to or during the competition
(Raglin and Hanin 2000). Research based on the IZOF model indicates that coping
with stressors and emotions during competition is highly individual (Friesen 2015).
For example, learning and applying relaxation techniques prior to and during
competition appears beneﬁcial for some athletes (e.g., Patrick and Hrycaiko 1998),
but counterproductive for others (Raglin 2007).

5.4

Assessment of Perceived Stress and Coping Strategies
in Long Distance Runners

The assessment of coping with stress and emotions during a marathon is somewhat
challenging. Athletes perceive potentially stressful situations and demands, along
with the concomitant emotions, while they run. In marathon competitions, both the
appraisal of stressors and the coping process occur over a long time of physical
activity, limiting the proximity and therefore the accuracy of assessment to the
running experience (Buman et al. 2008b). Hence, numerous retrospective instruments exist, like the Perceived Stress Questionnaire (PSQ; Cohen et al. 1983; Fliege
et al. 2005), the COPE inventory (COPE; Carver et al. 1989), the Ways of Coping
Questionnaire (WOCQ; Folkman and Lazarus 1985), the Coping Inventory for
Stressful Situations (CISS; Endler and Parker 1994), and the Coping Inventory for
Competitive Sport (CICS; Gaudreau and Blondin 2002; Gaudreau et al. 2005) to
name but a few (for a detailed overview see Crocker et al. 2015), that require
athletes to remember all stressors and emotions they experienced during the
competition and how they coped with them. This approach has been described as
hardly appropriate for the assessment of cognitions and coping processes because
the instruments provide generalised responses that may be adversely affected by an
inaccurate memory recall (cf. Eccles 2012). In order to be able to assess cognitions
and coping processes as close to real time as possible, recently developed and
applied assessment instruments, like ecological momentary assessment (Cerin and
Barnett 2006), think-aloud (Nicholls et al. 2008), the delayed retrospective report
method (Calmeiro et al. 2010), and the video-mediated recall method (Evans et al.
2014) have been applied. Both quantitative and qualitative methods possess several
strengths and advantages. Whereas quantitative methods can help to evaluate
coping in speciﬁc populations, qualitative methods help to compare coping across
studies, as well as to model and evaluate hypotheses and research questions, to
understand stressors and coping in sport and to identify antecedents and consequences of coping (cf. Crocker et al. 2015).
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Coping with Stress and Emotions During a Marathon

Adequate coping strategies can facilitate the successful adaptation to highly
demanding and stressful situations (Crocker et al. 2015) and influence personal and
social outcomes like performance (Lazarus 2000a). Thus, the ability to cope with
potentially stressful situations and demands is crucial in order to regulate the
emotional response during a marathon race. Coping is a learning process
(Pensgaard and Ursin 1998) that includes deliberate, conscious attempts to overcome a stressful situation (Richards 2012). Based on Lazarus and Folkman’s (1984)
model, coping can be further deﬁned as the “…constantly changing cognitive and
behavioural efforts to manage speciﬁc external and/or internal demands that are
appraised as taxing or exceeding the resources of the person” (Lazarus and Folkman
1984, p. 141). Coping can be classiﬁed into problem-, emotion-, or avoidance
focused strategies (Nicholls and Polman 2007), and involves volitional thoughts
and actions to deal with physically and psychologically difﬁcult situations (Lazarus
1999). These strategies are not distinct action types into speciﬁc directions, leading
to the fact that a single coping effort of an athlete may serve one or more directions
and functions (Lazarus 1999). In detail, problem-focused coping strategies are
directed towards the stressor itself and are used to minimize distress by reducing or
eliminating the stressor, and are applied in situations appraised as being controllable
(Folkman and Lazarus 1980). Moreover, problem-focused coping aims to change
the stressful situation or demand, and includes cognitive and/or behavioural cues,
task-oriented coping, increased effort, planning, suppression of competing activities, a focus on goals and seeking instrumental and informational support (e.g.,
Kaiseler et al. 2012b; Nicholls and Polman 2007). In contrast, emotion-focused
coping is used to regulate emotional arousal and distress in order to increase
psychological well-being and to decrease emotional stress (e.g., Hammermeister
and Burton 2001; Kaiseler et al. 2012b). Emotion-focused strategies include getting
emotional social support, imaging/visualizing, positive reinforcement, acceptance,
venting unpleasant emotions, humour, remaining conﬁdent, or turning to religion
(e.g., Lazarus and Folkman 1984; Nicholls and Polman 2007; Stanley et al. 2012).
Avoidance-focused coping refers to the athlete’s effort to remove oneself mentally
or even physically from the stressful situation (Johnson et al. 1998). Applying
avoidance coping strategies involves behavioural and psychological efforts to deny
or disengage from a stressful event (Krohne 1993; Nicholls and Polman 2007).
Problem-, emotion-, and avoidance focused coping strategies can include adjusting
behaviour (e.g., adjusting pace, relaxation, focus on venting of emotions, behavioural disengagement), and are regularly applied by long distance runners (e.g.,
Buman et al. 2008b).
Using coping strategies is associated with (a) the appraisal of harmful situations
that lead to emotions and anxiety (Nicholls and Polman 2007; Ntoumanis and
Biddle 1998), (b) positive appraisals of performance (Calmeiro et al. 2010), and
(c) positive affective states following competition (Hadd and Crocker 2007).
Importantly, these positive outcomes towards dealing effectively with stressful
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situations and demands during a marathon are derived from both problem-focused
and emotion-focused strategies. However, problem-focused strategies are more
effective when athletes have some degree of control over the situation, whereas
emotion-focused strategies are more effective when athletes perceive little or no
control over the situation (Nicholls and Polman 2007). Hence, the application of
problem- or emotion-focused coping strategies depends on the situations and
demands (Gaudreau et al. 2010) and the IZOF (Hanin 2000).
Evans et al. (2014) were able to show that runners reduce the application of
avoidance coping strategies regarding a competitive situation over a single competitive race, trying instead to successfully cope with the emotions they experienced
during this situation. In addition, problem-focused coping strategies (e.g., changing
the situation for the better) also appear important during competitive suffering.
When using problem-, emotion- or avoidance coping strategies, athletes can shift
their attention between internal and external dimensions (Gill and Strom 1985;
Morgan and Pollock 1977). The internal dimension in this case focuses on an
athletes’ own bodily sensations, thoughts and emotions, as well as physical sensations that relate to the task at hand, whereas the external dimension focuses on
stimuli from the environment outside one’s own body (cf. Pen and Fisher 1994).
These dimensions are often used in conjunction with the terms association or
dissociation (Masters and Ogles 1998), classifying four distinct and effective ways
to enhance endurance performance (Weinberg et al. 1984). Association refers to
perceiving and dealing with factors that are relevant to the performance and goal
achievement. In contrast, dissociation refers towards the distraction of the athlete
from the experience of any potentially stressful situation or demand during the race.
To expand the unidimensional conceptualization of attention focussing in sports,
Stevinson and Biddle (1999) developed a two-dimensional model of attention,
integrating both the process (e.g., associative vs. dissociative) and the direction of
the attention focus (e.g., internal vs. external). The proposed model distinguishes
between four directions of an athlete’s focus during competition: (1) external
association (e.g., keeping the pace, setting detailed goals on the track), (2) external
dissociation (e.g., focussing on spectators/environment, watching the landscape),
(3) internal association (e.g., physical sensations like feeling one’s heart beat,
focusing on one’s respiration), and (4) internal dissociation (e.g., solving arithmetic
problems, thinking about work/friends). More recently, Brick et al. (2014) proposed
to expand the associative dimension of Stevinson and Biddle (1999) by further
distinguishing between internal sensory monitoring and active self-regulation,
whereby internal sensory monitoring deals with directing attention towards one’s
breath, muscle soreness, fatigue, thirst, etc., active self-regulation refers to one’s
cadence, pacing, running technique or race strategies (Brick et al. 2014). In addition, on the dissociative level, Brick et al. (2014) refer to active distraction instead
of internal dissociation and involuntary distraction instead of external dissociation,
whereby active distraction describes solving mathematic problems, intentional
distraction, or conversing and involuntary distraction relates to directing attention to
unimportant scenery, spectators, turning to religion or imagining music.
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Differences in the Application of Coping Strategies

Marathon runners respond and cope differently to stressors during competition, with
some even beneﬁtting from emotions generally considered to be negative that
derive from stressful situations and demands (e.g., Hanin 2000; Raglin 2007).
Research shows that endurance performance can successfully be enhanced through
the use of both associative and dissociative coping strategies (Weinberg et al.
1984). However, it appears that associative strategies may be more effective
compared to dissociative/distractive strategies, provided that the runner in question
is able to keep an objective and non-emotional perspective on pain perception. In
contrast, if the runner is emotionally influenced by the bodily sensations and their
attention is directed towards the pain, applying dissociative/distractive strategies to
distract from the negative sensation would be more beneﬁcial (cf. Brewer and
Buman 2006). Moreover, differences exist between elite/experienced athletes and
non-elite/inexperienced athletes with regard to the application of association and
dissociation for coping with stress and emotion. Elite long distance athletes perform
better when applying associations, whereas non-elite athletes prefer dissociations
and tend to perform better when applying such strategies (Brewer and Buman
2006). For example, newcomers and non-elite athletes may try a general relaxation
strategy when experiencing stress and emotions during the race, but experienced
and elite athletes focus on relaxing speciﬁc muscle groups, such as the shoulder
girdle or their thighs (Schomer 1986; Tammen 1996). It is important to note that
although elite and experienced runners predominantly utilize associative coping
strategies during long distance endurance competitions, they also use dissociative
coping strategies, depending on the demands of the situation (cf. Brick et al. 2014).
In their classic publication on the psychological characteristics of elite distance
runners, Morgan and Pollock (Morgan and Pollock 1977) found that non-elite
runners use dissociative strategies to deal with stress, pain and fatigue, while
elite-runners apply associative strategies. Speciﬁcally, elite runners intensively
focussed on bodily feelings in their feet and legs and their respiration, to the extent
that they were able to maintain pace by listening to these sensations. Moreover, elite
marathon runners identiﬁed speciﬁc other competitors that they would like to keep
up with or stay with during the race, but this decision was considered optional
rather than mandatory. In addition, elite-runners applied self-talk strategies during
the race, telling themselves to keep calm or to relax. Lastly, elite runners did not
identify any pain zones during the race. Importantly, they did not believe in the
phenomenon, or rather the myth, of “hitting the wall” and, as such, they did not
report “hitting the wall” during the race (Brewer and Buman 2006; Buman et al.
2008b; Morgan and Pollock 1977). In contrast, non-elite runners employ dissociative cognitive strategies, like rehearsing or reconstructing previous experiences
and images (e.g., think about the entire educational experiences; building and
constructing a house in the mind; mentally listening to speciﬁc music; doing simple
to complex mathematical calculations). Applying such dissociative strategies
appears to be directed towards distracting the runner from stressful situations and
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demands, as well as painful sensations. As has been proved in several studies,
dissociative and distractive thoughts lead to decreased pain perception (Baden et al.
2004) or decreased perceived exertion (Stanley et al. 2007) by focussing attention
on other demands, sensations or perceptions unrelated to the pain (Brewer
and Buman 2006) or exertion. Overall, it can be said that applying dissociative
strategies appears to be more effective in non-elite athletes, perhaps because
non-elite marathon runners have insufﬁcient experience to have developed effective
strategies to cope with the task at hand, when compared to elite athletes (Brewer
and Buman 2006; Buman et al. 2008b).
Interestingly, runners that use association during a marathon complete the distance faster compared to those athletes who use dissociative coping strategies
during the competition (Brewer and Buman 2006; Masters and Lambert 1989;
Morgan and Pollock 1977; Tammen 1996). In addition, the pace of the run is
related to the use of associative and dissociative coping strategies. Elite athletes
change from dissociation during low running intensity to association as the pace
increases (Tammen 1996).
Regarding gender differences in the application of coping strategies, the existing
literature points out that there are more similarities than differences between genders (see Crocker et al. 2015). Nevertheless, if differences between male and female
athletes are present, these may be due to different stressors and appraisal rather than
differences between genders per se (Kaiseler et al. 2012a). For example, female
athletes appraise potentially stressful situations and demands with higher levels of
stress intensity (Kaiseler et al. 2012b; Tamres et al. 2002) and lower levels of
perceived control over stressful situations during competitions (Hammermeister
and Burton 2004) in comparison to male athletes. High perceptions of control have
been associated with the application of problem-focused and less emotion-focused
coping strategies (Zakowski et al. 2001).
Moreover, while some studies do not ﬁnd any differences between male and
female athletes regarding the use of different coping strategies (e.g., Crocker and
Graham 1995; Kowalski et al. 2005), some others do (for a review see Nicholls
and Polman 2007). It has been found that male endurance runners suppress competing activities and use association as emotion-focused strategies (Hammermeister
and Burton 2004), whilst female athletes predominantly use emotion-focused coping
strategies like venting emotions, emotional support, positive reinterpretation, and
dissociation (Hammermeister and Burton 2004) along with coping strategies that
involve verbal expressions (e.g., self talk, talking to others) (Tamres et al. 2002).

5.7

Speciﬁc Sport Psychology Techniques to Improve
Coping

To date, the most common coping strategies in sport include increasing effort, seeking
social support, avoidance, wishful thinking, changing tactics, problem-solving,
confrontation, relaxation, arousal control, and planning (Crocker et al. 2015). In order
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to improve effective coping with stressors, athletes should learn, practice and apply
different self-regulation skills that have been clearly proved to better coping during
competition situations. Based on ﬁndings from research and experiences in working
with athletes, some speciﬁc sport psychological techniques can be used to improve
coping with stressors during a marathon. Such sport psychology techniques include
self-talk, self-efﬁcacy training, goal-setting, imagery and visualisation, and
relaxation.
Using self-talk can be one major source of coping with potentially stressful
situations and demands during the marathon (e.g., Hamilton et al. 2007; Morgan
and Pollock 1977). Self-talk has been deﬁned as a “dialogue [in which] the individual interprets feelings and perceptions, regulates and changes evaluations and
convictions, and gives him/herself instructions and reinforcement” (Hackfort and
Schwenkmezger 1993, p. 355). A recent study by van Raalte et al. (2015) found
that runners utilize a variety of self-talk during a race. Speciﬁcally, this self-talk can
be distinguished between associative self-talk, focussing on the athletes’ bodies,
dissociative self-talk, positive motivational self-talk, negative-motivational
self-talks, short term goal-setting self-talk, incentive self-talk, mantras, spiritual
self-talk or praying, and miscellaneous thoughts. In their paper the authors state that
spiritual self-talk especially can be applied to reduce perceived stress during the
race (van Raalte et al. 2015). Interestingly, it is not only those athletes that use
positive and assisted positive self-talk (e.g., athletes are given external positive
comments during the endurance task) that improve their performance, but also some
athletes that use assisted negative self-talk (e.g., athletes are given external negative
comments during the endurance task; Hamilton et al. 2007). Whereas positive
self-talk might serve as motivational support, negative assisted self-talk can present
an external challenge that the athlete faces and wants to master. Again, this ﬁnding
supports the notion that the beneﬁcial or detrimental effect of the type of
self-regulation technique or coping strategy is highly dependent on the individual.
Regarding the ability to overcome stressors during a marathon (and, therefore, to
remain resolute in the pursuit of one’s goals), evidence exists possessing high levels
of self-efﬁcacy is beneﬁcial to athletes (Feltz et al. 2008). Perceived self-efﬁcacy is
deﬁned as an individuals’ judgement of his capabilities to achieve desired outcomes
in a variety of circumstances (Bandura 1997). Sources for self-efﬁcacy are past
performance accomplishments, vicarious experience, verbal persuasion, and interpretation of physiological/emotional states (Bandura 1997). While past performance
accomplishments refers to previous successful performances in training or especially competition, vicarious experience refers to an individual learning from
observing other athletes successfully completing the desired task. Verbal persuasion
comprises feedback and verbal support from others (e.g., coach, spectators) or the
athlete himself (e.g., self-talk). Interpretation of physiological and emotional states
relates to the perception and interpretation of bodily information such as pain,
strength, ﬁtness, etc., as well as emotions and feelings that the athlete has about the
task or in anticipation of crossing the ﬁnish line (Bandura 1997). Recently, Samson
(2014) provided information that long distance runners use physiological states,
verbal persuasion, and past performances most. Interestingly, novice runners rely
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more on verbal persuasion compared to experienced runners, which could be
explained by the lack of past performances in this group of athletes. As a result, it
appears to be important to create opportunities for novice runners to gain positive
experience during their competition training, for example by using a competitive
mimicry (e.g., creating competition-like circumstances during training) or by
competing in shorter races (Samson 2014). These positive experiences can be
beneﬁcial as they are likely to familiarize the athlete with similar stressors as would
be experienced during a marathon and, therefore, prompt the athlete to develop
effective strategies to overcome them.
Using effective goal-setting prior to a competition has been linked with the
ability to better cope with stressors that relate to goal failure, such as having slower
transit times than planned (Bueno et al. 2008). In order to set effective goals,
athletes should focus on goal speciﬁty, goal difﬁculty, and goal proximity (Locke
and Latham 1990). Athletes should set realistic goals that are not too demanding
and difﬁcult for themselves in order to prevent counterproductive effects on their
affective arousal, because very demanding goals can be perceived as a potential
stressor (Bueno et al. 2008). Nevertheless, goals should be difﬁcult enough in order
to trigger better performances than easy to reach goals (McCarthy 2012).
Applying imagery and visualisation is another method that has been shown to be
related to effective goal-setting (Munroe et al. 2000), reduced anxiety (Vadocz et al.
1997), and to increased self-conﬁdence (Callow et al. 2001) in athletes. Imagery has
been deﬁned as “those quasi-sensory and quasi-perceptual experiences of which we
are self-consciously aware and which exist for us in the absence of those stimulus
conditions that are known to produce their genuine sensory or perceptual counterparts” (Richardson 1969, pp. 2–3). Athletes using imagery in training and
competition can perceive potential stressors and demands as facilitative and under
control (Cumming et al. 2007; Jones et al. 2002). Athletes that are better able to use
imagery during potentially stressful situations have been shown to be higher in
sport conﬁdence (Williams and Cumming 2012). Consequently, it seems appropriate for athletes to practice and apply imagery during training sessions in order to
effectively apply this technique during a marathon.
Although it is detrimental for some athletes to practice relaxation during the
competition (Raglin 2007), it can clearly beneﬁt other athletes (Schomer 1986;
Tammen 1996). Relaxation techniques known to impact upon physiological reactions, behaviours, emotions and cognitions, and include methods like hypnosis,
autogenous training, meditation, progressive muscle relaxation and biofeedback
(Vaitl 2000). Athletes report that relaxation techniques help them to focus on their
inspiration of breath and also to vent problems, stressors and emotions during the
expiration of breath (Buman et al. 2008b; Hammermeister and Burton 2004).
However, it is not the type of relaxation technique that is important, but rather the
athletes’ ability to control stressors and cope with them. Athletes who can apply
self-control techniques usually do not experience permanently increased stress levels
(Neumann 2003). Williams and Harris (1998) suggest offering athletes a wide variety
of relaxation techniques to help the athlete identify the most effective technique, so as
to optimally impact the athletes’ performance (e.g., Patrick and Hrycaiko 1998).
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From Theory to Practice

