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FOREWORD

Some might consider me an unlikely candidate to write the foreword for this book. Why? Because in my decades of marathon and ultramarathon running I’ve never suffered an injury (with the exception of a few lost toenails).

Of course, I am something of an outlier. Nearly three-quarters of all long distance runners will incur some form of an injury during their athletic career. This is the reality most runners face.

In my talks and travels to runners around the globe, one of the most common questions I field is how to treat these various anomalies. The clear-eyed truth is that I’m wholly unqualified to answer such questions. I’ve never experienced a medical issue from running myself—so I have no practical advice to offer—and I am not a trained medical professional. My typical response is to direct such inquires to the hodgepodge of disparate information available that deals with these topics, often in conflicting and inconsistent ways.

I’ve long searched for a single unifying resource that I could recommend in such instances, and The Long Distance Runner’s Guide to Injury Prevention and Treatment is just that. Written by prominent leaders in sports science, as well as accomplished runners in their own right, the book offers guidance on important and diverse themes, like proper nutrition, muscular ailments, skeletal injuries, and medical illnesses caused by racing and proper recovery. This book contains valuable insights, tips, and strategies from more than two dozen medical professionals who specialize in treating endurance athletes, and this information is presented in a way that is understandable and actionable to everyday runners.

While it may be impossible to completely avoid injury, The Long Distance Runner’s Guide to Injury Prevention and Treatment is an indispensable tool to help those who love to run understand some of the most common causes of injuries, and learn how to best avoid and treat athletic ailments. This book belongs on every runner’s shelf and is destined to help all of us run healthier and happier in the miles ahead.

—Dean Karnazes, ultramarathoner and The New York Times best-selling author


INTRODUCTION

Running is one of the most common modes of exercise utilized to promote overall health and well-being. It is not just a workout—running is part of our human fabric. As we evolved, our ancestral survival was predicated on the ability to run long distances. Running has been transformed into a leisure activity, as technological advancements have greatly impacted how and why we run. This is evident by the exponential increase in the number of people participating in running events over the past half-century. It is estimated that in the United States alone, over seventeen million people participated in a running event in 2016, with over five hundred thousand of those completing a marathon. Furthermore, there has been a dramatic increase in the number of endurance running events around the world, with a 10 percent annual increase over the last decade and over ninety thousand participants in ultramarathons last year.

As more athletes participate in long distance running, there is a great opportunity to understand the relationship of running to injury or illness. Studies suggest most runners will eventually sustain some type of injury or illness while training or competing. Hopefully, these injuries or illnesses will have a minimal impact both on time lost from running and the athlete’s long-term health, especially considering that a sedentary lifestyle may contribute to significant health-related issues such as cardiovascular disease, obesity, and diabetes. Therefore, prevention, evaluation, and treatment of injuries and illnesses in the long distance runner require a comprehensive understanding of the complete athlete—an assessment that takes into consideration the physical, mental, emotional, and nutritional aspects of the individual athlete.

The aim of The Long Distance Runner’s Guide to Injury Prevention and Treatment is to discuss the unique aspects of running-related injuries and illnesses potentially encountered by athletes in the unique environments where endurance running takes place, during both training and competition. This book represents a combination of scientific rigor and practical advice written by the leading experts in the fields of sports medicine, emergency medicine, nutrition, and wilderness medicine who provide medical care for these athletes around the world. It aims to educate athletes and health-care practitioners on how to recognize, manage, and treat these injuries and illnesses during long distance running, and how to optimize recovery.

We each have our own reasons to run, whether it’s toward something, away from something, to prove something, or simply to do something. We hope that reading this book results in a greater understanding of the human condition for those who love to run, with improved health and education, that will hopefully translate into improved long distance running endeavors and accomplishments around the world. Enjoy the journey.

—Brian J. Krabak, MD, MBA, FACSM, Grant S. Lipman, MD, FACEP, FAWM, and Brandee L. Waite, MD, FAAPMR


SECTION 1

The Distance Running Athlete


CHAPTER 1

History of Distance Running

BY DANIEL E. LIEBERMAN

Key Points

1.   Both comparative and fossil evidence suggest that the first hominins (a species more closely related to today’s humans than to chimpanzees) were bipedal but also retained many adaptations to climb trees. Bipedalism was probably initially favored, as it would have improved hominins’ ability to walk efficiently, but also made them slower and less steady than their quadrupedal ancestors.

2.   Fossil and archaeological evidence indicates that selection for running probably occurred between two and three million years ago in the face of substantial climate change in Africa. By the time of Homo erectus, hominins were not only carnivores but also were effective long distance runners.

3.   Because bipedal hominins, our ancestors, were intrinsically slow, selection for running favored endurance over speed to enable persistence hunting. This form of hunting takes advantage of the human ability to keep cool through sweating while simultaneously running in hot temperatures at speeds that would make animals who cool by panting overheat. Over long distances and through a combination of running and walking as well as chasing and tracking, persistence hunters drive their prey into a state of heat exhaustion. Persistence hunting, which is still practiced, albeit rarely, must have been a major method of hunting before the invention of lethal projective weapons, which was less than 500,000 years ago.

4.   An evolutionary perspective suggests that although many people think distance running is unusual, it is actually abnormal to not run on a regular basis. However, the way in which people run today is unusual compared to the way our ancestors ran, potentially leading to several kinds of mismatches. In particular, many runners today typically run at faster speeds and for longer distances; they run on flat, hard surfaces; they wear cushioned shoes with elevated heels; and many people do not run in social contexts.

Introduction

Most present-day humans spend an inordinate amount of time sitting, and mostly locomote (move around) by walking. Running is employed almost exclusively for sport or exercise, which is hardly surprising given its greater metabolic cost and higher likelihood of injury. According to some estimates, as many as 70 percent of distance runners get injured in a given year (1), and there are numerous accounts of endurance runners who destroy their joints, succumb to stress fractures, and incur other serious medical conditions. Further, despite overwhelming evidence that regular endurance physical activity is vital for promoting overall well-being, there are widespread concerns that excess running can be unhealthy (2). Anyone who has run a marathon has probably been reminded (incorrectly) that Pheidippides died after his legendary run from Marathon to Athens. Altogether, it is hardly surprising that many people today, including runners, question the notion that humans were born to run long distances.

Until recently, scientists have been equally skeptical that humans evolved to run long distances. Compared to other mammals, humans are slow, awkward runners and early studies of the human running economy incorrectly claimed that it, when adjusted for body size, was as inefficient as penguin locomotion (3). Prior to 2004, only two scientific papers had been published on the evolution of human running (4, 5), both of which highlighted how human runners, who cool by sweating, can drive prey animals, who cool by panting, into a state of heat exhaustion—a strategy known as persistence hunting. Two decades later, Bramble and Lieberman (6) integrated fossil, archaeological, ethnographic, physiological, and anatomical evidence to make the case that the ability to run long distances evolved in the genus Homo around two million years ago. Since then, numerous papers have been published to explore the hypothesis that natural selection favored adaptations for long distance running in the human genus. While a majority of these papers have supported the endurance running hypothesis, the role of running in human evolution still raises questions and engenders disagreement amongst scientists. To what extent was persistence hunting employed? How much are derived features that improve human running performance actual adaptations or simply by-products of adaptations that evolved for walking? If humans evolved to run, why do we get injured so much? And, most importantly, how can an evolutionary approach to running help prevent injury and improve performance?

In this chapter, I review what scientists do and don’t know about the evolution of human running and consider the relevance of an evolutionary perspective on endurance running to contemporary human running. I first review the evidence that the evolution of walking was an important, contingent event that made possible later selection for endurance running. I then consider evidence for endurance running in the genus Homo, and how endurance running evolved through natural selection for hunting and scavenging. I conclude by considering how an evolutionary perspective on running in our ancient past is useful for thinking about running today, including the problem of injury prevention.

How Walking Set the Stage for Running

Although running and walking are biomechanically very different, any discussion of the evolution of running needs to begin with the question of selection for bipedal walking. This is due to the fact that evolution is a contingent process in which natural selection acts on variations present in a population that resulted from previous evolutionary events. Therefore, it is not surprising that the unusual long distance running abilities of humans would never have evolved if hominins had not previously evolved to be slow, unsteady but efficient bipedal walkers.

To appreciate this argument, consider first that humans and chimpanzees are sister species, more closely related to each other than to gorillas (Figure 1-1). This is significant for reconstructing hominin locomotor evolution because chimpanzees and gorillas are remarkably similar to each other, and numerous studies demonstrate that their differences are primarily attributable to size—female and male chimpanzees average 30 and 50 kg, respectively, while female and male gorillas average 70 and 200 kg, respectively (7). That means that unless the two species’ similarities evolved independently, which is improbable to the point of being impossible, then the Last Common Ancestor of gorillas, chimpanzees, and humans (LCAgch), as well as the LCA of chimpanzees and humans (LCAch), must have been very much like a chimpanzee or a gorilla (which amounts to nearly the same thing). One implication of this logic is that in terms of locomotion the LCAch was most likely a knuckle-walker. This peculiar form of locomotion, in which forelimb weight is borne by the middle phalanges of the hands that are flexed below the palms, facilitates quadrupedal locomotion in chimpanzees and gorillas, whose forelimbs are much longer than their hindlimbs (8). The disadvantage of knuckle-walking, however, is reduced energetic efficiency. The cost of transport (the energy spent moving a unit of body mass a given distance) in knuckle-walking chimpanzees (and presumably also gorillas) is approximately four times higher than in most other mammals, including humans (9, 10). Chimpanzees and gorillas, however, live in very resource-dense environments and walk little: gorillas travel less than 1 km/day, and chimpanzees travel 2–3 km/day (11, 12). It is therefore likely that the high metabolic cost of knuckle-walking in these apes is outweighed by the benefits of having long arms and fingers that facilitate tree climbing.
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Figure 1-1 The above figure shows the evolutionary relationships between humans and the African great apes. Although gorillas and chimpanzees are generally similar, with most of their differences the result of size, humans and chimpanzees are sister species (most closely related to each other). Consequently, the last common ancestor of chimpanzees and humans was probably chimpanzee-like and thus a knuckle-walker unless the many similarities between gorillas and chimpanzees evolved independently.

