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Abstract

In this review we highlight the contributions of passive experiments that address important
exercise related questions in integrative physiology and medicine. Passive experiments differ

from active experiments in that passive experiments involve no planned human intervention to
generate observations and test hypotheses. Experiments of nature and natural experiments are

two types of passive experiments. Experiments of nature include research participants with rare
genetic or acquired conditions that facilitate exploration of specific physiological mechanisms. In
this way, experiments of nature are parallel to classical “knockout” animal models among human
research participants. Natural experiments are gleaned from data sets that allow population-based
questions to be addressed. An advantage of both types of passive experiments is that more extreme
and/or prolonged exposures to physiological and behavioral stimuli are possible in humans. In this
review, we discuss a number of key passive experiments that have generated foundational medical
knowledge or mechanistic physiological insights related to exercise. Both natural experiments and
experiments of nature will be essential to generate and test hypotheses about the limits of human
adaptability to stressors like exercise.

11 Introduction

Most review articles cover a topic or narrow range of topics and attempt to synthesize what
is known about the topic under discussion, and perhaps chart future directions and testable
hypotheses for the field (286, 309). In this review we instead want to discuss some medical
and physiological insights related to exercise and humans that stem from what Claude
Bernard, the founder of modern physiology, described as “passive” experimentation (28,
247, 260, 262, 279, 333). Claude Bernard used the term passive to indicate that, in contrast
to “active”experiments, no planned human intervention is involved in the observations (28,
262). As detailed below, we will primarily discuss two categories of passive experiments—
Experiments of Nature and Natural Experiments:

“First, a distinction in usage needs to be emphasized. Experiments of Nature
usually refer to single changes (in an organism) that illustrate a biological
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function, whereas Natural Experiments usually describe an environmental change
or behavioral difference that affects a population.”

N. Paneth (personal communication)

The general strategy of presentation for this review includes twelve sections, beginning with
this introduction followed by definitions and conceptual foundations in the next section. In
the following nine sections, we categorically describe physiological insights gleaned from
passive experimentation, and the ultimate section is a summary and call to better integrate
data from all available sources of evidence. Some of the sections are brief, while others are
longer, and our selection of topics was based on our personal interests and their relevance to
exercise. The intriguing and dramatic nature of the observations along with their historical
significance also played a role in the topics we chose to cover in this review. Finally, we
hope that both the general and specific concepts we seek to highlight are interesting and
provocative enough to overcome the admittedly and purposefully idiosyncratic nature of the
review.

Conceptual Foundations and Definitions

Some conceptual foundations related to passive experiments were discussed in the previous
section. Briefly, passive experiments are generated from data or experimental models

that require little or no active intervention by the investigator. A key point that will be
highlighted throughout this review is that passive experiments can allow far more prolonged
or extreme exposures to a physiological or behavioral stimuli than traditional active
experimentation. With this information as a background, we will discuss our motivations
for a review on the topic of passive experiments. Next, definitions of key terminology are
provided to enhance our conceptual framework.

Motivations to Highlight Passive Experimentation

First, during 7he Pandemic, members of our research group and collaborators from around
the world repurposed their scientific expertise to study convalescent plasma as a treatment
for coronavirus disease 2019 (COVID-19) (26, 34, 48-54, 63, 104, 114-116, 119, 176, 177,
183-185, 191, 192, 194, 202, 220, 225, 266, 277, 297, 319, 322, 323, 349). The idea -

based on a long line of evidence beginning with the Nobel Prize Laureate Emil Adolf van
Behring in 1890 - was that antibodies in plasma donated by recovered patients could be
administered to those with active disease, speed their recovery and reduce the chances of
death (222, 223, 297). Central to our multifaceted demonstration of convalescent plasma
efficacy as a treatment for COVID-19 was a series of observations made in small numbers
of “Experiments of Nature" (323, 349). Patients participating in these “Experiments of
Nature”had rare conditions and were unable to generate endogenous antibodies in response
to SARS-CoV-2—the causative agent of COVID-19. Our interest in these COVID-19 related
experiments of nature stemmed from our backgrounds as integrative physiologists. We

were well aware of how observations from rare patients and unusual groups of human
subjects have shed important light on the physiological responses to and the health-related
consequences of exercise (80, 141-143, 175, 180, 371). Other observations that contributed
to our pandemic-based thinking about convalescent plasma were population based, including
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the classic series of studies on cardiovascular mortality in sedentary London bus drivers
versus the physically active London bus conductors (154, 249-253, 268, 269). Thus, our
minds were open to lessons that both experiments of nature and natural experiments might
provide about convalescent plasma and COVID-19.

Second, in an era of “big data” there is great interest in what sorts of knowledge can

be gleaned from natural experiments (76, 77, 86, 87, 201). Thus, it is important to frame
questions and explore the possibility of accounting for putative factors associated with an
outcome of interest and gain insight into causation. Perhaps the most well-known early
natural experiment was the 1854 Broad Street cholera outbreak in which John Snow inferred
that cholera was water-borne and identified the source of the cholera outbreak (a public
water pump) by showing the strong association between the locations of death and illness
in clusters around a public water pump (280, 329, 354). More recent examples of natural
experiments associated with ‘big data’ include the effect of smoking bans on rates of
myocardial infarction (312), the effects of military service on lifetime earnings (9), and the
impact of nuclear weapons on biological tissue (82, 144). The power of natural experiments
was highlighted with the award of the 2021 Nobel Prize in Economic Science to Card,
Angrist and Imbens for their natural experiments on topics like the relationships between
changes in the minimum wage and unemployment (45). At the experiment of nature level -
rare patients - with very low cholesterol levels who were part of a much larger heart health
observational cohort were instrumental in developing cholesterol lowering drugs that target
the PCSK9 system (62).

Third, while active experimental approaches like randomized controlled trials in clinical
medicine or interventional studies in physiology are a powerful paradigm to isolate variables
of interest and reduce experimental bias, there are some studies that for logistical or ethical
reasons cannot be done on humans. As an extreme example, it seems unlikely that anyone
would advocate the creation of human knockout models. On a larger scale, it would be both
logistically and ethically challenging to conduct a decades long randomized (and blinded)
study on something like cigarette smoking and health outcomes. Additionally, outcomes
from highly controlled interventional studies are sometimes not confirmed with real world
data. For example, some medical treatments that show efficacy in randomized controlled
trials fail to generate a signal of improved outcomes in insurance claims data (310). A more
physiologically based real world data vs. lab experimental example are the improvements

in race performance associated with next generation running shoes designed to improve
running economy. Laboratory-based data suggests these shoes might reduce the energetic
cost of running by ~4% (18, 156, 165, 166, 168) which would may translate to improvement
in marathon performance by ~3 minutes (190). By contrast a comparison of race results

in the same elite runners before and after they started using the improved shoes indicates
that the improvement in performance is ~1% or ~1 minute for men (320). Finally, in many
fields of science like astronomy and meteorology, active experiments are generally not
practicable on many topics. And of course, the insights that led Darwin to develop the theory
of evolution were all “observational”.
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Definitions

Passive Experiment—A scientific question that is posed and addressed using data or an
experimental model that did not require an intentional intervention by the investigator.

Experiment of Nature—A form of passive experimentation based on observations
made (typically in humans) with rare genetic or acquired conditions that allow specific
physiological mechanisms to be explored and hypotheses to be tested.

Natural Experiment—A form of passive experimentation based on observations made in
human populations with differing exposures to some environmental or behavioral stimulus
that allow specific biomedical outcomes to be explored and hypotheses to be tested.

Exercise—"A type of physical activity that involves planned, structured, and repetitive
bodily movement done to maintain or improve one or more components of physical fitness,”
as defined by US Centers for Disease Control and Prevention (CDC).

Occupational activity—"Activity undertaken as part of one’s employment. This does
not include exercise or physical activities engaged in at employer sponsored gyms or other
facilities,” as defined by CDC.

Physical activity—"Any bodily movement that is produced by the contraction of skeletal
muscle and that substantially increases energy expenditure,” as defined by CDC.

Cardiorespiratory fithness—\We define cardiorespiratory fitness as the (maximum)
capacity of the cardiovascular (heart and blood vessels) and respiratory (lungs) systems

to supply oxygen-rich blood to the active skeletal muscles and the capacity of the muscles
to use oxygen to produce energy for movement (36). This is typically assessed by measuring
either the peak workload obtained on an incremental cycle or treadmill test. It can also
include gas exchange based measurements of V... made during incremental cycling or

treadmill exercise which are noted by a leveling or plateauing of oxygen consumption
despite an increase in workload.

Exercise versus physical activity—The studies featured in this paper will use varying
combinations of intentional exercise and occupational or leisure time physical activity as
inputs that are related to acute or chronic outcomes of interest. Intentional exercise could

be an acute exercise test of some sort with a measured physiological response or health
outcome of interest linked to the results of the test. Exercise can also refer to structured
training over many months or years for the purposes of recreation, fitness, health and/or
athletic competition. As defined earlier, physical activity is a broader term that typically
encompasses exercise but also includes things like active transportation via walking or
cycling, recreational activities like walking the dog, and occupational physical activity.
While the motivations for exercise and physical activity may vary, the important similarity is
that both refer to voluntary contractions of skeletal muscles and the associated physiological
responses and health consequences.
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Some studies also link fitness, typically assessed via graded exercise testing to outcomes of
interest. Others use duration of activity along with categories like light, moderate, or intense
to describe the dose of exercise used in a comparison. While individuals with higher fitness
levels can be more active and/or exercise more, it is possible that at least some people in

the high fitness category have inherently high so-called intrinsic fitness (239). An unresolved
issue is whether untrained people with generally higher levels of fitness are more active and
that contributes to their increased fitness and peak exercise capacity. The other possibility is
that people with higher intrinsic fitness are just more willing and able to be active.