To successfully cope with different stressful events during a marathon, an athlete
needs to have excellent coping skills, use problem- and emotion-focused strategies
separately or simultaneously, and, most importantly, be able to apply them when
needed (Hammermeister and Burton 2001; Lazarus 1991). Because some studies
ﬁnd that athletes use different coping strategies to deal with the same problem (cf.
Pensgaard and Ursin 1998), and the development of coping strategies is highly
individual and depends on the context, situation and athlete, a recommendation
regarding speciﬁc coping strategies for long distance athletes is difﬁcult.
Nonetheless, using evidence from literature and existing coping guidelines (e.g.,
Kaluza 1997), four steps on how marathon runners can learn to deal with potential
stressors and the concomitant emotions either individually or in conjunction with a
sport psychology consultant will be presented.
Firstly, because preventing the occurrence of stress is more desirable than curing
stress during the marathon competition (cf. Lane et al. 2012), it is crucial for
athletes to identify potential stressors that might arise in a marathon race during the
preparation period. Subsequently, they can develop individual coping strategies in
order to successfully cope with the various stressors. Athletes should prepare
themselves for stressful situations, demands or phenomena that they are likely to
experience during competition and group these factors into internal (e.g., pain,
fatigue, chance of missing personal goals, lack of motivation) or external stressors
(e.g., weather conditions, poor hydration, other competitors, pressure from spectators). With this preparation, marathon runners can become highly familiar with
the stressful situations and demands that affect them and efﬁcient in utilizing their
individual strategies to cope with each speciﬁc stressor should they really occur.
Secondly, because the level of optimal functioning and the performance-related
biopsychosocial states are highly individual, marathon runners should identify their
IZOF (Hanin 2000). In doing so, athletes should assess the perceived intensity of
functional and dysfunctional emotional states in relation to the quality of their
performance. To improve this identiﬁcation process, it is beneﬁcial to refer to the
personal performance history and to evaluate the degree of similarity or dissimilarity between the optimal emotional state and actually experienced states. In this
way, it is likely that athletes will be able to identify speciﬁc levels of emotional
states (e.g., anxiety) that lead to optimal or very poor performances. The optimal
emotional states necessary for an athlete to achieve their best performance are those
which are most appropriate and relevant to the individual under speciﬁc conditions
(Hanin 2000). The optimal performance level includes both the positive and negative emotions that a runner might experience in order to perform to their maximum. When assessing the beneﬁt of positive and negative emotions, an athlete
should factor in the anticipated intensity level, as the effectiveness of coping
strategies appears to be dependent on the task intensity (e.g., Stanley et al. 2007).
Hence, an athlete who strives for optimal functioning during a marathon should not

98

C. Zepp

only deal with potential stressors that might occur during competition, but also with
the intensity of the associated emotions.
Thirdly, when developing individual coping strategies for all stressors that do
not ﬁt into the IZOF, the application of a two-dimensional model of coping is
recommended, based on previously developed attention models (Brick et al. 2014;
Stevinson and Biddle 1999). In order to cope with identiﬁed internal and external
stressors, athletes can develop coping strategies that direct their attention to
(1) internal sensory monitoring (e.g., focusing on breath, heart beat, bodily sensations), (2) internal active self-regulation (e.g., cadence, pacing, running technique,
race strategies), (3) internal active distraction (e.g., solving mathematic problems,
intentional distraction, conversing), (4) external involuntary distraction (e.g.,
focussing on spectators/scenery, imagining music, turning to religion), and (5) external association (e.g., keeping the pace, reaching mile marker). Within these
dimensions, athletes can apply problem-focused coping and emotion-focused
coping (Nicholls and Polman 2007) that can serve one or more directions and
functions (Lazarus 1999) of the two-dimensional model. However, it is not recommended to apply avoidance coping strategies as it has been shown that trying to
mentally or even physically deny or disengage from a potentially stressful event can
lead to impaired performances or even dropping out of the competition (e.g.,
Crocker et al. 2015; Evans et al. 2014).
When developing, practicing, and applying problem-focused strategies, athletes
should be task oriented, focused on goals and suppressing competing activities.
Emotion-focused strategies, which can be used concurrently with problem-focused
strategies, involve regulating emotional arousal through imagery and visualisation,
relaxation or getting emotional support. For example, when a marathon runner
experiences faster heart rate (internal sensory monitoring), problem-focused coping
could involve focusing on the task of maintaining heart rate within a predeﬁned area
and to stay calm, whilst emotion-focused coping could involve self-talk to afﬁrm that a
slight increase in heart rate is not a threat. Equally, an athlete that is impacted by
negative comments from spectators could direct attention to running technique in order
to become task oriented again (problem-focused coping), or to visualise the spectators
offering emotional support through their comments (emotion-focused coping).
Although some studies show that association strategies seems to have a stronger
relation with faster marathon performances, and that marathon runners with sufﬁcient experience in running this distance might learn, practice and apply such
strategies, other studies show that athletes can beneﬁt from dissociative strategies,
provided that they keep an objective and non-emotional perspective towards
stressors. Thus, the effectiveness of applying either association or dissociation is
highly individual. As a result, it is suggested that athletes should choose coping
strategies that ﬁt their level of experience, their objectivity, and their demands,
rather than applying a general coping strategy. Likewise, the same is true for the
application of various sport psychology techniques that athletes can use during a
marathon. Techniques such as self-talk, self-efﬁcacy training, goal-setting, imagery
and visualisation, directing attention, and relaxation have proved to be effective to
decrease stress and emotional arousal during competition. Athletes can either teach
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themselves to use these methods or consult a sport psychological consultant who
will help them to successfully learn, adapt and apply the techniques.
Fourthly, it is suggested to evaluate the effectiveness of coping strategies the
athlete uses during a marathon. In doing so he will look for reasons why some
strategies and techniques might have helped to better cope with stressful situations or
demands, whereas others might have failed to do so. Thus, the athlete will need to look
at how he appraised different situations, evaluate whether or not this lead to emotions
or anxiety, positive appraisals of performance or positive affective states during or
after the marathon. Following this evaluation the athlete should start again with step 1,
identifying potential stressors during a marathon and elaborate individual coping
strategies that ﬁt him and his individual zone of optimal functioning.
Finally, it is very important to address the phenomenon of “hitting the wall”. It
seems that athletes should adjust their mindset regarding this issue, as the literature
indicates that it is almost exclusively those athletes who believe in the existence of
“the wall”, and therefore anticipate hitting it, that are susceptible to its effects
(Morgan and Pollock 1977). Conversely, athletes that do not believe in the wall
and, therefore, do not anticipate its occurrence during a marathon, are less likely to
experience it. Consequently, athletes would do well to develop positive alternatives
to “the wall” they expect in competition, such as anticipating flow or a runners high
(e.g., Boecker et al. 2008) at certain mile markers, to help them reach the ﬁnish line.
Alongside such mental preparations, athletes can organize their physical training in
order to be prepared on the long distance they have to cover during the marathon.
Current literature indicates that athletes who complete longer distances for their
longest training run are less likely to experience hitting the wall than those athletes
who complete shorter distances for their longest training run (Buman et al. 2008a).
Hence, in order to prevent stress and negative impacts on cognitive, affective,
behavioural, motivational, and physiological dimensions resulting from hitting the
wall, athletes should complete longer distances during long training runs.
Completing running distances in training conditions that are close to competition
distance is likely to help elicit similar stressors as are found in competition. Indeed,
this is also true for other factors, such as pace, track, environmental circumstances,
etc. Competitive mimicry such as this will prepare an athlete’s body and mind for
the psychological and physiological demands of a marathon and reduce the possibility of “hitting the wall” during competition.
Overall, it is beneﬁcial to perceive stressful situations and demands in a positive
manner. Studies show that many athletes who appraise problems and difﬁculties as
challenges that can be overcome, as learning opportunities, or as opportunities for
personal growth are more successful than those who do not (Bandura and Locke
2003; O’Neil and Steyn 2007; Sheldon 2005).
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Summary

This chapter summarized the development of stress and emotions during a marathon and presented practical methods to cope with them. By preparing for potentially stressful situations and demands that may occur during a marathon, athletes
improve their ability to cope with stress and emotions. For high-performance and
elite athletes the use of predominantly associative coping strategies is recommended
due to their considerable running experience. Indeed, this group of runners may
even improve their running performance by utilizing association. In contrast, less
experienced runners should engage in dissociative coping strategies in order to
better deal with the stressors of competition. Future research should aim to evaluate
coping interventions in both experienced and non-experienced marathon runners
with a view to identifying effective methods for individual athletes to improve their
coping strategies and, ultimately, their performance.
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Chapter 6

Motivation and Marathon Running
Chris Hammer and Leslie Podlog

If you want to run, run a mile. If you want to experience a
different life, run a marathon.
–Emil Zatopek, the only person to ever win the 5000, 10,000 m,
and marathon at the same Olympics.

Abstract In recent years, marathon running has become a sport for the masses.
Over the past 35 years, the median ﬁnishing time for a U.S. marathon slowed by
47 min (for males), the median age for male marathoners increased from 34 (1980)
to 40 years (2014), and the number of marathon ﬁnishers grew from an estimated
143,000 (1980) to over 550,000 (2014) (Running USA in 2014 Running USA
annual marathon report, 2015). With slower ﬁnishing times, older participants, and
dramatic increases in marathon participation rates, it is evident that marathon
running has become a popular endeavor for individuals of all ages and athletic
abilities. Given the appeal of marathon running, it seems worth asking the question:
“why are so many individuals motivated to undertake such a grueling activity?” The
issue of motivation among marathoners provides the focus of this chapter. In
particular, the chapter is divided into four sections. First, as the term ‘motivation’
has been used to refer to an array of conceptually distinct constructs, we provide a
scientiﬁcally sound deﬁnition of the construct. Second, the chapter focuses on
empirical research examining the issue of why individuals choose to participate in
marathon training and running. Here the discussion centers on three main issues
including: the measurement of motivation in marathon runners; participation
motives for engaging in marathon training and racing; and the relationship between
motives for marathon running and marathon performance. Third, we examine
detrimental outcomes associated with excessive motivation for marathon training.
Finally, we highlight a number of directions for future research and provide a
chapter summary.
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Perhaps no other athletic event has a greater tradition than the marathon. The
modern marathon was ﬁrst run in 1896, commemorating the legend of
Pheidippides, who in 490 B.C. ran from the Battle of Marathon to Athens, Greece
to deliver a message of victory. In addition to being an incredible feat of stamina
and determination, many people view completing a marathon as a testament to the
human spirit, making the marathon a popular event for those wishing to experience
the personal challenges and triumphs the marathon has to offer.
The popularity of marathon running has dramatically increased in recent decades. In the United States alone, there were over 1200 marathon events and 550,000
marathon ﬁnishers in 2014 (Running USA 2015). These numbers represent a
substantial increase compared to the year 2000, when there were approximately 300
marathon events and 353,000 ﬁnishers in the United States (Running USA 2015).
These record ﬁgures suggest that, in addition to the burgeoning popularity of the
marathon, a substantial number of individuals are able to adhere to the demands of
marathon training. Preparing for a marathon often involves time intensive, challenging training regimens, physical discomfort and pain, the need to carefully
monitor one’s diet, and scheduling social events around one’s training regimen. It is
therefore apparent that marathon runners take their training to levels far beyond that
required for overall health and ﬁtness (Ogles and Masters 2000). Such dedication
and training commitment is in sharp contrast to the general population, of which a
large portion struggles to adhere to minimal exercise guidelines. According to the
Center for Disease Control (CDC), only 1 in 5 U.S. adults meet physical activity
guidelines. Similarly low ﬁgures have been found in a number of Western European
nations, with Portugal among the lowest prevalence rates (Martinez-Gonzalez et al.
2001).
Research on motivation and exercise adherence amongst the general populace
may be helpful in understanding the motivational aspects of training for a marathon.
Given however, the substantial level of motivation and adherence necessary to train
for and complete a marathon, the motivational aspects of marathon running may be
unique (Masters and Ogles 1995). As such, this chapter focuses exclusively on
research concerning the motivation of marathon runners, and other long distance
running populations. Researchers in this area have largely focused on sub-elite
marathoners, a cohort often characterized as “recreational runners.” The abilities of
this population can vary immensely, from runners who complete the marathon in
well under three hours to those exceeding ﬁve or six hours. To be consistent with
the literature, we will deﬁne a “marathoner” as any individual completing the
marathon distance, regardless of time or ability.
In this chapter, we examine four areas in relation to the motivational aspects of
training and competing in a marathon. First, as the term ‘motivation’ has been used
to refer to an array of conceptually distinct constructs, it is instructive to ﬁrst specify
the nature of motivation. Second, we describe research focused on motivation and
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marathon/long distance runners. In the penultimate section, “Can motivation to train
be maladaptive?” we examine potential deleterious outcomes associated with
excessive motivation for marathon training. The fourth and ﬁnal section highlights a
number of directions for further inquiry and includes a chapter summary.

6.1

What Is Motivation?

Roberts (2012), a noted sport psychologist has argued that motivation is an overused and vague term. Be it coaches, athletes, politicians, teachers, business people,
or even motivational researchers, the deﬁnitions of motivation often vary substantially. For instance, motivation has been characterized as a matter of positive
thinking, a high level of arousal, or a sense of conﬁdence in one’s ability to achieve
a goal (Roberts 2012). Despite these differences, most contemporary motivation
researchers view motivation as process—not an entity—that characterizes one’s
effort in terms of direction, intensity, and persistence towards achieving (or
avoiding) an outcome (Roberts 2012). The direction component refers to “what”
one is motivated to achieve, while the intensity dimension refers to how much effort
or tenacity one puts forward in pursuit of a goal. The persistence dimension refers
to how long an individual continues to strive towards their goal in the face of
challenge, difﬁculty or setbacks. The term motivation or ‘motives’ also denotes the
reasons why an individual undertakes a particular pursuit or endeavor (Ryan and
Deci 2000). Such motives may for example be intrinsic in nature, as when an
individual trains for a marathon because of the inherent enjoyment they derive from
the act of running, or extrinsic motives such as achieving a certain time, receiving
tangible rewards (contracts, endorsements, etc.), or trying to avoid a punishment
(e.g., non-selection for a race or team).
Certainly, multiple motives or reasons may underlie the performance of any
action or behavior. For the purposes of our discussion here, it is sufﬁcient to note
that different motives for undertaking an activity have been shown to influence a
wide array of health, well-being, and performance outcomes across various life
domains (see Ryan and Deci 2000 for a review). For example, intrinsic motives to
compete in sport have been associated with more positive emotions and enhanced
sport performance (e.g., Gillet et al. 2010; Podlog and Eklund 2005; Shin et al.
2014). Conversely, extrinsic motives have consistently predicted more deleterious
health and well-being outcomes, such as greater athlete burnout (Londsdale et al.
2009), increased worry and concern following athletes’ return to sport following
injury (Podlog and Eklund 2005), and diminished persistence in sport tasks
(Pelletier et al. 2001). Thus, understanding why individuals undertake an activity is
essential for predicting the quality of their experiences as well as their well-being
and performance outcomes.

110

6.2

C. Hammer and L. Podlog

Research on Motivation in Marathon Runners

The research on motivation among marathon runners has focused on three main
topics, speciﬁcally: the measurement of motivation to train for a marathon; participation motives for engaging in marathon training and racing; and the relationship between motives for marathon running and marathon performance.