Although species in the chimpanzee and gorilla lineages, including the LCAgch and the LCAch, were probably knuckle-walkers, climate change at the time the human and chimpanzee lineages split likely altered the cost-to-benefit ratio of knuckle-walking in the first hominins. Abundant evidence indicates that the world’s climate at this time was cooling rapidly, causing rain forests in Africa to shrink and fractionate (13). Under such conditions, any apes, including the LCAch, living at the margins of the forest zone would almost certainly have needed to travel further on a daily basis in order to forage for sufficient fruit and other resources. In these more open environments, the high cost of transport of knuckle-walking would have become an increasing disadvantage, and would have favored selection for alternative, less costly forms of locomotion. In the case of hominins, that form of locomotion was evidently bipedalism, as documented by a range of anatomical features in all four of the oldest hominin fossil species so far known (Figure 1-2): Sahelanthropus tchadensis (ca. 6–7.2 Ma [million years ago]), Orrorin tugenensis (6 Ma), Ardipithecus kadabba (5.8–4.3 Ma), and Ardipithecus ramidus (4.4 Ma). Although these species certainly did not walk like modern humans, they would have been able to save considerable energy during locomotion if they were able to walk with less flexed hips and knees than bipedal apes (14). Bipedalism may also have been a benefit for upright foraging on branches or the ground (15, 16). Either way, if the LCAch had not been a costly knuckle-walker, then bipedalism might never have evolved.
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Figure 1-2 Evolutionary tree of hominins showing major locomotor categories of the last common ancestor of humans and chimpanzees, the earliest hominins (genera Sahelanthropus, Ardipithecus, and Orrorin), the genus Australopithecus, and the genus Homo.

Although bipedalism must have been adaptive for the first hominins, habitually upright posture and locomotion does incur substantial costs that set the stage for the evolution of running. Most importantly, bipeds can produce power with only two legs rather than four, and thus the earliest hominins must have been about half as fast as their quadrupedal ancestors. In addition, running on two legs is intrinsically less stable than on four, seriously limiting agility during maneuvers such as rapid changes of direction and speed. Early hominins probably thus lost many of the high speed athletic capabilities that enable male chimpanzees to hunt colobus monkeys, and it is reasonable to hypothesize that their slow sprinting speeds made them more susceptible to predation. Regardless, early bipedal hominins survived in Africa and eventually gave rise to a radiation of a diverse group of species known as the australopiths (see Figure 1-2). These hominins, which were found in both East and South Africa and lasted from a little over four million years ago until about 1.2 million years ago, apparently experienced further selection to be effective bipedal walkers, probably enabling them to walk long distances to obtain underground storage organs such as tubers and roots (8, 17). Although australopith fossils have many adaptations for efficient striding gaits, many of the features they retained for arboreal locomotion such as long pedal phalanges and relatively short lower extremities would have compromised their ability to run (6, 18, 19).

Origins of the Genus Homo

As noted above, natural selection is often driven by climate change, but is always contingent on prior events and the heritable variation present in a population. Just as selection for bipedalism in the earliest hominins was driven by climate change and was contingent on previous selection for knuckle-walking, selection for endurance running in the genus Homo appears to have been driven by yet more climate change and was contingent on the prior evolution of upright bipedalism.

Although many details about climate change in Africa and elsewhere over the last few million years are the subject of much ongoing research, it is clear that long-term trends of global cooling accelerated approximately 2.8 million years ago initiating the Ice Age, also referred to as the Pleistocene. Further, many independent lines of evidence indicate that Pleistocene climate change in Africa involved substantial aridification (increasingly dry), causing marginal rain forest habitats to become woodland and many former woodland areas to become open grassland habitats (20).

It is not surprising that these habitat shifts at the start of the Pleistocene in Africa apparently influenced the evolution of hominins, who probably struggled to survive in increasingly open, arid habitats. As patches of fruit and other high-quality plant resources that are the preferred foods of apes became more widely dispersed and smaller, selection most likely favored hominins who were better able to find and chew alternative resources. Two different kinds of selection evidently occurred at this time. One led to a group of new species, the robust australopiths (sometimes grouped in the genus Paranthropus), which became hyper-adapted to chewing tough, highly fibrous foods thanks to massive teeth and faces able to generate and withstand high chewing forces (21). The other line of selection led to the genus Homo, a group of species selected to exploit higher quality foods, including meat. Although the origins of Homo are murky, the oldest fossils attributed to the human genus are currently dated to 2.8 Ma (22). By 1.9 Ma there were three species of early Homo: H. habilis, H. rudolfensis, and H. erectus (23) (see Figure 1-2). Since H. habilis and H. rudolfensis retain many australopith-like features such as relatively short lower extremities and larger teeth (17), it is probable that H. erectus, which is more derived, evolved from H. habilis or some as yet unknown earlier species. Regardless of exactly when, where, and from whom H. erectus evolved, this species exhibits a combination of distinct, novel features. Despite much variation, H. erectus differs from more primitive hominins, especially the australopiths, in having relatively longer lower limbs, bigger brains, smaller teeth, a vertical face without a snout, and more.

The genus Homo was not only anatomically different from earlier hominins, but also behaviorally different as evident from the archaeological record. A few stone tools have been proposed to be as old as 3.3 Ma (24), but butchery sites with flaked stone tools do not start to appear until 2.6 Ma, about the same time as the oldest fossils attributed to the genus Homo (25). Whether the butchered animals in these sites were hunted or scavenged is debated, but starting about 2 Ma these sites intensify in number and size with clear evidence for hunting of large, prime-aged animals (26). By 1.7 Ma, new kinds of more sophisticated tools such as hand axes appear (27). Although one cannot rule out the australopiths as stone tool–makers, there is little question that the genus Homo was highly dependent on stone tools, especially for processing meat, which is otherwise difficult to chew with human or ape-like teeth (28). Even more importantly, by the time of H. erectus, the genus Homo was engaging in full-blown hunting and gathering, which involves not only hunting but also extractive foraging, recurrent tool-use, and intense cooperation such as food-sharing (17).

Did Early Homo Run to Scavenge and Hunt?

Evidence for scavenging and hunting in Homo raises the question of how early Homo was able to enter the carnivore guild. Being a carnivore requires the strength, speed, power, and fighting ability necessary not only to kill prey but also to compete with other carnivores who fight aggressively for access to any carcass (29). As noted above, human bipeds are intrinsically unsteady and slow, and even the fastest humans today are unable to sprint much faster than ten meters per second for less than a minute, about half the speed that antelopes and other African mammals can sustain such speeds for as long as four minutes (30). Bipedal hominins also lack natural weapons such as fangs, claws, and paws. While it is commonly assumed that early hunting was made possible by stone tool technology, the archaeological record indicates that early Homo lacked the technology to make sophisticated weapons that would have been effective for hunting or competing with other carnivores. The only weapons available to early Homo were untipped wooden spears, clubs, and rocks. Stone points for spear tips were not invented until five hundred thousand years ago, and more lethal technologies such as the spear-thrower and the bow and arrow were invented less than one hundred thousand years ago (31, 32). Early Homo would thus have been unable to overpower any prey, and probably had to rely on untipped wooden spears, which are used safely only from a distance. Hunters today using metal-tipped spears still keep a distance of more than seven meters from their prey, too far for untipped spears to be thrown accurately and with lethal force (33).

The contingent nature of evolution appears to have made possible selection for an unusual solution to the problem of how early hominins could have become carnivores. As noted above, because hominins are bipeds, they are necessarily slow and relatively awkward runners. However, as proposed by Carrier (5), as well as Bramble and Lieberman (6), selection for carnivory appears to have favored endurance running in order to enable persistence hunting. This method of hunting involves a combination of long distance running and tracking. The fundamental principle of these hunts is that hunters, usually in a group, pursue on foot an animal in hot weather until that animal collapses from hyperthermia. In general, hunters typically initiate hunts at the hottest time of the day and they usually pick the largest animal they can because larger animals overheat faster than smaller animals (34). Pursuit is accomplished through a combination of chasing and tracking, with chasing done at a moderate running pace (about ten minutes per mile) and tracking is typically done while walking. According to Liebenberg (34), who collected GPS data on ten persistence hunts by the Bushmen in the Kalahari, the average total distance was 27.8 km, and they ran only relatively slowly for about half the time, resulting in a total average speed of 6.2 km/hr (a fast walking speed below the walk/run transition speed). Persistence hunting is obviously now rare, and probably became less common after the invention of the bow and arrow, the domestication of hunting dogs, and other relatively recent technologies. Even so, persistence hunting has been extensively documented in the ethnographic record of hunter-gatherers in Africa, North America, South America, Australia, and even in Siberia (35).

