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Abstract 
 

 The purpose of this study was to observe individual variance in the ability to 

predict marathon performance from a two-mile time trial performance and determine 

whether the variance in predictability is influenced by thermoregulatory advantages of 

body size.  Over three distinct marathon conditions, 126 (n =17 in 2010, n =42 in 2011, n 

=67 in 2012) aerobically-trained college physical activity students participated in pre- 

and post-anthropometric testing, a two-mile time trial on an indoor track, and 

concluded with the Eau Claire marathon. Between 72 and 98% of the variance in 

marathon performance could be explained by two-mile time trial performance.  

Variation of predicted performance from actual marathon performance was related to 

body surface area to mass ratio, body surface area to lean mass ratio, and percent body 

fat but depended on the race temperature, sex, and aerobic fitness. Notably, high body 

surface area to mass ratio was advantageous for sub-15 minute two-milers racing at an 

effective temperature of 12°C even though conditions were compensable. (r = 0.399, p< 

0.033). The evidence shows that even in cold and mild conditions body surface area to 

mass ratio can affect marathon performance. 
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Chapter 2: Introduction 

RunningUSA reports that in 2010, the number of finishers of the United States 

marathon competitions (26.2 mi, 42.195 km) surpassed the half million mark (Lampa & 

Yoder, 2010, March 28).  Increased participation is similar to that seen internationally 

(Torre et al., 2011).  With more people participating, questions of individual variation in 

performance and health outcomes arise.  The marathon is a physical endeavor that 

challenges the human body’s physiological capacity. Researchers have observed 

variations in VO2max, running economy, velocity at anaerobic threshold, GI distress, 

thermoregulatory response, and psychological work capacity, all of which influence 

endurance performance measures relating to the marathon (Noakes, 2001). Because of 

the multi-factorial nature of endurance running and individuality along the normal curve 

inherent to quantitative measures, the ability to predict marathon performance is 

limited. However, the more information coaches and athletes have regarding how these 

variables contribute to performance, the better they can train for, plan, and execute 

optimal performance. 

The influence of environmental conditions has been an issue of interest in 

marathon research. The average time of the top ten finishers in the Bejing Marathon 

from 1981 to 1989 was correlated with ambient temperature (r = 0.8910) (Suping, 

Guanglin, Yanwen, & Ji, 1992).  This finding raises the question of whether the 

correlation is applicable to a broad range of marathon finishers and meteorological 

conditions.  Suping et al. (1992) observed that the better the finishing time the more 
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ambient temperature predicted performance (|R2:20%|>|R2:30%|>|RYt|) (Suping et 

al., 1992). Similar results were discovered in the Ely, Cheuvront, Roberts, and Montain 

(2008) study of the Japanese Women’s Marathon Championships. Vihma (2010) 

distinguished that women’s performances seem to be less affected by heat.  It is 

speculated that these differences are due to a larger body surface area to mass ratio 

(BSA:mass) in women (Vihma, 2010).  There remains a void in the research examining 

athletes and BSA:mass. There are opportunities for additional marathon research 

concerning the influence of body size and marathon performance specifically in cold 

weather.  

Evolutionary pressures on heat balance are dependent on climatic conditions 

and have caused trait variation and speciation based on geographical area (Bergman, 

1847; Allen, 1877; Ruff, 1993; Katzmarzyk & Leonard, 1998). This theory originates in 

the 19th century with Bergman and Allen’s rules of thermoregulatory limitations.  

Bergman and Allen developed an evolutionary theory that states that species, including 

humans, have body sizes and shapes that are adapted specifically to their environment 

(Bergman, 1847; Allen, 1877).  Specifically, Bergman’s rule details a trend of smaller 

massed species closer to the equator and larger massed bodies species closer to the 

poles (Bergman, 1847).  Allen’s rule adds that limb lengths are also related to climatic 

region. Species with long lean extremities are more adapted to warm climates while 

short stout species are adapted for colder climates (Allen, 1877). Specifically, large 

bodied animals with short limbs and small surface area to mass ratio are better at 

retaining heat in cold climates, while equatorial species are much lighter with long 
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limbs, and greater surface area to dissipate heat (Ruff, 1993; Katzmarzyk & Leonard, 

1998).  These theories were further summarized in J. B. S. Haldane’s 1926 essay, “On 

Being the Right Size,” which stated that animals have an optimal size and shape for their 

environment.  These theories all relate back to Galileo’s square-cube law. The law states 

that when an object, such as a cube, increases in size, its volume will increase by the 

cube of its multiplier while the surface area only increases by the square of its 

multiplier.  In this way, the larger the object, the larger the difference between the 

volume and mass compared to surface area.  In the context of comparing endurance 

runners, when compared to a smaller runner, a larger runner would have a lower 

BSA:mass.   

Common vocabulary in the thermoregulatory literature:  

• Core body temperature refers to the internal temperature of vital organs, 

notably the brain and the heart, and does not refer to muscle, skin, or 

mean body temperatures (Brooks, Fahey, & Baldwin, 2005). 

Measurement of core body temperature during exercise is indirect via 

esophageal, gut, or rectal thermometers (Brooks et al., 2005). The 

normative range for core temperature lies between 35 and 40° C 

(Cheung, 2000). 

• Heat stress as defined by Cheung (2000) as “a hot and/or humid 

environment [which] imposes a major stress on the human body's ability 

to maintain physiological stability during exercise, due to a decrease in 
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the thermal and water vapour pressure gradients between the body and 

the environment, thus impairing heat exchange.” 

• Cold stress as defined as a cold, windy, and/or wet environment which 

imposed major stress on the human body’s ability to maintain 

physiological stability during exercise, due to an increase in the thermal 

and water vapour pressure gradients between the body and the 

environment, thus impairing heat exchange (Cheung, 2010). 

• Thermal Balance (Heat balance) as defined as a state of equilibrium in 

which the heat produced metabolically is matched the behavioral and 

physiological ability to maintain a constant core temperature of 37 ± 1 °C 

(Cheung, 2010).  

 

The purpose of this study is to analyze the influence of body surface area to 

mass ratio in marathon performance in three distinct environmental conditions to 

determine whether individual variation in performance is related to thermoregulatory 

stress. Independent variables will include body size variables of surface area to body 

mass ratio (BSA:MT), surface area to lean body mass ratio (BSA:ML), and percent body 

fat (% body fat) and weather conditions as defined by the average meteorological index 

effective temperature (ET) during each marathon. Confounding variables of 

temperature acclimation, aerobic fitness, and training will be controlled through 

experimental and statistical methods. The dependent variable of relative marathon 

performance will be defined as the difference between an individual’s actual marathon 
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performance pace and their predicted performance pace based on their two-mile time 

trial performance (Pa-p). 

There is evidence in experimental research supporting an alternative hypothesis 

that there will be a significant relationship between surface area to mass ratio and 

marathon performance (Marino et al. 2000; Marino et al., 2004).  This relationship is 

expected to be more pronounced in the warm weather marathon (Marino et al. 2000; 

Marino et al., 2004).  According to theory, the relationship will be negative; however, in 

a cold weather marathon the relationship should not be as steep (Marino et al. 2000; 

Marino et al., 2004). 

Since female runners tend to have a higher BSA:mass, a secondary objective of 

this study is to determine whether a relationship between body size variables and 

relative marathon performance differs across sex, or in fact, BSA:mass is the primary 

contributor to the difference in the effect of meteorological conditions on marathon 

performance independently of sex (McLellan, 1998). The final objective of the study will 

be to determine whether differences exist in the relationship between body size 

variables and relative marathon performance when subjects are stratified by their 

aerobic fitness, as judged by their two-mile time trial time. Velocity of a runner 

increases the heat from work output in more aerobically fit runners which may have an 

effect on the heat production side of the thermal balance equilibrium (Cheung, 2010). 

The purpose of research is to isolate the variability in individual performance 

during both environments of heat stress and cold stress. The result of this study aims to 

offer practical interpretation which could lead to individualized marathon training and 
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racing strategy in different weather conditions to optimize safety and performance.  In 

addition to performance relevance, some public health applications may arise from the 

study pertaining to recreational endurance activity in extreme thermoregulatory stress 

based on individual susceptibility to cold or heat stress relative to their surface area to 

mass ratio (Gardner et al., 1996). 
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Chapter 3: Literature Review 

3.1 Physiological challenges to thermoregulation during exercise 

3.1.1 Heat exchange physiology 

In order to understand how an individual performs in different weather 

conditions, the foundational aspects of heat exchange between an individual and the 

ambient environment must be acknowledged. The heat balance equation states that 

heat storage equals metabolic heat production minus heat used to perform external 

work, plus/minus convection and radiation minus evaporation (Cheuvrount & Haymes, 

2001; Maughan, 2010). This equation summarizes the three methods of how heat is 

exchanged between the body and the environment - radiation, convection, and 

evaporation (Cheung, 2010).  A small amount of heat can be exchanged via radiation 

from the body to the environment; however, during the day, due to the thermal 

gradient between the skin and the environment, an athlete usually gains heat from 

direct or reflective radiative heat of the sun (Cheung, 2010).  Convection takes place 

from the direct exchange of heat from the body to the air surrounding the athlete or 

vice versa.  The amount of convective heat gained or lost to the environment during 

exercise is dependent on the thermal gradient as well as the speed air is passing across 

the body (ie, the speed of the athlete and the strength and direction of the wind) 

(Givoni & Goldman, 1972). Evaporative heat-loss by means of perspiration becomes the 

main form of heat dissipation when the ambient temperature reaches or exceeds that 
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of the skin temperature of the athlete (~33°C dry bulb) (Chueng, 2010, Mora-Rodriguez, 

2012).   