6.2.1

Measurement of Motivation in Marathoners

In order to understand the nature of athletes’ motives for marathon running, as well
as potential predictors and outcomes of motivation, it essential to be able to measure
the construct of interest in the speciﬁc setting of interest. As Masters et al. (1993)
suggest “…empirical methods of developing sports motivational theories using
select samples of athletes can lead to sport-speciﬁc ﬁndings” (p. 135). Towards this
end, Masters et al. (1993) created the Motivations of Marathoners Scale (MOMS),
an instrument designed to assess individuals’ motives for undertaking marathon
training. In devising the instrument, Masters et al. (1993) ﬁrst reviewed relevant
research concerning the motives of marathon and long distance runners (Carmack
and Martens 1979; Clough et al. 1989; Curtis and McTeer 1981; Johnsgard 1985a,
b, 1989; Masters and Lambert 1989; Summers et al. 1982, 1983). Based on the
literature, four broad categories or reasons for running were identiﬁed including:
psychological, achievement, social, and physical motives. Furthermore, nine
speciﬁc themes emerged within these four broad categories. Within the psychological motives category, providing a sense of life meaning, enhancing self-esteem,
and psychological coping were all speciﬁc motives for running. Achieving personal
goals and competing with other runners comprised the achievement motives category. The social motives category contained themes revolving around the desire to
receive recognition and approval from others and the desire to afﬁliate with other
runners. Within the physical motives category, a general health orientation and a
concern about weight emerged as themes.
Encompassing these nine speciﬁc themes, Masters et al. (1993) created the
56-item MOMS. Psychometric testing revealed that the MOMS possessed good
internal consistency, retest reliability, factor validity, and construct validity
(Masters and Ogles 1995, 1998; Masters et al. 1993; Ogles et al. 1995). With the
creation of the MOMS, Masters et al. (1993) equipped researchers with a means to
assess the motivations of marathon runners, potential demographic variables
influencing individuals’ motivation for marathon running, as well as motivational
antecedents and outcomes. The next section describes empirical investigations,
many of which utilized the MOMS, to examine the influence of demographic
variables on marathoners’ participation motives.
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Participation Motives for Marathon Training
and Racing

The following section highlights research examining the motivation to train and
compete in a marathon as a function of one’s experience level, age, gender, and
family status. Furthermore, research on a contemporary phenomenon—cause-based
marathon running—is highlighted, given the increasing number of individuals who
report running based on the desire to tackle a social issue. Finally, we highlight
research indicating that different motivational proﬁles may characterize runners.

6.2.3

Motivation and Previous Marathon Experience

Different theoretical perspectives recognize that the factors which motivate someone to initiate an activity may be different than those motivating the individual to
maintain or persist in the behavior (Masters and Ogles 1995). Given this reasoning,
Masters and Ogles (1995) utilized the MOMS to compare the motivation of 472
marathon runners based on their previous marathon experience. Results revealed
that veteran marathoners, deﬁned as individuals who ran more than three marathons, were largely motivated by social reasons, in particular, identity, recognition,
and afﬁliation. Competitive reasons and health concerns were also salient motives
reported among veteran marathoners. Masters and Ogles (1995) termed this cluster
of motives the “marathon identity”. Interestingly, the motives for this group were
largely external in nature. Masters and Ogles (1995) posited that when taking into
account the time and effort necessary to train for a marathon, social reinforcement
might be necessary to facilitate one’s perseverance to stick with the marathon.
Mid-level marathon runners, that is, those who ran two or three marathons,
appeared primarily motivated by the desire to improve their personal marathon
performance and by the psychological beneﬁts of running a marathon. The ﬁrst time
marathoners did not ﬁt the proﬁles of either the veteran or mid-level marathon
runners. Instead, they were primarily motivated by goal achievement, self-esteem,
as well as health and weight concerns. Additional research supports the ﬁnding that
people initiate their marathon involvement to accomplish a personal goal and to
address health concerns (Johnsgard 1985a, b; Summers et al. 1982). For example,
in a study collecting data both before and after participants’ ﬁrst ever marathon,
Summers et al. (1982) found that pre-race reasons for marathon running centered on
health and personal challenge, while after the race, the most frequent reason for
wanting to run a subsequent marathon was a desire to run a faster time.
Johnsgard (1985b) also demonstrated changes in motives for marathon running
as a function of experience levels in his study of 180 experienced American runners
over the age of 50. Interestingly, reasons for initiating marathon running were
positively related to those which motivated current running and focused on running
for physical ﬁtness and weight control, tension reduction and mood elevation, and
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personal identity. However, signiﬁcant shifts in the emphasis on particular motives
were evident with increased running experience. The strong initial motives
regarding physical ﬁtness and weight control both diminished slightly in value,
while initially salient motives dealing with tension reduction, mood elevation, and
identity became even stronger with experience. Results from Johnsgard (1985b),
Summer et al. (1982) and Masters and Ogles (1995) suggest that motives for running
a marathon may be influenced by one’s experience level and that motives may shift
from a focus on weight or health concerns to running as a source of identity,
psychological beneﬁts, and performance goals. As these studies were cross-sectional
in nature, longitudinal studies would provide a more comprehensive understanding
of how one’s marathon motivation evolves as a consequence of experience levels.

6.2.4

Motivation and Age

A similar, yet distinct, concept related to experience is age. As motivation to
undertake exercise has been shown to vary across the lifespan (Biddle 1995), Ogles
and Masters sought to examine potential differences in motivation among
marathoners of different ages. In a study investigating the difference in participative
motives of older and younger male marathon runners, Ogles and Masters (2000) had
104 older runners (ages 50 and up) and 110 younger runners (ages 20–28) complete
the MOMS. They found that older runners were more motivated by a desire to
develop and maintain a general health orientation, including a concern for weight, a
desire to seek a sense of life meaning or purpose, and afﬁliation with other runners.
On the other hand, younger runners were more motivated by personal goal
achievement, such as running to beat personal best times. The populations did not
differ signiﬁcantly with respect to the participative motive of competitiveness. The
authors suggested that differences between the two groups may reflect the evolution
of running motives over the lifespan. In particular, the researchers argued that
younger runners may initially pursue marathons in an effort to achieve personal
goals, however, during the time spent training and meeting other runners,
marathoners may begin to appreciate the other beneﬁts of running. Moreover, as
runners age, they inevitably lose some of their physical prowess making it increasingly difﬁcult to set personal bests. Such physical decrements may in turn result in a
diminished emphasis on achievement motives and a greater focus on life meaning
motives. Once again, the cross-sectional nature of this investigation mitigates any
time-order conclusions and suggests the need for prospective research on the topic.

6.2.5

Motivation and Gender

In addition to differences in marathon participation motives as a function of experience level and age, research also reveals gender differences. Ogles et al. (1995)
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administered the MOMS to a sample of 610 runners registering for races ranging
from 5k to the marathon, with the majority signed up for the marathon. Results
indicated that women were more likely to be motivated by weight concern (i.e., to
maintain/lose weight, to stay physically attractive), afﬁliation (i.e., to meet people,
socialize, and share group identity), self-esteem (i.e., to improve conﬁdence, to feel
sense of achievement), life meaning (i.e., to make life more purposeful, to feel at
peace with the world), and psychological coping (i.e., to improve mood and feel less
anxious). Women in this study also endorsed a wider range of motives than men, as
they reported using running as a means to socialize, manage weight and health, and
to psychologically take care of themselves. Finally, Ogles et al. (1995) found that
men were disproportionately higher in their compulsion to run as deﬁned by their
history of race participation, miles trained per week, and anticipated miles training
per week. Based on these ﬁndings the researchers argued that women may experience more psychological beneﬁts from running than men. This conclusion was
supported in subsequent research by Ogles and Masters (2003) in which they
examined the existence of potential motivational subgroups of marathon runners.
The group that endorsed all nine motives to run on the MOMS, termed the “running
enthusiasts”, was disproportionately female. On the other hand, the two clusters that
were deﬁned by motives to improve speed, reach potential (i.e., “personal goal
achievers”), and compete with others (i.e., “competitive achievers”) tended to be
males.
A number of gender differences found in Ogles et al. (1995) study have been
corroborated in other investigations. For example, Masters et al. (1993) found that
weight concern was signiﬁcantly more important to women as a reason to get
involved with marathons than it was for men. Summers et al. (1983) revealed that,
compared to males, women reported greater beneﬁts of meeting people as well as
relief from depression, a ﬁnding echoed in the work of Leedy (2009). In her case
proﬁle of ﬁve female marathon runners, Leedy (2009) found that women used
marathon running as a coping mechanism during times of emotional stress. Based
on the above work, it appears that marathon running may serve different functions
for males and females.

6.2.6

Motivation and Family Status

Another factor that has been examined in relation to motives for marathon running
is one’s family status. Goodsell et al. (2013) investigated how motives to run a
marathon were related to different family structures, as deﬁned by marital and
parental status. To that end, they purposefully selected thirty-three participants with
varying marathon experience levels and different family life structures to participate
in semi-structured interviews. They found that the motivation to start running or to
begin running marathons were relatively similar across participants, regardless of
family structure. A combination of three factors including: prior experience with
running; an invitation from a family member or friend; or a desire to improve health
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through participation in a convenient, flexible form of exercise, often provided the
impetus to begin running or to run a marathon.
Differences emerged with regard to the motivations to continue running marathons depending upon one’s family structure. Speciﬁcally, marital status, birth of
children, and the ages of those children all impacted one’s motivation to run. Those
who were not married and had no children were motivated by a sense of accomplishment, the health beneﬁts of running, and the social aspect of running.
Similarly, the married without children group were also motivated by health beneﬁts and by accomplishments, particularly, the desire to improve on their previous
race performances. This group also used running as a means to manage emotional
issues or marital stress. However, the social aspect of running (e.g., meeting new
people) did not particularly appeal to the married without children group, as they
seemed more motivated by the intrinsic beneﬁts to themselves or to their relationships with their spouses. Conversely, married runners with young children
reported enjoying the social aspects of running, perhaps to create an identity separate from their family roles. This was especially true for women, who expressed
the need to meet people and develop friendships, perhaps due to the relative isolation characteristic of those raising young children. Like the other two groups
however, the most prominent reason to run among married individuals with young
kids, was for health and well-being. Married runners with older children often
described how running had become routine for them, and that external forces such
as a need to comply with unyielding training routines did not play as signiﬁcant a
role in their motivation to run. Rather, for this group, running was a lifestyle.
Although a sense of accomplishment remained important, notions of what constituted a sense of accomplishment differed from other groups. Concerns about race
time, reaching goals, or winning the race, were of less importance than being in
control of their health, demonstrating that they had “not become old just yet”
(p. 346), and being able to complete marathons without being excessively fatigued.
For married athletes whose children had moved out, also termed “empty nesters”,
the social aspects of running were reported to be most salient. Empty nesters
indicated that the beneﬁts of running with others encompassed both therapeutic
(e.g., talk about problems) and stimulating (e.g., talk community events, politics,
etc.) beneﬁts.
Summarizing their ﬁndings, Goodsell et al. (2013) suggested that important
differences by family structure in the motivations for continuing to run were evident. Marriage, the birth of children, and the ages of children living at home all
influenced how runners viewed their physical activity. Although this investigation
shed important qualitative insights regarding the role of social factors impacting
motivation, this study failed to take into account the entire spectrum of family
structure. For instance, further research would beneﬁt from examining categories
such as single parents.
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Motivation and Caused-Based Marathon Training

Running a marathon to help fundraise for charity has grown in popularity.
Oftentimes, participants are provided coaching and training opportunities in
exchange for participant’s commitment to fundraise. Jeffery and Butryn (2012)
sought to understand the motivations of those participating in a caused-based
marathon training program aimed at raising money for cancer research. They
interviewed thirteen participants and found three motivational themes, including: a
growing connection with the cause, improved ﬁtness and athleticism, and mutual
training support with the team. Twelve of the thirteen participants indicated that
their time in the program had caused them to develop a deeper connection to the
cause. While none of the participants cited the cause itself as the primary reason for
joining the program, a growing connection to the cause was suggested to be a
powerful motivator to train and complete the marathon. For many participants,
training alongside other group members who embodied the cause of curing cancer
fostered a deeper sense of commitment to the issue. Furthermore, several participants reported that despite extreme fatigue during the actual marathon, they were
motivated to run faster when spectators cheered for the charity, while others indicated that their connection to the cause enabled them to overcome extreme discomfort and pain and complete the marathon.
The second main theme to emerge was improved ﬁtness and athleticism.
Speciﬁcally, as participants’ ﬁtness and running proﬁciency increased, so too did
their motivation to train. Several participants reported feeling more motivated after
discovering that they were fast runners. Moreover, several participants mentioned
that they were motivated by the program’s proven, effective, and reliable training
schedule. The ﬁnal main theme was mutual training support with the team. Almost
all of the participants became increasingly connected with other members of the
training group as the program progressed, which in turn resulted in a support
network that facilitated the motivation to attend workouts. Unique to caused-based
marathon training programs is the chance to develop a connection to the cause,
which Jeffery and Butryn (2012) found to be a potentially compelling motivating
factor. These ﬁndings suggest that tying individuals’ participation in marathon
running to a larger social issue or to group afﬁliation may have positive motivational implications. These suggestions require further empirical testing.

6.2.8

Motivational Subgroups of Marathon Runners

The aforementioned research suggests that motivation for marathon training and
racing may be influenced by a variety of factors including, previous experience,
age, gender, and family status. Furthermore, running for a cause may over time,
provide a strong source of motivation as runners internalize the importance of the
cause and begin to afﬁliate with other cause-based runners. Such studies however,
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did not address whether marathoners could be distinguished based on unique
motivational proﬁles or clusters. To address this issue, Ogles and Masters (2003)
conducted a multivariate cluster analysis based on a sample of 1519 participants
competing in one of six different marathons. Responses to the MOMS revealed ﬁve
distinct proﬁles: “running enthusiasts”, “lifestyle managers”, “personal goal
achievers”, “personal accomplishers”, and “competitive achievers”. The “running
enthusiast” motivational proﬁle endorsed all of the nine motives measured by the
MOMS. This group was disproportionately female, and tended to be older, to have
run more marathons, and to run with other runners. This proﬁle suggests that having
multiple motives for marathon running and appreciating various facets of the
marathon experience may be beneﬁcial for extending one’s marathon running
longevity.
The “lifestyle managers” motivational proﬁle was characterized by an emphasis
on personal goal achievement, self-esteem, health orientation, psychological coping, weight concern, and life meaning. Ogles and Masters (2003) concluded that
runners in this group were primarily motivated by a desire to improve their physical
and psychological well-being, and that running might serve as a means to handle
negative emotions. Such results are consistent with Ogles and Masters (2000) who
found that marathoners endorsing general ﬁtness as a motive for running tended to
run fewer miles per week, placed less emphasis on social and competitive motives,
and were more likely to train alone. This group was also disproportionately female.
The “personal goal achievers” group did not appear to be strongly motivated by
competition with other runners. Rather, as the name of this motivational cluster
would suggest, an interest in improving for personal reasons seemed to predominate. This group was also disproportionately male, tended to be younger and faster,
and ran more weekly miles than other groups. The “personal accomplishers” group
was characterized by personal goal achievement, self-esteem, and a health orientation. They appeared similar to the “lifestyle managers” group but placed less
emphasis on managing negative emotions. “Personal accomplishers” were also
fairly average on training variables and miles run per week.
The ﬁfth and ﬁnal group, the “competitive achievers”, most strongly endorsed
motives of personal goal achievement, self-esteem, health orientation, competition,
and life meaning. This group tended to be younger males who trained more days a
week than any other group and were more likely to train twice in one day. Besides
the “running enthusiasts,” the “competitive achievers” were the only group motivated by competition with others. Interestingly, across all groups, competitive
motives as well as social motives such as recognition and afﬁliation were of lesser
importance than a health orientation, personal achievement, and self-esteem
motives, all three of which were consistently valued the most (Ogles and Masters
2003). Additionally, psychological motives such as using running to become less
anxious, to cope with worries, to solve problems, and to improve mood were
endorsed to a greater extent than competitive or social motives. These results
suggest that despite several divergences between motivational clusters, the majority
of marathoners are motivated by personal life-enhancing reasons (Ogles and
Masters 2003).
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Motivation and Marathon Performance

As indicated previously, different motivations, be it intrinsic versus extrinsic, have
been shown to have differential consequences for athletes’ emotions, health and
well-being, and performance (Gillet et al. 2010; Podlog and Eklund 2005; Shin
et al. 2014). Surprisingly, few studies have examined whether different motivations
for competing in a marathon predicted the likelihood of marathon completion
versus non-completion or different performance outcomes with respect to ﬁnishing
times (Havenar and Lochbaum 2007; Ogles and Masters 2000, 2003; Lange and
Crusius 2015). Havenar and Lochbaum (2007) prospectively compared the motivations of individuals completing the training and ﬁnishing the marathon versus
those who dropped out prior to the race. Utilizing the MOMS, all data were collected prior to the beginning of the training protocol, with the marathon following
approximately 6 months later. Of the 106 participants, 31 would go on to complete
the training protocol as well as the marathon, while 75 were pre-race dropouts, a
71 % attrition rate. Furthermore, ﬁndings revealed signiﬁcant differences between
marathon ﬁnishers and pre-race dropouts on three of the MOMS scales—weight
concern, social recognition, and afﬁliation—with pre-race dropouts endorsing these
motives more than marathon ﬁnishers. Consistent with these ﬁndings, Masters et al.
(1993) found that a low percentage of marathoners endorsed motives of weight
concern and a desire for recognition, suggesting the potential negative consequences of an emphasis on external motives for marathon running.
The influence of motivation on marathon performance has been addressed in
three other investigations. In the aforementioned study by Ogles and Masters
(2003) participants characterized under the motivational cluster “competitive
achievers” had the fastest average marathon ﬁnish times (X = 208.12 min;
SD = 29.84) while the “lifestyle managers” had the slowest average ﬁnishing times
(X = 235.6 min; 33.77 = SD). Consistent with these ﬁndings, Ogles and Masters
(2000) found that runners who emphasized competitive reasons for running tended
to train more miles per week, participate in more marathons, and had faster personal
best ﬁnishing times. Similarly, like the “lifestyle managers”, runners endorsing
general ﬁtness as a primary motive for running in Ogles and Masters (2000) study
also had the slowest running times.
Relationships between motivation for running and running performance were
also revealed in a third investigation. Given the competitive nature of sport, Lange
and Crusius (2015) reasoned that feelings of envy or jealousy might provide an
important source of motivation driving running participation. Applying this logic,
the researchers sought to examine the impact of two types of envy—benign envy
and malicious envy—on marathon running performance. Benign envy was deﬁned
as “the motivation to move upward”, whereas malicious envy was related to
“pulling superior others down” (p. 284). According to Lange and Crusius (2015),
benign envy increases the motivation to invest more effort to enhance one’s own
standing whereas malicious envy increases the motivation to diminish the success
of envied others. Analysis of 370 marathon participants (208 = half marathon and
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162 full marathon) results revealed that dispositional benign envy predicted higher
goal setting, which in turn predicted faster marathon race performance. In contrast,
dispositional malicious envy predicted the avoidance of setting a concrete time goal
for the race. Collectively, results from studies in this section, indicate that external
motives such as weight-related preoccupations, a desire for recognition, and an
interest in “pulling” superior others down may be detrimental towards marathon
completion or completion time. Such a contention is consistent with motivational
research highlighting the negative influence of external motives for task completion, persistence, and performance (Ryan and Deci 2000).
Although the authors are not aware of any other studies examining the implications of various motivations on marathon performance, one other study examined
outcomes associated with different participative motives. Loughran et al. (2013)
investigated whether the motives of non-elite marathon runners were related to any
perceived beneﬁts associated with their participation. Results revealed that individuals often perceived beneﬁts that were similar to their initial motivations for
running. For instance, those motivated to run for health reasons also reported
physical beneﬁts associated with their marathon running. This result suggests that
marathoners may get what they seek from their marathon involvement.
Furthermore, in some cases, perceived beneﬁts extended to other domains. For
example, health motivations for marathon running predicted perceived psychological and relationship beneﬁts outside the sport realm. Given the increased
popularity of marathon running among individuals of all ages and athletic backgrounds, it seems likely that a multitude of physical, psychological and social
beneﬁts may be derived from marathon running. Further research examining the
impact of different running motives on a variety of health and well-being beneﬁts
(e.g., vitality, general happiness) and performance indicators is needed to extend
research in this area.