Fast versus slow twitch muscles—Skeletal muscle fibers represent a broad continuum
of physiological characteristics. Skeletal muscle fibers are classically categorically classified
as “fast twitch” and “slow twitch” based on glycolytic histochemical profile, properties

of the innervating motor neuron, and intrinsic contractile properties of the fiber (98,

102, 206, 314, 340). Slow twitch muscle fibers (type 1 muscle fibers or ‘red’ muscles)

are characterized by: (i) expression of myosin heavy chain 1 (MHC 1), and (ii) “slow”
oxidative metabolism. Fast twitch muscle fibers (type 2 muscle fibers or ‘white’ muscles)
are characterized by: (i) expression of myosin heavy chain 2 (MHC Il), and (ii) “fast”
glycolytic metabolism.

Group lll and IV afferents—Thinly or unmyelinated sensory afferents in tissues that
respond to mechanical and chemical stimuli. In the case of exercise such afferents respond
to the mechanical and metabolic effects of contraction in skeletal muscles. They can

evoke both sensations perceived by the subject and autonomic responses to skeletal muscle
contractions (133, 241).

Central Command—A feed forward signal related to the motor effort associated with
contractions. It can increase respiration, heart rate and blood pressure in response to exercise
(133, 241).

Overview of the article

With the history, rationale, and key definitions outlined above as a background, we

believe that sharing with others some of the insights that passive experiments have taught
physiologists and others interested in exercise will be useful to a wider audience. To do

this we will first review two iconic passive experiments related to physical activity and
exercise. We will then highlight how both experiments of nature and natural experiments
have provided insights into key physiological responses and health outcomes associated
exercise and physical activity. Besides the scientific insights that come from these studies,
they serve as exemplars of the two categories of passive experiments. Figure 1 is a
conceptual representation of the passive experimental paradigm. Importantly, in a world
where the epistemological biomedical hierarchy is dominated by randomized interventional
trials and more recently “big data” subjected to analysis by so-called “artificial intelligence”
- it is essential to acknowledge that both “small N and large passive experiments and
observational studies can be paradigm shifting.
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The general strategy of presentation of the next sections of this article is divided by

topic area. We begin with two formative and classic examples of passive experiments
which informed the overall aim of this articles— classic examples of an experiment of
nature in patients with McArdle’s Disease and a natural experiment on physical activity
and human health. These examples will be used to highlight the major forms of passive
experiments outlined above. In the subsequent sections we will review important insights
such experiments have provided in additional areas, including sections: (i) too much
exercise; (ii) exercise and vascular adaptations; (iii) physical activity, exercise and body
weight; (iv) maximal oxygen uptake and aging; (v) blood pressure; (vi) fast and slow twitch
muscle; and (vii) high hemoglobin-oxygen affinity and hypoxia.

Some of these areas of emphasis will include more extensive explorations of related topics.
We will highlight articles that have in some way been hypothesis generating, changed
thinking, or challenged dogma related to the physiological responses to and health outcomes
associated with exercise and physical activity. Many of the studies featured in this review
have just a few patients or research participants. Several articles represent many more
research participants and include a report on the incidence of atrial fibrillation in more
than 50,000 finishers of the long-distance Vasaloppet cross country ski race held annually
in Sweden (6, 7, 107, 338). Table 1 lists key papers and includes one or more that are
central to each major areas covered in this review. The papers featured in Table 1 were
selected because they have been cited more than 250 times, or because they have so clearly
delineated a key physiological principal.

Major advantages of natural experiments are that both the duration and “dose” of a given
exercise intervention or physical activity behavior can be much greater than those used in
controlled interventional studies. This can allow a more complete exploration of the limits of
the relevant biological adaptations. Additionally, rare experiment of nature patients can serve
as “human knockout” models to better understand important physiological mechanisms.

Finally, we note that there are two main reasons exercise is of scientific interest. The
first is its benefits to human health. The second reason is because the stresses associated
with exercise test the magnitude and mechanisms underpinning numerous acute and
chronic adaptive responses in an array of tissues and organ systems. In both cases passive
experiments of both types have been instrumental to advancing our understanding.

31 McArdle’s Disease and the anaerobic threshold - an experiment of

nature.

The experiment of nature exercise studies that informed our mindset related to the value of
experiments of nature emanated from a study on patients with McArdle’s disease (142)—

a rare genetic, metabolic disorder also known as glycogen storage disease type V (311).
Patients with McArdle’s disease have a severe deficiency or absence of the key enzyme

that catalyzes and regulates breakdown of skeletal muscle glycogen (myophosphorylase),
and thus do not generate lactate and the associated acidosis in skeletal muscle during heavy
exercise (41). Since the first description by Brian McArdle in 1951 (233), studies of patients
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with McArdle’s disease have provided transformative insights into the regulation of the
respiration and autonomic nervous systems during exercise (296).

In this context, one of the dominant ideas over the last 100 plus years in integrative
physiology has been the “anaerobic threshold” concept (20, 25, 39, 40, 65, 85, 96, 109,
162, 200, 290, 305, 361-365). The “anaerobic threshold” concept is associated with more
than 6000 publications with the rates of publications also continuing to increase over
time. Of note, although many remember the groundbreaking study by Wasserman, Whipp,
Koyal and Beaver in 1973 (365), there were many landmark studies in the 1970s and
1980s from a group in Germany that have gone underappreciated because many of the
studies were published only in German or not indexed on MEDLINE database (357,

358). The “anaerobic threshold” concept is based on the idea that during heavy exercise
oxygen delivery to the contracting skeletal muscles is inadequate, leading to skeletal muscle
hypoxia (140). This hypoxia then stimulates a greater reliance on “anaerobic" metabolism
which leads to the subsequent accumulation of arterial lactate and hydrogen ion (40).
This accumulation of arterial lactate and hydrogen ion contributes to the non-linear rise
ventilation seen with exercise levels above ~60% of Vo, in untrained subjects and ~80%

of Vo, iN highly trained endurance athletes. There are numerous nomenclature systems

related to the anaerobic threshold concept, including the lactate threshold which focuses on
the exercise intensity above which there is a progressive rise in blood lactate levels. This
exercise intensity is highly correlated with the fraction of V.. that can be sustained during

competitive running, especially for events lasting several hours (108, 179).

An important general point is that while hypoxia in exercising muscles can certainly
stimulate anaerobic metabolism, there is little evidence for skeletal muscle hypoxia even
during heavy exercise (66). Skeletal muscle mitochondria can operate at very low partial
pressures of oxygen (167, 295). Thus, the contemporary idea is that increases in skeletal
muscle lactic acid levels, and the related rise in blood lactate, occur when the delivery

of pyruvate to the mitochondria via glycolysis exceeds the ability of the mitochondria to
metabolize it (164). This explains in part why the increase in skeletal muscle mitochondrial
content caused by endurance exercise training can reduce lactate levels at a given workload
(67, 110, 164).

The specific part of the anaerobic threshold concept that was advanced by studies enrolling
patients with McArdle’s disease was the idea that skeletal muscle acidosis, hydrogen ion
and/or a fall in pH in the blood contributed to the nonlinear rise in ventilation seen

during heavy exercise. As described by James Hagberg in a biographical review of the
anaerobic threshold (140), these seminal studies were made possible by the close proximity
and overlapping scientific interests of the Human Exercise Physiology Laboratory and the
Neuromuscular Disease Center— both at Washington University in St Louis. In addition to
basic studies, the Neuromuscular Disease Center performed clinical research and provided
care to patients with rare neuromuscular diseases. The proximity of the labs facilitated
conversations between Hagberg and colleagues, who were physiologists in the Exercise Lab,
and investigators in the Neuromuscular Disease Center. This ultimately led to collaborative
studies designed to assess exercise responses in patients with McArdle’s disease.
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When classic incremental exercise and gas exchange testing was performed on four patients
with McArdle’s disease and 26 controls, the patients with McArdle’s disease demonstrated
the normal nonlinear rise in ventilation during heavy exercise. This rise in ventilation
occurred although no increase in blood lactate levels were seen in patients with McArdle’s
disease. There was, however, an increase in arterial pH during exercise among patients

with McArdle’s disease — likely associated with the unexplained relative hyperventilation
among these patients. These observations challenged the causal link between skeletal muscle
lactate production, changes in arterial pH, and the non-linear rise in ventilation seen during
heavy exercise that were central to the anaerobic threshold paradigm. Findings from this
pioneering and perhaps serendipitous work (142) are displayed in Figure 2.

One caveat of these observations is that exercise capacity is very low in patients with
McArdle’s disease, and these patients also have unusually high cardiac output responses to
exercise with a so-called hyperdynamic circulation (219). Thus, it is conceivable that these
factors might contribute to the nonlinear rise in ventilation during heavy exercise in patients
with McArdle’s disease. However, glycogen depletion studies in normal healthy control
subjects, which limit the availability of glucose in skeletal muscle for the formation of
lactate during heavy exercise, show that the depleted subjects experience a typical nonlinear
rise in ventilation during heavy exercise (158). Importantly, these individuals have normal
Vo,m Values and otherwise normal cardiovascular responses to exercise.

The ventilatory anaerobic threshold has some utility as practical measure to diagnose
pathophysiological responses to exercise in patients with conditions like congestive heart
failure, and it (or several similar indices) may also be useful in the context developing
training plans for elite athletes. However, the mechanistic links central to the hypothesis
are clearly not obligatory based on the compelling observations in the four patients with
McArdle’s disease made by Hagberg and colleagues. Patients with McArdle’s disease will
be discussed again in the section on blood pressure regulation and the sympathoexcitatory
role of acid sensing receptors and channels in skeletal muscle afferent nerves (105, 291).

Section Summary

41

Patients with McArdle’s disease show a normal, non-linear increase in ventilation and
arterial pH during heavy incremental exercise in the absence of a rise in blood lactate
concentrations. This experiment of nature is important because it challenged that there was
an obligatory and causal link between the non-linear rise in minute ventilation during heavy
exercise and arterial blood lactate levels.

Physical Activity, human health, and the natural experiment paradigm.