Persistence hunting takes advantage of several unique human capabilities, of which one of the most important is thermoregulation. Whereas most animals cool by panting, during which evaporation of saliva on the tongue and upper trachea cools the blood supply to these tissues, humans primarily cool by sweating in which evaporation of sweat on the body’s surface cools subcutaneous blood. Human sweating is partly made possible by an elaboration of eccrine glands that are present at much lower densities in monkeys and apes (36). Effective human sweating, which requires convection of hot air near the skin surface, is also facilitated by the loss of fur over most of the body because human hair follicles produce mostly very fine vellus hair rather than long, coarse terminal hair (38). Together these derived features lead to two thermoregulatory advantages compared to panting (39). First, human sweating occurs over a vastly larger surface area than just the tongue and oral cavity, and thus can cool much more blood. Second, unlike panting, human sweating is decoupled from respiration during locomotion. Although walking and trotting animals can pant, quadrupeds cannot pant while galloping because the mechanics of this gait cause back and forth oscillations of the viscera that interfere with the diaphragm’s ability to inspire air (40). Galloping animals thus overheat more rapidly than trotting animals, especially in hot conditions, designating trotting as an endurance gait (41). Unfortunately, it is not yet known when hominins lost their fur and increased the number of eccrine glands, but developmental studies are beginning to provide clues that may lead to the identification, and subsequent dating, of the genes involved in these transformations (39, 42).
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Figure 1-3 Comparison of mechanics of walking (top) versus running (bottom). In walking the leg functions like an upside-down pendulum, raising the center of mass (circle) during the first half of stance before it falls in the second half. In running, the legs function like springs, storing up elastic energy during the first half of stance as the center of mass falls and then recoiling during the second half of stance helping to push the body up and into an aerial phase.

Another key set of adaptations that make persistence hunting possible are the anatomical features that enable humans to run long distances efficiently at relatively high speeds. These adaptations are too numerous to describe here in detail, but fall into three general categories. The first are features that improve economy such as relatively long legs (43), and almost a dozen tendons and other spring-like structures in the lower extremity, including the foot, which store up elastic energy (potential mechanical energy) during the first half of stance (weight-bearing) as the body’s center of mass falls, and then recoil during the second half of stance helping initiate the aerial phase (non-weight-bearing) of the stride (see Figure 1-3). These structures are so effective that elite human endurance runners with legs of approximately a meter can match the stride lengths of full-sized horses (6). Importantly, these elastic structures benefit running rather than walking, a process that does not use mass-spring mechanics. Since running is an inherently less stable gait than walking, a second set of important adaptations maintain stability. These adaptations include short toes (18), an expanded cranial portion of the gluteus maximus (44), a tall waist with the ability to rotate the torso counter-phase to the pelvis (45), decoupling of the head and neck with a nuchal ligament (a tendon-like structure from the head to the back of the neck) that helps keep head stable (46), and expanded semicircular canals (tubes in the inner ear) with improved sensitivity for perceiving rapid head pitching accelerations (47). Third, since running engenders much higher and more rapid forces than walking, another set of important adaptations for running include increased joint surface areas relative to body mass in the lower extremity and lower spine (48). Larger joint surface areas are important because they minimize stresses acting on cartilage by spreading forces over larger areas. Importantly, although some of these adaptations are evident in H. habilis, they are all evident by the time of H. erectus suggesting that this species had excellent endurance running capabilities (6).

A final set of adaptations for persistence hunting are cognitive. Hunters must be alert to a wide range of sensory stimuli, and they must be superb naturalists and trackers, able to interpret a wide range of cues, especially footprints, to have an accurate mental map of their environment, and to have a theory of mind about the prey. As detailed by Liebenberg (49), tracking requires a hunter to use the hypothetico-deductive method to make and then test a series of hypotheses. How long ago were tracks formed? How fast was the animal going? What was its gait? Where is it likely to be headed? Is it wounded?

It is thus perhaps not coincidental that moderate to vigorous physical activity, such as running, upregulates Brain Derived Neurotrophic Growth Factors (BDNFs) that improve memory and other cognitive functions, especially in parts of the brain involved in mental mapping (50). Humans appear to have independently evolved the ability to upregulate endocannabinoids (psychoactive compounds similar in structure and function to those in cannabis) and their receptors during long distance running, which heighten sensory awareness and provide a sense of euphoria (the “runner’s high”), possibly an adaptation for persistence hunting (51).

It is worth noting that almost all increases in brain size in human evolution follow the origin of hunting and gathering, which, as noted above, includes not only carnivory but also a reliance on tools and intense cooperation. Endocranial volumes (ECV) of fossil hominin crania attributed to the genus Australopithecus from the period between 3.3–2.5 Ma average approximately 450 cm3, but then more than double to approximately 1020 cm3 by 1 Ma (46). To be sure, multiple factors underlie this metabolically costly increase, but among them must have been the ability to hunt, presumably through persistence hunting which was made possible in part by long distance running. Although the extra energy made possible by hunting may have released a constraint on selection for bigger brains (17), it is also possible that selection on endurance increased upregulation of BDNFs and other growth factors that affect not only brain growth, but also metabolic regulation during exercise, which in turn led to increased overall brain growth and development (50).

Despite the many lines of evidence that support the endurance running hypothesis, it is (like all evolutionary hypotheses) challenging to test. Are there other explanations for the evolution of endurance running? The most commonly raised alternative possibility is that human endurance running capabilities are a by-product of selection for sprinting. This hypothesis can be rejected. Although hominins certainly must have needed to sprint on occasion when fighting or being chased by predators, human sprinting capabilities give little credence to the hypothesis that sprinting performance was under strong selection. The fastest human sprinters can attain speeds of 10.4 m/s for 100 m and 8.5 m/s for 400 m, less than half the speed of most medium-sized hoofed animals and carnivores, which can run approximately 20 m/s for at least four minutes (30). Another critique is that early butchery sites such as FLK-Zinj (a famous site in the Olduvai Gorge of Tanzania dated to 1.8 Ma) are dominated by prime-aged adult males rather than old and young prey (52). However, larger animals overheat faster than smaller ones, making them the preferred prey for persistence hunters (34, 35). Finally, if the persistence hunting hypothesis is incorrect, then scientists must produce other explanations for why humans are so superb at endurance running, and how early Homo was able to hunt prior to the invention of sophisticated projectile weapons.

Contemporary Implications of Humans’ Evolution as Runners

What is the relevance of humans’ evolutionary legacy as endurance runners? How is an evolutionary perspective on human running useful for contemporary runners and would-be runners to help them run better and avoid injury?

The most obvious implication of the evidence that humans evolved to be endurance runners is to put long distance running into its proper context as a normal, fundamental, and natural human behavior. Although people tend to consider themselves and the world around them to be ordinary and normal, rapid cultural transformations over the last few thousand years (a blink of the eye in evolutionary time) since the invention of agriculture and industrialization have altered human environments so profoundly that many aspects of our lives today are, in fact, peculiar from an evolutionary perspective. Among other shifts, it is only during the last few hundred generations that people stopped hunting and gathering, and no longer needed to run regularly as adults. Even as recently as the nineteenth century, Native American peoples throughout North America regularly engaged in long distance running for hunting, to send messages, and for social and ritual purposes (53, 54).

Humans’ legacy as runners thus suggests that is just as abnormal from an evolutionary perspective to not run on a regular basis as it is to fly in airplanes, drink soda, and sit in chairs all day. To be sure, many innovations, such as sanitation and antibiotics, have yielded substantial health benefits, but some of these environmental shifts also have negative consequences for health that cause mismatch conditions: diseases that are more prevalent or severe because our bodies are imperfectly or inadequately adapted to novel environments (17). In the same way that inadequate nutrition causes disease, inadequate levels of moderate to vigorous exercise adversely affect almost every system of the body. Low levels of such exercise—of which running is the most basic form—have especially negative consequences for the musculoskeletal, cardiovascular, digestive, immune, and nervous systems, contributing to diseases such as osteoporosis, congestive heart failure, coronary heart disease, many forms of cancer, type 2 diabetes, depression, anxiety, and more (55). Physical inactivity is a major risk factor for these diseases as the body’s systems develop in response to stresses generated by running and other kinds of moderate to vigorous activity, thus matching capacity to demand (56). Since no one until recently was physically inactive there never was selection to cope with the absence of these phenotypically plastic responses. As a result, people who don’t run (or engage in some modern equivalent of running) develop disease-prone phenotypes such as weak bones, hypertension, atherosclerosis, high levels of inflammation, insulin resistance, and low levels of dopamine and serotonin.

Put differently, today people mostly run for fun or fitness, and despite the success of the recent running boom in popularizing jogging, marathons, and other running events, running is widely considered an optional, even odd behavior. In reality, running and other equivalent forms of moderate to vigorous exercise slow the rate of aging and reduce the risk of countless causes of morbidity and mortality. As any runner knows, running long distances can also be an immensely satisfying and rewarding experience. Sadly, not enough people experience these pleasures that were made possible by our evolutionary history.

Another important lesson to learn from our evolutionary history of running is that the ways in which we run today are often unusual, and may contribute to mismatches. Five kinds of running mismatches merit discussion: speed, distance, surface, shoes, and running form.

Speed and distance. Everything is subject to trade-offs and running is no exception, especially in regards to speed and distance. As runners increase speed and distance, they increase their likelihood of injury, especially if their bodies are poorly adapted to such stresses (1, 57). High-intensity running may also stimulate cardiac remodeling that potentially leads to pathology (58). In this regard, it is illuminating to consider that many running habits today may be evolutionarily abnormal. Paleolithic runners almost certainly never trained by running fifty to one hundred miles a week, and they never stood on a painted line and then ran as fast as possible without stopping for 26.2 miles. Instead ethnographic evidence indicates that hunter-gatherers rarely ran fast, and they didn’t typically run long distances without resting. Persistence hunts in the Kalahari, for example, involve a mixture of walking and slow running, rarely exceeding a half marathon in terms of running distance (34). Even Tarahumara Native Americans (farmers, not hunter-gatherers) who run long races known as rarajipari (for men) and ariwete (for women) do so only a few times a year, and always at moderate speeds of about ten-minute-mile pace or less. Contrary to claims made in the popular book Born to Run (59), Tarahumara adults run long distances infrequently (60).