6.3

Can the Motivation to Train Be Maladaptive?

In describing the deﬁnition of motivation, we suggested that a key component of
motivation relates to the intensity of one’s goal directed behavior. While an intense
motivation to train might generally be perceived of as desirable quality, research
suggests that there are instances, when one’s motivation towards a target activity
can become excessive and compulsive. Excessive motivation may result in deleterious psychosocial and health consequences for the individual (Hall et al. 2007;
Stephan et al. 2009). The response to the question “is there such thing as too much
of a good thing?” appears to be “yes”. As described below, research on compulsive
exercise behavior and passion indicate that motivation-related constructs appear
to predict a number of adverse outcomes associated with involvement in
marathon/long distance running.
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Compulsive Exercise Behavior

The exercise literature contains numerous terms that have been used to describe
compulsive exercise behavior, such as exercise dependence, exercise addiction, and
obligatory exercise. While it is important to note that the profusion of nomenclature
surrounding this phenomenon, limits progress in better understanding compulsive
exercise behavior (Hall et al. 2007), a detailed discussion of terms used to examine
compulsive exercise behavior is beyond the scope of this chapter. Rather, the focus
here is to highlight research examining key psychological characteristics of compulsive runners and outcomes associated with it. As the term “obligatory running”
seems to be most commonly used, we will employ it in the discussion below.
Results from several investigations suggest a number of common features
characterizing obligatory runners (Coen and Ogles 1993; Hall et al. 2007; Karr et al.
2013; Ogles et al. 1995). Ogles et al. (1995) deﬁned obligatory runners as those
who run at all costs, often despite negative consequences such as injuries or
damaging effects on interpersonal relationships. Such individuals have been found
to be more motivated to train out of a desire to achieve personal goals, to beat
competition, and to attain recognition for their accomplishments, in relation to their
non-obligatory counterparts (Ogles et al. 1995). Obligatory runners have also
reported training more miles, days, and hours per week, than non-obligatory runners (Coen and Ogles 1993) and suggested a greater willingness to run while
injured and to continue running if they became injured in the future.
Several other psychological attributes appear to characterize obligatory runners
including trait anxiety, perfectionist tendencies, a high exercise identity, and
internalization of the thin/athletic-ideal body shape (Coen and Ogles 1993; Hall
et al. 2007; Karr et al. 2013). For instance, obligatory runners have been found to
have heightened preoccupations over organization, a fear of making mistakes, and
doubts regarding the quality of their training (Coen and Ogles 1993; Hall et al.
2007). Furthermore, exercise identity, and internalization of the thin/athletic-ideal
body shape have been positively associated with obligatory exercise (Karr et al.
2013). Karr and colleagues found that when controlling for body mass index, age,
and race distance, the interaction of exercise identity, gender, and internalization of
an athletic-ideal body shape predicted obligatory exercise. Speciﬁcally, women who
valued an athletic physique and who highly identiﬁed with exercise appeared more
susceptible to obligatory exercise. The aforementioned research on obligatory
exercise suggests that a cluster of psychological factors may characterize the
compulsive runner including high external motivation, trait anxiety, perfectionist
tendencies, a high exercise identity, and internalization of Western ideals about an
athletic/thin body.
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Passion

A motivation-related construct, which has been found to predict both adaptive and
maladaptive outcomes in a variety of life domains, is passion. Passion has been
deﬁned as “a strong inclination toward a self-deﬁning activity that one loves,
values, and devotes a signiﬁcant amount of time and energy to” (Vallerand 2012,
p. 205). Vallerand (2003) distinguished passion from the concept of motivation
suggesting that not all forms of motivation (e.g., extrinsic motivation) entail an
aspect of liking the activity, an inherent feature of passion. In his dualistic model of
passion, Vallerand et al. (2003) outlined two types of passion—harmonious and
obsessive—the major difference between these two being how the individual
internalizes an activity into their identity. Harmoniously passionate individuals
engage in an activity of their own volition and accept the activity as important for
them without any contingencies attached to it. In this instance, the passion
underlining the performance of an activity occupies a signiﬁcant but not overpowering aspect of the persons’ identity and is in harmony with other aspects of the
persons’ life. Obsessively passionate people, on the other hand, feel compelled to
engage in a particular pursuit because they feel controlled by internal or external
contingencies such as feelings of social acceptance, self-esteem or an uncontrollable
excitement derived from the activity (Vallerand 2012). Unlike harmonious passion,
obsessive passion is characterized by a rigid persistence in an activity that comes to
control the individual, eventually occupying a disproportionate amount of importance in the person’s life and causing conflict with other aspects of their life
(Vallerand 2012).
A review of passion research in sport and exercise suggests that harmonious and
obsessive forms of passion lead to distinct cognitive, affective, behavioral, social,
and performance outcomes (see Vallerand 2012). For example, harmonious passion
has been associated with positive affect, concentration and flow (Vallerand et al.
2003), while obsessive passion has been linked to a variety of mostly maladaptive
outcomes such as increased negative affect (Vallerand et al. 2006), performance
avoidance goal-pursuits (Vallerand et al. 2008), and aggressive behaviors (Donahue
et al. 2009). Moreover, as obsessive passion leads to inflexible persistence,
(Vallerand et al. 2003), it is not surprising that it has been found to be a risk factor
for both acute and chronic injuries (Rip et al. 2006). In a study of long distance
runners involved in structured training regimens, Stephan et al. (2009) found that
obsessive passion predicted perceived susceptibility to running-related injuries and
was positively related to the number of past injuries. Harmonious passion, on the
other hand, was not related to the number of past injuries and negatively predicted
perceived susceptibility to running-related injury. Consistent with past research
(e.g., Vallerand et al. 2003), these results suggest that despite their awareness of the
risk of injury, obsessively passionate individuals rigidly persist in their running
because they are controlled by the need to run. While an intense adoration towards
an activity is not inherently negative, ﬁndings from the passion research suggest
that passion may be problematic when the marathoner becomes controlled by a
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compulsive need to run. For such persons, a more rigid and pressured sense of
engagement may mitigate the experience of full absorption and enjoyment in one’s
running and lead to a number of detrimental outcomes such as injury.

6.4

Directions for Future Research

Despite advances in knowledge of motivation and marathon running, there remain
numerous areas for further inquiry. With the creation of the MOMS, Masters et al.
(1993) provided a means for developing a more comprehensive understanding of
the motivations of marathon runners. Using the MOMS, researchers have found
differences in motivation across various experience levels, ages, genders, and
family status. While these studies provide important descriptive information
regarding the nature of athletes’ motives for marathon running, a number of limitations are evident. First, as mentioned, the cross-sectional nature of most studies
limits the ability to draw causal conclusions, and suggests the need for longitudinal
studies examining changes in motivation over the lifespan. Second, all of the
studies cited in this chapter were conducted on a general marathon running population. Although some studies (e.g., Ogles and Masters 2003) included participants
who might be considered “elite”, researchers have yet to examine potential motivational differences between elite and non-elite marathoners. Along such lines, it
would be interesting to examine how the motivations of either elite or non-elite
marathoners compare to athletes’ of similar levels in other sports.
Other fruitful avenues for further inquiry are also evident. As much of the
research on motivation among marathon runners has been atheoretical, employing
various motivational theories—social cognitive theory, expectancy-value theory,
attribution theory, achievement goal theory, self-determination theory—would
facilitate a better understanding of motivation in marathoners as well as its antecedents and outcomes. For example, a range of personal (self-efﬁcacy beliefs,
expectations, self-regulation skills) and environmental factors (social support,
reinforcements, organizational/social environment) emphasized in social cognitive
theory may reciprocally interact to influence the development of motivation across
individuals or within persons across time. Likewise, further research addressing
potential outcomes associated with different motives for marathon running is needed. Few investigators have examined whether different motivations predict various
behavioral, performance, and psychosocial outcomes or how motivation might play
a mediating or moderating role between training, performance, or well-being
variables. As suggested, employing existing theories will provide researchers with a
theoretical rationale for selecting variables that likely influence the development of
and outcomes associated with motivation for marathon running. Finally, research
testing the value of different motivational interventions would be beneﬁcial. Given
the physical and psychological challenges associated with marathon running,
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examination of empirically validated interventions for optimizing motivation seems
worthwhile. Testing theory based interventions, using experimental designs would
be beneﬁcial towards this end.

6.5

Summary

With dramatic increases in marathon participation rates over the past 35 years, it is
evident that marathon running has become a popular vehicle for exercising one’s
competitive, social and ﬁtness needs across the lifespan (Buman et al. 2008). Given
the popularity of marathon running, we sought to address the issue of what motivates individuals to undertake such an endeavor and how one’s motivation might
impact important well-being and performance outcomes. We deﬁned motivation as
a process relating to the direction, intensity, and persistence one displays in their
goal directed behavior (Roberts 2012). In deﬁning motivation, we also suggested
that the reasons or motives underpinning one’s actions could have differential
consequences for individuals’, health, well-being and sport performance (Ryan and
Deci 2000). In order to capture the speciﬁc participation motives of marathon
runners, Masters et al. (1993) developed the MOMS scale, an inventory used in
subsequent research examining individual differences and cluster proﬁles of motivation among marathon runners. In particular, research highlighting differences in
motivation as a function of experience levels, age, gender, and family status was
described. Overall, ﬁndings from this body of research suggest a plethora of
motives for marathon running ranging from concerns about health and ﬁtness, to
social interests, and achieving certain performance standards or race times. The
relative salience of these motives appears to vary depending upon the aforementioned demographic variables. Findings also suggested that running a marathon in
order to address a social issue (e.g., cancer) has become increasingly popular in
recent years. In the section on motivation and marathon performance, we found
motivation also influenced important outcomes, namely marathon completion
versus non-completion and marathon running times. Runners endorsing motives
such as weight concern, social recognition, and malicious envy (“pulling superior
others down”) may be susceptible for pre-race dropout and poorer marathon times.
Conversely, those motivated by competitive aspirations appear to achieve faster
running times. We also highlighted research suggesting that individuals who feel
compelled to run or controlled by the need to run—as is the case with obligatory
runners or obsessively passionate runners—may be prone to maladaptive outcomes
such as injury. Finally in providing suggestions for further research, we encouraged
scholars to adopt theoretically based approaches that consider the antecedents and
outcomes of motivation for marathon running as well as the utility of motivational
interventions.
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Chapter 7

Marathon Training: Gender and Age
Aspects
Jennifer L. Reed and Jenna C. Gibbs

Abstract No presentation of marathon running would be complete without a
discussion of gender and age aspects. Marathon running is one of the world’s oldest
sports dating back to the ancient Greeks. However, it is only in the last 40 years that
women and older runners have begun training for and competing in these 42 km
(marathon distance) foot races. In the pages that follow, we will provide a brief
history of several notable women and older runners that have shaped the history of
marathon running. We will review the physiological differences such as body
composition and oxygen carrying capacity between men and women as it relates to
marathon training and performance. We will discuss the performance differences
such as ﬁnishing time and pace strategy between men and women as well as
comment on gender-speciﬁc training and injury characteristics. Speciﬁc to female
runners, we will report on menstrual disturbances that may result from high exercise
energy expenditure and/or low dietary energy intake frequently observed among
runners, and training and running considerations during pregnancy. As apparent
and highly researched are the physiological considerations of marathon running, the
equally important musculoskeletal and psychological factors such as bone loss and
disordered eating will be discussed. We will briefly review the cardiovascular,
pulmonary and neuromuscular changes that occur with aging, and the impact of
these changes on marathon training and performance. Finally, we will discuss the
risk of medical problems and running-related injuries in older marathon runners and
the emerging trend of younger marathon runners (<18 years of age).
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Introduction

It was once believed that women were not physically capable of running a marathon
due to the strenuous nature of the event and thus were forbidden from doing so.
A woman who was caught, even as a spectator, at the Olympic Games in Athens could
face execution. Today, more than 500 marathons are held annually worldwide, with the
vast majority of competitors being male and female recreational athletes. Several
notable women have been central to the sports development. In 1923, Frances
Hayward was the ﬁrst woman, although an unofﬁcial entrant, to complete the
Comrades Marathon, with a time of 11:35:00 (Burfoot 2007). The Comrades Marathon
is arguably the greatest ultra marathon in the world held annually in the KwaZulu-Natal
Province of South Africa. Athletes worldwide combine muscle and mental strength to
compete in this uphill 87 km or downhill 89 km race (the direction of the race alternates
each year). In 1966, Roberta “Bobbi” Gibb was the ﬁrst woman, although also an
unofﬁcial entrant, to run the Boston Marathon. She disguised herself under a hooded
sweatshirt and hid behind bushes near the starting pen until the race began. When the
starting gun ﬁred, she emerged from the bushes and began running, wearing men’s
running shoes. During the race she removed the sweatshirt at which point it became
apparent that she was a woman. She ﬁnished the marathon in 3:21:40 to place 126th
overall. In 1978, a Norwegian track star named Grete Waitz was the ﬁrst woman to run
the New York City Marathon in a world record time of 2:32:30. After several other
marathons worldwide also proved that women could safely run 42 km, the women’s
marathon was introduced at the 1984 Summer Olympics (Los Angeles, USA) and was
won by Joan Benoit Samuelson of the United States with a time of 2:24:52 (Burfoot
2007). Notable accomplishments in the women’s marathon have continued since the
addition of the women’s Olympic Marathon in 1984. In 2002, Paula Radcliffe became
the ﬁrst woman to break 2:18:00 with a ﬁnishing time of 2:17:18 in the Chicago
Marathon. In 2003, she ran the London Marathon in an outstanding 2:15:25, a world
record that still stands. These women were the ﬁrst to break the sport’s gender barrier
and have been consistently among the world’s leading performers.
In the 1970s it was uncommon to ﬁnd an older runner (>40 years of age)
competing in a marathon, with the exception of John A. Kelley who ﬁnished 58
Boston Marathons, the last at 84 years of age. Since 1976, the marathon running
population has aged to a remarkable extent; we now see remarkable performances
by men and women at all ages (Burfoot 2007).

7.2
7.2.1

Gender Differences in Marathon Running
Training, Performance and Injury Differences
Between Men and Women

In the early 1990s, scientists predicted that women would outperform men in the
marathon event within the decade based on world record progression, expressed as
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mean running velocity versus historical time, in women’s favour (Stray-Gundersen
et al. 2001). However, the gap in the fastest marathon ﬁnishing times between men
and women remains approximately 9–10 %, with older and lower-placed female
runners driving the deﬁcit regardless of competition level (Hunter et al. 2011). The
best ﬁnishing times of male marathon runners have gradually declined from 1980
(Gerard Nijboer—Amsterdam Marathon—2:09:01) to 2014 (Dennis Kimetto—
Berlin Marathon—2:02:57) (International Association of Athletics Federation
2015). The best ﬁnishing times of female marathon runners have decreased more
dramatically during the same time period from 2:31:23 (Joan Benoit—1980
Auckland Marathon) to 2:20:18 (Tirﬁ Tsegaye—2014 Berlin Marathon), with the
best ﬁnishing time achieved by Paula Radcliffe at the 2003 London Marathon
(2:15:25) (International Association of Athletics Federation 2015). Figure 7.1
depicts the progression patterns of the best marathon ﬁnishing times of American
male and female marathon runners from 1976 to 2005.
Running economy, deﬁned as the energy demand of sub-maximal running at a
given velocity (Saunders et al. 2004), may contribute to differences in marathon
running performance between men and women. However, to date, results from
studies comparing running economy of elite male and female runners are incon_ 2max and
clusive. In classic studies of male and female runners matched for VO
performance, running economy was similar between sexes at slower running speeds
(Hopkins and Powers 1982); yet, male runners demonstrated superior running
economy at faster “race pace” speeds (Daniels and Daniels 1992). Helegrud (1994)
alternatively reported that female runners may in fact compensate for lower
_ 2max (compared to male runners) with superior running economy, greater
VO
training volume, and higher exercise intensity during the race. Therefore, the
contribution of running economy to gender differences in marathon performance
remains unclear.

