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Abstract

Medical students have much to gain by understanding how evolutionary principles affect
human health and disease. Many theoretical and experimental studies have applied lessons
from evolutionary biology to issues of critical importance to medical science. A firm grasp
of evolution and natural selection is required to understand why the human body remains
vulnerable to many diseases. Although we often integrate evolutionary concepts when we
teach medical students and residents, the vast majority of medical students never receive
any instruction on evolution. As a result, many trainees lack the tools to understand key
advances and miss valuable opportunities for education and research. Here, we outline
some of the evolutionary principles that we wished we had learned during our medical

training.
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Evolution and Medical Education

Medical students must learn an ever-increasing volume of information in medical
school. Many worthy topics, including prevention, public health, clinical reasoning, ethics,
health policy, communication skills, and professionalism, now compete with the traditional
core biomedical sciences, such as biochemistry, genetics, and pathophysiology. It is no
wonder then that any effort to introduce another science, evolutionary biology, into the

medical curriculum is a tough sell.

In a 2003 survey of North American medical school deans, 48% said understanding
the concepts of evolution is important for physicians. However, not a single medical school
taught evolutionary biology as basic science, no medical school required evolution as a
prerequisite for admission, only 16% had PhD faculty in evolutionary biology, and schools
devoted a median of only four hours of curricular time on core topics in evolution (Nesse
and Schiffman 2003). Complicating matters further, one of ten medical students in Glasgow
rejected the notion of long-term evolution on religious grounds (Downie 2004). Thus, more
than 15 years after the publication of the seminal text, “Why We Get Sick: The New Science
of Darwinian Medicine” (Nesse and Williams 1994), many physicians remain unaware of

evolution’s most relevant principles.

Evolutionary (Darwinian) medicine is the application of evolutionary principles,
including natural selection, adaptation, phylogenetics, and evolutionary constraints to

understanding health and disease. In this paper, we argue that a working knowledge of



evolution is well worth the time and effort by students of medicine. We review selected
concepts in evolutionary medicine that we wish we had learned when we were in medical
school. This missed educational opportunity would teach students to ask evolutionary
“why” questions of diseases and develop skills to recognize evolutionary paradoxes and
patterns in medicine. As we describe, evolutionary biology is an integrative science whose
concepts can help students and professionals improve learning, teaching, practice, and

research across the spectrum of biomedicine.

Educational Implications

Evolutionary context improves education of trainees

When asked, students are intrigued by large “why” questions such as: Why do we
age? Why do so many of us wear glasses? Why is there a menopause? Why must we sleep?
Why do we still have an appendix? Why are autoimmune disorders becoming more
prevalent? Most students hear these as questions of how the body works and are
accustomed to detailed descriptions of pathophysiology. These proximate causes describe
the immediate mechanisms underlying a disease and form the conceptual and cognitive
framework for our models of learning, practice, and research. However, such bodily
mechanisms tell only half of the story. To fully understand the complexities of these
problems, we must ask questions at the ultimate, or evolutionary, level of causation (Harris
and Malyango 2005). Taking an evolutionary lens to these “why” questions can bring novel
and unexpected answers that draw on phylogenetic relationships, constraints, and

selection. Understanding how human vulnerabilities to disease are caused by evolutionary
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tradeoffs, and reflect natural selection and its limitations rather than faulty engineering,
offers learners a framework for making medical education more coherent (Nesse and

Williams 1999). In our experience, medical students find evolutionary science intriguing
and are eager to learn more, but are disappointed with the lack of opportunities to study

evolution.

Medical schools are complex institutions that are slow to change. Jack Colwill aptly
wrote, “We educate tomorrow’s physicians in today’s system while maintaining yesterday’s
beliefs.” (Colwell 2004). Curricular time is precious and many valuable fields vie for larger
roles in educating physicians. However, it has been argued that teaching evolutionary
concepts such as selection, common ancestry, phylogenetics and tree-thinking (Baum et al.
2005), provide an integrated, conceptual scaffold, a cognitive hat-rack on which medical
facts can be organized. Infusing the concepts of evolution into medical education can help
students build the bridges and tunnels they need to connect and navigate what is otherwise

an archipelago of basic and clinical sciences.