In short, although humans evolved to run, an evolutionary perspective indicates that we did not evolve to run long distances at fast speeds on a regular basis. As a result, it is unlikely there was selection for the human body to cope with some of the extreme demands runners place on their bodies.

Surfaces. Until recently, all running was done on trails and other natural aboveground surfaces that are typically more uneven, compliant, and otherwise variable than the asphalt and concrete surfaces on which many people run today. Hard, flat running surfaces were almost unknown prior to the nineteenth century, and became commonplace in the developed world only in the twentieth century. Treadmills were not available to consumers until the 1960s. These novel surfaces have likely affected running in several ways relevant to injury.

One such difference is between kinematic and kinetic variation. It is unquestionable that trail running involves considerably more substrate variation than treadmill or pavement running in which every step is essentially the same. Trail runners must constantly adjust for variations in the hardness and orientation of the ground, and they frequently have to turn, climb, descend, and cope with obstacles such as rocks, puddles, and roots. Although controlled studies (comparison study of groups) of the effects of these sources of variation have yet to be undertaken, a recent study found that runners adopted much greater kinematic variation including foot strike type when they ran on soft versus hard surfaces independent of speed, footwear, age, sex, and other factors (61). These and other sources of variation probably affect the likelihood of repetitive stress injuries that are caused by repeated stresses of sufficient magnitude, orientation, and type that cause microdamage to tissues (62). More research is needed to test if these variations affect injury rates as claimed anecdotally.

A second possible benefit of running on trails and other natural aboveground surfaces is that they are typically less stiff than asphalt and pavement. The extent to which differences in substrate stiffness affect injury is poorly established, however, because runners typically adjust lower extremity stiffness to substrate stiffness and thus run with less compliant legs on softer surfaces, both when measured in terms of overall leg stiff during stance (63) as well as during just the period of impact (64). Studies disagree whether stiffer lower extremities correlate with higher (65) or lower (66) injury rates.

A final issue is the likelihood of tripping or other perturbations that can lead to traumatic injuries such as ankle sprains. Unfortunately, there is no research on this issue and one can only hypothesize that trail running has both costs and benefits for avoiding injurious perturbations. On the one hand, trails are less predictable and have more obstacles; on the other hand, runners may be more alert on trails and thus less likely to fall when they encounter expected obstacles such as rocks and roots as opposed to unexpected obstacles such as uneven pavements.

Shoes and Running Form. Few topics have generated more controversy in athletics than whether or not modern running shoes contribute to the epidemic of injuries currently experienced by runners today. The debate is too large and complex to summarize here, but a few points deserve brief mention.

First, the debate over shoes has largely been framed in terms of the null hypothesis that running in modern shoes is better than running barefoot or in minimal shoes. In other words, the burden of proof for researchers has been to show that barefoot running is advantageous compared to shod running rather than vice versa. From an evolutionary perspective, this is a questionable null hypothesis (68). Just as humans have evolved to breastfeed and eat a diet high in fiber, humans also have evolved to run barefoot or in minimal shoes. The modern running shoe with cushioned and elevated heels, arch supports, toe springs, motion control, and other sophisticated features was invented only in the 1970s. That said, the argument that running barefoot is more “natural” than running in shoes doesn’t mean that the former is necessarily healthier. An evolutionary perspective therefore suggests that researchers should consider different types of footwear, including the absence of footwear, in terms of competing costs and benefits.

Viewed in terms of trade-offs, the obvious benefits of shoes are to protect the sole of the foot, and provide cushioning between the foot and the ground thus slowing the rate of loading as well as damping forces (69). In addition, shoes may decrease work by the foot muscles (70, 71, 72). However, these benefits may also come with four costs that require further study:

First, and most obviously, shoes limit sensory information from the glabrous surface (bottom) of the foot, the only part of the body that regularly comes into direct contact with the ground. One well-studied consequence of reduced sensory feedback is that shod runners are more likely to collide with the ground on their heels, causing an impact peak with a high rate and magnitude of loading (force) (64). Even individuals in minimal shoes are more likely to rearfoot strike (land heel-first) than those who are barefoot (73). Currently, there is a vigorous debate about the effect of impact peaks on injury among shod individuals (67, 74, 75), but no one can rearfoot strike consistently on hard surfaces without eliciting considerable pain. Although habitually barefoot runners sometimes land on their heels on soft surfaces (61), it stretches credulity to imagine that humans evolved to run long distances on hard surfaces on their heels while barefoot.

Second, heel counters (inserts) move the initial center of pressure of the heel relative to the ankle, thus increasing the forces that together cause the foot to pronate (69). Shoes also increase forces around the knee (76). Cushioned shoes thus decrease stability and may sometimes increase potentially injurious forces in the ankle and knee.

Third, habitual use of shoes appears to cause feet to become weaker (60, 77, 78). It is a reasonable, but untested, hypothesis whether a weaker foot is more prone to injury.

Finally, several studies have shown that barefoot individuals tend to run differently than shod individuals, especially those who are untrained. In addition to landing more often on their forefoot, barefoot runners tend to have a higher cadence with relatively shorter strides at a given speed (61, 70, 79, 80)—kinematic patterns that have been argued to reduce injury rates (74, 75, 81).

Unfortunately, reliable evidence to test the effect of many of these trade-offs on injury rates is lacking. High quality, prospective, physician-diagnosed injury studies of long-term habitually barefoot individuals have not been undertaken. Instead, most comparisons of barefoot and shod running have used habitually shod people that were asked to run barefoot and thus cannot account for lack of training or adaptation. It probably takes months if not years for people to adapt their anatomy and kinematics to barefoot running.

Social context of running. A final mismatch to consider is the social context of running. Many people report that they do not run as much as they like because they cannot overcome their disinclination (82). This aversion is normal. Although humans evolved to run long distances, almost all endurance running was either in the context of play as children or of necessity as adults. When surplus food is scarce—as it often must have been prior to the invention of farming—spending extra energy on needless exercise such as running is not only challenging but also a selective disadvantage because it diverts energy from reproduction, on which natural selection operates. In other words, no adults in the Stone Age ran long distances just for fun or because it was prescribed for their health, but instead ran because it helped them to survive. People also ran in social contexts. Persistence hunters typically ran in groups, and it is likely that Paleolithic hunters were no exception. An evolutionary perspective thus suggests that to help more people run, we should not expect education or prescriptions alone to be effective. Instead, people are more likely to run when it is fun and social, and they are either incentivized, nudged, or obliged.


CHAPTER 2

Injury and Illness Rates

BY BRIAN J. KRABAK AND EREK LATZKA

Key Points

1.   Ultramarathon runners are healthier overall than the general population. They have lower rates of many of the deadliest diseases in the general population, including cancer, heart disease, and diabetes.

2.   Compared to the general population, runners miss less time from work and school and they require less overall outpatient medical visits per year.

3.   Despite the high incidence rates of injury, most runners experience minor injuries or illnesses that often resolve soon after completion of a race.

4.   Many of the most serious medical illnesses—exercise-associated collapse, heart attack, heat stroke, and exercise-associated hyponatremia—have non-specific presentations and need to be addressed quickly when they do occur.

Introduction

Running—it’s more than just a sport, a hobby, or a way to lose weight—it’s a part of who human beings are; a unique species that evolved not only to sprint, but to run great distances for survival (1, 2) (Figure 2-1). Over the past half-century, more men and more women are running for longer distances for more years than ever before. Between 1976 and 2014, the number of Americans who participated in marathons increased from 25,000 to 550,600 (3). Shortly thereafter, half marathons in the United States grew in popularity from 303,000 participants in 1990 to over two million from 2014 (3). More recently, as runners continue to push the limits of the human body, ultramarathon (defined as any race with distance greater than 26.2 miles or 42 km) participation has rapidly increased with over seventy thousand runners per year worldwide (4, 5).
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Figure 2-1 From Out There By George. Reprinted with permission.

As more people participate in long distance running, there is a greater opportunity to understand the risks of running related injuries or illnesses and opportunities for prevention. But first one must understand the factors that impact the running athlete. This chapter will focus on our current understanding of rates of injury or illness and risk factors for musculoskeletal injury and medical illnesses for runners during training and races of various lengths. The chapter will provide the foundation for subsequent chapters throughout the book.

Gender

As running has grown in popularity, there has been a shift in the number of female and male race participants. In the 1980s, women comprised only 5 to 12 percent of marathon runners in the United States (6, 7). By 2015, the number of female runners had steadily increased to comprise 44 percent of marathon runners (8). In the New York City Marathon, female participation is even higher, with a female-to-male ratio of 1:1 in 2007, up from 1:6 in 1983 (Figure 2-2) (9). Even more women run half marathons, and they made up 61 percent of participants in 2015 (3). Despite these changes in gender demographics, the majority of ultramarathon runners remain men with the disparity in direct correlation to the distance of the race. Women represent 21 to 32 percent of single-stage ultramarathon runners (10, 11), and 12 to 30 percent of multi-stage ultramarathons (12, 13).
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Figure 2-2 Comparison of the number of male and female runners over time in the New York City Marathon. Reprinted from Peter Jokl Citation: Jokl P, Sethi PM, Cooper AJ. Br J Sports Med. 2004;38(4):408–412 with permission.