Fig. 7.1 Best marathon ﬁnishing times of American male and female marathon runners, from
1976 to 2005. Reproduced from Pate and O’Neill (2007) with permission
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Pace strategy is another important component of marathon performance.
A marathon runner’s pace may be characterized using a pacing proﬁle (i.e.
even/consistent, variable), the percentage change in pace in ﬁrst versus second half
of the race, or the mean velocity of last 9.7 km divided by ﬁrst 32.5 km (March
et al. 2011; Deaner et al. 2015; Santos-Lozano et al. 2014). In a study of 190,228
ﬁnishers of the New York City marathon, both male and female runners demonstrated an even pace across the marathon event (Santos-Lozano et al. 2014).
Alternatively, ﬁndings from a study of 14 American marathons in 2011 (total of
91,929 performances) (Deaner et al. 2015) showed the mean change in second half
marathon pace relative to the ﬁrst half pace was 15.6 and 11.7 % for men and
women, respectively. Similarly, female marathon runners have demonstrated less
variable patterns in marathon ﬁnishing time in consecutive races across a competitive season when compared with their male counterparts (Hopkins and Hewson
2001). Trubee et al. (2014) found that non-elite female runners were better pacers
than non-elite male runners, particularly in warmer race temperatures. Possible
explanations for differences in pacing between sexes include differences in recovery
patterns, training intensity, body temperature regulation, and substrate utilization
during endurance exercise (Carter et al. 2001; Lamont 2005; Tarnopolsky 2000).
Marathon performance has been shown to peak at similar ages in men and
women, with evidence of best marathon ﬁnishing times at mean ages of 27 and
29 years in men and women, respectively (Hunter et al. 2011). Gender differences
in marathon performance similarly increase with advancing age due to the comparable effects of aging on cardiovascular and neuromuscular functions in men and
women (Wiswell et al. 2000; Joyner 1993). Between 18 and 57 years of age,
women have been shown to exhibit faster race times (19 % higher) when compared
with men (Lara et al. 2014). However, after 57 years of age, gender differences
exponentially increase, likely due to lower participation rates and lower number of
elite or top-ranked athletes among female marathon runners (Hunter and Stevens
2013). As such, running pace for marathon world record performances have been
similar between men and women until the age of 50 years, and thereafter, elite
female marathon runners have demonstrated slower running pace when compared
with elite male marathon runners (Fig. 7.2) (Trappe 2007). In addition to physiological factors, gender differences in marathon performance may be explained by
socio-cultural determinants of sports participation, including socio-cultural expectations, social support, athletic opportunity, and early life sports and exercise participation (Hankonen et al. 2010; Seefeldt et al. 2002; Vrazel et al. 2008).
Training frequency, intensity, and duration strongly influence marathon running
performance in men and women. Similar physiological responses to training programs are observed in men and women (Burke 1977). Therefore, similar approaches to conditioning can be utilized to achieve performance goals in the marathon in
both sexes. No signiﬁcant differences in training frequency and mileage have been
reported between male and female marathon runners (Leyk et al. 2009); yet, male
runners have demonstrated higher training speeds (Knechtle et al. 2010). Number of
weekly training sessions and years of training are determinants of marathon performance in women (Bale et al. 1985); whereas, weekly training hours and mileage
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Fig. 7.2 Running pace (min:sec/mile) for marathon world record performances in men and
women with age (years). Men are represented by lines with squares and women are represented by
lines with circles. Reproduced from Trappe (2007) with permission

and mean training speed contribute the most to marathon performance in men
(Knechtle et al. 2010a, b). Prior evidence of the minimal or non-existent effects of
menstruation on performance during training or competition in female marathon
runners have been elucidated (De Souza and Metzger 1991). However, in the
presence of dysmenorrhea (painful menstruation), a female marathon runner may
decide to alter training for 1–3 days to avoid discomfort or seek medical attention
from a physician to relieve symptoms and prevent interruptions in training (Hale
1984). Regardless of gender, marathon training programs should be individualized
to the athlete, including their ﬁtness level, age, and performance goals.
Injury patterns have been shown to differ between male and female runners
due to individual (i.e. age, sex, genetics), running/training (i.e. running mileage,
training frequency, gait patterns, running shoes), and health and lifestyle factors
(i.e. history of injury, co-morbidities, smoking, diet) (van der Worp et al. 2015;
Boles and Ferguson 2010). Findings from a prospective cohort study in novice
runners demonstrated that men, particularly younger men (<40 years), have a higher
risk of running-related injuries when compared with women (Buist et al. 2010).
Women have been shown to be at a higher risk of postural hypotension and dermatological complications (Schwabe et al. 2014). In a recent systematic review in
long-distance recreational or competitive runners, there is moderate-to-strong evidence to support that a history of previous injury and orthotic/inserts use were
associated with an increased risk of running-related injuries in both men and
women (van der Worp et al. 2015). Risk factors for running-related injury speciﬁc
to women were older age, previous sports-related activity, running on a concrete
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surface, previous participation in a marathon, weekly running mileage (30–39
miles), and wearing running shoes for 4–6 months (van der Worp et al. 2015). Risk
factors for running-related injury speciﬁc to men were history of injury, running
experience (≤2 years), and weekly running mileage (20–29 miles or >40
miles/week) (van der Worp et al. 2015). Future prospective investigation is necessary to conﬁrm the effect of gender differences on the incidence of injuries in
runners across distance events and competition levels.

7.2.2

Physiological Differences Between Men and Women

Gender differences in marathon performance are thought to be primarily explained
by physiological differences that allow men to run faster over the 42 km marathon
_ 2max (Wiswell et al. 2000;
distance than women. Men typically have a higher VO
Pollock 1977; American College of Sports Medicine 2014; Pate and O’Neill 2007;
Pate et al. 1987) greater muscle mass relative to body weight (Cheuvront et al.
2005), and superior hemoglobin content (Stray-Gundersen et al. 2001; Cureton
et al. 1986) when compared with women, which are factors known to be associated
with superior marathon running performance.
Women have a reduced oxygen carrying capacity as a result of lower hemoglobin concentrations when compared with men (Cureton et al. 1986). Hemoglobin
is the protein molecule in red blood cells which carries oxygen from the lungs to the
body’s tissues and returns carbon dioxide from the tissues back to the lung.
A reduced oxygen carrying capacity impairs muscle function and limits exercise
performance. Iron is required for the formation of hemoglobin (Rodriguez et al.
2009). Iron depletion (low iron stores) has been observed among female marathon
runners (Lampe et al. 1986). The recommended dietary allowance for iron for
women aged 19–50 years is 18 mg per day (Thompson et al. 2005). The recommended dietary allowance for iron for men aged 19 years and older is 8 mg per day
(Thompson et al. 2005). Elite runners and those who are vegetarian or regular blood
donors should aim for an iron intake greater than the recommended dietary
allowance (Rodriguez et al. 2009). The high incidence of iron depletion among
athletes is usually attributed to inadequate dietary energy intake (Rodriguez et al.
2009). Other factors that can impact iron status include vegetarian diets that have
poor iron availability, periods of rapid growth, training at high altitudes, increased
iron losses in sweat, feces, urine, menstrual blood, intravascular hemolysis, regular
blood donation or injury. In athletes who are iron-deﬁcient, iron supplementation
not only improves blood biochemical measures and iron status but also increases
exercise performance as evidenced by increasing oxygen uptake and endurance,
reducing heart rate, decreasing lactate concentration during exercise, and reducing
muscle fatigue. Folate is required for the production of red blood cells. The recommended dietary allowance for folate for women and men aged 19 years and older
is 400 μg per day (Thompson et al. 2005). Folate is frequently low in female
athletes’ diets, especially those who are vegetarian or have disordered eating
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patterns (Rodriguez et al. 2009). Severe deﬁciency of folate may result in anemia
and reduced exercise performance (Rodriguez et al. 2009).
_ 2max, smaller muscle mass relative, and lower hemoglobin
Despite a lower VO
content, there are some physiological factors which aid women in longer duration
exercise such as marathon running. Marathon running is largely determined by the
body’s efﬁciency in converting substrates (i.e. glucose) into energy. Glycogen is a
polysaccharide which is the principal storage form of glucose in humans. Glycogen
is synthesized within muscle and liver cells by linking glucose molecules via the
action of glycogen synthase. Cells store glycogen as a means of supplying carbohydrates as an energy source. During marathon training and running, individual
muscle and liver cells break down glycogen into glucose and use the glucose as a
source of energy for muscle contraction. The production of new glucose also occurs
in the liver, with the free glucose being released into the bloodstream and transported to tissues throughout the body. Findings from several studies have shown
that women oxidize a greater proportion of fat during submaximal endurance
exercise when compared with men, resulting in the relative sparing of muscle
glycogen (Carter et al. 2001; Tate and Holtz 1998). Sex hormones (speciﬁcally
estrogen) show the strongest association with the observed sex-based differences in
substrate metabolism (Maher and Tarnopolsky 2013). Findings from animal and
human studies suggest that circulating estrogen plays a role in the preferential
oxidization of fat during exercise (Tarnopolsky 2008). Oxidizing more fat and less
carbohydrate and protein during exercise may be advantageous for female runners
as it may delay ‘hitting the wall’ (i.e. depleting glycogen stores in muscle and liver)
during long races such as marathons. It may also explain why ultra-running
(>42 km) is one of the few sports where elite female and male athletes regularly
compete together, and in which female athletes sometimes win (Speechly et al.
1996). The biological mechanisms for the higher fat use in women during endurance exercise are not fully understood and remain an intriguing area of research.

7.3
7.3.1

Women and the Marathon
Energy Availability and Reproductive Factors
Associated with Marathon Running in Women

Marathon running is characterized by high exercise energy expenditure given the
substantial time spent training and competing (>2 h of continuous running during a
marathon). Further to high exercise energy expenditure, the internal and external
pressures placed on exercising women to maintain low body weight or lean physique to improve running performance may result in lower dietary energy intakes
(Nattiv et al. 2007). The Female Athlete Triad refers to an interrelated syndrome of
energy availability with or without disordered eating/eating disorder, bone mineral
density (BMD), and menstrual function across a continuum of healthy/optimal
conditions to subclinical and clinical disorders (Fig. 7.3) (Nattiv et al. 2007)
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Fig. 7.3 Model of the Female Athlete Triad characterizing an interrelated syndrome of energy
availability with or without disordered eating/eating disorder, bone mineral density (BMD), and
menstrual function across a continuum of healthy/optimal conditions to subclinical and clinical
disorders. Reproduced from De Souza et al (2014) with permission

(for in-depth content on BMD and disordered eating/eating disorders see the
Musculoskeletal factors associated with marathon running in women and
Psychological factors associated with marathon running in women sections).
Energy availability is the amount of energy intake remaining after exercise
training for all other metabolic processes and has been operationally deﬁned by
Loucks and Thuma (2003) as energy intake minus exercise energy expenditure
relative to kilograms of lean body mass (LBM) (EI-EEE/kg LBM). Laboratory
studies indicate that negative reproductive, bone and metabolic related changes
occur when energy availability drops below 30 kcal/kg LBM (Loucks and Thuma
2003; Ihle and Loucks 2004). Speciﬁcally, Loucks and Thuma (2003) demonstrated
that during short term manipulation of energy intake and exercise energy expenditure in a controlled laboratory setting in previously sedentary females, low energy
availability (<30 kcal/kg LBM) conditions lead to the suppression of several
metabolic hormones, including triiodothyronine, leptin, glucose, insulin, and
insulin-like growth factor (Loucks and Thuma 2003), several bone markers,
including estradiol, osteocalcin, and type 1 procollagen carboxy-terminal propeptide (Ihle and Loucks 2004), and luteinizing hormone pulsatility (Loucks and
Thuma 2003). Under free-living conditions, Reed et al. (2015) recently demonstrated that energy availability, deﬁned as energy intake minus exercise energy
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expenditure normalized to kilograms of LBM and assessed using conventional
methods (i.e. self-reported diet logs, exercise logs and heart rate monitoring), discriminated clinical menstrual extremes; energy availability was signiﬁcantly lower
in exercising women with amenorrhea (no menses in past 90 days) when compared
with exercising women with eumenorrhea (regular menstrual cycle intervals of
26–35 days in length) (Reed et al. 2015). Lower triiodothyronine concentrations
and ratio of resting energy expenditure (REE) to predicted resting energy expenditure (pREE) (REE/pREE) were observed in the exercising amenorrheic women
indicating that the women with amenorrhea were exhibiting adaptations to chronic
energy deﬁciency.
Athletes at the greatest risk for low energy availability are those who restrict
energy intake, exercise for long periods of time, and limit their food choices (Nattiv
et al. 2007). These are frequently observed behaviours among a subset of female
runners (Sundgot-Borgen 1994; Loucks et al. 2011). The monitoring of energy
status (i.e. exercise energy expenditure vs. energy intake) is thus important for
female marathon runners as it may help to prevent reproductive disturbances
(Loucks and Thuma 2003; Bullen et al. 1985; Williams et al. 1995, 1999, 2001,
2010; De Souza et al. 1998, 2003, 2010; Reed et al. 2011; Cobb et al. 2003).
De Souza and Williams (2004) propose that a continuum of reproductive disturbances exists ranging from ovulatory, subtle presentations of luteal phase defects
and anovulation to the most severe disturbances, oligomenorrhea and amenorrhea.
The prevalence of subtle menstrual disturbances is difﬁcult to determine as they are
characterized by subtle endocrine abnormalities that can only be detected with
repeated hormonal measurements (De Souza et al. 1998, 2010) or careful monitoring of basal body temperatures (Vitzthum 2009). Recently, in a study of exercising women using daily hormone measurements of 274 menstrual cycles,
approximately half (52 %) experienced subtle menstrual disturbances such as luteal
phase defects and anovulation, and one third (37 %) were suggested to be amenorrheic depending on their sport (De Souza et al. 2010). Negative clinical outcomes
such as lower BMD (De Souza et al. 2008), higher injury rates (Papanek 2003),
disordered eating (Vescovi et al. 2008; Gibbs et al. 2011), altered vascular function
(O’Donnell et al. 2009, 2011), reductions in resting metabolic rate (Lebenstedt et al.
1999; Myburgh et al. 1999), and suppressed metabolic hormones (De Souza et al.
2007) have all been documented in women with exercise associated menstrual
disturbances.
Several studies in animals (Williams et al. 2001; Wade and Schneider 1992) and
humans (Gentile et al. 2011; Golden et al. 1997; Misra et al. 2008; Dueck et al.
1996; Kopp-Woodroffe et al. 1999; Arimura et al. 2010; Mallinson et al. 2013) have
documented the effectiveness of either improved energy intake, (Williams et al.
2001; Gentile et al. 2011; Golden et al. 1997; Misra et al. 2008; Mallinson et al.
2013) decreased exercise energy expenditure (Warren 1980), or the manipulation of
both (Dueck et al. 1996; Kopp-Woodroffe et al. 1999) to improve indices
of reproductive function. For example, resumption of menses occurred during times
of rest from injury in female ballet dancers who were previously amenorrheic
(Warren 1980). Resumption of menses also occurred in several amenorrheic female
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athletes following a 15–20 week diet and exercise intervention designed to improve
energy balance. Athletes decreased exercise energy expenditure by adding 1 rest
day to their training schedule and increased EI by adding one sport nutrition supplement to their total daily energy intake (Dueck et al. 1996; Kopp-Woodroffe et al.
1999). Using a non-human primate model, increases in gonadotropin hormones,
ovarian steroids, and resumption of menses were documented in female cynomologus monkeys who increased energy intake while maintaining strenuous exercise
training (Williams et al. 2001). While changes in body weight are generally concomitant with alterations in reproductive function resulting from changes in energy
intake and or energy expenditure as observed in amenorrheic female athletes
(Dueck et al. 1996; Kopp-Woodroffe et al. 1999; Warren 1980) and monkeys
(Williams et al. 2001) who resumed menses, body weight is not always an accurate
reflection of changes in energy balance (Williams et al. 2001, 2010) or energy
availability.
The assessment of energy availability has been suggested as a practical method
of monitoring energy status (Burke et al. 2006); however, even the most accessible
and affordable tools such as the compendium of physical activities to estimate
exercise energy expenditure (Ainsworth et al. 2000), online nutritional analysis
programs to approximate energy intake, and bioelectrical impedance to measure
lean body mass may be impractical.