In dry conditions, evaporation of 1L of sweat removes about 580 kcal of heat 

energy (Maughan, 2010). However, when perspiration is the major pathway for 

maintaining heat balance it is important to consider the vapor pressure or humidity of 

the environment, the velocity of air flow, as well as body surface area when calculating 

the maximum capacity for evaporative heat loss (Mora-Rodriguez, 2012). 

Body surface area influences thermoregulation during exercise because heat in 

the muscle is transferred to the skin via the blood.  The rate of heat exchange within the 

body depends on the thermal gradient between the muscle and the blood, as well as 

skin conduction (Wendt et al., 2007).  The ability of the cutaneous vascular system to 

regulate skin blood flow is a major mechanism in the control of heat dissipation by 

means of radiation, convection, and evaporation.  By spreading blood across a greater 

surface area in the skin, excess heat can be transferred to the environment stabilizing 

the temperature in vital organs.  When the environment and skin are cold, 

vasoconstriction reduces the loss of heat by lessening the surface for heat exchange.  

Thus, runners in this case would have an advantage if their BSA:mass was lower than 

their competitors. 

 The final variable of the thermal balance equation is heat production.  Heat 

production is directly related to the amount of metabolic activity being conducted.  

Muscle contractions involved in physical activity or shivering are behaviors that can be 

adjusted to produce more or less heat and stabilize body temperature.  The rate of heat 
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production while running is proportional to the workload and running economy of the 

athlete (Mora-Rodriguez, 2012). 

 

3.1.2 Heat stress 

The physiological limitations specific to endurance performance in heat are 

found to a greater degree in research than the physiological limitations brought on by 

cold conditions. This is likely due to the fact that exercise itself produces extra heat. 

Approximately 30% of the energy stored in adenosine triphosphate, the universal 

energy in all cells, is converted to mechanical energy for muscle contraction (Noakes, 

2001). The remaining 70% of energy is either stored, resulting in increased body 

temperature, or dissipated into the environment. Elevated core body temperature can 

decrease performance or result in muscle or nerve tissue injury by impeding enzymatic 

activity. Metabolic enzymes optimally function between 39°C and 40.5 °C, compared to 

the homeostatic resting temperature (~37°C) (Martin, 2007; Wendt et al., 2007). Core 

temperatures rising above 40.5 °C diminish enzyme function and likely result in 

performance decrements or heat-related injury (Wendt et al., 2007).  

  Givoni and Goldman (1972) determined that thermal limitations occur when 

the evaporative capacity of the environment exceed the runners maximum evaporative 

potential. When athletes exercise in uncompensable heat stress there are performance 

decrements (Cheung, 2010).  Historically, it was thought that an elevated core-

temperature functioned as a feedback signal to mediate the intensity in which athletes 

could perform in heat (Wyndham & Strydom, 1969; González-Alonso, Teller, Anderson, 
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Jensen, Hyldig, & Nielsen, 1999, Cheuvront & Haynes, 2001). Their arguments proposed 

that critical core temperatures limit the cardiovascular, metabolic, and/or nervous 

system diminishing heat production by reducing work output to prevent hyperthermia. 

These mechanisms still remain strong theories to explain poor performance in heat. 

However, experts at the US Army Research Institute of Environmental Medicine now 

believe that elevated skin temperature, and narrowing core-to-skin temperature 

gradient are the main factors signaling diminished motor drive, cardiovascular strain, 

and metabolic challenges in the muscle, independent of core temperature (Mora-

Rodriguez, 2012; Sawka et al., 2012). Specifically, they theorize that a diminished 

cardiovascular reserve associated with high skin temperature leads to lower VO2max and 

consequently greater relative intensity and rating of perceived exertion at a given power 

output (Figure 2.1) (González-Alonso, Crandall, & Johnson, 2008; Cheuvront et al., 

2010).  
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Figure 2.1: Effects of progressive dehydration and hyperthermia on cardiovascular 
haemodynamics, metabolism and circulating catecholamines during exhaustive 
prolonged cycling in the heat. Seven endurance-trained, heat acclimated subjects 
(VO2max = 4.9 ± 0.61 min−1) became exhausted aZer 135 ± 4 min of cycling at 208 ± 21 
W in a 35°C, 40–50% relative humidity and 2–3 m s−1 wind speed environment with 
skin, core and exercising muscle temperatures reaching ∼35, ∼40 and ∼41°C, 
respectively. Reproduced from Figure 3 of González-Alonso et al. (2008).  

 
 

 In addition the increased need for blood flow to muscle during exercise, excess 

heat production contributes further requirements in stroke volume, cardiac output, and 

mean arterial pressure. A fully-dilated system of cutaneous arterioles can increase the 

rate of blood flow to the skin up to 8 L/min or ~60% of total cardiac output, making 

blood flow to exercising muscle and the brain insufficient for optimal performance 

(Kenney & Johnson, 1992).  Thus when an athlete’s heat balance is threatened by 
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incompesatible heat they compromise blood flow to muscles when it is rerouted to the 

skin to dissipate heat, manifesting as an elevated skin temperature. Pe´riard, Caillaud 

and Thompson (2011) found significant reductions in stroke volume (15–26%), cardiac 

output (5–10%) and mean arterial pressure (9–13%) (P<0.05) following a cycle to sub-

maximal exhaustion trial at 40⁰C compared to an 18⁰C control trail. Heart rates 

exceeded 96% of maximum values in all cases regardless of training status (Pe´riard et 

al., 2011). In 2012, Periard, Thompson, Callaud, and Quaresima discovered that these 

declines in stroke volume, cardiac output, and mean arterial pressure, were associated 

with a depression in both vastus lateralis and prefrontal cortex oxygen saturation. 

Pe’riard et al. (2011) also found that the core-to-skin temperature gradient while 

exercising at 40⁰C, 50% relative humidity (RH) remained within 2⁰C of equilibrium, 

compared to ratios of positive 7-14⁰C while exercising at 18⁰C, 40% RH. They concluded 

that cardiovascular strain and reduced oxygen delivery to the brain and exercising 

muscle, but not the attainment of a critical core temperature, mediates fatigue and 

exhaustion while exercising in incompensateable heat. 

Because of its influence on plasma volume, and its association with perspiration, 

hydration status considerably impacts in thermoregulation in heat. In another Army 

Research study conducted by Kenefick, Cheuvront, Palombo, Ely and Sawka (2010), once 

skin temperature exceeded a threshold of 29°C, elevating the skin temperature of 

subjects in a hypohydrated state by 1°C increments resulted in a 1.6% decrease in 

power output during an aerobic time trial compared to the control trail in a euhydrated 

state. In this same study, exercising in 10°C, 20°C, 30°C, and 40°C resulted in skin 
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temperature increases of  ~4°C per 10°C increment (with skin temperature related to 

performance decrement (r= .61, P < 0.05), while core temperatures were similar in all 

ambient temperatures in both the hypohydrated and euhydrated conditions (Kenefick 

et al., 2010).  This provides evidence that both hydration status and degree of cutaneous 

blood flow affect the ability of the cardiovascular system to maintain sufficient blood 

pressure to maintain exercise intensity in heat. 

The theory of critical core temperature has failed to explain why the best race 

performances often come from athletes with the highest post-race rectal temperatures 

(approaching 41°C) (Wyndham & Strydom, 1969; Noakes, 2001). The new definition of 

heat stress as the elevation of skin temperature and narrowing of the core-to-skin 

gradient may explain such high core temperatures in winning performances. Further 

evidence supports the use of skin temperature and core-to-skin gradient as a measure 

of an athlete’s ability to maintain an aerobic intensity in heat, is that performances are 

enhanced in runners using cooling vests before racing in heat, (Arngrïmsson, Pettit, 

Stueck, Jorgenson, & Cureton, 2004; Webster, Holland, Sleivert, Laing, & Niven, 2005).  