The natural experiment study that informed our mindset emanated from observations on
occupational physical activity and heart disease in British civil servants reported in the
decade following World War 1. The idea that exercise (or more generally physical activity)
is good for human health dates to antiquity (33, 226). For example, both Hippocrates and
Galen suggested that a dearth of physical exercise was detrimental to health (269). However,
by the 20t century a diametrically opposite view — that exercise was dangerous — was
widespread (151, 214). Based on comparisons of mortality between American college men,
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giants of both cardiology and science postulated that athletes had “demonstrably larger”
hearts and shorter life expectancy than scholars (151, 282, 285, 303). In as much as exercise
was dangerous, several weeks of complete bed rest was prescribed for patients with acute
myocardial infarction (214). However, the classic studies of Morris and colleagues on the
incidence of cardiovascular disease among civil servants in the United Kingdom changed the
prevailing opinion on the “dangers” of exercise (154, 249-253, 268, 269).

The design of these natural experiments was straightforward— examine groups of civil
servants who entered the workforce with similar demographic and health backgrounds but
were subsequently exposed to different levels of occupational physical activity. Perhaps the
most well-known of these seminal studies is the study comparing coronary heart disease
and occupational physical activity among about 31,000 transport workers in London (251,
252). The bus drivers primarily sat during occupational activities while the bus conductors
systematically walked up and down the stairs of the prototypical London double decker
buses collecting fairs from passengers. Other occupational groups studied by Morris and
colleagues included individuals involved in clerical work (telephonists) compared to postal
workers who walked while delivering the mail. As shown in Figure 3, these studies
demonstrate that the incidence of death from coronary heart disease was reduced by ~50%
in the “active” civil servants compared to “inactive” civil servants (252). Of note, a later
report in the same population showed that the uniform size was bigger in the drivers than
conductors even when the joined the transport service (154). This difference in uniform size
raises the possibility that conductors were less active and less fit from a young age, and there
was selection bias in the cohorts. It also highlights that selection bias is one of the main
challenges of some natural experiments (195).

Effect sizes similar to those reported by Morris and colleagues have been remarkably
consistent across numerous population cohorts over the last 70 years (38, 163, 186,

199, 326, 334, 347). Additionally, using similar approaches, Paffenbarger and colleagues
demonstrated dose response relationships between protection against cardiovascular disease
and high levels of both occupational and recreational physical activity (37, 211-213, 267,
271-275, 325). Importantly, the natural experiment approach to study the relationship
between physical activity or exercise and cardiovascular disease is ideal because the
outcomes of interest take decades to emerge (214, 265). Thus, randomizing a large group
of otherwise similar volunteers to a sedentary lifestyle versus a physically active lifestyle
would be both logistically challenging and - given the population-based data - ethically
questionable (278, 279, 281). Would an Institutional Review Board approve a study that
required years of intentional sedentary behavior?

The fundamental observations from the natural experiments outlined above have stimulated
many lines of scientific investigation on the causal factors linking physical activity and

the risk of cardiovascular disease. These scientific investigations range from interventional
studies in humans, studies in animal models and observations at the genetic and cellular
level. However, taken together a major theme is that either high levels of physical activity
—via occupational physical activity, leisure time physical activity, or structured exercise
programs — improve cardiovascular and metabolic health (24, 83, 145, 214, 248, 270, 327).
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Why and how are exercise and physical activity protective? The standard answer relates

to the effects of these behaviors on traditional risk factors such as blood pressures, lipids,
and diabetes that are causally associated with cardiovascular disease. However, the effects

of exercise and physical activity on cardiovascular risk are greater than might be expected
based on their effects on the traditional risk factors enumerated above (182). In several of the
following sections we will consider mechanistic evidence from both natural experiments and
experiments of nature related to the health benefits of exercise.

Section Summary

The London transport workers study is a natural experiment that provided the first clear
evidence that physical activity was protective against cardiovascular disease. The work

of Morris and colleagues transformed the field of physical activity and exercise related
population health studies. It also led to countless studies that sought to understand the
biological mechanisms responsible for the protective effects of physical activity and exercise
on human health.

51 Too much exercise?

Numerous population-based studies that have intellectual roots in the studies of Morris

and Paffenbarger have shown that exercise or physical activity reduces the risk of both
cardiovascular disease and all-cause mortality (31, 32, 182, 196, 198, 209, 210, 256, 261,
359, 369). Many studies demonstrate a dose response relationship, such that more exercise
or physical activity confers a greater benefit for risk of cardiovascular disease or mortality,
but there is also evidence of a “ceiling effect” with diminishing risk reduction with very
high levels of exercise or physical activity (10, 215, 246, 360). Likewise, there is an

inverse relationship between cardiovascular fitness measured during incremental exercise
and mortality as shown in Figure 4 (111). More recently, there is evidence that extremely
high levels of exercise might contribute to an increase in risk of cardiovascular disease and
mortality (292, 315). The notion that high exercise doses may be associated with increased
mortality, or is perhaps even more risky than sedentarism for health, is controversial and
has received much attention in the popular media (308). In contrast, there is also substantial
evidence of exercise-related survival benefits in extreme endurance exercisers compared to
the general population (134), including data from a large cohort of Scandinavian endurance
athletes (189).

A notable natural experiment on the “too much exercise” question is a series of studies
including ~50,000 men and ~25,000 women finishers of the long-distance Vasaloppet cross-
country ski races (6, 106, 107, 146). Health outcomes were compared to similar aged
subjects using the comprehensive Swedish national health records database. Participants
with faster and more race finishes had reduced all cause and cardiovascular mortality. The
reductions in mortality were also of a similar relative magnitude as those seen by Morris
more than 60 years earlier. Because both arduous training for years is required to complete
such a race and very high fitness is required to complete it with a fast time, these data
provide powerful evidence to counter the too much exercise hypothesis. However, there was
also a modest increased risk of atrial fibrillation in separate analysis of the fittest and fastest
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male skiers compared to slower and less frequent finishers and also the control cohort (6).
The association between increased risk of atrial fibrillation and extremely high levels of
regular endurance exercise has been consistently observed, although the causal mechanisms
are not fully elucidated (2, 17, 60, 157, 187, 243, 245, 292). Plausible explanations for the
apparent increase in atrial fibrillation include exercise induced fibrosis of the atria and high
vagal tone. Another explanation is that the fastest and more frequent finishers were more
aware of any atrial fibrillation they might experience and sought medical attention for it.

Section Summary

61

The data from cross country skiers refutes the too much exercise and increased mortality
hypothesis. It shows that the dose response relationship between fitness, physical activity
and mortality extends to people in the very highest categories of both. It is also notable
because many women were included. In the next two sections we will touch on additional
evidence relevant to the health benefits of exercise and physical activity and also relevant to
the too much exercise hypothesis.

Exercise and Vascular Adaptations

At the time of the early epidemiological studies on exercise and cardiovascular disease,

it was generally thought that atherosclerotic blockages of the coronary arteries played a

key role in this pathophysiology of what is termed “coronary heart disease”. This general
proposition has been refined over the last 30 years to include the idea that an acute coronary
artery thrombosis, in addition to atherosclerotic narrowing of the coronary arteries, triggers
an acute “heart attack” or an Acute Coronary Syndrome. Such events damage heart muscle
and can evoke life threatening arrhythmias.

An autopsy study performed on seven-time Boston Marathon Champion and Olympic
Bronze medalist (1924 Paris Olympics) Clarence “Mr. Marathon” DeMar (1888-1958)
represents a remarkable experiment of nature which provides key insights on the effects

of lifelong endurance exercise on the coronary arteries. DeMar had continued to train after
his elite, competitive career was over finishing his last Boston marathon at age 65 and was
one of the first well-known lifelong athletes. An autopsy performed after his death from
cancer at age 70 demonstrated that DeMar had extremely large coronary arteries. While

his coronary arteries had significant atherosclerotic plaque, their lumens had diameters that
were estimated to be two or three times the normal size (80). Anatomic findings of DeMar’s
coronary arteries are represented in Figure 5.

Subsequent autopsy data reported in 1972 on Masai tribesmen in Kenya who had died
traumatic deaths confirmed the observations from DeMar’s autopsy (228). The physically
active and fit Masai, who ate a surprisingly atherogenic diet, also had very large coronary
arteries and atherosclerotic plaque. These observations indicate that exercise can cause
remodeling of the coronary arteries, a phenomenon that has been confirmed in many studies
using many models (136, 138, 197, 204, 205). These experiments of nature also demonstrate
that exercise is not absolutely protective against the development of atherosclerosis, an
important secondary insight.
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In the 1990s, ideas about exercise, endothelial function, and improved coronary artery
vasodilation had both emerged and converged. A natural experiment by Haskell and
colleagues showed that coronary arteries of 11 male ultramarathon runners dilated more
compared to coronary arteries of 11 physically inactive men (controls) when nitroglycerin
was administered via intracoronary infusion (152). This observation extends the earlier
experiments of nature data on DeMar and the Masai by showing that high levels of lifelong
physical activity and exercise were associated with both bigger coronary arteries and
increased vasodilatory capacity. While atherosclerotic lesions can be present among lifelong
habitual exercisers, larger coronary vessels and improved vasodilator and coronary artery
function are almost certainly protective (160, 218, 284). This observation also provides
evidence to refute the “too much exercise” and cardiovascular health hypothesis discussed
previously. These data also align with the more general observation that professional athletes
have improved survival compared with nonathletic counterparts (61, 229, 313).

Before we turn our attention to the next example of how informative both natural
experiments and experiments of nature can be, two caveats on the larger question of exercise
and vascular function are worth mentioning. The first is the discovery of Endothelial Derived
Relaxing Factor (EDRF) in 1978 and subsequently nitric oxide. EDRF was discovered

by accident when the vascular endothelium was apparently not removed from isolated

blood vessels being used in studies of vascular pharmacology and unexpected relaxation vs.
contractions were seen in response to muscarinic agonists. Up to that time the endothelium
was routinely denuded from blood vessels in pharmacology studies to ensure that the drugs
of interest reached the vascular smooth muscle. Thus, what turned out to be a serendipitous
finding opened a whole new subfield of vascular biology, new insights into pathophysiology,
and new targets for therapy (121-132).