7.3.2

Musculoskeletal Factors Associated with Marathon
Running in Women

Mechanical loading through external impact forces and internal muscle forces plays
an important role in the regulation of bone strength in female athletes (Nattiv et al.
2007). Additionally, adequate menstrual function and nutrition are critical to the
achievement of peak bone strength during adolescence and the preservation of bone
strength during adulthood (Nattiv et al. 2007). Inadequate energy availability may
negatively alter bone turnover, leading to bone loss and a deterioration of bone
structure (Ihle and Loucks 2004; De Souza et al. 2008). Substantial research has
linked low BMD in amenorrheic female athletes and women with anorexia nervosa
to hypoestrogenism (Drinkwater et al. 1984; Myerson et al. 1992) based on the
inhibitory effects of estrogen on osteoclast activity. Chronic undernutrition also
contributes to changes in bone structure and density (independent of estrogen) via
the dysregulation of metabolic hormones, such as insulin-like growth factor-1,
leptin, triiodothyronine and cortisol, which are known to regulate bone turnover
(Warren et al. 2002; Zanker and Swaine 1998; Christo et al. 2008; Grinspoon et al.
1996). Alterations in bone turnover have been documented in exercising women
with estrogen and energy deﬁciency, such that there is an increase in bone resorption
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and a decrease in bone formation, leading to a net loss of bone (De Souza et al.
2008). Oligo/amenorrheic athletes have been shown to demonstrate compromised
skeletal integrity (i.e. cortical porosity, thinner trabeculae and cortices), lower
volumetric BMD, and reduced estimated bone strength compared with regularly
menstruating athletes (Ackerman et al. 2011, 2012). As such, oligo/amenorrheic
adolescent and young adult female athletes with low EA, particularly long-distance
runners, may be at a greater risk of bone stress injuries (including stress fractures and
stress reactions) compared with regularly, menstruating female athletes with adequate energy availability (Ackerman et al. 2011).
Marathon running involves repetitive, weight-bearing loads exposing bone to
internal stresses and strains (Bennell et al. 1999). If the strain magnitude, rate, and
number of loading cycles sustained to bone are above thresholds for normal
remodelling, microcracks may develop and accumulate into macrocracks if adequate reparation does not occur, potentially leading to a bone stress injury (Bennell
et al. 1999). Gender and hormonal factors contribute to a higher risk of bone stress
injury in women than men, particularly female athletes participating in leanness and
endurance-focused sports (i.e. long-distance running) (Ihle and Loucks 2004; Hilton
and Loucks 2000; Lawson et al. 2009). Retrospective prevalence studies found that
8.3–52 % of female runners and track and ﬁeld athletes had a history of bone stress
injury (Nattiv 2000; Bennell et al. 1995). Prospective studies among female runners
and military recruits reported an incidence of bone stress injury ranging from
3.3–28.9 % (Lappe et al. 2001; Rauh et al. 2010; Shaffer et al. 2006). In female
long-distance runners with low energy availability and/or menstrual disturbances,
skeletal adaptations occur that reduce the ability of bone to withstand loading forces
and adequately repair microdamage (Warden et al. 2014). The majority of bone
stress injuries in female long-distance runners occur at the tibia; however, other
prevalent locations include the femur, metatarsals, calcaneus, ﬁbula, and tarsals
(Kelsey et al. 2007). Female long-distance runners with bone stress injury may
present with pain, reduced training volume, greater injury incidence, more frequent
training and competition breaks, and an overall shorter athletic career
(Sundgot-Borgen and Torstveit 2007). Ackerman and colleagues found that
oligo/amenorrheic athletes had a higher prevalence of stress fractures versus
eumenorrheic athletes and non-athletic controls. (Ackerman et al. 2015).
Additionally, oligo/amenorrheic athletes with a history of ≥2 stress fractures had
lower lumbar spine and total body BMD Z-scores, trabecular volumetric BMD,
stiffness, and failure load at the radius, and lower stiffness and failure load at the
tibia compared with those with a history of <2 stress fractures (Ackerman et al.
2015).
As discussed above, several physiological adaptations occur in response to an
energy deﬁciency in exercising women. These adaptations are summarized below in
Box 1.
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Box 1. Summary of the Physiological Adaptations to Energy Deﬁciency
in Exercising Women
Physiological adaptations
Weight loss
Loss of lean body mass
Menstrual disturbances
Lower areal and volumetric bone mineral density
Lower bone strength (failure load and stiffness)
Stress fracture
Vascular dysfunction
Reduced resting metabolic rate
Suppressed metabolic and reproductive hormone concentrations

7.3.3

Psychological Factors Associated with Marathon
Running in Women

Disordered eating and exercise behaviours are observed in a subset of female athletes,
often those participating in leanness-focused and endurance sports (i.e. long-distance
running) (Sundgot-Borgen 1994). Female long-distance runners may restrict food
intake and participate in strenuous, high-volume training to lose or control their body
weight (Loucks et al. 2011). Risk factors for disordered eating and exercise behaviour in
female long-distance runners include pressure from coaches to lose weight, early start of
sport-speciﬁc training, weight cycling, overtraining, body dissatisfaction, and dieting
(Sundgot-Borgen 1994). Disordered eating exists along a continuum ranging from
subclinical to clinical eating disorders (i.e. anorexia nervosa, bulimia nervosa)
(Sundgot-Borgen and Torstveit 2010). Clinical eating disorders are severe mental illnesses characterized by a pathological preoccupation with food, body weight, and shape
that presents as starvation, purging, and fasting (American Psychiatric Association
2000). Subclinical eating disorders are characterized by restrictive eating, persistent
dieting, and weight and body image concerns linked to less severe psychopathology
than anorexia nervosa or bulimia nervosa (Beals and Manore 2000). Disordered exercise behaviour is characterized by compulsive and abnormal exercise training patterns
for weight or appearance motives (Davis et al. 1997; Dalle Grave et al. 2008) or other
reasons, such as mood regulation (Mond and Calogero 2009) or health and
ﬁtness/performance (Martinsen et al. 2010). Disordered eating (subclinical or clinical)
may lead to lower energy availability and therefore, has been linked to the etiology of
menstrual disturbances and bone loss in female athletes (Vescovi et al. 2008; Gibbs et al.
2011, 2013; Barrack et al. 2008). For more in-depth content on the mechanisms
underlying low energy availability and reproductive disturbances, please see Sect. 7.3.1.
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Marathon Running and Training During Pregnancy

Pregnancy is a life event that is distinct to women. Substantial evidence exists in
support of the positive effects of regular exercise during pregnancy and the postpartum period for both the woman and her baby (Beilock et al. 2001; Lokey et al.
1991; Sternfeld et al. 1995). However, all women are advised to consult their
physician for safe and appropriate exercise guidance before starting or continuing a
training program during pregnancy (Davies et al. 2003; Practice 2002). Recreational
and competitive-level female long-distance runners with uncomplicated pregnancies can remain active and should appropriately modify their usual exercise training
in consultation with a physician. For the majority of women, pregnancy is not the
time for serious training and competition. Professional female marathon runners
have received signiﬁcant attention for training and competing while pregnant.
However, evidence on the effects of strenuous exercise during pregnancy and the
postpartum period are limited and even competitive-level female athletes who
engage in intensive training regimens require close medical supervision. Notably,
exercise intensity should be determined based on heart rate and perceived effort and
should not exceed pre-pregnancy levels. Careful monitoring of body temperature
during exercise is recommended and appropriate adjustments in nutritional intake
are necessary for adequate weight gain and optimal fetus development. For more
in-depth content on this topic, please consult resources from the American College
of Obstetricians and Gynecologists and Society of Obstetricians and Gynecologists
of Canada/Canadian Society for Exercise Physiology Guidelines for Exercise in
Pregnancy and the Postpartum Period (Davies et al. 2003; American College of
Obstetricians and Gynecologists 2002).

7.4

Marathon Running Across the Lifespan

7.4.1

Effects of Aging on Marathon Running

The decline in the physiological capacity of humans is an inevitable consequence of
the biological aging process. Reductions in functional capacity can generally be
attributed to loss of cardiovascular, pulmonary, neuromuscular and metabolic
functions that typically occur with aging. Despite these declines, marathon running
during the older adult years is not only possible, but a successful feat for many!

7.4.1.1

Cardiovascular

_ 2max as the product of cardiac output (CO) and
Adolf Eugen Fick deﬁned VO
_ 2 = CO × a-vO2 difference)
arteriovenous oxygen difference (a-vO2 difference) (VO
(American College of Sports Medicine 2014). CO is the product of heart rate and
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stroke volume (CO = heart rate × stroke volume). Heart rate is the speed of the
heartbeat measured by the number of contractions of the heart per unit of time—
typically beats per minute. Stroke volume is the amount of blood pumped out of the
left ventricle of the heart to the body during each contraction, and is typically measured in mL/beat. Arteriovenous oxygen difference is the difference in the
_ 2max
oxygen content of the blood between the arterial and venous blood. VO
decreases with age in men and women, regardless of training status (Fig. 7.4).
_ 2max decreases by approximately 1 % per year (10 % per decade) after
VO
_ 2max declines with age,
25 years of age (Taylor and Johnson 2008). Although VO
the extent to which such decreases occur largely depends on one’s training status.
_ 2max were 0.5 % per year in highly
Trappe (2007) reported that reductions in VO
trained runners, compared with 1.0 % per year in ﬁtness trained runners and 1.5 %
per year in untrained and ﬁt older men. Continuing to run at a high level during the
_ 2max. Former highly
older adult years can attenuate, but not prevent declines in VO

Fig. 7.4 Decrease in
VO2max (mL/kg/min) with
age in men and women master
athletes. ** indicates
signiﬁcantly different rate of
loss compared with
cross-sectional (reproduced
from Hawkins and Wiswell
(2003) with permission)
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trained athletes who become sedentary and older runners (>70 years old) experience
_ 2max with age (Trappe 2007). Beyond 60 years of
an even greater rate of loss in VO
_ 2max, which greatly impacts
age, there appears to be a substantial decline in VO
one’s performance and ability to tolerate high-level training.
_ 2max has been attributed to decreases in CO,
The age-related decline in VO
a-vO2 difference, and a loss in muscle mass. Resting CO decreases by approximately
1 % per year after 30 years of age, and CO during maximal exercise decreases by
approximately 30 % between 20 and 80 years of age (Taylor and Johnson 2008).
These declines are attributed to a smaller stroke volume and slower heart rate. Stroke
volume may decrease by as much as 30 % before 85 years of age (Taylor and
Johnson 2008). The myocardium’s increased relaxation time and decreased sensitivity to catecholamines (i.e. epinephrine, norepinephrine) can decrease maximum
heart rate by as much as 30–50 % between the ages of 25 and 85 years (Taylor and
Johnson 2008). Further, the decrease in the number of sinoatrial node, atrioventricular node, bundle of His and Purkinje network cells that occurs with aging leads
to an increase in atrioventricular conduction time, thus slowing of heart rate (Kuga
et al. 1993). Even though decreases in stroke volume, heart rate and a-vO2 difference
occurs with aging, the ability to sustain a relatively high intensity of aerobic exercise, such as marathon running, appears to be preserved.
It is well established that alterations in arterial structure and function occur with
aging (Seals et al. 2008; Taddei et al. 1995; Avolio et al. 1985; Mitchell et al.
2004). Speciﬁcally, increases in vascular stiffening and endothelial dysfunction,
most commonly measured by increased aortic pulse wave velocity (aPWV), are
observed. Very little evidence exists to explain the mechanisms associated with
increased arterial stiffness in aging. It is generally presumed that remodelling in the
extracellular matrix molecules, including collagen and elastin, may play a role
(Lakatta 2003; Lakatta and Levy 2003). Inflammation has been implicated as a
trigger for these events (Vlachopoulos et al. 2005). Emerging evidence suggests
that vascular aging can be reduced with regular endurance exercise. There is,
however, ongoing debate regarding the effects of chronic extreme exercise (marathons and ultra-marathons) on cardiovascular health (O’Keefe and Lavie 2013).
Findings from research studies have suggested that there may be no negative effects
of extreme endurance training on vascular structure in individuals with normal
blood pressure (Radtke et al. 2014). Conversely, endothelial dysfunction may be
increased in marathon runners who experience exercise induced high blood pressure (Jee et al. 2013).
With respect to arterial structure in the aging process, middle-aged and older
male and female endurance athletes have lower aPWV (Vaitkevicius et al. 1993;
Tanaka et al. 1998) and increased carotid artery compliance (Tanaka et al. 2000;
Moreau et al. 2003, 2006) when compared with sedentary or untrained middle-aged
and older individuals, but are comparable to trained and untrained young adults
(Vaitkevicius et al. 1993). This vascular maintenance may be explained by
decreased oxidative stress-related suppression of arterial compliance (Moreau et al.
2006). There is a paucity of research examining the speciﬁc affects of long-term
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endurance training on women across the lifespan. With respect to vascular function,
male endurance athletes’ show preserved endothelial function, as measured by
endothelial dependent dilation, with aging (DeSouza et al. 2000; Taddei et al. 2000;
Black et al. 2009). The underlying mechanism may be attributed to a reduced
vascular oxidative stress environment and therefore greater bioavailability of nitric
oxide (Taddei et al. 2000). There is also a little data regarding older endurance
trained women and endothelial function. The trend to date suggests greater
endothelial dependent dilation in endurance trained versus untrained older women
(Black et al. 2009; Hagmar et al. 2006). However, some research in this area shows
no difference between trained and untrained women, yet a difference between
trained and untrained men (Pierce et al. 2011).

7.4.1.2

Pulmonary

Similar to the cardiovascular system, several changes in the pulmonary system
occur with aging. Vital capacity, which represents the maximum amount of air a
person can expel from the lungs after a maximum inhalation, decreases by
approximately 40–50 % by 70 years of age (Taylor and Johnson 2008). The number
of alveoli and corresponding capillaries which enable the exchange of oxygen and
carbon dioxide in the bloodstream decreases with age. Further, a thickening of the
larger pulmonary arteries, calciﬁcation of the rib cartilage and weakening of the
respiratory muscles result in a reduced compliance of the thorax; such changes
consequently lead to a 20 % increase in the work of the respiratory muscles.
Increased ventilation thus becomes more dependent on increasing respiratory rate
rather than increasing the depth of breathing. Despite these decrements, pulmonary
function does not seem to be a limiting factor for exercise in healthy older runners.
In fact, during moderate-intensity exercise, pulmonary ventilation and mechanical
efﬁciency are similar between the old and young marathon runner.

7.4.1.3

Neuromuscular

Signiﬁcant losses in muscular strength occur with aging, although there appears to
be substantial variation in the rate of loss among muscle groups (Rogers and Evans
1993). This decline in muscular strength can be attributed to either the loss of
muscle mass and/or to alterations in the muscle’s capacity to generate force. Muscle
mass declines by approximately 40 % between 20 and 60 years, with the reported
amount varying with the imaging technique, skeletal muscle site and gender (Lang
et al. 2010). Loss of muscle mass is associated with a decrease in muscle function
and strength, including muscle atrophy, reduced contractility, and reduced enzymatic changes (Trappe 2007). Muscle atrophy or decreased muscle cross-sectional
area (contractile tissue) is caused by a loss of fast twitch muscle ﬁbers in response to
less explosive movements and a selective loss of motor neurons with age. Fat and
connective tissue (non-contractile tissue) replace areas previously occupied by
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muscle mass, resulting in a reduction in muscle quality and lower contractility.
After reaching a maximum at 20 years of age, ﬁber size decreases with age, with the
major decrements in size occurring between 60 and 80 years of age (Taylor and
Johnson 2008); regular exercise, however, maintains a high proportion of ﬁber size
until approximately 60 years of age (Taylor and Johnson 2008). Further neuromuscular changes with aging include: decrease in adenosine triphosphate (ATP)
activity; increase in length of contraction; lower muscle excitation threshold;
increase in twitch tension; new axonal new branches; and, decrease in nerve conduction occur which collectively impair muscle contractility.
The activity of several enzymes has been measured in muscle from individuals of
different ages to examine the effect of aging on the metabolic capacity of muscle.
The following enzymes and pathways have received the most interest: glycogen
phosphorylase
(glycogenolysis),
phosphofructokinase
(glycolysis),
succinate dehydrogenase or citrate synthase (Krebs cycle) and betahydroxyacyldehydrogenase (free fatty acid pathway). Other important enzymes
measured to assess metabolic change in pathways associated with energy production
include: hexokinase (indirect measure of the transport of glucose into the muscle cell
from the circulation); lactic dehydrogenase (converts lactic acid to pyruvic acid); and,
calcium activated ATPase (breaks off the phosphates from ATP to generate energy).
The concentrations for these enzymes have been shown to decrease with aging, and
thus offer a further explanation for reduced muscle function in older adults. Although
several unfavorable neuromuscular changes occur with aging, ﬁndings from research
in runners show that years of continued exercise training may preserve the oxidative
capacity of muscle at high levels (Trappe 2007; Trappe et al. 1995). In a 20-year
follow-up study, Trappe and colleagues reported that mitochondrial enzymes (i.e.
citrate synthase and succinate dehydrogenase), capillary density, capillary-to-ﬁbre
ratio and the abundance of slow-twitch muscle-ﬁbers were the highest in the
best-conditioned veteran runners (Trappe et al. 1995).
Box 2. Summary of the Cardiovascular, Pulmonary and Neuromuscular
Changes that Occur With Aging
Direction of aging-related
changes
Cardiovascular
_ 2max
VO

↓

Cardiac output
Heart rate
Stroke volume
a-vO2 difference
Vascular stiffening
Endothelial dysfunction

↓
↓
↓
↓
↑
↑
(continued)
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(continued)
Direction of aging-related
changes
Pulmonary
Vital capacity
Number of alveoli and capillaries
Work of respiratory muscles
Neuromuscular
Muscle mass
Body fat
Muscle cross-sectional area
Fiber size
Number of fast twitch muscle ﬁbers and motor
neurons
Muscle contractility
ATP activity
Length of contraction
Muscle excitation threshold
Twitch tension
Nerve conduction
Metabolic enzyme activities