 

3.1.3 Cold stress 

As previously stated, the majority of the literature concerning thermal balance 

during exercise is conducted in warm or hot conditions because during physical activity, 

the human body produces excess heat preventing hypothermia in most environmental 

conditions.  However, if heat production does not match heat loss in cold, windy, and/or 

wet conditions performance may suffer.  Both Pugh (1967) and Thompson and Hayward 
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(1996) noted that in cold, wet, and windy conditions, oxygen consumption during 

exercise increases up to 50% (as cited in Nimmo, 2004).  The respiratory exchange ratio 

(RER) during sub-maximal exercise was significantly higher when temperatures dropped 

below 0°C, suggesting diminished fat oxidation, a type of metabolism crucial to 

performance in long distance races such as the marathon (Landen et al., 2003).  Blood 

lactate glucose, norepinephrine and epinephrine were significantly (p<0.05) higher for 

subjects walking in cold, wet, and windy conditions (Weller et al., 1997).  This suggests 

that hypothermic challenges increase the recruitment of type II fibers and anaerobic 

metabolism (Nimmo, 2004).    

Yoshida et al. (1998) established that training improves insulation during cold 

exposure in Japanese male track and field athletes independent of body fat.  However, 

in cold water, swimmers with more subcutaneous fat can swim longer than those with 

less fat despite fairly similar core temperatures (Keatinge, Lando & Lioutov, 2001).  This 

suggests that the distribution of adipose may be a mediating variable between 

BSA:mass and athletic performance in cold weather conditions. 

 

3.2 Effects of body surface area to mass ratio on heat balance 

In testing the hypothesis that BSA:mass influences both thermoregulatory ability 

and running performance, Marino, Lamert and Noakes (2004) studied whether East 

Africans, due to the lower heat production of their small mass and greater heat 

dissipation associated with their lean limbs, have a distinct advantage over Caucasians 

racing in heat.  The African subjects had similar percent body fat to Caucasian subjects 
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(5.1±0.2% and 5.3±0.3% respectively); however, their BSA:mass was different (2.80±0.23 

and 2.58±0.22 ml⋅kg-1⋅min-1 respectively) (Marino et al., 2004). Time to complete 8k 

performance trials was significantly faster in runners of African descent than that of 

aerobic capacity matched runners of Caucasian decent in 35⁰C but not in 15⁰C (P < 0.01) 

(Marino et al. 2004). Sweat rates in the 8k running performance trial of Marino et al. 

(2004) were significantly lower for the African subjects (P < 0.01).  Unfortunately, the 

Marino et al. (2004) study was conducted in all male subjects. Females tend to have 

smaller mass and greater BSA:mass than males (Cheuvront & Haymes, 2001; Havenith, 

2001). They also average slower paces in marathon competition producing less heat and 

causing relatively less strain in warm conditions (Cheuvront & Haymes, 2001). When 

performing a 30-minute self-paced running test in humid heat (30°C, 60% RH) females 

ran ~2.3km further than men after adjusting for the covariate of lean body mass 

(Wright, Marino, Kay, Micalos, Fanning, Cannon, & Noakes, 2002).  

Havenith (2001) presented data that appeared to contradict the positive 

relationship between BSA:mass and improved response to heat stress.  He found that 

BSA:mass is positively correlated with rectal temperature after adjusting for VO2max in 

both dry (R2=0.50)  and wet heat conditions (R2=0.63).  In light of more recent research, 

there is evidence that core temperature is not a good predictor of running performance 

during heat stress, and the ability to sustain high core temperatures may be a 

competitive advantage, the positive relationship between BSA:mass and core 

temperature does not necessarily conflict with the evidence that high BSA:mass is 

advantageous in the heat. 
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While it is evident that BSA:mass impacts performance during stressful 

environmental conditions, there are potential moderators of the relationship namely, 

running efficiency and body composition. Maldonado, Muijika, and Padilla (2002) 

examined the effect of body mass and height on running efficiency in a group of short-

middle-distance runners and a group of marathon runners. They found that mass and 

height were positively correlated with the cost of running in the short-middle-distance 

runners but not in the marathoners and suggest that for long distance runners, VO2max 

and running efficiency are counterbalancing variables (Maldonado, Muijika & Padilla, 

2002). In other words, the higher the cost of running due to a larger body is balanced by 

a higher aerobic capacity in highly-trained distance runners. Maldonado et al. (2002) 

provided evidence that the relationship between body mass, height and running 

efficiency does not heavily confound running performance predictions based on 

environmental conditions, at least in long distance competitions such as the marathon. 

Alternatively, body composition may be an important variable not considered in a 

homogeneous population (Maldonado et al., 2002). Cureton and Sparling (1980) 

demonstrated that adding external weight to males in order to match body fat mass 

with females decreased the sex-difference in VO2max by 3.9 ml⋅kg-1⋅min-1.  

 

3.3 Sex 

There are several differences in thermoregulatory variables between men and 

women, notably, BSA:mass and body fat percentage. A large percentage of studies that 

the investigators looked at thermoregulation in runners had exclusively male 



   17 

 

participants (Marino, 2000; Marino, 2004; Suping et al., 1992; Weller 1997; Yoshida, 

1998), which has prompted the research interest in sex differences, since it is well 

documented that females in general have high BSA:mass and body fat percentages 

when compared to males. 

 

3.3.1 Running performance 

When focusing on predictors of performance in distance events, anthropometric 

and training variables are often utilized to calculate an individual’s expected 

performance within a certain demographic; in this case, female endurance athletes. 

Schmid et al. (2011) found calf circumference and running speed during training runs to 

be most predictive of women’s marathon performance and produced the following 

equation: race time [min]= 184.4 + 5.0 x (calf circumference [cm]) – 11.9  x (training 

speed [km/hr]).  A similar correlational study conducted on recreational runners used 

skinfold-thicknesses as predictors of half-marathon performance and found women’s 

performances to be more strongly affected by these anthropometric measures than 

men (Knechtle, B., Knechtle, P., Roseman, & Senns, 2010). The performances are 

measured in distinct race settings and weather conditions, thus making it impossible to 

postulate the interaction of the predictor variables and environmental factors.     

The current understanding of the influence of sex on the relationship between 

body size and thermoregulation in endurance running suggests that women’s 

performances are not as affected by heat stress. Vihma’s (2010) study concluded that 
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women marathoners were less slowed during warm conditions, likely as a result of their 

higher BSA:mass and slower times to completion.   

 

3.3.2 Physiological influences 

Contrasting with the performance data, physiological evidence suggests that 

males’ thermoregulatory response to heat is more efficient to females’. Women tend to 

have lower sweat rates and slower physiological responses to increasing core 

temperatures despite similar heart rates and core temperatures after exercising in the 

heat (Windham et al., 1964).   

These relationships may be a result of menstrual cycle influences. Kolka and 

Stevenson (1997) first observed that for subjects running in hot, humid conditions, 

menstrual phase influenced forearm blood flow.  In mid-luteal phase, the vasodialation 

response is not as sensitive to increasing heat storage, resulting in higher skin 

temperatures at the beginning of exercise (Kolka and Stevenson, 1997). It appears in 

more recent research that menstrual influences on thermoregulatory pathways are 

training dependent.  Kuwahara, Inoue, Abe, Sato and Kondo (2005) investigated the 

differences in thresholds of sweating and cutaneous vasodilation between the mid-

follicular and mid-luteal phases of the menstrual cycle while moderately exercising in 

25°C, 45% RH.  Untrained women’s thermoregulatory responses occurred at higher 

esophageal temperatures in their mid-luteal phase compared to the midfollicular phase, 

and compared to trained women regardless of menstrual phase (Kuwahara et al., 2005). 
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Despite the decreased effect of heat on female running performance, evidence 

suggests that body size is an independent factor influencing thermoregulation in heat 

stress for women. A study of full uniformed female soldiers walking in 30°C, 25% RH for 

300 minutes demonstrated that lean somatoypes had lower core temperatures at the 

completion of the walk than women with moderate and fat somatotypes (Yokota, 

Berglund & Bathalon, 2011).  When compared to males, female runners have a higher 

percentage of body fat, resulting in greater insulation and retention of body heat 

because adipose tissue has a higher specific heat than muscle (McLellan, 1998). 

 

3.4 Evolutionary Adaptation 

As a homeothermic species, humans must maintain a constant vital organ 

temperature in order to ensure bodily systems and functions continue to perform 

efficiently (Brooks, Fahey, & Baldwin, 2005). Humans have well developed systems for 

both storing heat in cold environments and disposing of excess heat in hot 

environments (Noakes, 2001; Brooks et al., 2005; Wendt, van Loon, & van Marken 

Lichenbelt, 2007; Cheung, 2010).  The primary physiological strategies humans have for 

temperature regulation include sweating, shivering, and the regulation of cutaneous 

blood flow (Noakes, 2001; Cheung, 2010).  In addition to these systems, over 

evolutionary time the human body shape has diverged to allow us to be exceptionally 

adaptive to a wide range of climates (Katzmarzyk & Leonard, 1998; Ruff, 2005). Even 

when accounting for circadian rhythms, humans at rest in moderate ambient 
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temperatures maintain esophageal and rectal temperatures between 36.1⁰C and 37.1⁰C 

(Maughan, 2010).   