Clinical Implications

Physicians in training learn to identify illnesses by recognizing patterns of signs and
symptoms. However, students often find it hard to conceptually distinguish host defenses
(e.g. fever) from true pathological defects (e.g. seizures) in disease. For example, while

fever was once viewed as pathological, current recommendations advocate against treating



fever in children (Sullivan et al. 2011), correctly noting that “fever...is not the primary
illness but is a physiologic mechanism that has beneficial effects in fighting infection.”

Fever is increasingly viewed as an adapted facultative response (Kluger et al. 1996).

Other host defenses include the capacity to respond to pain and anxiety, thus limiting
exposure to danger. Nesse observed that aversive symptoms, such as anxiety and panic,
seem to afflict many people out of proportion to any potential threat. He argues that
natural selection has shaped defensive responses that are akin to a smoke detector: highly
sensitive to potential fires, but prone to frequent false alarms (Nesse and Williams 1994).
In this signal detection metaphor, a low threshold for activation of the fight or flight
response, though energetically costly during a false alarm (anxiety or panic attack), can
prevent the far higher fitness cost of being killed by a predator or conspecific. What
appears to be “over-expression” could instead be the outcome of optimal regulation of a
defense trait. Frequent false alarms can be expected when 1) the cost of a defense is less
than the cost of the danger, 2) threats are unpredictable across time and space, and 3)

signals conveying danger are imperfect (Nesse 2001).

While the smoke detector principle does not imply that every patient’s symptom is
“optimal”, it can inform how clinicians frame and discuss signs and symptoms with
patients. When appropriate, a patient’s cough might be contextualized as evidence of a
healthy response rather than a symptom to be suppressed. In other instances, patients
might benefit from attenuation of symptoms that are false alarms. A challenge, then, is
deciding when a symptom is a false alarm. Allergic symptoms provide such a dilemma.

While there is some support for the view that allergy provides an anti-toxin benefit (Profet
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1991), severe allergy (anaphylaxis) is deadly, requiring immediate life-saving medical
treatment. The paradox of deadly hypersensitivity reactions to innocuous triggers, such as
peanuts and pollen, has led some researchers to speculate that a changed modern
environment causes the immune system to misfire in allergic and related diseases

(Strachan 1989; Bach 2002).

Over the last half-century, the incidence of many infectious diseases has decreased
dramatically (e.g. measles, tuberculosis, rheumatic fever, and hepatitis A) while that for
autoimmune-related disorders has reciprocally increased (e.g. multiple sclerosis, Crohn
disease, asthma, and Type I diabetes) (Bach 2002). The so-called hygiene hypothesis gained
attention when Strachan identified an inverse relationship between family size and allergic
diseases and suggested that childhood infections have a protective effect for allergy
(Strachan 1989). Now termed the “old friends” hypothesis, it contends that increases in
autoimmune inflammatory disorders in developed countries are partly attributable to
decreasing exposure to microorganisms with which humans coevolved (Rook 2007).
Research informed by the evolutionary principle of genetic-environmental mismatch
(Nesse and Williams 1994), has led to increased understanding of the important
immunoregulatory roles played by various helminths and other members of the human
microbiome (the communities of microorganisms that inhabit human skin, gut, respiratory
and genitourinary tracts) For instance, the presence of intestinal helminths is associated
with decreased disease severity in multiple sclerosis (Correale and Farez 2011). Based on

surprising findings like these, prospective trials of helminthic therapy (ingestion of



nematodes) are underway to treat multiple sclerosis (Benzel et al. 2011) and Crohn disease

(Reddy and Fried 2009).