7.4.2

↓
↓
↑
↓
↑
↓
↓
↓
↓
↓
↑
↓
↑
↓
↓

Risk of Medical Problems and Running-Related
Injuries in Older Marathon Runners

The beneﬁts of running on cardiovascular capacity, physical function, and survival
regardless of age are well-documented (Wang et al. 2002); yet, older or master
runners may be at a higher risk of medical complications and injuries when compared with younger runners. To date, few studies have evaluated the prevalence of
medical complications and injuries and associated risk factors in master runners
(McKean et al. 2006). In a retrospective study of 2,886 runners (McKean et al.
2006), master runners (≥40 years) reported more injuries, including a higher
prevalence of soft tissue injuries (i.e. calf, achilles, and hamstrings), than younger
runners. Previous studies have shown that older age represents a risk factor for
overuse injury (Wen et al. 1997) and hamstring and achilles tendon injuries
(Hirschmuller et al. 2012). In a prospective study in 39,511 runners competing in a
21 km race, older female runners (>50 years of age) were at a higher risk of medical
complications (Schwabe et al. 2014), particularly those with less running experience and slower running pace. Marathons and half-marathons have a low overall
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risk of sudden cardiac arrest and related deaths (Kim et al. 2012). The incidence rate
of cardiac arrest is 0.54 per 100,000 marathon participants, with older males being
at a higher risk (Webner et al. 2012). Older runners, particularly those with a family
history of heart disease and other coronary risk factors, should consult a physician
for medical evaluation before starting a marathon training program (Noakes 1987).
Age-related changes in skeletal muscle strength and flexibility are associated
with a higher risk of musculoskeletal injury in older runners (Trappe 2007). In
addition, reductions in skeletal muscle cross sectional area and contractile ability
contribute to a greater susceptibility of muscle fatigue and damage among men and
women with age (Dill et al. 1967; Coggan et al. 1990). Classic animal experiments
reported greater or similar magnitude of eccentric contraction-induced muscle
damage in older versus younger animals (Brooks and Faulkner 1990; Brooks et al.
2001). Similar studies in humans have not shown any signiﬁcant differences in
exercise-induced muscle damage between age groups (Fielding et al. 1991; Dedrick
and Clarkson 1990). However, slower muscle recovery has been demonstrated in
older athletes due to increased oxidative stress and inflammation with aging, suggesting muscle damage may persist for longer periods in older athletes (Rader and
Faulkner 2006a, b). Therefore, less effective muscle recovery may result in reduced
training capacity in older marathon runners and limit marathon performance with
advancing age. Age-related changes in running biomechanics, range of motion, and
shock-absorbing capacity may also be linked to a greater risk of lower-extremity
overuse injuries in older runners (Bus 2003; Fukuchi et al. 2014). As such, older
runners are advised to seek expert evaluation of biomechanical characteristics prior
to marathon training to inform gait retraining strategies and type of running shoes
(i.e. cushioning, orthotics/insoles).

7.4.3

Marathon Running in Children and Adolescents

In recent years, there has been an increase in the number of opportunities and youth
training programs for younger marathon runners (<18 years of age) (Roberts 2007).
Evidence exists in support of safe training and completion of marathon races in
younger runners (Roberts and Nicholson 2010). However, the effects of marathon
training and competition at younger ages on growth, development, and long-term
health are not well-understood. A major concern of children and adolescents participating in marathon training is the possibility of musculoskeletal injury due to
microtrauma associated with repetitive training. Growth cartilage is less resistant to
mechanical stresses at younger ages, resulting in a greater risk of running-related
injury in children and adolescents (Roberts 2007). There is evidence of
stress-related injuries of the lower-extremity (i.e. proximal and distal tibia, ﬁrst
metatarsal, distal ﬁbula) in younger long-distance runners (Demorest and Landry
2003); yet, the majority of studies have focused on injuries in younger athletes in
general (Caine et al. 2006). Findings from a multi-sport injury surveillance program
demonstrated a higher injury incidence per 1,000 athlete exposures in female high
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school cross-country runners compared with other sports (Rice 2000). Heat stress is
also a major concern for younger marathon runners since children are less heat
tolerant and are thought to be at greater risk of heat stroke compared with adults due
to their surface area to mass ratio and premature ability to regulate sweat (Climatic
heat stress and the exercising child and adolescent 2000). Fluid and electrolyte
balance and proper hydration must be emphasized in younger runners as a means to
prevent heat stress-related injury. Although, few studies have evaluated the scope of
this problem. Psychological factors, such as self-esteem, body image, and conﬁdence, are also important in younger marathon participants, particular since younger
female athletes are more likely to drop-out of sport participation (American
Academy of Pediatrics Committee on Sports Medicine 1990). Self-motivated
younger athletes may be safe to train and compete in marathons (depending on race
administration rules); yet, medical supervision, nutritional counselling, coaching,
and family support are strongly advised to ensure optimal health, adequate growth
and development, and social and psychological well-being (Mohtadi 2005).
Prospective studies of junior age marathon runners would inform our understanding
of the long-term health outcomes associated with long-distance running at younger
ages (<18 years of age).

7.5

Conclusion

The growing popularity of marathon running in men and women across the lifespan is
a testament to the appeal of this sport, its ability to ensure ﬁtness, and the excitement
that surrounds training and competition. Despite faster world-record marathon ﬁnishing times in men over women, no major differences in running economy and
training characteristics have been documented between male and female marathon
runners. However, female marathon runners have been shown to have better pacing
strategies. Physiological differences including body composition and oxygen carrying capacity between men and women appear to provide men with a training and
performance advantage; however, sex hormones, particularly estrogen, may prove
helpful in delaying “hitting the wall” in long races for women due to greater fat
oxidation. Female marathon runners must be diligent in matching their dietary energy
intake with exercise energy expenditure to avoid negative reproductive, bone and
metabolic changes associated with an energy deﬁciency. A subset of female runners
has been shown to practice disordered eating and exercise behaviour, such as
restrictive eating and excessive training, and therefore, are at a greater risk of energy
deﬁciency-related reproductive disturbances, bone loss, and bone stress injuries.
Despite the unfavourable changes in cardiovascular, pulmonary and neuromuscular
functions with aging, older marathon runners are most certainly able to train for and
compete in marathons, and should be encouraged to given the many health beneﬁts
associated with regular exercise (Warburton et al. 2006)! Special populations, such as
pregnant or post-partum women, children, and adolescents, are advised to consult a
physician regarding the safety of participating in long-distance running.
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Chapter 8

Training Aspects of Marathon Running
Christoph Zinner

Abstract Training for long distance running events such as marathon races need a
well-designed training plan. The aim of this training should be to enhance physiological parameters which have been shown to influence long distance running performance. These important physiological parameters mainly include:
_ 2max ), % of VO
_ 2max at lactate threshold, and the running
maximal oxygen uptake (VO
economy. The structure of applying training with different loads and/or intensities in
series of training cycles seems to be critical to the ﬁnal performance outcome of a
runner. For successful marathon training a high amount of prolonged high-volume
training is crucial. With a combination of prolonged high-volume training and
low-volume high-intensity interval training important adaptations in essential physiological parameters can be reached and ﬁnally running performance enhancements.
Therefore, a structured periodization of the content of training as well as the load of
training over a longer period of time with a certain goal is mandatory for long term
developments.
Keywords Intensity distribution
Training zones
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Introduction

Numerous factors and determinants have been shown to influence long distance
running performance including: physiological factors, hydration and fuel supplementation, environmental conditions, and genetic predispositions to name only a few
(Joyner et al. 2011). Important physiological factors contributing to marathon per_ 2max ) (Billat et al. 2001a; Foster
formance include: maximal oxygen uptake (VO
_
1983; Noakes et al. 1990), % of VO2max at lactate threshold (Noakes et al. 1990;
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Farrell et al. 1993; Tanaka and Matsuura 1984), and the running economy (Noakes
et al. 1990; Conley and Krahenbuhl 1980; Morgan et al. 1989). These three physiological factors are relatively “easy” to develop using different training methods.
The remainder of the chapter describes the main points for periodization of
training as well as the known stimuli for improving the key factors contributing to
marathon performance. Acute responses and chronic adaptations of measurable
determinants occur when biological structures are exposed to a training induced
stress which results in increased performance (Viru 1984). Phrased in simpler
terms, stimuli generated by training are a combination of the intensity and duration
of the exercise. To elicit acute reactions and later chronic adaptations, a stimulus
(i.e. the product of intensity and duration) must exceed a certain threshold. The
level of a stimulus required to elicit adaptation depends on various factors within an
individual, namely, genetics, training status, training history, and nutrition.

8.2

Periodization

A periodization plan helps structure the content of training and training loads over a
longer period of time such as a competitive season, with a certain goal in mind, for
example, a competition or improvement of a particular skill. The structure of
applying training with different loads and/or intensities in series of training blocks
seems to be critical to the ﬁnal performance outcome of a runner. Several concepts
of periodization are important in optimizing the training structure for a competitive
event. The most well-known periodization model is described by Bompa (1999). In
the model, a training year is divided into large, medium, and small training phases,
entitled macro- (12–16 weeks), meso- (3–5 weeks), and micro-cycles (training
sessions). Another model is the so-called “block periodization” described by Issurin
(2008). The aim of periodization is to achieve a high level of performance at a
certain time point at the end of a macrocycle, for instance, an important competition. Training goals are set within every meso-cycle. The fundamental idea of
periodization is that training should start with general exercises and lead to speciﬁc
training, with peak performance occurring at the time of competition. Therefore, the
aims of every mesocycle within a macrocycle change from general to speciﬁc
training goals. This means for example, the portion of high-intensity interval
training sessions will be higher in the later meso-cycles within a season compared
to the beginning.
During the different cycles, runners vary their training intensity and/or duration
on a frequent, if not daily basis. The goal of such variation is to enhance runners’
physiological capacities without maladaptation and overtraining (McKenzie 1999).
Within a periodization framework, the frequency of training has to be considered
and is fairly constant for elite and sub-elite runners, who train 10–14 sessions per
week (Billat et al. 2002; Tanaka et al. 1986). Younger endurance athletes exercise
less often, typically 5–8 sessions per week (Seiler and Tønnessen 2009).
Consequently, for young recreational athletes who already include prolonged
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high-volume training sessions in their workouts and who want to increase their total
annual training hours, the best way to do so is to increase the number of sessions
rather than to lengthen the duration of each session.

8.3

Deﬁnition of Exercise Intensity

Typically, training intensity is prescribed in zones based on maximal heart rate
(HR), oxygen uptake, blood lactate levels, or ratings of perceived exertion (e.g.
Borg scale). Examples of such zones are shown in Fig. 8.1 and Table 8.1 with
typical zones highlighted for the “aerobic”/endurance part of the training.
Additional zones for the “anaerobic” training content (e.g. sprints, strength training
etc.) can be added. In the following, the three zone model (Fig. 8.1) will be applied
to describe the training which is needed to elicit changes in important physiological
parameters.
On the molecular level, there are several overlapping effects between increased
exercise duration and increased exercise intensity. Therefore, an important part of
training periodization is to be sensitive to changes in the athlete’s health, training
tolerance, and performance when adjustments in training are made. Training
adjustments seem to be an important factor discriminating between moderately
capable and highly successful athletes; the latter integrate feedback experiences into
planning daily training activities in order to avoid negative outcomes (e.g. infection,
injuries, overtraining etc.) and improve training beneﬁts.
A typical error of less experienced runners during training is the “drift between
the intensity zones”. This drift means athletes tend to run harder on the days with

8

blood lactate (mmol/l)

Fig. 8.1 Intensity Zones
Model 1. The end of zone 1 is
approximately at the lactate
threshold/ventilatory
threshold 1, the end of zone 2
at the second ventilatory
threshold according to Seiler
(2010)
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low-intensity training and do not run hard enough on days with high-intensity
training (Foster et al. 2001) (Fig. 8.2). The result of this error is a higher number of
training sessions performed near or at threshold intensity.
Total training stress is mainly altered by changes in duration and intensity of the
training. Five different training models can be used to improve running endurance
performance (Stoggl and Sperlich 2014): (a) Prolonged high-volume training with
low intensity (HVT); (b) low-volume high-intensity interval training (HIIT); (c) a
combined training regimen based on the three aforementioned models, also termed
“polarized training” (POL); (d) training near or at the lactate threshold (THR); and
(e) an equal distribution between all intensity zones, or “uniform” training
(Fig. 8.3). In the training process for long distance running events, such as a
marathon, both HIIT and HVT are supposed to be important components (Laursen
2010). Most retrospective studies on well‐trained to elite endurance athletes show
that large proportions of their training distribution are spent in HVT with some time
spent in HIIT. In this case, a polarized distribution has been proven to be an
Table 8.1 Intensity Zones Model 2. Five zones to describe the training intensity of marathon
runners
Zone

Heart rate (%max)

Lactate (mmol·l−1)

RPE

_ 2max
% VO

Training duration

1
2
3
4
5

55–75
75–85
85–90
90–95
95–100

0.5–1.6
1.6–2.6
2.6–4.0
4.0–6.3
6.3–10.0

10–14
14–16
16–18
18–19
19–20

50–65
65–80
81–86
87–93
94–100

1–3 h
1–2 h
40–80 min
30–60 min
15–30 min

Zone 1

Zone 2

Zone 3

Intensity becomes too low
during «hard» training

Intensity becomes too high
during «easy» training

“Pushing on the easy days – too easy on the hard days.“

Tendency to the middle

Training quality
Fig. 8.2 Drift between the intensity zones
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Fig. 8.3 Different training models, with percentage of sessions within a certain zone (according to
the three-zone model as shown in Fig. 8.1). a Prolonged high-volume training with low intensity
(HVT); b low-volume high-intensity interval training (HIIT); c a combined training regimen based
on the three aforementioned models, also termed “polarized training” (POL); d training near or at
the lactate threshold (THR); and e an equal distribution between all intensity zones, or “uniform”
training

effective stimulus for elite athletes during certain phases of the season (Stoggl and
Sperlich 2015).
Prolonged training with high volume and low intensities (HVT) comprises a
large part of a marathoners training program. HVT is thought to be a fundamental
training concept in the preparation for marathon events and is usually performed at
_ 2max (Laursen and Jenkins 2002), <80 % of HRmax (Laursen and
65–75 % of VO
Jenkins 2002), or <2 mmol l−1 of blood lactate (Seiler and Kjerland 2006; Laursen
and Jenkins 2002). HVT consists of long duration training sessions lasting ≥60 min
(Seiler and Kjerland 2006).
In comparison with the plethora of studies investigating the effects of endurance
training with high intensities (e.g. Buchheit and Laursen 2013; Gibala and Jones
2013), only a small number of investigations have examined the underlying effects of
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performance improvements with increases in HVT (Costill et al. 1991). One difference in the investigation of effects of HVT might be the time course of adaptations
following an increase in training volume. Following HVT training, performance
improvements occur slower than after training with high intensities (Costill et al.
1991; Laursen and Jenkins 2002). Aside from the challenges of investigating HVT,
there are many unrecognizable positive adaptations of high-volume low intensity
training (Esteve-Lanao et al. 2005, 2007; Seiler and Kjerland 2006).
In recreational athletes, HVT leads to a number of functional and morphological
adaptations at peripheral and central levels. In untrained individuals, HVT increases
stroke volume (Green et al. 1990) and plasma volume (Green et al. 1987) as well as
muscular blood flow (Coyle 1999) within the ﬁrst few days (Green et al. 1987). To
_ 2max or a higher number of capilprovoke further increases like an enhanced VO
laries and mitochondria a longer time frame (3–5 weeks) with more training sessions (3–5 sesssions/week) is needed (Hickson et al. 1981; Hoppeler and Weibel
2000). Additionally, over the long term, HVT leads to a decrease in glycose and
muscle glycogen utilization (Coggan et al. 1995; Karlsson et al. 1974) as well as an
enhanced buffer capacity and a lower blood lactate concentration at submaximal
intensities (Green et al. 1991). Muscle ﬁber characteristics of trained athletes
demonstrate threefold increases in capillary density, a 3–4 times higher aerobic
enzyme activity, and higher amounts of type I muscle ﬁbers compared to untrained
athletes’ muscles (Henriksson 1992).
Cardiorespiratory adaptations to HVT seem to be limited. Once an athlete has
“achieved” the potential adaptations associated with HVT, a further increase in
training volume fails to provide any additional enhancements to cardiorespiratory
ﬁtness (Costill et al. 1988, 1991; Londeree 1997; Lake and Cavanagh 1996). Long
term training studies on adaptations to HVT are however, rare. Scholars have
suggested that adaptations to HVT may take a substantial period of time before they
manifest, and hence most studies have failed to detect changes to HVT—particularly considering the fact that the performance tests are often in close proximity to
the intervention period (Laursen 2010). Although it is insufﬁcient to include only
HVT in the periodization of marathon runners, this type of training is extremely
important for successful training (Laursen 2010; Seiler et al. 2007; Yeo et al. 2008;
Seiler and Kjerland 2006).
On the basis that HVT is not an adequate stimulus to provoke an athlete’s best
performance, it seems reasonable to include training sessions with higher intensities
in a marathon runner’s training plan. It is important to note, that high volumes of
HIIT dramatically increase the training stress. If HIIT is performed too often, the
training stress leads to overreaching, overtraining, maladaptation, and an eventual
decrease in functional capacity (McKenzie 1999). In well trained marathon runners
with a high frequency of training sessions, two HIIT sessions per week are
performable (Billat et al. 1999). In conclusion, one or two sessions of HIIT per
week with at least 48 h between the sessions is recommended. Before HIIT sessions
are included in the training program, a preparatory training period with low
intensity training is mandatory.
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In retrospective analyses of the distribution of training intensities in well-trained
and elite runners as well as other elite endurance athletes (cross country skiers,
rowers etc.) an extremely high percentage of high volume training (zone 1) was
evident (Fig. 8.3a, c) (Stoggl and Sperlich 2015). Although HIIT is important for
further enhancements in endurance athletes, the higher number of training sessions
should be low in intensity. The high amount of training at low intensities is needed
in order to create a tolerance to higher training volumes (Hartmann et al. 1990),
while avoiding the negative symptoms of overtraining. The implementation of a
high amount of HVT in order to achieve physiological adaptations among marathon
runners has been established by several scientists (Zapico et al. 2007; Esteve-Lanao
et al. 2005, 2007; Ingham et al. 2008). Furthermore, the amount of HVT is positively correlated with increases in performance (Esteve-Lanao et al. 2005;
Steinacker 1993; Seiler and Kjerland 2006; Hagerman and Staron 1983).
Training at marathon race pace, which has been suggested to improve running
economy (Wilkinson 1999) does not appear to be the strategy of top-class
marathoners. This ﬁnding, highlights that a common training strategy in which
large amounts of training are performed at lactate threshold is in strong contrast to
the training strategies adopted by world class runners. The training distribution of
high performance athletes is above and below the lactate threshold intensity (polarized training) (Fig. 8.3c) and not at threshold intensity (Stoggl and Sperlich
2015). With this type of distribution, important training adaptations at central and
peripheral levels are apparently achieved while minimizing the risk of overtraining
(Foster 1998). Adopting the preceding mesocycle prior to a marathon (*3 months)
has been shown to be highly beneﬁcial for marathon performance (Hagan et al.
1981; Sjodin and Jacobs 1981).
Although the intensity during HVT is clearly lower than during a marathon race,
and despite the fact that acute effects of HVT on exercise performance are difﬁcult
to investigate, it is clear that low-intensity training sessions have a positive impact
on performance. HVT seems to provide the aerobic foundation which is important
for facilitating adaptations to high-intensity interval training (Laursen 2010).