The premise of Bramble and Leiberman’s (2004) endurance running (ER) theory 

is that these specialized thermoregulatory mechanisms were traits that allowed the 

genus homo to survive and hunt in a competitive environment with bigger, stronger, 

and faster prey, such as the pronghorn antelope. This species can run at speeds easily 

exceeding 15 meters per second for several minutes compared to the fastest modern 

humans who barely reach 10 meters per seconds and maintain it for no more than 15 

seconds (Bramble & Leiberman, 2004). However, the ability to sweat, the smaller 

surface exposed to the sun’s radiation due to bipedalism, hairlessness, and mouth 

breathing, rather than panting, give humans an endurance running advantage in warm 

climates (Leiberman & Bramble, 2007). According to the ER theory, when prey of early 

humans was forced to gallop in heat, it quickly became hypothermic and much easier to 

hunt (Bramble & Leiberman, 2004; Liebenberg, 2008). Persistence hunting is thought to 

have allowed humans a unique niche as diurnal predators (Leiberman & Bramble, 2007; 

Liebenberg, 2008). 

The genetic adaptations that allowed endurance running in the early hominids 

may be the same traits that are most important in determining individuals who are the 

most capable endurance athletes in modern endurance running competitions. The East 

African runners, having descended from the equatorial tribes who likely relied on 

persistence hunting for survival, are extraordinarily well-equipped to resist excessive 

heat storage during endurance performance in the warm environments (Katzmarzyk & 
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Leonard, 1998; Lieberman & Bramble, 2007). Of the top 200 marathon times run in 

2010, 167 or 84% were performed by runners of East African decent (Torre et al., 2011). 

Emphasizing the success of East African runners, (Manners, 1997) writes that “this 

record [of East African distance running performance] marks the greatest geographical 

concentration of achievement in the annals of sport” as cited in Torre et al. (2011) and 

Kong & de Heer (2008). 

An anthropological characterization of runners from the Kalenjin tribe, the most 

decorated in the history of Kenyan distance running, showed that they had a mean body 

mass index of 20.1 ± 1.8 kg/m2, a mean percentage body fat of 5.1 ± 1.6%, and a mean 

calf circumference of 34.5 ± 2.3 cm (Kong & de Heer, 2008). The characteristics of being 

light and possessing lean limbs; theoretically give these runners a thermoregulatory 

advantage in warm environments (Marino et al., 2004). In 35°C temperatures, running 

speed has been shown to decline significantly with increases body mass, as heat storage 

becomes more of a challenge with added mass (Figure 2.4).  
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Figure 2.4: The relationship between body mass and mean running speed during a 8-km 
performance run in three ambient conditions.  A significant correlation is evident at 

35°C (y=6.3-0.024x, r=.77, p<0.001). Reproduced from Figure 5 of Marino et al. (2000). 
 

 

   

   

3.5 Aerobic fitness 

3.5.1 Running performance 

Aerobic fitness influences thermoregulation and running performance in the 

heat. The slowest marathoners in the Ely et al. (2007) study were most affected by 

increases in WBGT. Likewise, the pace of elite marathoners was least affected (Ely et al., 

2007).  Figure 2.5 shows that under considerable heat stress, marathon performance 

decrements can vary by approximately 9% between the top finishers and those that 

finish close to 3 hours.  This study included finishers in the top 300 of major marathons. 

 

 

 

Body mass (kg) 
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Figure 2.5: Impact of marathon finishing time on percent performance decrement 
across a range of Wet Bulb Globe Temperatures.  Faster finishing times were less 
influenced by increasing temperatures.   Reproduced From Figure 3 of Ely et al. (2007) 

 

 Suping et al. (1992) showed that the faster the marathon performance the more 

accurately air temperature predicted the meteorological effect on performance; 

surprisingly few thermoregulatory studies have been conducted on recreational 

athletes. This encourages the use of a population of beginner marathoners for future 

research. 

 

3.5.2 Training adaptations and acclimation  

Aerobic training and acclimation can lead to thermoregulatory adaptations to 

heat. Aerobic training allows for greater increases in core temperature during high 

intensity exercise (Mora Rodriguez, Del Coso, Estevez, and Ortega, 2010).  Also, training 

and acclimation lowers resting core temperature, plasma volume, and retention of 

plasma volume during exercise, increases sensitivity to elevated body temperatures and 

activation of sweating and vasodilatation (Kuwahara et al., 2005; Wendt et al., 2007)( 

Figure 2.5.2). 
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Figure 2.5.2. Adaptations in sweat rate, mean skin temperature, and forearm skin blood 
flow to chronic aerobic training during high relative exercise intensity (80% VO2max). 
Reproduced from Mora-Rodriguez (2012). 

 

Alternatively, athletes who have experienced events of excessive hypothermia 

may also have altered thermoregulatory ability. Heat stress is thought to have a 

cytotoxic effect on hypothalamic control and delays activation of sweating and 

vasodilatation (Bouchama & Knochel, 2002). 

Training, when coupled with body size and body composition can give an 

advantage to athletes in the heat. Although their study focused on the general 

population and not specifically on endurance athletes, Selkirk and McLellan (2001) 

found differences in exercise to exhaustion time for aerobically trained and untrained 

groups with high or low body fat in uncompensable occupational heat stress (p<0.05). 
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They determined that high aerobic fitness, expressed in VO2 per kg lean mass, was 

advantageous to a low body fatness group (Selkirk & McLellan, 2001). The advantage in 

this group is associated with a greater ability to tolerate up to 0.9° C higher core 

temperature at exhaustion (Selkirk & McLellan, 2001). Despite having higher sweat rates 

and skin blood flow and thus lower skin temperatures in trained subjects compared to 

untrained subjects at 45 minutes during exercise at 80% VO2max, trained athletes 

produced more metabolic heat and had 0.3°C higher core temperatures (Mora-

Rodriguez, 2010).  Mora-Rodriguez (2012) concludes that his work provides evidence 

that in compensable heat, relative intensity (% VO2max) best predicts heat storage.  

When the required evaporative cooling is greater than the body’s evaporative capacity 

to maintain a thermal equilibrium absolute intensity is a better predictor of heat 

storage.  According to Mora-Rodriguez (2010),  due to higher absolute workloads, 

aerobically fit individuals will have to reduce their relative intensity more than less fit 

individuals in order to avoid excessive hyperthermia when conditions are 

uncompensable.  

 

3.6 Environmental predictors to marathon performance 

 In addition to anthropometrical variables and aerobic fitness levels, 

environmental factors also impact thermoregulations and running performance. 

Environmental conditions during marathons can vary widely not just due to geographic 

differences in climate, but also year-to-year differences for the same marathon.  For 

instance, the air temperature during the New York City Marathon between 1984 and 
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1995 ranged between 1 and 29°C (Kenefick, Cheuvront & Sawka, 2007).  In addition, 

wind, sun, precipitation, and humidity are also variable factors that influence 

thermoregulatory ability. 

Suping, Guanglin, Yanwen and Ji (1992) studied biometeorological indices as 

predictors of performance in the Beijing International Marathon from 1981 to 1989. In 

order to quantify the effect of weather on performance they subtracted the technical 

result which they determined using an orthogonal polynomial simulation from the 

actual result leaving them with the meteorological result. They compared their results 

with air temperature (ta), relative humidity (RH), wet bulb temperature (tw), and wind 

velocity (v). They established biometeorological indices, notably effective temperature 

(ET), calculated using the following equation: ET= ta-0.4(ta-10)(1-RH/100). They found 

that the percentage of marathoners who finished under 2:20 was correlated with ET (r = 

-0.95). The average meteorological result for all participants was more highly correlated 

to wetbulb temperature compared to effective temperature (r = 0.73 and r = 0.61 

respectively). Overall, Suping et al. (1992) concluded that ET was the best predictor of 

meteorological effect on performance, while ta was predictive in the elites, and tw was 

the best predictor for the average of the meteorological effect of all participants (r  = 

0.73). 

Another accepted index of weather is the wet bulb globe temperature (WBGT) 

which also incorporates air temperature and humidity as well as radiant heat using the 

following equation: WBGT = 0.7(wet bulb temperature)+ 0.2(dry globe temperature)+ 

0.1(black globe temperate). Using data from seven North American marathons (Boston, 
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New York, Twin Cities, Grandma's, Richmond, Hartford, and Vancouver), Ely, Cheuvront, 

Roberts and Montain (2007) found that performances progressively slowed between 

WBGT indices of 5-25⁰C (Figure 2.5.1).  For elite men, Montain, Ely and Cheuvront 

(2007) reported performances that were 1.7, 2.5, 3.3, and 4.5% off of course records for 

WBGTs of 5-10, 10.1-15, 15.1-20, and 20.1-25⁰C, respectively.  