One of the first demonstrations that some of the beneficial effects of exercise might be
associated with EDRF came from studies that compared the vasodilator responses to brief
periods of ischemia (reactive hyperemia) in both forearms of tennis players. The primary
finding of these studies was that the vasodilator responses in the trained, dominant forearm
were greater than those vasodilator responses in the non-dominant (less trained) arm (331).
This within subject finding was consistent with the idea that exercise and/or chronic physical
activity could cause the blood vessels to remodel and become larger. However, in a later
study, interarterial infusions of acetylcholine in the brachial arteries of the trained and
untrained forearms of tennis players showed similar responses (137). This finding was
consistent with the idea that in response to training an increase in shear stress initially causes
temporary endothelial adaptations that recede as the vasculature anatomically remodels

and a given level of blood flow evokes less shear stress (136). So, while training clearly
improves endothelial function, its effect on vascular remodeling needs to be considered
when interpreting results of studies that use drugs to assess EDRF mediated mechanisms.

Passive experiments of both types have provided critical insights showing that exercise can
have profoundly beneficial effects on health, cause vascular remodeling in the coronary and
peripheral circulations, and that the too much exercise hypothesis has serious limitations.
The studies highlighted above have the advantage of extremely long-term exposures to the
exercise stimulus in contrast to the weeks or months long exposures typically employed
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in interventional exercise training studies. As noted earlier, the duration of exposure and
extreme dose of the exposure are some of the advantages of both natural experiments and
experiments of nature. The differences in forearm vascular physiology in the dominant
and non-dominant arms of tennis players have the added advantage of a within subject
comparison.

Section Summary

The autopsy observations made in Clarence “Mr. Marathon” DeMar and subsequent
experiments of nature and natural experiments show that exercise can cause marked
remodeling of the blood vessels in the heart and trained skeletal muscles. They also show
training improves vasodilator function. These findings explain many of the health benefits of
exercise and physical activity. They have informed a wide range of investigations on related
topics using approaches that range from molecular to population based.

71 Physical Activity, Exercise and Body Weight

Because many of the health benefits of exercise and physical activity may operate by
preventing weight gain or buffering the negative metabolic effects of obesity, this section
focuses on body weight. Both natural experiments and experiments of nature indicate the
exercise and physical activity can be profoundly protective against the development of
obesity (78, 255).

Increases in body weight and the incidence of obesity at the individual and population

level are major public health problems (64, 188, 318, 353). The increase in prevalence

of overweight and obesity are mainly attributed to changes in food environment and food
systems, primarily increased availability and accessibility of relatively low-cost, high-calorie
food products and intense marketing of such food products (64, 339, 355). Simultaneously,
the energy expenditure needed for daily life has rapidly declined in most middle- and
high-income countries because of modernization and associated increases in automation,
mechanization, urbanization, motorization, and computerization (120, 135). In short, the
modern world is often described as an obesogenic environment (203, 339).

For those interested in the role of exercise and physical activity on body weight regulation
two competing perspectives seem to have emerged. The first is that you can't out exercise

a bad diet. The second was summarized in the cult classic novel Once A Runneron elite
distance running and it states “/f the furnace is hot enough you can burn anything, even Big
Macs.” (283) In general, the idea that you can't out exercise a bad diet is the predominant
perspective, but is there evidence to the contrary? In this section, we summarize data

from several passive experiments, mostly natural experiments, showing that under some
circumstances high levels of voluntary exercise or physical activity can have profound
effects on both body weight and health. Again, these studies include exposures to physical
activity and exercise that are both greater and perhaps much longer in duration than typically
employed in interventional studies.

The classic natural experiment by Jean Mayer and colleagues helped describing the interplay
between occupational physical activity, caloric consumption, and body weight predicted that
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“mechanized, urbanized modern living... [may] be a major factor in the increased incidence
of obesity” (169, 231). Jean Mayer (1920-1993) was one of the most influential nutrition
researchers of the 20th century. In the 1950s he studied workers at a jute processing plant

in India (231). Jute is plant-based fiber component used as a raw material to manufacture
rope. Mayer described U-shaped relationship between caloric consumption and body weight
(Figure 6). The most physically active manual laborers had high caloric consumption and
low body weights. The sedentary managers had similarly high caloric consumption but much
higher body weights. Workers who got some physical activity at work seem to have both a
low body weight and lower caloric consumption.

There are many potential interpretations of the relationship noted in Figure 6. The most
obvious is that for those doing the heaviest labor, physical activity mitigated the effects of
calories consumed on body weight. An additional observation from the medium physical
activity occupations suggests that moderate levels of physical activity prevent weight gain
by improving the regulation of appetite. Likewise, the old order Amish who live a non-
mechanized agricultural lifestyle which includes heavy manual labor and kilometers per day
of walking also have very low rates of obesity (21, 22). These very low rates of obesity were
observed in spite of eating a high fat, high calorie diet. Likewise, participants of the Tour de
France cycle more than 3,000 km during the 3 weeks of the race and consume nearly 5500
calories per day, and these very lean athletes struggle to maintain their body weight (370).

The National Runners study is an Observational cohort that includes tens of thousands of
participants who exercise by running or walking regularly. There are a number of identical
twin pairs in the study, including 35 (10 female pairs) that had a twin who is inactive.
Although studies of twin pairs are most often associated with estimating ‘heritability’ and
genetic studies, twin studies offer a powerful tool to study casual inference associated

with divergent lifestyles or environmental factors (47, 232, 236). Williams and colleagues
compared body mass index (BMI) values for 35 pairs of twins discordant for exercise—one
twin was highly active and the corresponding twin was much less active (374). The active
twins ran about 60 km per week. Williams and colleagues found that especially among the
higher BMI twin pairs, years of physical activity (running) prevented the active twin from
becoming obese (BMI>30 kg-m~2), see Figure 7. So, while there is evidence from a variety
of sources that genetics contribute to body weight and obesity, this study shows that high
levels of habitual physical activity can override the genetic contributions to body weight
regulation.

This observation has been supported recently by a remarkable case report of 52-year-old
identical twin brothers highly divergent for physical activity (23). The active twin had

been doing high volume endurance exercise for 30 years including participation in Ironman
distance triathlons, and the inactive twin had refrained from regular exercise throughout

his adulthood. This twin pair had divergent physiological adaptations to these discordant
exercise habits, including greater cardiorespiratory fitness, lower body fat, and greater “slow
twitch” muscle fibers in the active twin—see Figure 8. Additionally, at a molecular level, the
influence of key genetic variants implicated in obesity are only seen in cohorts born after
World War 11 when they were more likely to be exposed to a high calorie, low physical
activity environment (304).
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Another important observation related to the interactions between exercise, diet and health
demonstrates that, among low fit subjects, there is an inverse relationship between mortality
and a measurement known as the “healthy eating index”. This relationship is absent in the
fittest subjects and is consist with the idea that perhaps it is possible to “out exercise” an
unhealthy diet (90, 159). More recent data from a very large cohort gleaned from the UK
biobank shows the profound beneficial effects exercise and physical activity can have on
mortality even in those with suboptimal dietary habits. The protective effects diet alone in
the absence of exercise and physical activity were quite modest (90).

While there are innumerable diet and exercise studies using the passive experiment
paradigms, two more seem especially provocative on the topic of weight loss. First

the National Weight Control Registry (http://www.nwcr.ws/) is an observational study of
(formerly) obese individuals who have lost more 30 or more pounds (~14kg) and maintained
the weight loss for at least one year (55-57, 81, 161, 193, 264, 293, 348, 376). Successful
“biggest losers" have a number of habits that permit them to maintain their weight loss over
many years. Among the habits associated with weight maintenance is roughly an hour a day
of exercise (276, 375). The second is data on individuals who have undergone long periods
of voluntary caloric restriction (118). When individuals who have undergone voluntary
caloric restriction for many years are compared to controls and matched habitual exercisers
at least some members of the caloric restriction cohort had abnormal glucose tolerance
(117). These findings indicate that even an extreme diet may not generate the beneficial
effects of exercise on metabolic health.

The above studies can be summarized as offering evidence that high levels of exercise

and physical activity modulate the effects of diet on body weight and health. Exercise

and physical activity might also improve the regulation of appetite. While it is perhaps
unreasonable to expect many people to engage in the extreme levels of behavior highlighted
in this section, the observations summarized above do make key points about the biology
underpinning the interactions of diet and exercise. Because of the extreme nature of
behaviors that can be framed as interventions, they also show the value of both natural
experiments and experiments of nature.

Section Summary

81

The natural experiments and experiments of nature related to physical activity, exercise and
diet show the profound impact that physical activity and exercise can have on body weight.
This impact can override genetic factors that might contribute to increased body weight. It
can also contribute to sustained weight loss and protect health when an unhealthy diet is
consumed.

Maximal Oxygen Uptake and Aging

This section is our longest section and covers two related areas maximal oxygen uptake
(Vo,m) and the effects of aging on it. We opted for a single section on this topic because

observations in aging humans, especially masters athletes provide mechanistic insights into
the both the physiological determinants of V.., and healthy human aging (14, 94, 113, 150,
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153, 155, 173, 174, 179, 207, 208, 288, 321, 341, 343-346, 351, 352). Additionally, because
exercise capacity is also predictive on longevity as noted previously, the physiological
determinants of VO, are of interest in that context.

As noted previously, physical activity or exercise quantified in terms of duration per day

or week along with an estimate of intensity is a powerful predictor of all-cause mortality.
Additionally, peak exercise capacity which can include gas exchange based measurements
of maximal oxygen uptake is also a predictor of all-cause mortality and fitter individuals
have much lower risk of death for both cardiovascular and all causes. The relationship
between physical activity and fitness can be complicated and while the two are not
synonymous they are almost certainly related (239). Thus, what do natural experiments and
especially experiments of nature tell us about peak exercise capacity and the physiological
determinants of maximal oxygen consumption and how they change with aging?