8.4

Training to Enhance Maximal Oxygen Uptake

Typically, distance runners have favored training with low intensities [50–70 % of
_ 2max (Poole and Gaesser 1985; Branch et al. 2000)] and long durations to improve
VO
_ 2max (Robinson et al. 1991; Fohrenbach et al. 1987; Basset et al. 2003;
their VO
Hewson and Hopkins 1995). Among beginners commencing endurance training, fast
_ 2max occur (Smith and Wenger 1981; Rodas et al. 2000).
improvements in VO
_ 2max in less ﬁt persons
Therefore, HVT is an effective method to enhance VO
(Milanovic et al. 2015), however the minimal training intensity required to increase
_ 2max is highly dependent on the initial VO
_ 2max (Swain and Franklin 2002). In
VO
_ 2max of already well-trained
recent years, empirical evidence has mounted that the VO
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athletes cannot be further enhanced with high volume training alone (Laursen and
Jenkins 2002). Therefore, training intensity seems to be the important parameter for
_ 2max in already well trained athletes.
enhancing VO
_ 2max appears to be at intensities of
The most effective training for enhancing VO
_ 2max (Wenger and Bell 1986; Hill and Rowell 1997; Daniels and
90–100 % VO
Scardina 1984; Laursen et al. 2002; Tabata et al. 1997; Wenger and Macnab 1975).
_ 2max of well-trained distance runners can
By including these high intensities, the VO
be increased by *5.4 %, despite a 10 % decrease in training volume (Billat et al.
_ 2max following imple2002). Other studies reported comparable increases in VO
_ 2max (Smith et al. 1999, 2003;
mentation of training intensities of 90–100 % VO
Lafﬁte et al. 2003; Mikesell and Dudley 1984).
_ 2max ) maximally
Endurance training at very high intensities (90–100 % VO
_
stresses physiological processes and structures that limit VO2max , and therefore
provides an optimal stimulus for adaptations. To elicit enhancements in capillari_ 2max (Saltin and Rowell 1980), shear
sation, which is an important factor of VO
stress and capillary pressure have to be augmented by an increase in blood flow
velocity (Hudlicka et al. 1992). Furthermore, in trained individuals the maximal
_ 2max (Saltin and Rowell 1980;
stroke volume seems to be the major limitation of VO
Ouellet et al. 1969). In well trained athletes, the stroke volume increases until
_ 2max and the myocardial pressures are maximal at this point
intensities of 100 % VO
(Zhou et al. 2001; Gledhill et al. 1994). A combination of increased stroke volume
and myocardial pressures lead to high blood volumes in the heart and this
mechanical overlord is the most important stimulus for myocardial adaptations (e.g.
increases in stroke volume) (Helgerud et al. 2007; Clausen 1977; Cooper 1997).
_ 2max with intensities ranging from
The aim of training designed to improve VO
_ 2max , should be to stress the cardiovascular system as long and as
90 to 100 % VO
high as possible. In this scenario, training with “repeated short-to-long bouts of
rather high intensity exercise interspersed with recovery periods” (Billat 2001) is
the most appropriate way to structure training sessions. The question regarding the
_ 2max remains unclear.
most effective interval intensities and durations to enhance VO
Figure 8.4 provides an overview of the possible nomenclature and ways to describe
intensities during HIIT.
_ 2max in an interval training group
Franch et al. found a greater increase in VO
_ 2max (Franch et al.
_ 2max compared to a group training with 136 % VO
with 106 % VO
_
1998). Although it appears likely that extreme supra-VO2max intensities are not as
effective as lower high intensities, this supra-maximal training has other beneﬁcial
effects, for example, improvements attributed to muscle power (Buchheit and
_ 2max , it
Laursen 2013). With interval training performed at intensities of 100 % VO
appears that distance runners are able to run 9–9.5 min at this intensity (Billat et al.
2000, 2001b). For intervals with higher intensities, it is only possible to use shorter
durations (see Fig. 8.4). The optimal work to rest ratio between intervals are still
uncertain (Milanovic et al. 2015).
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Fig. 8.4 Different high intensity training nomenclatures and intensities. Modiﬁed according to
_ 2peak running speed
Buchheit and Laursen (2013). vLT velocity at the lactate threshold, vVO
_ 2peak , vmax incr. test maximal velocity during an incremental test
required to achieve VO

_ 2max , priIn summary, determining the best training program for enhancing VO
marily depends on the ﬁtness level of the runner. First, the volume of HVT should
_ 2max enhancement is achieved. Thereafter,
be increased until a plateau in VO
implementation of HIIT in various forms should be added, knowing that a high
number of HIIT sessions per week (>2) without adequate recovery periods will lead
to overtraining. From a scientiﬁc point of view, resistance training does not appear
_ 2max (Paavolainen et al. 1999; Spurrs et al. 2003;
to be effective in enhancing VO
Johnston 1997; Turner et al. 2003).

8.5

Training to Enhance the Velocity at Lactate Threshold
_ 2max at Lactate Threshold
and % of VO

Although it is clear that lactate is not a cause of fatigue during exercise (Cairns 2006),
scientists and coaches apply lactate measurements as practical indicators of improved
_ 2 where the
performance. The lactate threshold (LT) is the intensity of work or VO
blood lactate concentration starts to rise during continuous exercise (di Prampero et al.
1986). The lactate concentration measured in the capillary blood (i.e. earlobe or
ﬁnger) reflects the balance of lactate production in the muscles, the transport rates of
lactate from the muscles to the blood, and the clearance of lactate from the blood. An
increase of the blood lactate concentration does not indicate that exercise has become
more “anaerobic” (Gladden 2004). Typically, the lactate threshold is between 50 and
_ 2max , but it can be increased to 80–85 % of VO
_ 2max in highly trained
75 % of VO
marathon and ultra-marathon runners (Sjodin and Svedenhag 1985). Exercise close to

162

C. Zinner

the LT can be sustained for approximately 2 h whereby blood lactate concentration
does not accumulate over time.
In endurance athletes it has been demonstrated that the velocity at the lactate
threshold (vLT) is closely linked to performance (Midgley et al. 2007; Bassett and
Howley 2000). Performance at the LT changes in response to training and fur_ 2max at LT changes as well (Helgerud et al. 2001; McMillan
thermore, the % of VO
et al. 2005; Pate and Kriska 1984). As a result, the vLT and fractional utilization of
_ 2 at vLT (% of VO
_ 2max ) seem to be good indicators of endurance performance.
VO
_ 2max ,
Trained runners are able to run the marathon at an intensity of *80 % of VO
_ 2max .
whereas untrained and less trained athletes achieve only 50–70 % of their VO
There is no doubt that long-distance runners typically have higher lactate
thresholds than middle-distances runners. This fact suggests that high training
volumes of low intensity (below threshold levels) are effective in enhancing the
lactate threshold (MacDougall 1977). Natural selection however, can also potentially explain this phenomenon. An athlete with an excess overweight of slow
twitch ﬁbers, who possesses a high lactate threshold, may potentially perform better
in longer events (Ivy et al. 1980; Noakes et al. 1990; Tanaka and Matsuura 1984;
Farrell et al. 1993). Training adaptations associated with improvements in lactate
threshold seem mainly to be related to skeletal muscle adaptations (Midgley et al.
2007). Concerning these improvements in lactate threshold, the mitochondrial
content of the muscles—measured by mitochondrial enzyme activity—is one
variable associated with lactate production. Therefore, increases in performance at
the LT after training are potentially linked to adaptations in the mitochondrial
enzyme activity (Coyle 1999). The process here is the following. Endurance
training leads to a high increase in the quantity of mitochondria in the trained
muscles (up to +100 %). Subsequently, during exercise at submaximal intensities,
the oxygen inhaled is “used” by a higher number of mitochondria. Thus, following
training, the concentration of ADP does not increase to the same level as prior to the
training, to achieve the same rate of oxidative phosphorylation. The aforementioned
process leads to lower phosphofructokinase activity and a lower carbohydrate turnover with more mitochondria using fat for energy production, resulting in
a lower lactate production rate (Bassett and Howley 2000).
Training at intensities slightly above LT, appears to be an optimal training
strategy for improving LT for sedentary people (Henritze et al. 1985; Weltman et al.
_ 2max (slightly above LT) increased the VO
_ 2 at LT by
1992). Training at *59 % VO
48 % in untrained women (Henritze et al. 1985) while the group that trained at LT
_ 2 at LT. In an extended training
_ 2max ) did not improve their VO
(*44 % VO
intervention, the performance at LT plateaued after four months in the group
training at LT, whereas the group which trained above LT continued to improve
their LT performance for 8 months (Weltman et al. 1992). A further study showed
no advantages of training at or above LT (Belman and Gaesser 1991). Marathon
runners who include a high amount of HVT in their training demonstrate a plateau
in LT performance changes (Laursen and Jenkins 2002). Elite cross country skiers
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_ 2max )
demonstrated an increase in performance at the LT after HIIT (80–90 % VO
_
compared to HVT (60–70 % VO2max ) (Evertsen et al. 2001).
Knowledge regarding the most advantageous training for enhancing LT is
limited and conflicting. It seems that HVT is beneﬁcial for increasing performance
at the LT until a certain plateau is reached.

8.6

Training to Enhance the Runner’s Economy

Achieving low energy costs during constant submaximal running speeds—as is the
case during a marathon race—is highly important for marathon runners. Therefore,
one aim of marathon training is to reduce the energy costs per kilometer, that is, to
improve one’s running economy (RE). The RE is measured in oxygen uptake in
_ 2 in ml/min/kg) or as absolute oxygen uptake per kilorelation to body mass (VO
_ 2max (Morgan et al.
_ 2 in ml/kg/km) during constant velocities of <85 % VO
meter (VO
_ 2
1989). During the same submaximal velocities, trained athletes show a lower VO
compared to untrained athletes (Saunders et al. 2004; Barnes and Kilding 2015).
_ 2 at
_ 2max of 83 ml/min/kg show a VO
World class male marathon runners with a VO
16 km/h of approximately 40 ml/min/km (Lucia et al. 2008) and female runners
_ 2max : 75 ml/min/kg) of approximately 44 ml/min/kg (Jones 2006). Untrained
(VO
_ 2 of 35.6 ± 7.6 ml/min/kg with their
male sport students at 10.1 km/h show a VO
_ 2 of 34.7 ± 5.6 ml/min/kg (mean ± SD; own data).
female counterparts having a VO
Theoretical calculations predict that an improvement in RE of 5 % leads to an
improvement of running performance of approximately 4 % (di Prampero et al.
1986). In several studies different training regimes and their influences on running
economy have been investigated.
In interventions with durations between 4 to 10 weeks, HIIT seemed to improve
RE by 2–8 % (Billat et al. 1999; Denadai et al. 2006; Franch et al. 1998; Lafﬁte
et al. 2003; Sjödin et al. 1982; Slawinski et al. 2001). Intensities between 93 and
_ 2max were used in these interventions. Other studies investigating the
120 % VO
effect of HIIT on the RE did not ﬁnd any changes (Smith et al. 2003; Yoshida et al.
1990; Franch et al. 1998). It has to be mentioned, that most of the studies incorporated HIIT into the normal training schedule of the runners participating in these
_ 2max ) have a higher impact
studies. It seems that longer intervals (4 min at 94 % VO
on the enhancement of the RE (+3 %) compared to shorter intervals (15 s at 92 %
_ 2max ) (Franch et al. 1998). The greatest enhancements in RE were found for
VO
_ 2max (Billat et al. 1999;
intervals lasting 3–4 min at an intensity of 90–100 % VO
Denadai et al. 2006; Lafﬁte et al. 2003). Running uphill intervals as a special form
of HIIT, has shown contradictory results concerning changes in RE (Barnes et al.
2013a; Ferley et al. 2014).
Strength training seems to have an indirect effect on RE in distance runners.
Studies which added different forms of strength training to normal running found
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improvements in RE for recreational (Albracht and Arampatzis 2013; Berryman
et al. 2010; Paavolainen et al. 1999; Piacentini et al. 2013; Skovgaard et al. 2014;
Taipale et al. 2010) and elite (Millet et al. 2002; Saunders et al. 2006; Sedano et al.
2013) athletes in the range of 3–7 %. Nevertheless, some studies found only slight
changes in RE after maximal strength training (Barnes et al. 2013b; Ferrauti et al.
2010; Mikkola et al. 2011; Taipale et al. 2013). Potential reasons suggested for the
changes in RE are adjustments in recruitment patterns as well as an improved
synchronization of motoneurons (Kraemer et al. 1996). Plyometric and explosive
strength training performed with running speciﬁc movements (e.g. jumps and
sprints) at maximal intensities show positive (Mikkola et al. 2011; Cheng et al.
2012; Paavolainen et al. 1999; Piacentini et al. 2013; Stanton et al. 2004; Taipale
et al. 2010, 2013) or no changes in RE in their sub groups. One study showed a 5 %
improvement in RE in well-trained runners after plyometric training (Sedano et al.
2013). It is assumed that plyometric training should increase the stiffness of the
tendons involved in running, thereby reducing ground contact times, and minimizing energy expenditure (Anderson 1996; Spurrs et al. 2003). The “strength
endurance” training often performed by marathon runners involves numerous
repetitions (>20) with a low or complete lack of additional weight. Only two studies
found an increase in RE by 2.4–4 % after “strength endurance” training (Johnston
1997; Sedano et al. 2013), with many studies ﬁnding no changes in RE (Cheng
et al. 2012; Mikkola et al. 2011; Paavolainen et al. 1999; Piacentini et al. 2013;
Stanton et al. 2004; Taipale et al. 2010, 2013).
Taken together, different training interventions support various forms of
endurance and strength which can contribute to enhanced RE. The available literature regarding different forms of altitude training and the impact on the RE is
contradictory (Sperlich et al. 2015). However, the improvements are subject to high
inter-individual variability. The most important factor in enhancing RE seems to be
the accumulation of training over several years (Nelson and Gregor 1976). Among
elite athletes in particular, and in less trained runners as well, the training age and
accumulated training volume of several years shows the highest correlation with
improved running economy (Conley et al. 1984; Jones 2006; Svedenhag and Sjödin
1985). It is noteworthy that studies with female runners concerning training
influences on RE are completely absent.

8.7

Conclusions

It is the aim of every coach, scientist and athlete to ﬁnd the “optimal” training
method for successful marathon training. To draw conclusions from training studies
with mainly short intervention times and which focus their investigations on a few
number of parameters makes the optimization of training very challenging. Some
conclusions seem to be assured based on recent studies and experiences from
successful runners:
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• HVT is the most important part in the training of a marathon runner.
• Total training volume shows a high correlation with improvements in running
performance.
• A well-developed endurance foundation achieved by high volumes of training is
crucial in the preconditioning to tolerate and respond optimally to an increase in
training intensity.
• HIIT should be included in the training plan of marathon runners of every
performance level.
• Even though HIIT is an important part of a marathoners training and shows
rapid improvements in performance, two HIIT sessions per week are sufﬁcient
to achieve performance enhancements without inducing excessive stress.
• To ensure long term development and avoid stagnation, the overall training
amount (volume + intensity) should be increased carefully over several years.
• A training zone distribution of approximately 80–5–15 % (Fig. 8.3c) seems to
be the most effective training distribution for marathon runners.
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