When McCann and Adams (1997) examined the ability of WBGT to predict 

Division I NCAA track and field championship performance they found significant 

predictability of performance decrement as the WBGT increased for the 3km 

steeplechase, 10km, and pooled data from all races over 1500m. The 10km had the 

steepest decrement predicting an addition of 48 seconds to the performance for each 

degree increase in WBGT (McCann & Adams, 1997). Although the McCann and Adams 

(1997) study does not validate the use of WBGT in predicting marathon performance, it 

provides some evidence to suggest that WBGT’s predictability is applicable in the longer 

distances. 

Suping et al. (1992) developed three classifications for weather conditions 

experienced in the Beijing International Marathon. Suitable conditions include ET values 

between 8⁰C and 15⁰C, including their suggested optimal environment of ET=8⁰C 

(Suping et al., 1992). Unsuitable conditions are classified as an ET greater than 20⁰C 

(Suping et al., 1992). These conditions were seen in 1983, when nearly 100 participants 

did not complete the marathon due to the heat. Moderate conditions then are classified 

as an ET between 15⁰C and 20⁰C (Suping et al., 1992).  Optimal conditions for the 10k 

and 3k steeplechase in the McCann and Adams (1997) study were WBGT indices 
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between 16 and 19⁰C, suggesting that the length of competition likely has an effect on 

temperature threshold for performance decrement and risk of heat injury. 

 

3.7 Conclusion 

 Variations in ambient conditions and an individual’s ability to thermoregulate 

during endurance activities affect their performance. The consensus holds that hot 

environments stress an athlete’s cardiovascular reserve leading to a compromised 

capacity to provide optimal blood flow to the muscular and nervous systems.  

Performances stressed by cold-environments appear to be a result of metabolic 

challenges involving a shift towards anaerobic metabolism. However, due to the rarity 

of marathon competitions in extremely cold environments, this decrement in marathon 

performance has not been well established.  Since BSA:mass influences heat storage and 

dissipation, athletes with high BSA:mass have thermal advantages in heat. Alternatively, 

performing in cold stress would hypothetically advantage lower BSA:mass individuals. 

With the vast number of runners competing in marathons it would be valuable 

to advance the current knowledge of thermoregulation in the marathon.  While there is 

some research specific to physiological changes in heat as reviewed in Cheung (2010) 

and González-Alonso et al. (2008) and marathon performance predictions in heat 

(Suping et al., 1992; Ely, 2007), a quantification of the relationship between BSA:mass 

and individual marathon performance would be essential in providing marathon runners 

and coaches information on how meteorological conditions will specifically affect them. 

By isolating individual body sizes, it may be possible to look for patterns that will help us 
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predict and prescribe optimal performance outcomes for each runner in various 

temperate environments. 
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Chapter 4: Methods 
4.1 Subjects 

The present study was conducted in conjunction with the University of 

Minnesota in Minneapolis, MN Physical Education 1262; Marathon Training class during 

the spring semesters of 2010 (n=17), 2011 (n=42), and 2012 (n=67).  Students were 

excluded from the study if they were physically unable or unwilling to meet the class 

requirements referenced in Appendix 2 and Appendix 3, or if they did not participate in 

the associated research portion of the class.  In total 126 (81 female, 45 male) subjects 

participated in the present study with their completion of class requirements including 

four months of aerobic training and the Eau Clare Marathon. Their physical 

characteristics are presented in Table 4.1. 

Approval for this research was granted by the University of Minnesota’s 

Institutional Review Board (IRB).  Prior to undergoing physiological and performance 

testing, signed informed consent was obtained from each participant.  No subject was 

allowed to commence testing without a full understanding of the potential risks. 

Participation required a medical physical that was administrated by the subject’s 

primary care physician to ensure subjects did not have a health condition that is 

contraindicated for the physical activity involved in the marathon training and 

completing a marathon.   
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4.2 Instrumentation, materials, and procedures 

Subjects were instructed throughout a semester-long aerobic training program 

as a part of their physical education class (see Appendix 1, 2, & 3).   

Approximately two weeks prior to the marathon subjects underwent a two mile 

time trial in which they were assigned to complete 16 laps on a 200 meter indoor track 

located in the University of Minnesota fieldhouse. Subjects were hand-timed with stop 

watches. 

Within two weeks of their time-trial subjects reported to the University of 

Minnesota’s Human Performance Laboratory to be measured for height, weight, body 

composition and VO2max. Subjects were measured without shoes and in spandex shorts, 

and for females a sports bra. Height was evaluated in an erect position using a 

stadiometer. Body Composition was measured using the BODPOD GS ® body 

composition tracking system (COSMED USA, Inc., Chicago, IL, USA) (2010 & 2011) and/or 

underwater weight (2011 & 2012). When the BODPOD was utilized, weight was 

acquired on an electric scale. Otherwise weight was acquired using a beam scale. An 

incremental VO2max test was conducted on an incline treadmill using an Ultima CXP cart 

and BreezeSuite software (Medgraphics, St. Paul, MN, USA).    

On the day of the marathon students were timed by the official marathon timing 

system. Subjects hydrated ad libitum throughout the race, and dressed in clothing of 

their choosing, though 99% of the students wore a dryfit© t-shirt. Meteorological data 

was obtained at hour intervals throughout the race as reported for Eau Claire, 

Wisconsin, USA by Weather Underground, Inc (Ann Arbor, MI, USA). 
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4.3 Data analysis 

Body surface area was calculated using height and weight measurement using 

the Dubois and Dubois (1918) equation: BSA (m²) = 0.20247 x height(m)0.725 x 

weight(kg)0.425. This equation has been used in other studies interested in BSA:mass in 

athletes (Ruff, 1993; Katzmarzyk & Leonard, 1998).   

Relative performance (Pa-p) was calculated as the difference between the actual 

average marathon pace per mile and the predicted marathon pace per mile.  Predicted 

marathon pace was determined using the linear regression equation of two-mile time 

trail pace per mile and marathon pace per mile each year. 

The meteorological index used in this study was the effective temperature.  This 

index is calculated using air temperature and relative humidity from the following 

equation: ET= ta-0.4(ta-10)(1-RH/100). (Supping et al., 1992)  Marathon ET will be 

summarized as the mean hourly ET in the first 5 hours of the race.    

All statistical calculations were performed using Excel 2007 (Microsoft, 

Redmond, WA, USA). Pearson’s Product Moment Correlation Coefficient (r) determined 

the statistical strength of the relationship between relative marathon performance and 

BSA:mass (Dawson & Trapp, 2004). Coefficient of determination (R2) determined the 

predictability of relative marathon performance given the specific meteorological 

conditions based on the linear regression with BSA:mass (Dawson & Trapp, 2004). 

Separate correlational analysis were conducted on the complete data set for each 

marathon, on data sets divided by sex, and on data sets stratified by finishing time. The 
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significance level was established at p<0.05.  All descriptive statistics are expressed as 

means ± SD. 

 

4.4 Variables 
4.4.1 Primary dependent variable: Relative marathon performance 

The outcome variable for this study is based on marathon performance. Because 

running ability is associated with the mass of the runner, the performance variable will 

be relative to the athlete’s maximum aerobic capacity (Maldonado et al., 2002). Velocity 

of maximum aerobic capacity was operationalized using a 3200 meter track time trial.  

Pilot studies from the University of Minnesota’s marathon training class have found that 

of all physiological and physical testing, two-mile time trial is statistically the best 

predictor of marathon performance even compared with VO2max or half marathon 

performance (Lundstrom, Ingraham, & Rhodes, 2012).  The two-mile or three-kilometer 

distance has been used frequently in the research and in the field to determine the pace 

of an athlete’s maximum aerobic effort (Bragada et al., 2006).  The relative performance 

measure (Pa-p) is the difference between actual marathon pace and the marathon pace 

predicted in the regression between two-mile time trial and marathon performance. 

 

4.4.2 Primary independent variable: Body surface area to mass ratio (BSA:mass) 

BSA:mass was used to quantify the participants ability to dissipate heat.  This 

measure has been theorized to relate to human thermoregulation (Coso et al., 2011; 

Katzmarzyk & Leonard, 1998; Ruff, 1993).  Metabolic heat production is directly 

proportional to body mass, whereas heat loss due to convection and evaporation is 
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dependent on body surface area (Givoni & Goldman, 1972).  High BSA:mass is then 

assumed to lose more heat to the environment, whereas low BSA:mass will store excess 

heat.  The measure of BSA:lean mass will also be explored despite a lack of research on 

the measure.  Theory suggests that since lean mass, notably muscle, is responsible for 

heat production this measure may be more reflective of a heat production heat 

dissipation disparity. 

 

4.4.3 Moderating variable: Meteorological conditions 

Three different meteorological conditions corresponding to the three morning 

marathons were observed. Descriptive statistics for this variable will include mean air 

temperature, relative humidity, mean wind speeds, and effective temperature as 

defined in Suping et al. (1992). Correlational analysis will be conducted on the 

participants from each of the different meteorological conditions and compared.   

 

4.4.4 Moderating variable: Sex 

Due to differences in thermoregulatory physiology across sex (Marsh & Jenkins, 

2002; Yokota et al., 2011), male and female performance will be taken into account. 