Vom FEPresents the maximum ability of the cardiovascular and respiratory systems to
deliver oxygen from the air to the exercising skeletal muscles. Normal values are ~40 and
~35 ml/kg/min in healthy young men and women, respectively and there is typically a 10%
per decade reduction in Vo, starting in the fourth decade of life (173, 351), see Figure 9.
Although endurance exercise training can cause marked increases in Vo,..., there is debate

about trainability as some individuals do not respond to a few months of training. However,
it appears that if the exercise stimulus is great enough and for a long enough duration,
almost all previously (otherwise healthy) sedentary humans can experience marked and
sometimes dramatic increases in their Vo,... (15).

Why V... is predictive of all-cause mortality is of interest. Individuals with high intrinsic
fitness - high levels of fitness in the absence of training - may just be more physiologically
robust or resilient. They might also be more physically active, and because peak exercise
capacity expressed on a body weight basis, they might also be lighter. Additionally, the
types of physical activity and exercise training required to increase maximum oxygen uptake
improve vascular function, metabolic health, and can have a positive influence on the
autonomic nervous system (182).

The major physiological determinants of V... are now generally agreed to be a peak cardiac

output along with red cell mass or the closely related total body hemoglobin (224). In

most individuals, except patients with pulmonary conditions and some elite athletes, the
respiratory system does not limit Vo,.... Importantly, during heavy exercise the vast majority
(80%) of cardiac output is delivered to the exercising skeletal muscles, and these muscles
extract a high fraction of the arterial oxygen content, for use by the mitochondria. With
training there are increases in skeletal muscle mitochondria content as well as muscle
capillary density. While both adaptations can improve oxygen extraction, the limiting factors
are still dominated by total oxygen delivery to the contracting muscles because it is not
possible to extract what has not been delivered (178).

Now for some insights on V... that come from experiments of nature. The first observation
comes from the classic 1930s study “New Records in Human Power” (302). In this study
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measurements of oxygen consumption during heavy exercise were performed on several
champion runners. The measurements were made in ways analogous to modern protocols
10 aSSess Vo, The athletes studied included the world record holder in the mile Glenn
Cunningham and the first man to break 9 minutes for two miles (~3.2 km), Don Lash. Lash
is important for another reason because he continued to train throughout life and was one of
the first master athletes to be studied.

The study was performed at the Harvard Fatigue Lab and several luminaries in integrative
physiology including Robinson and Dill (who were authors on the classic 1930s study)
(350). Of note, Cunningham & Lash both had V.., values of ~75 mL-kg™1-min~1, These

values are in the range seen in contemporary Champions and they were achieved via very
limited training regimens by modern standards (170). However, their training included what
would be described in current terms as very “high intensity” duration repetitions of up to a
few minutes in duration (149). These observations are some of the first clear demonstrations
suggesting that limited periods of very high intensity training can result in impressive values
for Vo, in individuals who with inherent biological talent.

The next study that is of interest comes from a study on Eero Mantyranta, a Finnish
cross-country skier, multiple-time World Champion, and Olympic medalist. This individual
was a rare genetic “human knock out” with a truncated erythropoietin receptor leading to
chronically high levels of endogenous erythropoietin and the resulting increased red blood
cell mass and total body hemoglobin. While there is limited data on Méantyranta he was
competitively active when laboratory data on issues related to red cell mass, hemoglobin
and V... were being explored in Scandinavia (100, 101). Data from these studies ultimately

informed the subsequently banned practice of blood doping were.

As mentioned earlier Vo, declines roughly 10% per decade starting in the fourth decade

of life. What happens to this decline in individuals who train regularly? In 1981 Heath and
colleagues reported Vo, values measured in 16 elite master athlete runners (all males with a
mean age of 59) and compared them to matched younger runners (155). This study exploited
the early 1970s running boom and the fact that at least a few individuals who had been elite
athletes in their youth (like Don Lash mentioned earlier) had either continued to train or

had resumed training in middle age for fitness and health purposes. There were also some
elite masters runners who had taken up the sport later. As shown in Figure 10, the Vo,
values in the elite master athletes were far higher in comparison to the older controls and

the data indicated that the decline in V.., with aging might be limited to ~5% per decade.
Additionally, the estimated O, pulse, an index of oxygen consumption per heartbeat was
similar in the younger and older runners indicating that cardiac stroke volume was likely
similarly high in the two groups. Thus, the lower V.., values in the master vs. younger
athletes was almost all explained by the well-known age-related reduction in maximum heart
rate (342). A decline in maximum heart rate, if there was no increase in stroke volume,
would lead to a reduction in maximum cardiac output.

An interesting observation on this topic comes from the great rowing champion Eskild
Ebbesen who won three Olympic gold and two bronze medals over five Olympiads
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(1996-2012). His V..., was measured over more than 20 years remained remarkably

constant (~5.5 L-min~1 from age 25-40) even though his maximum heart rate fell 20

beats per minute from age 19 to 40 (263). The duration of a 2000m rowing competition
(~6-7 minutes) means that it occurs at a pace and power output that evokes V.

These observations suggests that Ebbesen’s stroke volume increased to compensate for
his reduced maximum heart rate. Likewise, acute reductions in maximum heart rate
caused by administration of beta-blocking drugs in younger endurance athletes can cause
a compensatory increase in stroke volume (181). The findings in Ebbesen and the beta-
blocked athletes are consistent with the idea that the ventricles of young subjects are highly
compliant. More recently, it has been shown that the ventricular compliance of lifelong
endurance athletes is also maintained in comparison to sedentary and recreationally active
subjects of the same age (29).

Because master athletes start with higher V..., values, there is some evidence that the

percentage decline they experience with aging can be greater than in sedentary humans
(113, 288). However, this finding might be confounded by any reductions in the frequency,
intensity or duration of training by the master athletes. Longitudinal data supporting that
prolonged intense endurance exercise training can limit the fall V., comes from Costill
and colleagues who studied 53 elite distance runners in their twenties and then invited these
individuals back to the lab more than two decades later (68-74, 352). Their mean age was
~50 years and some continued to train very hard, and these individuals showed the ~6%
decline in Vo, similar to the cross sectional data from Heath and colleagues (155). There
were more marked declines in individuals who engaged in fitness related activities and a
much larger drop seen in individuals who did not engage in any physical activity or exercise.

Likewise, in another cohort of 135 committed Master athletes the decline in performance
over ~8 years was greater than the minimal rate of only 5-6 % per decade suggested by the
Heath data and age specific record performances (155, 173). However, among the subgroup
of male athletes who continued to perform high intensity training and maintained their lean
body mass the decline in Vo,..,was in fact minimal. In the women hormone replacement
therapy was associated with a blunted decline in Vo,..... That continued high levels of
training and maintenance of muscle mass can slow the decline in V.., with aging have
been extended to even older athletes with observations made on men who had been elite
Swedish cross-country skiers and remained highly active into their 80s and case reports in
elite runners (298, 351).

There are some additional experiment of nature observations associated with exercise
training (and detraining) that add to the insights enumerated above. The first is that even
very brief periods of physical inactivity can cause dramatic reductions in V... The classic

Dallas Bed Rest Study showed that only three weeks of bedrest in young men can cause
marked reductions in Vo,.... When the same five volunteers who participated in the original

1966 study were studied 30 and 40 years later, the decline in their V..., over four decades

was similar to the decline caused by 3 weeks of bed rest 40 years earlier (235, 237, 238,
307), see Figure 11. This led the authors to speculate that three weeks of inactivity equals
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30 years of aging. This provocative assertion highlights the negative effects of inactivity on
exercise capacity and almost certainly health and life expectancy.

An especially stimulating experiment of nature came in the form of a short letter published
in the Journal of Applied physiology in 1989 by Frank Booth (35). He plotted serial
measurements of V,,.... available over many decades on the noted physiologists Dill,

Asmussen and Robinson (11, 79, 301), see Figure 12. He noted that the decline was close

to the 10% per decade discussed earlier. Booth also speculated that the ongoing decline later
in life was due in part to a loss of skeletal muscle mass as opposed to a reduced oxygen
delivery capacity by the cardiovascular system. This decline in muscle mass may explain the
accelerated declines in record performances seen by elite master athletes after the 8th decade
of life. Of note Dill lived to be 95 and continued to participate as an experimental subject
into his late eighties (377). He commented that in his 80's and 90's it was more difficult for
him to maintain his muscle mass. He also noted that in his early 90s his Vo,.., was declining

and approaching his basal metabolic rate and speculated that he would likely die at about the
time his maximal oxygen uptake and basal metabolic rate converged. (MJJ attended a lecture
Dill gave in the early 1980s when he was a student at the University of Arizona. He heard
this remarkable scientist comment on his muscle mass and make this provocative statement
on the limits of his life expectancy.)

Section Summary

91

The collection of observations from both natural experiments and experiments of nature
reviewed in this section indicate that it is possible for middle aged and older humans to have
high Vo,... Values as a result of training. Additionally, continued training can delay and blunt
the decline in Vo,... With aging. Such activity should then translate into a better position on

the exercise capacity vs. risk of death curve shown in Figure 4. The interaction of muscle
mass, training, and exercise capacity highlighted by Booth’s observation in 1989 deserve
continued attention and there is a vital need for more data in women.