Age

There has been an increase in the average age of male and female runners across all race distances. The proportion of marathon runners in the Masters division (age less than forty years) increased from 26 percent to 49 percent between 1980 and 2015; during that same time, the mean age of male runners increased from thirty-four to forty years and female runners from thirty-one to thirty-six years (3). This trend is even more pronounced in ultramarathons, where Masters runners are the majority (14), with a mean age of forty to fifty-three years (15, 16).

Performance

Regardless of the demographics, some factors have been shown to influence performance across all types of races. First, finishing rates of races are inversely related with both total distance and temperature. When controlling for variables—such as temperature, elevation gain, and running surface—by looking at events with both half and marathons, 88 to 91 percent of runners finished a half marathon and 78 to 84 percent finished a marathon (17). Finishing rates for ultramarathons are even lower, but tend to be less predictable due to the more extreme race environment impacted by terrain (e.g. mountains, deserts, tundra), surface (e.g., dirt, grass, sand, track, pavement), temperature, distance, and nutritional demands (e.g., self-supported or provided at interval aid stations). In the longest ultramarathons, only 38 percent of participants finished a 153-mile (246 km) single stage race and 44 percent of participants finished a 994-mile (1,600 km) multi-stage event (16, 18). Optimal performance has been shown to occur during temperatures of 40 to 59 degrees Fahrenheit (19), average humidity of 52 percent (17), and under 100 percent sky-cover (20). Other factors including older age, belonging to the female sex, and decreased caloric intake on race day are associated with higher dropout rates and slower finishing times (11, 21, 22).

Injury and Illness

With changing runners’ demographics and multiple variables at play in any endurance race, it is important to recognize the most common injuries and illnesses that affect this population. To understand these comparisons, one does not need to be a statistics major, but should be familiar with the difference between prevalence and incidence rates. Prevalence rates represent the proportion of a population with a disease or injury, typically at a specific point in time or cumulatively over one year. Incidence rates represent the number of new cases of a disease of injury over a given time period, typically ranging from a single event to one year. Or more simply, prevalence describes how common an injury is, while incidence describes risk of it occurring. These definitions will be utilized throughout the rest of this chapter.

The first step to understanding injury and illness rates in runners is to understand the overall risks and risk factors involved. As shown in Table 2-1 and Table 2-2, there is an increase in the number of race participants that require medical care with the increased distance of a race. Research suggests that on average 1 percent of all half marathon participants undergo a medical encounter during the event compared to 8 percent of marathon runners and 66 percent of ultramarathon runners (23). The direct relationship of increased injury rates and distance is also true during training. Studies suggest a one-year prevalence of injury among runners increases steadily from 32 percent, to 52 percent, to 65 percent for half, full, and ultramarathons, respectively (23). Removing distance as a variable, the risk of injury or illness in marathons significantly increased with later start times (17), higher temperatures (19), first-time participation, concurrent participation in other sports, and recent injury (24). Similarly, in ultramarathons, the risk of injury and illness increased with less experience and younger age (11, 15). Despite the reported higher rates of injury and illness in ultramarathon runners, they appear to be a relatively healthy group. Compared to the general population, these athletes have lower rates of comorbidities including cancer, heart disease (coronary artery disease or CAD), diabetes DM, and HIV; not to mention less outpatient medical visits and fewer missed days of work or school per year (11).

Table 2-1 Comparisons of the Overall Rates of Injury and Illness in Distance Running Events.
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Table 2-2 Proportion of Total Injuries by Type for Various Distance Running Events.
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Musculoskeletal Injuries

Musculoskeletal (MSK) injuries in the distance runner are often an overuse injury affecting the muscles, bones, connective tissues, and joints (11, 25). MSK injuries typically involve the lower extremities with reported incidence rates between 19 to 79 percent (26). When comparing different race lengths, there are patterns between MSK injury rates and race distance. There is an inverse relationship between race distance and overall MSK injury rates as a proportion of total injuries. Half marathon injuries are 44 to 46 percent MSK (6, 27), compared to 19 to 22 percent in ultramarathons (13, 15) (Table 2-2). The location of MSK injuries reverses with increased distance, with a ratio of knee-to-ankle injuries of 2:1 in half and full marathons (7, 23, 27), but 1:2 in single-stage and multi-stage ultramarathons (11, 13, 28). In multi-stage ultramarathons, MSK injury rates peak on days 3 and 4 of the race (13, 15).

Research has attempted to identify risk factors for MSK injury in the long distance runner. Prior injury within twelve months, quadriceps angle greater than twenty degrees, running seven days per week, and less experience in years running all increase the odds of MSK injury (11, 29, 30). On the other hand, neither BMI, warm-up time, stretching, running surface, terrain, shoe age, nor pace have been found to impact the overall MSK injury rate in any of these races (26). Although for some variables, the data isn’t quite clear. As an example, studies have shown that both training more—greater than 64 km per week (29)—as well as training fewer miles and hours per week have been found to be significant risk factors for injury (6, 31). One study showed female gender significantly increasing the odds of encountering a lower extremity injury by 4.7 (32), while others do not support this conclusion (26, 29). Similarly, the relationship between age and MSK injury is unclear, as both younger and older age have each been found to increase risk of injury (33, 34).

Knee Injuries

The knee is the most commonly injured joint in the general running population (26, 35). Studies suggest significant risk factors for knee injury include older age, female sex, quadriceps angle greater than 20 degrees, and inexperience (26). Increased training per week appears to lower the risk of knee injury but increases the risk of hamstring and quadriceps injuries (24, 26).

The most common knee injury is Patellofemoral Pain Syndrome (PFPS), or “runners’ knee” (25, 35). The one-year prevalence of PFPS in half-marathon runners is 6 percent (36), and 10 percent in marathon runners (6, 31). Race-day incidence rates of PFPS appear to be similar across all distances (Table 2-3), occurring in 13 percent of half-marathons (27), 0.2 percent to 26 percent of marathon runners (24, 38), and 7 to 20 percent of single and multi-stage ultramarathon runners (28, 39, 40).

The second most common cause of knee pain in runners is Iliotibial Band Friction Syndrome (ITBFS) (35). It involves pain at the outside (lateral) knee, due to friction of the iliotibial band (ITB) where it runs over the lateral prominence of the upper leg bone (femoral condyle) especially at thirty degrees of flexion, running up or downhill, changing speeds, and increasing mileage (14, 41). ITBFS is particularly common in longer distances and extreme terrains, with an annual incidence in ultramarathon runners of 16 percent (11), compared to 14 percent in marathon runners (41), 11 percent of half-marathon runners (36), and 2 to 11 percent of recreational runners (35, 42). Race day incidence rates in both single-stage and multi-stage ultramarathons range from 7 to 9 percent (10, 39). ITBFS is more common in women, with a lifetime prevalence of 7 to 10 percent (35), compared to 5 to 7 percent in men (43). The most significant risk factor is hip abductor weakness (14), which in a prospective study of marathon runners was found to be present in 100 percent of those who developed ITBFS (41).

Table 2-3 Knee Injuries: Patellofemoral Pain Syndrome and Iliotibial Band Fraction Syndrome in Distance Running Events.
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Another common knee injury in runners is patellar tendinopathy. Patellar tendonitis has a general running population prevalence of 5 to 23 percent (35, 42), and in half-marathon runners 13 percent (36). The race-day incidence in multi-stage ultramarathon runners is similar, at 7 percent to 19 percent (16, 28).

Ankle Injuries

Ankle injuries are more common in longer distance races such as single-stage and multi-stage ultramarathons. They can involve a variety of diagnoses but are typically due to overuse injuries involving the tendons or acute trauma leading to ligament sprains. Achilles tendon injuries occur in 6 to 10 percent of all runners (42), 10 percent of half-marathon runners (36), and 11 to 24 percent of marathon and ultramarathon runners (6, 11, 16). Of note, Achilles tendinitis has been noted to be the most common ankle diagnosis within multi-stage ultramarathons (28, 39).

The term “ultramarathoner’s ankle” was coined by Bishop in 1999 due to the high rates of this injury in ultramarathons and extremely low rates within the general running population as well as half and full marathons (40, 44). It is a catchall diagnosis for injury to the tendons on the top, or front, of the ankle. A study of single-stage ultramarathon runners noted a one-year prevalence of 15 percent (10), and race day incidence in multi-stage ultramarathons of 14 percent to 30 percent (28, 39). One theory for the increased frequency in ultramarathon races is an altered gait pattern, which has been described as a “propulsive shuffle,” with increased movement at the ankles and decreased movement at the knees and hips (39).

The ankle sprain is a common injury not just in runners, but in all athletes. It is often secondary to trauma from an awkward landing, and leading to injury of the ligaments around the ankle joint. The rates in the general running population are 10 to 11 percent (42), and similar to 10 percent half-marathon runners (36), 12 percent of marathon runners (37), and 9 to 11 percent of single-stage-ultramarathon runners (10, 11) (Table 2-4).

Table 2-4 Ankle Injuries: Sprains, Achilles Tendinopathy, and “Ultramarathoner’s Ankle” in Distance Running Events.
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Foot Injuries

Similar to ankle injuries, foot injuries are often due to overuse injuries involving the soft tissue (i.e., plantar fasciitis) or bones (i.e., metatarsal stress fractures). Plantar fasciitis is one of the most common soft tissue injuries in the lower extremity (14). The overall risk appears to be higher in runners with flat feet (pes planus) or high arches (pes cavus). The one-year prevalence for plantar fasciitis is 5 to 8 percent in the general running population (35, 42), but increasing in distance runners to rates of 18 percent in half marathoners (36), and 10 percent in single-stage ultramarathon runners (10).