Individual correlational analysis was conducted for male and female student in the years 

in which classes had sufficient enrollment of male students.    
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4.4.5 Moderating variable: Aerobic fitness 

 The influence of sex, year, or weather conditions could be moderated entirely by 

variation in aerobic fitness (i.e. running ability) of the sample.  Stratification was utilized 

by two-mile time trial performance. The three categories classifying aerobic fitness are 

≤13:30, 13:30 through 15:00, and ≥15:00 min/mile.  

 

4.5 Threats to validity 

4.5.1 Internal validity 

Some sample mortality due to subject drop-out during training may have been 

influenced by the BSA:mass or sex of the participant which could introduce a threat to 

validity.  For example, women or heavier athletes may be more susceptible to injury 

during the aerobic training prior to the marathon.  Sampling within the university setting 

introduced the possibility of socio-economic, educational, and age bias. Since subjects 

were evaluated and received academic credit based upon the completion of the 

marathon, their performance and race strategies were likely influenced.  

 

4.5.2 External validity 

Due to the interaction of selection and treatment, results can only be narrowly 

applied to college students trained to compete in one of their first marathons. Further 

studies on a broader population, or other specific populations, are warranted. As a 

result of interaction of setting and treatment, results can only be generalized to the 
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marathon distance on roads with little elevation change. Results should be restricted to 

the specific meteorological conditions observed during the three marathons.   

 

4.5.3 Reliability 

Since repeated measures were used in this study, attention was intentional to 

ensure reliability through consistency in procedures.  Measures taken over the course of 

three years requires the variables had to be clearly defined and operationalized.  Some 

challenges in regards to reliability were foreseen. Weather conditions were measured as 

averages over the course of the race; however, depending on the time to completion of 

the marathon, conditions were different for each participant. Finally, test-retest 

reliability on time-trial and performance scores is not known.  Students may not have 

run consistently regardless of the variables of interest.  The uncertainty of time-trial 

versus race motivation, life stress, and nutrition are variables that may have interfered 

with reliability of these tests. 

One threat in particular to the reliability of these data sets is the change in P.E. 

1262 course requirements following the first marathon cohort from voluntary 

participation in physiological and anthropometric measurements to required 

participation as part of the course work.  With the requirement of these measures 

which were used to intensify the academic rigor of the course, the student had the 

opportunity to opt out of making the test information available for research. There was 

a self-selection process that likely biased the 2010 data set, compared to the 2011 and 

2012 data sets.  
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4.6 Further limitations 

The present study does not control for clothing. Due to ethical considerations 

and concern for participant preference, marathoners were allowed to wear whatever 

clothing they choose for the marathon, however, a dryfit© race t-shirt was provided.  

This may have limited the ability to detect a strong statistical relationship between 

BSA:mass and relative performance. 

Actual core or skin temperatures were not measured.  Having such 

measurements would possibly enhance an understanding of the thermoregulation 

during the marathon; however, maximal core temperature has not been shown to be 

related to running time or fluid balance responses (p>0.05) (Bryne et al., 2006). 

Attributable to the sampling strategy, the study population is rather limited.  

Inferences are restricted to beginner marathoners who were aerobically trained in the 

winter, hence not acclimated to heat.   

 

4.7 Ethical considerations 

Approval for this research has been granted by the University of Minnesota’s 

IRB. To ensure ethical treatment of participants, human subject training has been 

completed by head researchers through the Collaborative Institutional Training 

Initiative.   

Prior to undergoing physiological testing participants signed informed consent 

for research procedures (see Appendix 5).  No subject was allowed to commence testing 

without full understanding of potential risks and having completed a medical physical.  
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These risks were communicated both verbally and in writing.    The physical had to be 

administered, and a signature of their primary care physician indicating that there was 

no health condition that contraindicated the physical activity involved in the marathon 

training or the testing procedures (see Appendix 5).   

Other than marathon results which are publically available online, subject 

information was kept anonymous.  All possible efforts were taken to ensure 

identification information of individual subjects be concealed.  

 
 

 
  



   39 

 

Chapter 5: Results 

5.1 Sample demographic 

 Of the 126 total subjects included in the study, 64.2% were female. Thirteen and 

one-half percent of subjects participated in 2010, 33.3% in 2011, and 53.2% in 2012. The 

mean age of subjects was 22.25±1.81, 21.19±2.98, and 21.67±5.48 years for 2010, 2011 

and 2012 respectively. Data on race and menstrual status are limited to subjects in 

2012. A third of the women in 2012 were assumed to be in the follicular stage of their 

menstrual cycle during lab testing, and 44.2% were taking oral contraceptives. The 

VO2max of the sample had a mean value of 52.95±7.98 ml⋅kg-1⋅min-1. The fastest 

marathon was completed in 2011 in 3:12:34. The slowest finishing time was 6:07:56 in 

the 2012 race.  Overall, the mean two-mile time trail time was 14:30.6±0:50.4, and the 

mean marathon finishing time was 4:26:21±0:42:12. Sample sizes and group 

characteristics by year and aerobic fitness strata can be observed in Table 4.1.  

Table 4.1: Subject characteristics stratified by year and two-mile time trial performance. 

 

2010 2011

Aerobic Ability ≤13:30 13:30-15:00 ≥15:00 Total ≤13:30 13:30-15:00 ≥15:00 Total

N (males,females) 6 (3,3) 4 (3,1) 7 (2,5) 17 (8,9) 11 (9,2) 12 (3,9) 19 (1,18) 42 (13,29)

Height (cm) 172.25 175.58 171.38 172.67 174.57 171.65 170.58 167.93

±SD 6.67 9.24 11.05 8.87 7.49 9.34 8.57 8.49

Mass (Kg) 65.34 68.95 69.69 67.98 69.60 66.49 69.73 67.17

±SD 5.47 6.47 10.13 7.73 8.31 13.43 10.81 10.89

BSA:MT (m
2⋅kg

-1⋅10
2
) 2.72 2.67 2.62 2.67 2.66 2.72 2.63 2.60

±SD 0.12 0.10 0.15 0.13 0.17 0.29 0.28 0.26

Lean Mass (Kg) 56.37 61.62 55.59 57.29 60.35 50.97 49.89 51.71

±SD 10.03 7.61 11.71 10.00 7.45 9.58 8.28 9.40

BSA:ML (m2×kg-1×102) 3.20 3.00 3.34 3.21 3.11 3.52 3.65 3.39

±SD 0.39 0.19 0.36 0.35 0.25 0.26 0.31 0.36

% Body Fat 14.12 10.70 20.47 15.93 13.15 22.98 28.22 22.25

±SD 9.72 6.06 9.05 9.18 7.00 5.45 6.22 8.69

Marathon Pace (min/mile) 8.43 9.75 12.01 10.21 8.09 9.84 11.07 9.71

±SD 0.64 0.47 1.22 1.84 0.49 0.64 1.07 1.48

VO2max (ml⋅kg
-1⋅min

-1
) 60.23 65.80 57.10 60.25 58.67 47.24 44.18 47.72

±SD 9.44 4.06 7.73 8.15 5.65 4.72 5.28 7.92
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Table 4.1 continued 

  

 

5.2 Associations between two- mile time trial performance and marathon finishing 

time 

In 2010, 98% of average marathon pace per mile could be explained by variation in two-

mile time trial pace. Predicted average marathon pace was determined by a slope of 

1.86 and an intercept of 3.52.  In 2011, the predictability was 78% with a slope of 1.56 

and an intercept of 1.4.  For the data set from 2012, two-mile time trial pace was the 

least predictive of average marathon pace, with only 72% of the variance being 

explained.  The linear regression equation that year was y = 1.4571x - 0.25. These 

relationships are summarized in Table 4.3. 

 

 

2012 Total

Aerobic Ability ≤13:30 13:30-15:00 ≥15:00 Total ≤13:30 13:30-15:00 ≥15:00 Total

N (males,females) 23 (16,7) 19 (6,13) 25 (2,23) 67 (24,43) 40 (28,12) 35 (12,23) 51 (5,46) 126 (45,81)

Height (cm) 176.56 160.85 168.10 168.95 175.37 166.24 169.48 170.45

±SD 9.64 36.54 6.00 29.33 8.66 27.91 7.76 16.51

Mass (Kg) 70.68 62.74 67.38 67.20 69.58 64.73 68.57 67.83

±SD 12.62 10.65 9.03 13.72 10.72 11.29 9.74 10.60

BSA:MT (m
2⋅kg

-1⋅10
2
) 2.67 2.75 2.63 2.68 2.67 2.73 2.63 2.67

±SD 0.20 0.18 0.18 0.38 0.18 0.21 0.22 0.21

Lean Mass (Kg) 60.44 52.55 51.27 54.93 59.79 53.08 51.35 54.57

±SD 11.89 9.75 4.45 12.10 10.40 9.77 7.49 9.80

BSA:ML (m2×kg-1×102) 3.02 2.97 3.13 3.05 3.07 3.16 3.35 3.21

±SD 0.73 1.08 0.98 0.99 0.59 0.84 0.75 0.74

% Body Fat 15.51 17.58 23.86 19.10 14.63 18.71 25.09 19.94

±SD 4.10 3.72 4.87 6.08 5.98 6.01 6.61 7.67

Marathon Pace (min/mile) 8.85 9.88 11.94 10.30 8.58 9.85 11.63 10.17

±SD 0.72 0.98 1.10 2.05 0.72 0.82 1.17 1.61

VO2max (ml⋅kg
-1⋅min

-1
) 58.48 53.43 49.46 53.68 58.83 52.47 48.54 52.95

±SD 5.94 5.22 4.04 9.08 6.24 7.43 6.55 7.98
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Table 4.3: Linear regression models by year. 