Blood Pressure

Blood pressure rises with exercise. The physiological mechanisms responsible for this rise
have been of interest since the dawn of experimental physiology in the late 19th and early
20™ centuries (200, 241). The current iteration of these ideas includes a so-called Central
Command signal or a feed forward message to the brainstem cardiovascular centers that is
related to the motor effort required to activate the skeletal muscles (241). There are also
ideas about baroreceptor resetting, and feedback (known as the exercise pressor response)
from the contracting skeletal muscles themselves. In the late 1930s Alam and Smirk
working at the British medical school in Cairo conducted a series of studies and developed
a paradigm to study the role of both Central Command and feedback from contracting
muscles that is with us today. The basic idea is that a volunteer subject performs exercise
(usually a handgrip or leg extension) while heart rate and blood pressure are measured

(4). A pneumatic cuff is inflated to a pressure above systolic blood pressure around the
upper arm or thigh to occlude the circulation in the exercising muscles. The occlusion can
be implemented throughout contractions or just prior to stopping them leading to a period
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of post-exercise ischemia. The idea is that any sustained increases in blood pressure or

heart rate that are seen during post-exercise ischemia are evoked by the stimulation sensory
afferents in the contracting muscles — the exercise pressor response. By contrast any changes
in heart rate or blood pressure that occur when voluntary contractions start, or stop are
thought to be caused by the modulation of Central Command. This basic paradigm has

been used in countless human studies and versions of it have been adapted to study these
mechanisms in animal models.

With, for example, a static handgrip there is an immediate rise in heart rate and blood
pressure with the onset of exercise that increases as the exercise becomes fatiguing. With
post exercise ischemia the increase in blood pressure is sustained after contractions stop,
but heart rate returns to baseline. These fundamental observations led to the idea that
heart rate was primarily under the control of central command and that feedback from the
active skeletal muscles contributed to large increases in blood pressure during fatiguing
exercise (356). Importantly, the role of feedback from the contracting muscles was clearly
demonstrated when Alam and Smirk studied a single volunteer (Figure 13) who had
normal motor function to his exercising leg but a neurological lesion that rendered that
leg insensitive (4). This individual did not show the sustained increases in blood pressure
seen in normal subjects during periods of post-exercise ischemia.

A large body of work has flowed from these observations including classic studies using
microneurography showing that skeletal muscle afferents are essential to evoke increases in
efferent muscle sympathetic nerve activity during exercise. That these sensory afferents are
stimulated by skeletal muscle acidosis comes from another experiment of nature showing
that patients with McArdle’s disease, who are unable to produce lactic acid in their
contracting skeletal muscles, have no rise in muscle sympathetic nerve activity during
fatiguing static handgrip exercise (105, 291). Studies in animal models have identified a
number of acid sensitive channels and receptors that stimulate group 111 and especially group
IV in the active skeletal muscles to evoke the reflex increases in blood pressure and MSNA
noted above. These studies have also demonstrated that in pathophysiological conditions
like congestive heart failure and hypertension augment the activation of these afferents and
contribute to the excessive sympathetic activation seen in these conditions (241). Of note,
one of the most cited papers in the history of Integrative physiology shed important light on
this topic in the early 1970s (234).

Smirk, the senior author of the 1937 and 1938 papers, went on to a distinguished career as
a clinical investigator and leading expert on the regulation and pathophysiology of blood
pressure in humans. He did this after WW 11 while Professor of Medicine at the University
of Otago on the South Island of New Zealand (97). In what was then an extremely

isolated environment, he was the first to systematically treat hypertension with autonomic
blocking drugs and reduce the morbidity and mortality from this condition. For his efforts
in developing novel treatments for hypertension he was Knighted, and his 1957 book High
Arterial Pressure remains a classic (332). He also developed an early version of a clinical
research unit that included research nurses and pharmacists.
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The insights from Alam and Smirk come from studies using primarily static exercise

and include intentional periods of ischemia. A key question then is what is the role

of sympathetic activity to skeletal muscle during dynamic large muscle mass exercise

like cycling or running? This is important for several reasons including the fact that in
comparison to “athletic" animals like dogs and horses, humans have relatively small hearts
(324). With the discovery in the 1980s that human skeletal muscle blood flow could be
very high, it became clear that at least some vasoconstriction of the resistance vessels in the
contracting skeletal muscles was required to regulate blood pressure during exercise. This
is part of what Rowell described as the Sleeping Gianthypothesis (172, 306). The idea is
that perhaps 10 of the ~30 kg of skeletal muscle in a healthy young male might be active
and maximally dilated during heavy whole body exercise. If so, the blood flow demands of
the active muscle (~300mL-100g~1-min~1) would exceed the ability of the heart to generate
sufficient cardiac output to maintain arterial pressure (much less raise it) during exercise.
Thus, the vasodilator capacity of skeletal muscle was a Sleeping Giant.

Much of the Sleeping Giant hypothesis has been generated based on hemodynamic
calculations and observations showing that there can be vasoconstriction in contracting
skeletal muscles. However, in the early 1960s Marshall, Schirger and Shepherd studied six
patients who had undergone surgical thoraco-lumbar surgical sympathectomy (230). This
procedure was done to control severe hypertension in these patients in an era when drug
therapy for high blood pressure was in its infancy. The sympathectomy patients studied

had normal heart rate responses to exercise because the autonomic innervation to their
hearts remained intact. They also had intact baroreceptors. At rest they suffered from
orthostatic symptoms when they stood up, so the exercise studies were conducted in the
supine position. Remarkably, during supine exercise (Figure 14) blood pressure fell during
even mild exercise in these patients. To ensure that there was adequate venous return to the
heart, the patients also exercised during 15-degree head down tilt and blood pressure still
fell. The absence of sympathetic innervation to the exercising leg muscles in these patients
was almost certainly responsible for the hypotensive responses during exercise. The findings
clearly anticipate the Sleeping Giant hypothesis of Rowell. They also validate the much later
observations that the vast increases in skeletal muscle blood flow possible during exercise
need continued regulation by the sympathetic nervous system so that blood pressure can be
maintained during whole body exercise in humans - especially while upright.

One last unique observation about the blood pressure responses to exercise are the incredibly
high values seen when healthy humans engage in heavy weightlifting with a large mass of
muscle. McDougall and colleagues made direct intra-arterial blood pressure measurements
while five experienced strength trained, in all subjects engaged in heavy weightlifting (227).
Values as high as 480/300 mmHg were recorded in one subject performing leg presses, and
systolic blood pressures greater than 300 mmHg were not uncommon. There was also a
rhythmic waxing and waning of the pressure as the subject performed a Valsalva maneuver
with each effort and blood pressure rose progressively over the 10 or more repetitions. This
data is a reminder of the extreme physiological responses that can occur during exercise.

It also shows the magnitude of the rise in blood pressure that can be generated by the
mechanisms discussed earlier. Such data are also extremely impressive to clinicians familiar
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with the risks associated with even modest increases in blood pressure and can help better
define what normal responses to acute physiological stress.

Section Summary

The four experiments of nature summarized above have made major contributions to
understanding autonomic nervous system regulation of blood pressure during exercise. Acid
sensitive afferents in the contracting muscles contribute to the rise in blood pressure during
exercise via a reflex increase in MSNA. An increase in MSNA is required to regulate blood
pressure during whole body dynamic exercise, and dramatic increases in blood pressure
occur during heavy weightlifting. These observations have informed numerous basic and
clinical studies on blood pressure regulation during exercise.

10| Fast and Slow Twitch Muscles

In the section on body composition, identical twins divergent for physical activity have
been discussed. One of the most extreme examples are a pair of brothers who were
studied in their 50s. One had been sedentary while the other had been participating in
endurance activities including Ironman distance triathlons for decades. These brothers had
the expected differences in Vo,..., body composition and other phenotypic traits associated

with lifelong endurance exercise training in comparison to inactivity. However, this twin pair
also underwent skeletal muscle biopsy testing which provided new insights into the limits of
muscle plasticity in humans (23), see Figure 8.

Muscle plasticity is an umbrella term used to describe changes in muscle phenotype due
to adaptations caused by use or disuse (287). For example, skeletal muscle hypertrophy
in response to resistance exercise training or compensatory overload is a form of muscle
plasticity. In response to endurance exercise training the mitochondrial content of the
muscles subject to training can double, and capillary density can increase (164). At the
other end of the spectrum is disuse atrophy and the reduced vascular capacity seen with
immobilization or denervation.

Most species have one or more forms of fast and slow-twitch skeletal muscle fibers that can
be distinguished on the basis of biochemical analysis and by the physiological properties
of the muscle fibers and their parent motor neurons (44, 330). Fast twitch muscle fibers
contain fast skeletal muscle myosin isoforms, and slow-twitch skeletal muscles contain
slower isoforms of myosin. In response to endurance exercise training, it is well known
that the mitochondrial content of both fast and slow skeletal muscles can increase. In some
circumstances mitochondrial content in trained fast-twitch skeletal muscles can equal or
even exceed that seen in untrained slow skeletal muscle fibers. There can also be subtle
shifts in myosin isoform, but dramatic changes in the percentage of skeletal muscle fibers
categorized as fast of slow in response to training have generally not been observed (1, 112,
171, 240). However, the training interventions have typically been for less than six months.

More extreme interventions in animals like cross-innervation of predominately fast and slow
muscles, or chronic electrical stimulation can cause dramatic shifts in skeletal muscle fiber
type especially from fast to slow twitch (287). In this context, the twin brothers described
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above, who had 30 years of divergent physical activity including very prolonged endurance
exercise training by the active brother, demonstrated dramatic differences in their skeletal
muscle fiber type. The sedentary brother had ~35% fast-twitch fibers and ~65% slow-twitch
fibers. By contrast the active brother had almost no fast-twitch fibers and nearly 100%
slow-twitch fibers. This change in fiber type with exercise training is far more dramatic
than previously thought possible. It opens new questions about skeletal muscle plasticity in
humans. It is also a topic that perhaps can only be explored in experiments of nature who
have extreme differences in physical activity for years or even decades as seen in the twin
brothers highlighted in Figure 8.

A hint that this sort of extreme plasticity was possible was seen in the detraining study

of Coyle and colleagues (59, 75). In seven subjects who had undergone many years of
prolonged intense endurance exercise training prior to detraining some of the endurance
training adapted properties of the skeletal muscle fibers seen in these subjects showed little
change. In the one subject who had only been training for a year more obvious changes
were seen. These observations show the limits of the idea that skeletal muscle fiber type is
predominantly genetically determined (147, 330).