Back and Hip Injuries

Low-back pain (LBP) and hip pain are common chronic problems in men and women, but most studies agree that it occurs less in distance runners than the general population. The annual incidence of LBP is reported as 6 percent in recreational runners (42), 3 percent in marathon runners (37), and 12 percent in single-stage ultramarathon runners (11). Hip injuries are mostly diagnosed as greater trochanteric pain, which occurs in 4 percent of the general running population (42) and 3 percent of multi-stage ultramarathon runners (13, 16). Other hip injuries have comparable rates, with hip flexor strain incidence of 1 to 4 percent in single and multi-stage ultramarathon runners (10, 13).

Bone Injuries

Bone injuries in long distance runners involve a variety of disorders ranging from edema (swelling) to broken bones (fractures). Medial Tibial Stress Syndrome (MTSS) (aka “shin splints”), presents as a dull aching pain at the posterior-medial (behind and inside) border of the shin bone. MTSS has an incidence of 14 to 15 percent in the general running population (42). The one-year prevalence of 10 percent in half-marathon runners (36), and 8 to 11 percent in ultramarathon runners are comparable to the general population (16, 28), while one-year incidence within marathon runners is 20 percent (37).

Stress fractures are less common, and as a proportion of all recorded injuries and illnesses make up less than 1 percent of encounters in half and full marathons (27, 38). The one-year prevalence of stress fracture is 5 percent in half-marathon runners (36), but increases to 8 percent in single-stage ultramarathon runners (10). They are more likely to occur in the tibia in the general running population, as opposed to the hip or foot (42). However, the typical location changes in ultramarathon runners, where 45 to 48 percent of stress fractures occur in the foot and a lifetime prevalence rate is 12 percent (11). Within ultramarathons, risk factors for stress fractures include younger age, female sex, less experience, increased running intensity, and less resistance training (11).

Muscle Injuries

Of all MSK injuries in long distance runners, the most common is a muscle strain, which represents a stretch or tear of the muscle fibers (38). The most susceptible muscle in runners appears to be the quadriceps, which has been reported as the most common site for muscle pain in both single-stage and multi-stage runners (10, 13). Its risk is in direct proportion to days of training per week (24). Hamstring injury rates are steady among all runners, even comparing half-marathon and ultramarathon runners (11, 36). Risk factors for hamstring pain in marathon runners include male sex, first time participation, and aerobic cross-training (24). Risks for calf pain include male sex and younger age (24).

Another common type of muscle injury is Exercise Associated Muscle Cramping (EAMC). The etiology of EAMC has for years been thought to be due to sodium deficiency and dehydration, but more recently studies have shown that cramps are likely due to neuromuscular excitability and abnormal reflex activity in fatigued or damaged muscles (22, 45, 46). EAMC makes up a high proportion of race-day medical encounters, occurring in 21 to 26 percent of runners in half marathons, and 32 to 46 percent in marathons (17), but only 3 percent in multi-stage ultramarathons (13, 21). Though not entirely clear, the lower rates in longer distances may be related to a slower pace during the ultramarathon races (45).

Illnesses

A variety of medical injuries can affect distance runners. Some are life-threatening, such as heart attacks or heat stroke; others like heartburn and nausea may seem relatively trivial, but still have major impacts on performance. The overall incidence of injury and illness in runners is directly related to distance (Table 2-1), but as a proportion of total injury and illness, medical diagnoses make up a smaller piece of the pie at distances longer than a marathon: they comprise up to 63 percent of all marathon encounters (38), but only 10 to 27 percent of all multi-stage ultramarathon encounters (13, 15) (Table 2-2). Medical encounters for illness are most likely to occur during the first stage of a multi-stage event, highlighting the importance of heat and altitude acclimatization (15). Other risks for increased medical illness in distance runners include higher humidity (27), and ambient temperature over 60 degrees F (16 degrees C) (19). See Chapter 21 for more details.

Exercise-Associated Collapse (EAC)

EAC is a term for any illness that causes a runner to collapse during or after a race. The causes of EAC vary from benign and self-limiting to life-threatening. The rates of EAC per 1000 runners are 1.06 in half marathons, 11.25 in marathons, 2.8 to 7.2 in single stage ultramarathons (21, 47), and 43 to 196 in multi-stage ultramarathons (13, 15). EAC prior to the finish line is most concerning as it more likely secondary to cardiac arrest, heat stroke, severe exercise-associated hyponatremia, or low blood sugar (47, 48). EAC after the finish line is typically benign and is often due to transient low blood pressure caused by pooling blood in the lower extremities and the engorged muscles stop pumping blood back up to the heart (14). EAC is more likely to occur at certain times, including 3.5 hours after starting the marathon when most runners are finishing (38), and near race closure or stage cutoffs (47), possibly due to changing levels of exertion.

Heart Attack and Sudden Death

The first recorded sudden death in a distance runner was that of Athenian soldier Pheidippides in 490 BC after he ran approximately 25 miles (40 km) from the battlefield at Marathon to Athens to announce their victory over the Spartans. Although Pheidippides’s death came after running the distance that has become known as a marathon, he was actually more of an ultramarathon runner, as earlier that same week he had run 300 miles round-trip from Athens to Sparta, requesting their allegiance in the war.

The largest study of heart attacks (cardiac arrest) was examined in 6.9 million half-marathon runners and 3.9 million marathon runners over ten years (8). The authors reported half-marathon incidence of 0.27 per 100,000 runners, and marathon incidence of 1 per 100,000 (for a combined incidence of 1 cardiac arrest per 184,000 runners). Male runners were at a significant risk for a cardiac event, which was more likely to occur during the latter miles of a marathon or half-marathon. Of the cardiac arrests reported in this study, 63 percent were fatal (1 death per 259,000 runners), and of those who died 65 percent had an enlarged heart compared to 17 percent with ischemic heart disease (poor blood flow to the heart). Thus, survivors of running heart attacks tended to have characteristics associated with ischemic heart disease, meaning they were older, with known coronary artery disease (CAD) risk factors (e.g., high blood pressure, diabetes, family history). The rates for single-stage and multi-stage ultramarathons are unknown.

Heat and Cold Illness

Heat illness is a spectrum of disease, increasing in severity from heat exhaustion to exertional heat stroke (EHS). In general, risks include increased temperature, humidity, and sunshine (or a lack of shade, water, or rest), ages greater than fifteen and less than sixty-five, and a lack of acclimatization (40). Heat acclimatization is particularly important, as the cardiovascular system accommodates for increased temperature by expanding plasma volume and increasing cooling via sweating (40). Controlling for terrain and temperature, one study of half and marathon runners reported heat illness rates of 0–0.5 per 1000 runners and 0–1.4 per 1000 runners (17). Comparing ultramarathons, 7 percent of single-stage dropouts reported inadequate heat acclimatization as their reason for dropping out (10), and 3 percent of runners required medical attention in a multi-stage race (13). See Chapter 12 for more details.

Alternatively, runners can suffer injuries due to cold temperature, including frostbite and hypothermia. Despite risk factors like altitude, wet clothing, and wind, which are more common in ultramarathons, there is scant evidence describing cold injuries in the literature. Controlling for terrain and temperature, one study reports increased risk in the marathon versus the half, with 0 to 8 percent of marathon runners versus 0 to 1 percent of half marathon runners presenting to finish line tents with hypothermia (17). See Chapter 13 for more details.

Exercise-Associated Hyponatremia (EAH) and Encephalopathy (EAHE)

EAH is a relatively recently described illness in the running world. It is a low salt (sodium) level in the blood, defined as less than 135 mmol/L (normal is around 140 mmol/L), which can present as a range of symptoms from nausea, vomiting, and dizziness to altered mental status, seizures, and even death. Its origins may relate to a 1969 study that presumed race-day weight loss to be a risk factor for heat stroke, and recommended “the ideal regimen of water drinking is to take about 300 ml every 20 minutes or so” (49). The incidence of hyponatremia varies per race, but is as high as 4 percent in half marathons (50), 0 to 22 percent in marathons (51, 52, 53), 0 to 51 percent in single-stage ultramarathons (54, 55), and 8 to 11 percent in multistage ultramarathons (16, 52). Fortunately, only 0.23 per one thousand half-marathon runners, 0.23 per one thousand single-stage ultramarathon runners (21), and 0.85 per one thousand multi-stage ultramarathon runners (15) actually require medical attention for symptomatic hyponatremia. See Chapter 11 for more details.

Hypoglycemia

Hypoglycemia (low blood sugar) is another illness that is considered life threatening if not diagnosed and treated quickly, especially in diabetic runners. Fortunately, its incidence is extremely rare, with only one case in 91,750 half-marathon runners (27), 1 case per 81,277 marathon runners (38), and three cases in 6,344 single stage ultramarathon runners (47). Of note, all three ultra-runners with hypoglycemia presented as EAC prior to the finish line, making up 38 percent of the pre-finish line EAC runners (47).

Acute Kidney Injury (AKI)

AKI is a medical illness caused by decreased blood flow (perfusion) to the kidneys, as the body prioritizes perfusion of the lower extremity musculature and attempts to cool through blood shunted to the extremities and skin of the body. Incidence of AKI has also been found to be directly related to worsening dehydration (56, 57). Incidence rates of AKI generally increase with race distance, with 24 percent of half marathon runners (50), 40 percent of marathon runners (58), 34 percent of single-stage ultramarathon runners (59), and 55 to 80 percent of multi-stage ultramarathon runners (56). Fortunately, these injuries usually resolve shortly after these races, usually within twenty-four hours of finishing. That being said, there have been multiple cases of runner’s AKI progressing to renal failure resulting in prolonged hospitalization. Within multi-stage ultramarathons, runners appear to recover between stages (Figure 2-3) (56). Aside from race distance, risk factors for AKI include belonging to the male sex (50), older age (59), and NSAID use (57).