 

 

5.3 Weather conditions 

 Average race ET was 14±1.46, 5.16±0.17°, and 11.6±0.6°C in 2010, 2011, and 2012 

respectively.  Conditions for the 2010 race were sunny, dry, and moderate with a 

breeze. The 2011 race conditions were relatively cold with intermittent precipitation, 

and wind gusts up to 28.58 mph contributing to a below freezing windchill (-3.62±0.6°C). 

There were relatively moderate conditions in 2012, although humidity remained over 

90% throughout the race with mild wind speeds. Table 4.2 shows specific conditions for 

each marathon. 

 

 

 

Predicted Marathon Equation R² 

2010 Males y = 1.8617x - 3.5181 0.98

Fixed Intercept y=1.3799 0.91

Females y = 1.5796x - 1.1087 0.94

Fixed Intercept y=1.4323 0.94

Total y = 1.7462x - 2.5069 0.95

Fixed Intercept y=1.4085 0.91

2011 Males y = 1.8586x - 3.1772 0.85

Fixed Intercept y=1.3683 0.79

Females y = 1.6191x - 1.9116 0.61

Fixed Intercept y=1.3706 0.60

Total y = 1.5599x - 1.3976 0.78

Fixed Intercept y=1.37 0.77

2012 Males y=1.6074x - 0.9272 0.70

Fixed Intercept y=1.4668 0.70

Females y = 1.6748x - 2.0822 0.72

Fixed Intercept y=1.4054 0.70

Total y = 1.4571x - 0.25 0.72

Fixed Intercept y=1.4231 0.72
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Table 4.2: Weather data by year. 

*Measurable precipitation in the first hour of marathon 

 

5.4 Associations between relative marathon performance and body size variables 

When all subjects were combined, the correlation between BSA:MT and Pa-p was 

negative and trending toward significance (r = -0.133, p= 0.069).  The correlation 

between BMA:ML and Pa-p was positive and trending toward significance (r = 0.141, 

p=0.058)  There was no significant relationship between % body fat and Pa-p (r = 0.058, p 

= 0.261). 

  
 

5.5 Associations by marathon year 

 Body size variables and relative marathon were only significantly associated in the 

2010 marathon.  That year BSA:ML was positively correlated to the Pa-p (r =.438, p<0.05), 

and %BF was positively correlated to Pa-p (r =.503, p<0.05).  BSA:MT trended towards 

significance in the negative direction with Pa-p in 2012 and in all three years combined (r 

= -0.172, p<0.10, and r = -0.133, p<0.10 respectively). Sex was positively correlated with 

Pa-p in 2010, 2012, and all three years combined (r = 0.434, p<0.05, r = 0.355, p<0.01, 

and r = 0.209, p<0.01).  Year was not independently correlated with Pa-p.  These 

relationships are summarized in Table 4.4. 

°°°°F °C ET (°C)
Windchill 

(°C)
Dew Point 

(°C) % Humidity
Pressure 

(in)
Wind Speed 

(mph)
Gust Speed 

(mph) Precipitation Conditions

2010 61.98 16.66 14.00 - 2.86 40.50% 29.53 15.17 23.23 0.00 Clear

±SD 4.24 2.36 1.42 - 0.79 8.04% 0.01 2.66 2.35 0.00

2011 35.55 1.97 5.16 -3.62 23.33 61.50% 29.81 17.08 28.58 0.00 Overcast

±SD 0.49 0.27 0.17 0.60 2.23 5.72% 0.06 3.37 2.67 0.00

2012 54.63 12.57 11.55 - 11.44 92.67% 29.93 7.32 - 0.001* Overcast

±SD 1.69 0.94 0.57 - 0.67 2.58% 0.03 3.40 - 0.00
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Table 4.4: Correlation among selected variables and the difference between marathon 
performance and two-mile time-trial predicted performances (Pa-p).  

*significant with 95% confidence, **significant with 99% confidence, one-tailed t-test 

 

5.6 Associations by aerobic fitness stratification 

When all years were combined there was a negative correlation between BSA:MT 

(r= -0.29091, p<.05) and Pa-p in the group of subjects who were able to run their two-

mile time trial in 13:30 or less. This group experienced a positive correlation between 

BSA:ML  and Pa-p in 2010  (r = 0.974, p<0.001), and a negative correlation in 2011, and 

2012 (r = -0.551, p<0.05, and r = -0.358, p<0.05 respectively).  The linear regression 

models of these BSA:ML  relationships can be seen in Figure 4.1.  There was also a 

positive correlation between percent of body fat and Pa-p in 2010 (r = 0.95776, p<0.01), 

and a negative correlation between BSA:MT and Pa-p in 2012 (r = -0.3914, p<0.05) in the 

fittest group.  

For the middle aerobic fitness group, that performed their two-mile time trial 

between 13:30 and 15:00, BSA:MT was correlated negatively with Pa-p in 2010 (r = 0.484, 

p<0.01).  In 2011, Pa-p was correlated negatively with %BF (r = 0.416, p<.05) in this group. 

Finally, for the least fit group who took 15 minutes or longer to complete a two-

mile time trial, no significant correlation in any of the three marathons were found 

2010 2011 2012 Total

r p-value r p-value r p-value r p-value

BSA:mass -0.0708 0.3936 -0.0901 0.2854 -0.1716 0.0825 -0.1327 0.0693

BSA:lean 0.4890 0.0232 -0.0716 0.3264 -0.0967 0.2184 0.1409 0.0577

Percent Body Fat0.5029 0.0198 -0.0676 0.3353 0.0896 0.2354 0.0575 0.2612

Sex 0.4341 0.0408 -0.1326 0.2014 0.3545 0.0016 0.2094 0.0093

Year n/a n/a n/a n/a n/a n/a 0.0017 0.4925
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between BSA:MT, BSA:ML, or % BF. The summary of these correlational relationships are 

shown in Table 4.5. 

 

Table 4.5: Correlation coefficients stratified by year and two-mile time trial time. 

 

 

 

 

 

Aerobic ability 13:30 13:30-15:00 15:00 Total

2010

BSA:MT NS -0.992 NS NS

p=0.005

BSA:ML 0.974 NS NS 0.489

p=0.001 p=0.023

% body fat 0.958 NS NS 0.503

p=0.021 p=0.020

2011

BSA:MT NS NS NS NS

BSA:ML -0.551 NS NS NS

p=0.039

% body fat NS -0.577 NS NS

p=0.025

2012

BSA:MT -0.391 NS NS NS

p=0.033

BSA:ML -0.358 NS NS NS

p=0.047

% body fat NS NS NS NS

Key Positve Relationship

Negative Relationship

No Significance
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Figure 4.1:  Pa-p vs BSA:ML(m
2xkg-1x102) in 13:30 two-milers 

 

 

5. 7 Associations by sex 

While there was not significant power to stratify by both gender and aerobic 

fitness group, when all years were pooled there was a significant negative correlation 

between Pa-p  and BSA:MT in male subjects (r =  -0.291, p<0.05). There was also a 

significant negative relationship between Pa-p and BSA:ML in the male subjects who 

performed the two-mile time trial under 13:30 when subjects from all marathons were 

pooled (Figure 4.2). 

For the female subjects there were no significant correlations relationships 

between Pa-p and any of the body size variables when marathons were pooled, however, 

when stratified by aerobic fitness, those females in the most fit group showed 

significant negative correlations between Pa-p and between BSA:MT and Pa-p and BSA:ML 

y = 0.9844x - 2.9985
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(r = -0.691, p<0.01, and r = -0.564, p<0.05, respectively)(Figure 4.2). For females in the 

middle fitness group, Pa-p and % body fat were negatively correlated (r = -0.396, p<0.05). 

Figure 4.2 Pa-p vs BSA:ML (m
2×kg-1×102) in ≤13:30 two-milers stratified by sex 
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Chapter 6: Discussion 

 The results demonstrate the complexity of the relationship between 

thermoregulation and marathon performance, when considering the effects of multiple 

factors.  As the literature establishes, body composition, ambient conditions, body 

surface area, mass, lean mass, gender, and aerobic ability all influence marathon 

performance both individually and jointly (Suping et al., 1992; McLellan, 1998; Marino et 

al. 2000; Cheuvront & Haymes, 2001; Marino et al., 2004; Ely, 2007; Kong & de Heer, 

2008). The complexity of these relationships introduced challenges and limitations to 

the study design and the interpretation of the results. 