In the context of genetic determinism, it does appear that either one or two copies of R
ACTNS3 gene variant is far more common — nearly ubiquitous - in elite power and speed
athletes. This observation being perhaps the most notable genotype/phenotype associations
found to date in the field of human performance. However, at least one world class long
jumper with a personal best of >8m has been identified with two copies of the XX variant
(221).

Section Summary

The experiments of nature highlighted in this section raise important questions about the
limits of skeletal muscle plasticity. Extensive fiber type transitions towards the slow twitch
phenotype may be possible in humans with years of prolonged intense endurance exercise
training. Additionally, while at least one copy of R variant for ACTN3 is nearly ubiquitous
in elite speed or power athletes it is apparently not obligatory.

111 High Hemoglobin-Oxygen Affinity and Hypoxia

Hypoxia in conjunction with exercise is one of the most extreme physiological challenges
humans confront. One of the acute adaptations to hypoxia that is thought to be beneficial is
an acute right shift in the oxygen hemoglobin dissociation curve to facilitate the unloading
of oxygen at the tissues (12, 216, 217). While this may be beneficial to hypoxic tissues,

it may also limit the ability of hemoglobin to bind oxygen in the lung (366). This

could contribute to further desaturation of arterial blood and thus limit oxygen delivery

to the periphery. By contrast, many birds and mammals adapted evolutionarily to life

at high-altitude have left shifted oxygen hemoglobin dissociation curves on the basis of
structural differences in their heme proteins (19, 244, 259, 316, 317, 335-337, 368). These
evolutionary adaptations in animals raise the possibility that in high altitude environments
it may be advantageous to load more oxygen at the lung via a left shift in the oxygen
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hemoglobin dissociation curve and rely on either increases in skeletal muscle perfusion or
peripheral extraction in the exercising muscles to off-load it.

To test this hypothesis in humans, individuals with rare hemoglobin variants that are left
shifted have served as experiments of nature and been studied at high altitude and during
hypoxia. In the 1970s two brothers with hemoglobin Minneapolis with a P5g of 16mmHg
(oxygen partial pressure associated with 50% hemoglobin saturation) were compared to
relatives with normal Psq values (26 mmHg). The left shifted individuals better maintained
their low altitude exercise capacity measured in Minneapolis (250m) when studied at

high altitude in Colorado (3,100m). To further study this topic, our group has performed
several studies on exercise-related effects among people with high hemoglobin-oxygen
affinity (91-93, 328, 367). We recently performed exercise studies in normoxia and hypoxia
(FijO,=0.15, simulating ~3000m of terrestrial elevation) in a family (N=11) with hemoglobin
Malmo, and one individual with hemoglobin San Diego (92). The Psq in these individuals
was ~16 mmHg. Figure 15 shows that individuals with left shifted hemoglobin had a far
smaller reduction (~4% decline) in their Vo,.,, during hypoxia than healthy controls (~12%

decline) with normal Ps.

One potential confound with these left-shifted individuals is that they also have very high
hemoglobin concentrations of 18 or 19 g/dL as opposed to the normal values of 13-15
g-dL~L. Thus, it is possible that their relatively preserved exercise capacity during hypoxia
is due in part to the polycythemia. However, the decline V... while breathing hypoxic gas

was highly related to the fall in O, saturation each subject experienced suggesting that the
differences in the Psq of the hemoglobin in the left shifted subjects was causal.

Patients with rare hemoglobin variants can also be used to test the hypothesis that the
kidney serves as a “crito-meter” and that oxygen delivery to the kidney plays a role in the
maintenance / set point for hemoglobin concentration. Figure 16 is a plot of P5q versus
hemoglobin concentration coming from blank subjects with a wide variety of hemoglobin
variants. Individuals with right shifts in the oxygen hemoglobin dissociation curve are
relatively anemic, individuals who are left shifted have higher values for hemoglobin and
hematocrit and are polycythemic. This is consistent with the idea that the kidney is a
“crito-meter” because the easier offloading of oxygen to renal tissues facilitated by right
shift hemoglobin would suppress erythropoietin production in the kidney (46, 95, 99, 103,
148). By contrast left shifted hemoglobin would limit O, unloading and stimulate increase in
erythropoietin release.

One other experiment of nature finding in humans relevant to exercise and hypoxia that
deserves mention comes from observations of increased pulmonary diffusing capacity (a
marker of lung surface area) in individuals who were born in Leadville Colorado (58, 335).
Leadville natives had much higher pulmonary diffusing capacity compared to individuals
who had moved to altitude later in life. This is consistent with the idea that lifelong exposure
to high altitude evokes structural changes in the lung to facilitate oxygen transport from the
alveoli to the desaturated blood in the pulmonary capillaries.
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Section Summary

12 |

The experiments of nature highlighted in this section show that in humans a left shift in
the oxygen-hemoglobin dissociation curve may be beneficial during hypoxia by protecting
arterial O, saturation. This is in contrast to the standard teaching that a right shift in the
oxygen-hemoglobin dissociation is beneficial during hypoxia. The increased pulmonary
diffusing capacity seen in life long high-altitude residents demonstrates that marked
structural adaptations are possible in the lung. These adaptations are far beyond those seen
in shorter time frame interventional studies.

Overall Summary

In this review we have we have highlighted important insights related to how humans
respond to exercise and physical activity. These insights all stem from what Claude Bernard
described as Passive Experiments. This means the data was generated without the active
intervention of the experimenter. We have further pointed out that passive experiments can
include natural experiments — such as the series of studies among bus drivers and bus
conductors that demonstrated high levels of occupational physical activity are associated
with a reduction in both risk of coronary heart disease and mortality. The category of passive
experiments known as experiments of nature have been critical in establishing the role of
key physiological mechanisms engaged in the short- and long-term responses to exercise.
While passive experiments can have many features in common with prospective studies,
they can have the added benefit of a more prolonged, intense, and extreme exposure to an
environmental or behavioral input of interest compared to a prospective experiment. They
also allow investigators to determine if selected mechanisms are obligatory for a given
physiological response to occur. As investigators seek to understand the limits of human
adaptability to stressors like exercise, both natural experiments and experiments of nature
will be essential to generate and test hypotheses about the limits of this adaptability.
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Figure 1. Conceptualization of passive experiments within wider evaluation framework.
A conceptual model displaying different types of experiment based on allocation of an

intervention (null, natural, or experimental) and assignment to an intervention (randomized
or not). Although randomized experiments are generally considered to be least susceptible
to bias, passive experiments (both natural experiments and experiments of nature) enable
the evaluation of changes to a system that are difficult or implausible to manipulate
experimentally. Adapted from de Vocht et al (86) and Remler and Van Ryzin (294).
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Figure 2. Physiological responses during progressive incremental exercise for control
participants and participants with McArdle’s disease.

Line charts displaying the increase in blood lactate (A) and minute ventilation (V; B) and
change in arterial blood pH (C) during progressive incremental exercise until volitional
exhaustion. The progressive incremental exercise test included four minutes of light exercise
at a workload corresponding to 30% maximal aerobic capacity (Vo,...) on a bicycle
ergometer followed by regular increases in workload every minute designed to elicit an
approximate 10% increase in Vo, until a pedal frequency of 50-60 revolutions per minute
could no longer be maintained. Twenty-six control participants (red lines and circles) and
four participants with McArdle disease (blue lines and triangles) are represented. Symbols
represent group means and the error bars represent standard error. Adapted from Hagberg et
al 1982 (142).
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Figure 3. Total incidence of coronary heart disease and associated clinical presentations among
male civil servants in the United Kingdom.

Vertical bar charts displaying the total incidence coronary heart- disease and associated
clinical presentations among about 31,000 male civil servants aged 35 to about 60

years employed by the London Transport Executive (A) and the Civil Service (B). In

this natural experiment conducted in 1949 to 1950, all ill-health related occupational
absences and retirements and the associated medical causes were recorded, and medical
causes assigned to any code associated with coronary heart disease (code numbers 420

to 434) underwent detailed scrutiny. Civil servants included in these observations were
homogenous for demographic and health backgrounds and were subsequently exposed to
highly divergent levels of occupational physical activity. Among the civil servants observed
in this natural experiment, red vertical bars represent employees who primarily sat during
occupational activities (bus drivers [A] and telephonists [B]) and blue vertical bars represent
employees who systematically walked during occupational activities (bus conductors [A]
and postmen [B]). The groups of employees with high levels of occupational physical
activity (bus conductors and postmen) had lower incidence of coronary heart disease and
greater incidence of angina pectoris compared to groups of employees with low levels of
occupational physical activity (bus drivers and telephonists). Adapted from Morris et al 1953
(252).
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Figure 4. Negative association between cardiorespiratory fitness and risk of all-cause mortality.
Vertical bar charts displaying a graded decrease in risk of all-cause mortality with increasing

cardiorespiratory fitness groups 30 years of age and older, stratified by 10-year age group
and categorical cardiorespiratory fitness level (A). Line and scatter plot displaying a
reduction in risk of all-cause mortality with higher cardiorespiratory fitness (expressed

in metabolic equivalent units [METSs]; B). Cardiorespiratory fitness was estimated using

a maximal treadmill stress test following the standardized Bruce protocol (43) in about
70,000 people who underwent physician-referred stress testing in hospitals affiliated with
Henry Ford Health System as part of the Henry Ford Exercise Testing Project (3). These
figures represent a group of about 38,000 adults (about 14,000 women) free of known
cardiovascular disease with high cardiorespiratory fitness levels (= 10 METSs) were followed
for 11.5 years on average for all-cause mortality. Adapted from Feldman et al 2015 (111).
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Figure 5. Extremely large coronary arteries in a lifelong endurance exerciser.
Diagrammatic representation of the left main coronary artery 0.5 cm from the ostium from

an autopsy study of a lifelong champion runner (Clarence “Mr. Marathon” DeMar; A) and
a “control” patient who died at a similar age (B). A lifetime of endurance exercise training
was associated with a very large coronary artery lumen diameter in DeMar. Redrawn from
photographs in Currens and White (80). Created with BioRender.com.
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Figure 6. Association between occupational physical activity and both body weight and daily
caloric intake.