Exertional Rhabdomyolysis

Rhabdomyolysis is the breakdown of muscle fibers into proteins that then enter the circulation, and at high concentration can cause kidney damage. The diagnosis is usually based on a laboratory value of muscle enzyme creatinine kinase (CK) at five to ten times the upper limit of normal. Marathon runners have an average rise in CK of 540 percent (48), and single-stage ultramarathon runners have an average rise of up to 2,450 percent, with start to finish values increasing from 178 to 43,763 units/liter (18).
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Figure 2-3 Changes in Serum Creatinine (Kidney Function) during an Ultramarathon. Reprinted from Lipman GS, Krabak BJ, Waite BL, Logan SB, Menon A, Chan GK. A prospective cohort study of acute kidney injury in multi-stage ultramarathon runners: the Biochemistry in Endurance Runner Study (BIERS). Res Sports Med. 2014;22(2):185–192.

Respiratory Illness

Respiratory illnesses in distance runners include allergies, asthma, exercise-induced bronchospasm (EIB), and fluid in the lungs (pulmonary edema). Overall, distance runners have higher rates of these illnesses than the general population. Allergies, or hay fever, have been found to be four times more prevalent in single-stage ultramarathon runners than the general population (11). EIB, which is the constriction of airways five to fifteen minutes after exercise onset caused by hyperventilation’s cooling and drying effects (60), has been found to be two to five times more prevalent in marathon runners than the general population (48, 61), and may be even more common in the ultramarathon runner (62). Pulmonary edema on the other hand is very rare, with no events recorded in half marathon runners, and 0.08 events per 1000 single-stage ultramarathon runners (21). Despite the low likelihood, it is still recommended that any new wheezing be evaluated, especially if it occurs at altitude.

Altitude Sickness

Altitude sickness occurs at elevations greater than 2,500 meters (8,250 feet), and is more likely to occur during a marathon or ultramarathon in an extreme location. Although incidence rates are rarely reported in the literature, the potential for altitude sickness should be respected given its potentially fatal consequence. The spectrum of altitude sickness starts with acute mountain sickness that can range from uncomfortable to debilitating with headache, anorexia, nausea/vomiting, dizziness, fatigue, and insomnia, which onset typically within twelve to twenty-four hours after ascent. Altitude sickness can progress in severity to high altitude cerebral edema (HACE) with an altered mental state, altered gait, and can culminate with coma and death. There is also the potential for fluid in the lungs (high altitude pulmonary edema, HACE), which often presented on the second or third day after ascent (40). Risk factors include rapid ascent, living at low altitude, younger age, and a history of altitude sickness (40). See Chapter 14 for more details.

Gastrointestinal (GI) Symptoms

GI symptoms are common in long distance running, but incidence rates vary widely with rates of 3 to 87 percent (13, 63, 64), depending on study methodology. Up to 69 percent of runners will experience exercise-related transient abdominal pain (ETAP), colloquially referred to as cramps or “side stitches” that typically improves with conditioning (65, 66). Nausea and vomiting has been reported as the most common cause of dropping out of elite single-stage ultramarathons (10). Other causes of GI pain may relate to the upper GI tract (e.g., reflux, heartburn, belching, bloating, nausea, vomiting) or lower (flatulence, side-stitch, urge to defecate, diarrhea, intestinal bleeding). In general, lower GI tract symptoms are more common among half-marathon and marathon runners (67, 68, 69), while upper tract symptoms, especially nausea, are more common in ultramarathon runners (10, 70, 71). Significant risk factors include a history of symptoms (72), being of the female sex (67), younger age, recent illness (24), race-day weight loss (73), and increased carbohydrate intake (72). The relationship between NSAID use and GI symptoms is unclear, as studies have provided conflicting results (70, 74). Finally, GI bleeds are surprisingly commonplace, with 16 percent of marathon runners reporting bloody diarrhea after race (48), and positive stool blood testing in 87 percent of ultramarathon runners (64). The etiology of these bleeds is theorized to be repetitive gut trauma in the setting of decreased blood flow to bowel from reduced perfusion, as some studies report reductions in perfusion of up to 80 percent when running (48). See Chapter 16 for more details.

Dermatologic Injury

Dermatologic injury incidence rates vary widely based on the distance of a running race. As shown in Table 2-2, dermatologic injuries make up 45 to 71 percent of all diagnoses in ultramarathons (13, 15), compared to only 21 to 27 percent in half and full marathons (27, 38). Blisters (Figure 2-4) are the most common dermatologic injury with incidence rates of 4 to 9.4 per 1000 runners in the half marathons (17), 3.8 to 17 per 1000 runners in the full marathons (17, 38), and 1.6 per runner in a multi-stage ultramarathon (15). Unique to multi-stage ultramarathons, the risk of dermatologic injury increases during stages 3 and 4 of a race, highlighting the cumulative trauma that occurs from running long distances over consecutive days (15). Chafing or painful dermatitis due to repetitive friction affect 2 to 16 percent of marathon runners (75) and make up 9 percent of all medical encounters during a race (13). Subungual hematomas have been reported in 3 percent of marathon runners, and 3 to 10 percent of ultramarathon runners (13, 75). See Chapter 8 for more details.
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Figure 2-4 Posterior heel blister during a multi-stage ultramarathon.


CHAPTER 3

Footwear Matters: Interplay of Footwear, Mechanics, Injury, and Performance

BY IRENE S. DAVIS AND WEIJIE FU

Key Points

1.   Running shoes have gone through significant changes over the past fifty years, beginning with very minimal shoes and evolving into highly supportive and cushioned shoes, back to very minimal, and then on again to highly cushioned.

2.   Despite the technological advancements that have been made in running shoes, the incidence of injury in runners remains high.

3.   Our most natural running state is barefoot, which promotes a different foot strike pattern than when running in conventional shoes.

4.   Shoes with cushioning promote a rearfoot strike pattern. Minimal shoes, which lack cushioning, promote a forefoot strike pattern and the closest running pattern to barefoot running.

5.   Transitioning to minimal footwear takes time and patience. The calf and foot muscles should be strengthened and mileage should be progressed gradually.

6.   Starting children in minimal footwear may allow a more natural development of their arch and will eliminate the issues related to transitioning.

Introduction

Shoes are the only piece of equipment that a runner needs for his or her sport. The recent and varied footwear trends have spanned from no cushioning to highly-cushioned shoes, and from no control to highly controlled shoes. This has left many runners wondering just which running shoes are best for them. Therefore, the purpose of this chapter will be to help clarify the different classifications of footwear and to review the evidence regarding the effect of each of these types of shoes on mechanics. We will begin with a brief review of the history of running shoes. We will then discuss the development of motion control and cushioning shoes, with a focus on differences between them. This will be followed by a review of barefoot running, as this is considered our most natural running state. As barefoot running was the motivation for the re-emergence of the minimal shoe, it will be the topic that is next discussed. The various types of minimal shoes will be then described along with the mechanics associated with this type of footwear. As minimal footwear places significantly different loads on the foot and lower leg, safe transition programs will be reviewed. Additionally, an important interaction of foot strike and footwear will be discussed. In the end, we will make suggestions to assist runners in choosing the optimal footwear for them.

A Brief History of Running Shoes

Anthropological evidence suggests that humans began running approximately two million years ago (1). According to this evidence, the modern human form reflects adaptations that have facilitated bipedal running. Some of these adaptations occurred in the foot and ankle. These features include a longitudinal medial arch and long Achilles tendon, both of which were not present in our pre-running ancestors. Along with these features, the human foot has twenty-six bones with thirty-three articulations. Each of these joints has six degrees of freedom of movement to allow the foot to move in many ways, allowing it to function in a variety of ways such as serving as a rigid lever, a mobile adapter, and having spring-like characteristics. Thus, the human foot appears to be well adapted for both walking and running gait without any footwear at all.

The first recorded shoes appear to have had the prime function of protecting the plantar surface of the foot. These shoes were found in the caves of Fort Rock, Oregon and have been dated back 10,000 years. They were constructed of sagebrush bark and were comprised of a flat surface to cover the sole of the foot with straps to hold it onto the foot (Figure 3-1). The prime purpose of this shoe was to protect the sole of the foot from injury.

Leather athletic shoes appeared in the early 1800s (2). Rubber soles were added to them around 1832 to enhance their durability and were called plimsoll shoes. In 1895, J. W. Foster & Sons (later to become Reebok) added spikes under the forefoot of the athletic shoe and developed the first running shoes. In 1926, Adolf Dassler introduced the first customized running shoe. This shoe had customized spikes depending upon whether it was to be used as a sprinting or distance running shoe. Runners such as Jesse Owens wore Dassler’s shoes in 1936, and his shoes’ success later led to the formation of Adidas.
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Figure 3-1 Sagebrush bark sandals found in the caves of Fort Rock, Oregon, dating back 10,000 years. Copyright University of Oregon Museum of Natural and Cultural History, photograph by Jack Liu.

In 1961, the New Balance Company, originally an orthopedic shoe company in Boston, using input from runners such as Johnny Kelly, developed a new type of running shoe called the Trackster. It had an elevated heel wedge, a wide toe box, and a rippled sole. Simultaneously, the Onitsuka Company of Japan (later to become Asics) produced another shoe with a cushioned heel called the Onitsuka Tiger (Figure 3-2a). The Onitsuka Tiger was marketed in the United States by Bill Bowerman, a University of Oregon track coach, and Phil Knight, one of his disciples. However, Bowerman and Knight soon decided to form their own company, called Blue Ribbon Sport, which eventually became Nike. In 1972, they developed their own version of the Tiger that they named the Nike Cortez (Figure 3-2b). It was an instant success.