 

6.1 Sample limitations 

Many inconsistencies found in the results are attributable to an irregularity in 

the sample.  There was a large discrepancy in sample size between year 2010 and 2012. 

Over half of the sample was from 2012, and almost two-thirds of the sample was 

female. Continuing work on this longitudinal study would give us a more comprehensive 

look at performance and body size relationships across weather conditions.  

 

6.2 Associations between two- mile time trial performance and marathon finishing 

time 

In general, relationships were observed between the two-mile time trial 

performances and marathon performances.  The strongest relationship was observed in 
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2010, although the sample was smaller and the volunteer process for sample 

recruitment was more biased toward faster, lighter runners. Since the relationship 

between two-mile and marathon performance was strong, the P(a-p) 2010 values were 

less variable and may have influenced the relationship with the body size variables 

differently than in 2011 and 2012. 

The fact that sex was correlated with Pa-p tells us that the model was predicting 

slower than actual times for males and faster than actual times for females.  This 

suggests that males run closer to their maximum aerobic velocity in the marathon than 

females do.  In the future, sex should be considered when predicting marathon 

performance based on a maximum aerobic test. It is also noted that as performance 

diminishes, there is more room for variability. 

 

6.3 Weather conditions  

The ETs for 2010 and 2012 were within the suitable range for marathon 

competition classified by Suping et al., 1992, but slightly above the optimal ET of 8°C, 

while well below unsuitable standards (20°C). Both 2010 and 2012 had similar 

regression equations between two-mile performance and marathon performance, with 

the marathon pace per mile 1.41 times and 1.42 times the two-mile performance, 

respectively. In 2011, marathon pace per mile was only 1.37 times slower than the two 

mile time on average, despite being below the suitable range described by Suping et al. 

(1992). The current study did not take place in similar conditions to most 

thermoregulatory studies of heat strain in which ambient air temperature is usually 
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30°C or higher. On the other hand, this study was able to provide more information on 

whether the BSA:mass and running performance relationship exists in compensable 

heat (warm and dry and warm and humid) and cold conditions.  

This study was limited by the varied weather conditions experienced during each 

marathon. While there was some variation in conditions across years, none of the three 

marathons were very different than the room temperature conditions experienced in 

the field house for the time trial.  The 2010 marathon was the warmest and driest of the 

three marathons, however, this was the year in which the sample was much smaller and 

was likely influenced by a bias in the population selection for the study.  On the other 

hand, 2010 was the year the most significant associations between body size variables 

and relative performance were observed.  These findings deserve further inquiry in 

warm weather marathons. 

In 2010, the one year significant correlations between the body size variables 

and relative performance were found, body composition seemed to moderate that role 

more than size.  The fact that BSA:ML was positively correlated with Pa-p (r=.438, p<0.05), 

could be explained by the significant relationship between % body fat and Pa-p (r =.5029, 

p<0.05) and would explain why there was not a significant concurrent correlation 

between BSA:MT and Pa-p.  Those subjects with a higher % body fat were performing 

worse compared to their two-mile time trial performance, despite having less lean mass 

producing heat relative to BSA dissipating heat (higher BSA:ML). 

The opposite relationship was seen in 2011, when the weather conditions 

provided some cold stress.  BSA:ML in the fittest group and % body fat in the middle 
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fitness group were negatively correlated with Pa-p.  In this year, higher percentage of 

body fat was associated with faster relative performance. This result is similar to what 

Keatinge et al. (2001) found for improved endurance performance in cold water for 

swimmers with higher body fat content.  However, when studying the BSA:mass 

relationship independently from body fat, having a high surface area exposed to the 

cold but low lean mass producing heat would be assumed to be a disadvantage.  The 

fittest group may have overcome this challenge by running fast enough to produce 

enough heat, and having more body fat as insulation. Yoshida et al. (1998) demonstrates 

that higher level aerobic training improves heat storage during cold exposure. 

Generally, BSA:ML was only related to marathon performance in the most 

aerobically fit runners.  Higher BSA:ML was an advantage when it was warm and humid 

(less compensable), but the advantage inverted when it was dry and warm, likely due to 

the higher % body fat insulating individuals with high BSA:ML. Correspondingly, 

insulation advantaged a high BSA:ML when the marathon was cold. 

 

6.4 Aerobic fitness and sex 

The most aerobically fit group was statistically relevant when comparing the 

body size variables and relative performance.  One explanation for this may be that 

males were over-represented in this group compared to the others, lessening the 

influence of % body fat. When focusing specifically on marathoners who completed the 

two-mile time trial at a pace of 6:45 per mile or faster, the dry warm conditions of the 

2010 marathon proved disadvantageous for those with higher % body fat and less lean 
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mass. This result is congruent with the findings from Maurino (2004) in which the leaner 

East Africans ran faster in dry heat (Figure 4.1). In the mild humid conditions of 2012, 

this group was likely running fast enough to produce sufficient heat to make both high 

BSA:MT and BSA:ML an advantage.  In 2011, despite higher metabolic heat production 

compared to the other slower groups, high BSA:ML was disadvantageous to relative 

performance. The fact that on average males have less fat mass could have increased 

running efficiency, and decreased insulation of this group (Cureton & Sparling, 1980), 

making heat storage a challenge at such a low ET. 

The lack of significant relationships between body size variable and relative 

performance in the least aerobically fit group was surprising.  The explanation for this 

may involve motivational differences in this group.  Inconsistency in performance due to 

injury, slowing or speeding up to stay with friends, or anxiety over finishing the distance 

were likely more prevalent in this group causing outliers in the data. Future research 

would be enhanced by a pyscho-social questionnaire to measure completion 

motivation. 

Across the three marathons, the predictability of individual marathon 

performance in men was dependent on BSA:MT and BSA:ML, even though weather 

conditions on average were not nearly as thermally stressing as seen in Marino et al. 

2004, in which BSA:MT was also related to aerobic running performance in males. Body 

composition and aerobic fitness appears to nuance the relationship in women due to a 

% body fat that was on average higher than in men. Women in the highest aerobic 

fitness group showed a similar relationship when the data sets were combined leading 
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to speculation that a certain absolute metabolic rate is required to thermally stress the 

females.  Furthermore, % body fat was negatively correlated with Pa-p for the pooled 

middle fitness groups suggesting that women in this group were not running fast 

enough for excessive heat storage to be an issue. In fact, body fat was an advantage, 

especially for the females in 2011. 

In summary, this study showed that predictability of marathon performance 

using a two-mile time trial is dependent on the relationship between body size variables 

and relative marathon performance in certain weather conditions.  Sex and aerobic 

fitness also play a role in how body size and relative marathon performance are related. 

 

6.5 Implications 

Based on these findings, practical conclusions for marathon running in conditions 

similar to those experienced in the Eau Claire marathon from 2010-2012 can be drawn.  

When using a two-mile time trial pace in predicting marathon performance pace, the 

multipliers ranged between 1.37 and 1.47 depending on sex and ET (Table 4.3).   Special 

individual consideration of BSA:MT, BSA:ML, % body fat  should be taken if the 

marathoner is able to complete a two-mile in under 15:00.  High % body fat may slow 

marathon pace in higher ETs, but increase marathon pace in below optimal ETs (8°C).  A 

high BSA:MT may be advantageous for sub-15 minute two-milers in warm ET’s even if 

conditions are compensable.  The BSA:ML seems to be more multi-factorial, and 

depends on body composition and humidity.  Knowing the role that insulation plays in 

marathon performance indicates that having an appropriate clothing strategy and other 
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skin cooling or warming strategies could facilitate further advantages to the runners.   

Also, having a realistic expectation of an optimal marathon pace for an individual in a 

particular race environment is important, especially for novice marathoners, so that 

their experience is safe and provides a setting that results in optimal performance.  
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Chapter 7: Conclusion 

 Running performance in thermally stressing environments can be influenced by 

variation in body size characteristics (Havenith, 2001; Keatinge et al., 2001; Wright et al., 

2002; Marino et al., 2004).  The marathon weather environments in the current study 

were not remarkable specific to stressing thermal balance.  However, when stratifying 

the subjects by year, aerobic fitness level, and sex, statistically significant relationships 

were observed between the body size variables and relative marathon performance. 

Specifically, a subtle difference in the relationship occurred across genders and aerobic 

fitness level when the effective temperature was cold, compared to when the climate 

when it was mild to warm.  Males and aerobically fit females were more likely to 

experience performance advantages from having high surface area and low mass, 

particularly when ETs were higher. When ET was low in 2010, the relationship inverted, 

likely due to advantages of increased body fat in the middle fitness group.  Athletes and 

coaches can use this information to design individual pacing strategies based on an 

athlete’s current aerobic fitness, BSA and the weather conditions on race day. 
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