Line charts displaying the reduction in body weight (blue circles and line) and “U-shaped”
relationship in daily caloric intake (red triangles and line) with greater occupational physical
activity among 213 employees of a jute processing plant in West Bengal, India. In this
natural experiment conducted in the 1950s, food intake was assessed via dietary interviews,
weight was measured using portable scales, and occupational physical activity was stratified
into broad activity-based categories using both oxygen consumption and surveys to assess
physical demand associated with occupation. Categories of occupational physical activity
listed from least to most activity included: sedentary work (stallholders, supervisors, and
clerks 1), light work (clerks 11, clerks 111, clerks IV, and mechanics), medium work

(drivers, winders, weavers, and bagging twisters), heavy work (millwaste carriers, pilers,
and selectors), and very heavy work (ashmen, coalmen, blacksmiths, cutters, and carriers).
Adapted from Mayer et al (231).
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Figure 7. Null association between body mass index (BMI) of active and sedentary monozygotic
twins.

The scatter plot displays the BMI of 10 pairs of female twins (red triangles) and 25 pairs
of male twins (blue circles). The monozygotic twins were identified using data from the
National Runners’ Health Study (372, 373), and the active twin is defined as running more
weekly miles than the sedentary twin by at least 25 weekly miles for males and 20 weekly
miles for females. The black line represents the line of equality and a hypothetical line
depicting identical BMI values between pairs of twins. Adapted from Williams et al 2005
(374).
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Figure 8. Divergent physiological adaptations among a pair of male monozygotic twins with 30
years of discordant exercise habits.

Vertical bar charts displaying differences in maximal aerobic capacity (Vom.; A), body fat
(B), and myosin heavy chain (MHC) isoform composition of vastus lateralis muscle fibers
(C & D) between two 52-year-old male monozygotic twins. The trained twin (blue bars)
regularly engaged in various modes of endurance exercise including running ~40,000 miles
from July 1993 to June 2015. Conversely, the untrained twin (red bars) refrained from
regular exercise other than normal activities of daily living. Vo,... was estimated using a

maximal graded cycling exercise test with an open-circuit indirect calorimeter. The trained
twin initiated the test with a workload of 125 W and the workload was increased 25 W each
minute until volitional task failure, and the untrained twin initiated the test with a workload
of 110 W and the workload was increased 15 to 25 W each minute until volitional task
failure (A). Body composition was assessed with dual energy x-ray absorptiometry (B). A
muscle biopsy from the vastus lateralis was obtained using the standard Bergstrém technique
(16, 254), and muscle fiber composition was classified by myosin heavy chain protein
(MHC) isoform using both single fibers and homogenized samples via standard SDS-PAGE
methods (C & D). Adapted from Bathgate et al (23).
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Figure 9. Age-related decline in maximal aerobic capacity (Vozmax) among a large, representative
cohort, nine octogenarian lifelong athletes, and six healthy untrained octogenarians.

Plots displaying the decline in Vo, across the human lifespan among men, including
normative values (yellow area fill) from about 45,000 healthy men from the Cooper

Institute in Dallas, Texas (5) and data from Trappe and colleagues (351) representing

nine octogenarian lifelong athletes (blue circles) and six healthy untrained octogenarians
(red triangles). The dashed line represents the prognostic exercise capacity (5 metabolic
equivalents (METs) or 17.5 mL-kg~1-min™1) associated with both a loss of independent
lifestyle and increased risk of mortality, as described by Myers and colleagues (257).
Adapted from 7rappe et al 2013 (351).
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Figure 10. Age-related decline in maximal aerobic capacity (Vozmx) among both untrained and
trained men.

Scatter and line plots displaying the decline in Vo, across the human lifespan from an
amalgam of studies (8, 13, 27, 30, 42, 84, 88, 89, 139, 242, 289, 299, 300). In these
experiments of nature, maximal aerobic capacity (Vo,...) Was estimated using standardized,
graded, maximal stress testing among champion male athletes with very high levels of
physical activity and sedentary men with no formal training across the lifespan. Four sets
of data from Heath and colleagues are represented, displaying the decline in V.., between
16 highly trained male Masters endurance athletes (blue circles), 16 well-trained young
athletes (blue square), nine lean and moderately active middle-aged men (orange circle), and
nine overweight and inactive middle-aged men (light blue circle). Lines representing the
estimated decline in V... among leaner and/or moderately active untrained men (orange
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line) and overweight and/or physically inactive men (light blue line) from Heath and
colleagues are plotted based on two assumptions: (i) Vo,... declines at a rate of 9% per
decade beginning at 25 years of age, and (i) average V... was 46 mL-kg™1-min~1 for
untrained group A and 40 mL-kg~1-min~1 at 25 years of age. The line representing the
estimated decrease in V,,... among trained men (red line) is plotted based on a presumed
decling in V..., of 9% per decade and a value of 70 mL-kg~tmin.-~1 at 25 years of age.
Data from nine studies including 563 untrained men across the lifespan is represented
as blue triangles. Data associated with 16 highly trained young male endurance athletes
from Dill and colleagues is represented as red square. Data associated with well-trained
middle-aged and older runners from both Grimby and colleagues and Pollock and colleagues
are represented as red circles. Adapted from Heath et al 1981 (155).
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Figure 11. Reduction in maximal aerobic capacity (Vozmx) associated with three weeks of bed
rest.
Vertical bar charts displaying the reduction in V.. associated with three weeks of bed rest

among five 20-year-old men. After retraining in 1966 V... returned to baseline. Of note, the
reduction in Vo,.., after three weeks of bed rest was similar the reduction in V..., after 30
or 40 years of aging. Vo,... was estimated using a graded, maximal stress test following a

standardized protocol— the test was initiated with a two-minute interval of exercise with a
workload of 60 W and the workload was increased 30 W every two minutes until volitional
task failure. Line and scatter plots represent data from individual participants. Adapted from
McGavock et al (235).
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Figure 12. Association of maximal aerobic capacity (Vozm._,x) and human aging.
Three linear regression lines and corresponding scatter plots displaying the decling in Vo,

across the human lifespan from three longitudinal studies—Asmussen et al [red line and
symbols; (11)], Robinson et al [blue line and symbols; (301)], and Dill et al [orange

line and symbols; (79, 258)].The solid portion of each regression line represents data as
collected, and the dashed portion of each regression line represents a theoretical association
extracted from each linear regression to its intercept on the x-axis. Data from Asmussen and
colleagues represents 23 men who had their V... measured twice, the first between ages

21 and 27 years and the second between ages 41 and 61 years. Data from Robinson and
colleagues represents three men who had their V.., measured three times at ages 18 to 19
years, 40 to 43 years, and 50 to 51 years. Data from Dill and colleagues represents 12 Vo, ..
measurements of D.B. Dill over a 56-year period. Linear regression equations of best fit and
associated Pearson correlation coefficients were = 69.37 - 0.6315x, r= 0.57 (Asmussen et
al); y=67.19 - 0.6458x, r = 0.83 (Robinson et al); and y=65.28 — 0.519x, r=0.96 (Dill et
al). Adapted from Booth FW 1989 (35).
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Figure 13. Absent blood pressure raising reflex emanating from leg muscles during volitional
exercise in a participant with a spinal cord lesion.

Line charts displaying the changes in arterial blood pressure associated with about

five minutes of volitional exercise with concurrent occlusion of leg blood flow using
suprasystolic sphygmomanometer cuff around the proximal thigh in a participant with a
unilateral spinal cord lesion. The spinal cord lesion was associated with unilateral sensory
loss on the right leg (insensitive leg; blue line) with no loss of sensation in the left leg
(control leg; red line) and normal muscle power in both lower limbs. Adapted from A/am
and Smirk 1938 (4).
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Figure 14. Paradoxical reduction in blood pressure during supine exercise in a participant who
had undergone sympathectomy to treat hypertension.

Line chart displaying the paradoxical reduction in arterial blood pressure associated with
two minutes of supine cycling exercise which, in a separate experimental exercise, was

not attenuated by a 15-degree head down tilt designed to facilitate cardiac filling. These
data represent a 44-year-old man who had undergone thoracolumbar sympathectomy for
essential hypertension. Blood pressure was recorded from the radial artery using a Statham
strain-gage transducer. Adapted from Marshall et al (230).
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Figure 15. Absent reduction in maximal aerobic capacity (Vozmax) during hypoxic exercise
(relative to normoxic exercise) among people with high affinity hemoglobin variants.

The reduction in V.., during hypoxic exercise (fraction of inspired oxygen = 0.15)
compared to normoxic exercise (fraction of inspired oxygen = 0.21) displayed as line and
scatter plots (A) and vertical bar charts (B) among 11 people with high affinity hemoglobin
variants (HAH; blue triangles) and 14 controls with normal affinity hemoglobin (red circles).
Vo,mx Was estimated using a stepwise maximal graded exercise test on a bicycle ergometer.

Adapted from Dominelli et al (92).
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Figure 16. Association between hemoglobin oxygen affinity and hemoglobin concentration.
Linear correlation line and corresponding scatterplot displaying the negative association

between a metric of hemoglobin oxygen affinity (Ps5g) and hemoglobin concentration in
humans. Data represent 50 people with high affinity hemoglobin variants (blue triangles),
six controls with normal affinity hemoglobin (red circles), and 11 people with low affinity
hemoglobin variants. Because females have hemoglobin concentration values of 1 to 2
g-dL~1 lower than males, hemoglobin concentrations were increased by 10% among females
to obtain comparable data. Symbols with white outline represent females and symbols with
black outline represent males. Adapted from Shepherd et al (328).
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