Motion Control, Neutral Stability, and Cushioning Shoes

Over the next few years, numerous athletic footwear companies emerged and a variety of running shoes began to appear on the market. Along with standard cushion-heeled shoe, two new classifications of conventional running shoes appeared. These were the motion control and the cushioned shoe. This development began with Nike in response to a rise in running injuries noted in the early 1970s (2). The founders of the company consulted with some well-known sports podiatrists who believed excessive pronation and excessive impacts were the culprits. Based on their feedback, Nike developed shoes with additional pronation control as well as shoes with additional shock attenuation. Additionally, a third category evolved into a neutral stability shoe.
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Figure 3-2 Introduction of the cushioned heel into running shoes. A. Onitsu Tiger. B. Nike Cortez.

Most conventional shoes are constructed with a midsole thickness of 22 to 24 mm and a heel-to-toe drop (difference between height of the heel and ball of the foot) of 10 to 12 mm. However, motion control and cushioning shoes have different structural characteristics than the neutral stability shoe. The motion control shoe is designed specifically to support and control the foot, and was aimed at individuals with flexible flat feet that excessively pronate. Therefore, it is generally constructed with stiff, reinforced heel counters, significant arch supports, and a higher density of the medial midsole compared to the lateral midsole. They tend to be stiffer and heavier than either a neutral or a cushioned shoe. The cushioned shoe, on the other hand, is designed specifically to assist with shock attenuation, particularly for individuals with high-arched, rigid feet that excessively supinate. They are constructed with an overall lower-density midsole, and are lighter and more flexible. The neutral stability shoe falls in between the motion control and cushioning shoe with some characteristics of each, but to a lesser degree. With time, the motion control and cushioned shoes have become increasingly supportive and increasingly cushioned with the extremes being shoes such as the Brooks Beast and the Hoka One One (Figure 3-3).

Biomechanical studies of these shoe types have been conducted to determine whether they function as they are designed. Recently, Lilley et al. (3) reported significant reduction in peak rearfoot eversion (back of foot turning out) in a motion control shoe compared to a neutral shoe. This finding has been supported by others in the past (4, 5, 6). Additionally, while eversion increases under fatigued conditions in a neutral stability shoe, it is reduced when using a motion control shoe (7). The downside to increasing motion control is that impacts (forces) tend to increase, as measured by tibial shock, as foot pronation is limited (8).
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Figure 3-3 Extreme Footwear. A. Brooks Beast control shoe. B. Hoka One One cushioned shoe.

As these shoes were designed for different foot structures and function, Butler et al. (9, 10) examined the interaction of foot type and shoe type on impact loading and foot pronation. No interactions were noted for most of the variables tested, indicating that matching arch type to shoe type has no effect. But a main effect of footwear was noted, whereby the motion control shoe reduced variables associated with foot pronation to a greater degree than the cushioned shoe. Additionally, the cushioned shoe reduced variables associated with cushioning to a greater degree than the motion control shoe.

Conventional Shoes and Injury

The purpose of prescribing footwear based on foot type and mechanics is to reduce injuries. However, support for this type of running shoe prescription is limited. Knapik et al. (11) recently reported on meta-analysis (analysis of multiple studies) of three large studies that included over 7,000 military recruits. Participants were randomly placed into either a control or an experimental group. The experimental group had their footwear prescribed based on foot type. Those with flat, pronated feet were given a motion control shoe, those with high-arched, supinated feet were given a cushioning shoe, and those with normal arches were given a neutral stability shoe. Participants in the control group were all given a neutral stability shoe regardless of foot type. Injuries were monitored over the course of basic training. The authors concluded that prescribing footwear based on foot type had no influence on injuries. Ryan et al. (12) also studied the effect of matching footwear to foot type based upon the foot posture index. Participants were classified as having neutral, moderately pronated, and highly pronated feet. Motion control, neutral, and cushioned shoes were randomly assigned to these runners. Overall, they found greater missed days due to injury in the motion control shoe with the least days missed in the neutral shoe. The authors conclude that providing motion control shoes to runners with neutral or pronated feet may increase the risk for running-related pain. This finding was supported by a systematic review that concluded that the prescription of motion control shoes for runners was not evidence-based. However, in contrast, a study by Malisoux et al. (13) reported that runners with pronated feet would benefit the most from motion control shoes. Regarding cushioning shoes, Theisen et al. (14) concluded that midsole density has no influence on running injury risk. Based upon these studies, it is understandable why the consumer remains confused about how to buy their shoes. However, the propensity of literature suggests a neutral stability may be best choice of these categories.

Barefoot Running: Our Most Natural Form

As we evolved to run barefoot, we discovered that it is our most natural state and one that has been used as a model for the development of minimal shoes. While there has been a group of underground runners who have shed their shoes since the 1960s, it was Christopher McDougall’s Born to Run that reignited the barefoot movement when published in 2009. Advocates of barefoot running suggest that running without shoes provides important sensory input and allows the foot to function as it is adapted to function. Opponents believe that the foot needs additional cushioning and support to sustain the repetitive loads of running. Interestingly, both groups believe their approach will lead to the fewest injuries.

One of the clearest differences between barefoot and conventionally shod running is the way the foot strikes the ground. Approximately 90 percent of runners habituated to conventional cushioned running shoes land on their heels (15) and are classified as rearfoot strikers (RFS). These runners typically display a very distinct impact transient in their vertical ground reaction force (Figure 3-4) that is associated with their heel contact.

The higher rate of loading associated with this impact transient, measured as the slope of this first rise to peak, has been associated with many common running-related injuries (16). One percent of conventionally shod runners land on the ball of their foot and classified as forefoot strikers (FFS). This pattern is not associated with an impact transient, therefore having vertical rates of loading that are significantly less than RFS (17). The remaining 10 percent land with a flat foot and are classified as midfoot strikers (MFS). These runners exhibit vertical force patterns that are between a RFS and a FFS runner. The impact peak is typically reduced from a RFS pattern, and can be missing as in a FFS pattern. Most habituated barefoot runners do not land on their heels (18, 19) as it would cause pain. The human heel pad is adapted to attenuate the loads of walking, but not running (20). Therefore, barefoot runners land predominantly with a FFS pattern. This results in reducing or eliminating vertical impacts resulting in vertical rates of loading that are half that of a RFS (21). Additionally, there is a reduction or elimination of the lateral ground reaction force peak that also occurs early in stance (Figure 3-5a).
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Figure 3-4 Effect of footstrike pattern on the vertical ground reaction force. A RFS pattern results in a distinct impact peak (black circle), a FFS typically eliminates the impact peak (blue arrow), and a MFS typically falls between a RFS and a FFS pattern.

The reduction of the vertical and lateral ground reaction force peaks in early stance during barefoot running and reduces the external pronatory force on the foot. Additionally, the lever arms to the vertical and lateral forces are reduced when the elevated heel and lateral flare of a shoe are removed. This can clearly be seen in Figure 3-5b. With reductions in both the vertical and lateral forces, as well as their lever arms, the resultant pronatory torque on the foot is reduced in the barefoot condition. In fact, Bonacci et al. (22) reported that rearfoot pronation was significantly reduced during barefoot running compared with running in traditional shoe.

The FFS landing typically associated with BF running increases the load on the Achilles tendon (23). Greater load, combined with high stretch velocity (24), induces greater stiffness within the muscle-tendon unit. Greater tendon stiffness is associated with greater energy storage and overall tendon health. This is supported by reports that the Achilles tendons of the jump leg in athletes exhibited greater mechanical (stiffness) and material (Young’s modulus) properties (25). In contrast, a study of runners with varying foot strike patterns (12 FFS, 12 MFS, 17 RFS) found no difference in Achilles tendon characteristics (26). However, these runners were tested at an 18 km/hr pace, which by most standards would be considered sprinting. As strike pattern shifts anteriorly with speed, the MFS and FFS patterns of some runners in this study may not be their usual ones at distance running speeds. In a related study, it was reported that runners who were habituated to minimal footwear exhibited stronger, stiffer Achilles tendons than those habituated to conventional running shoes (27). The authors suggested that this might be due to an anterior shift in strike pattern resulting in greater loading of the calf and Achilles. While strike pattern was not monitored in this investigation, other studies have shown that running in minimal shoes does facilitate a more anterior strike pattern (28). The cross-sectional nature of this study limited the authors’ ability to determine that strike pattern caused the changes in the Achilles tendon. Therefore, they conducted a prospective study where runners transitioned from a conventional shoe to a minimal shoe with instructions on using a FFS pattern (29). Their findings were consistent with their cross-sectional study, with Achilles tendons becoming significantly stronger and stiffer following the six-month transition. There is a 52 percent lifetime incidence of Achilles tendinopathy in runners (30) and approximately 90 percent of runners today are RFS in conventional shoes (15). Therefore, it is plausible that the incidence of Achilles tendinitis might be significantly reduced in runners adopting a more barefoot style of running which would increase tendon stiffness and strength. Another benefit of barefoot FFS running is that it leads to significant reductions in patellofemoral contact stresses (31). This is due to the combination of lower vertical force and higher contact area (due to greater knee flexion). High contact stresses are one of the proposed causes of patellofemoral pain, one of the most common injuries runners sustain. If we assume being barefoot is our natural state, then forefoot striking may be a fundamental component of our normal running mechanics that we have lost with the advent of cushioned shoes.
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