Public Health Implications

In the hospitals where we work, there are periodic campaigns to improve rates of
hand washing by healthcare workers. A recent meta-analysis of 96 studies highlighted the
persistent problem of poor hand washing, which occurs only 40% of the time when it is
needed (Erasmus et al. 2010). Most physicians do not realize that their bad habits might be
responsible for the evolution of virulent strains of bacteria in hospitals (Ewald 2004).
Virulence describes the capacity of a parasite or pathogen to harm its host. Virulent host-
pathogen relationships can evolve depending on the mode of transmission (Day 2002;
Ewald 2004). Infections are often more virulent and more deadly when they are
transmitted by an outside agent, such as a needle, a clinician's hands, or a mosquito (Ewald
2004). The protozoan that causes the deadliest form of malaria, Plasmodium falciparum, is
transmitted best when its human host is incapacitated. In nearly killing its host, P.
falciparum makes an infected human an easy target for a mosquito and thus is more easily
transmitted (Paul et al. 2004). By contrast, infections like the common cold are transmitted
by direct contact and thrive when their host remains active, which serves to bring the virus
to the next susceptible victim. In hospitals, healthcare workers behave much like

mosquitos, often unknowingly transmitting microbes on our hands and stethoscopes



between hospitalized patients. The clustering of susceptible individuals also is ideal for the
evolution of highly virulent organisms (Mennerat et al. 2010). One recent example is the
emergence of a hypervirulent strain of Clostridium difficile that produces a newly identified
toxin (binary toxin) in addition to the cytotoxins that allow the pathogen to invade
intestinal epithelial cells. Between 2003 and 2005, epidemics of binary toxin producing
Clostridium difficile occurred in Canada, the United States and Europe (Dawson et al. 2009).
The rapid evolution of Clostridium difficile has doubled the number of infections since 2000

and tripled the mortality rate (Pepin et al. 2005; Viswanathan et al. 2010).

Ewald suggests that interventions that alter transmission can alter the evolution of
virulence (Ewald 2004). For acute infectious diseases, interventions that selectively reduce
the transmission from the sickest individuals will favor the evolution of less virulent
pathogens. For chronic infectious diseases, interventions that reduce the frequency of
transmission opportunities will favor pathogens that cause less damage during the chronic
phase (Ewald 2004). Simple public health measures, like hand washing, will decrease the
infectious inoculum, help prevent disease outbreaks, as well as promote the evolution of
less virulent pathogens. Students do not need to understand evolution to appreciate the
value of hand washing and sterile technique in reducing nosocomial infections. However,
linking these clinical habits to biologic principles of natural selection of virulence may

deepen the lesson and promote learning and performance.

Research implications

Over the past decade, the National Institutes of Health (NIH) roadmap has sought to

bridge the gaps among our research silos, which have impeded the translation of evidence
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from bench to bedside, from bedside to community, and from community to populations
(Zerhouni 2003). In a complementary manner, evolutionary science compels researchers to
go beyond questions of proximate causality and to explore how human health and disease
evolved over a longer time horizon. A complete and integrated answer to research
questions of causality in health and illness requires both proximate and evolutionary

approaches.

Evolutionary principles can provide conceptual scaffolding to guide the research
agenda and may accelerate the adoption of new therapies for patients and treatment
guidelines for populations. Evolutionary biology can promote such a translational research
paradigm by integrating research from various disciplines and suggesting new questions

and hypotheses to test.

Testing evolutionary hypotheses is challenging and often requires interdisciplinary
collaboration among basic and clinical scientists using novel methods. Much interest has
focused on why evolution has left our bodies so vulnerable to disease despite natural
selection (Nesse and Williams 1994). Research design for such questions is hard to get
right. Answering the sort of questions posed by inquisitive students noted above presents
challenges in defining the object of explanation precisely and specifying the type of
explanation being sought. This approach requires consideration of all viable hypotheses,

and selecting the most appropriate methods to test the hypotheses (Nesse 2011).

Physicians are all too familiar with the vulnerabilities of the human body. The
conventional view is that every part of the body is a potential source of cancer,

degeneration, or failure and every gene offers a chance for a genetic defect. In the medical
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centers where we work, students learn about genetic disorders with little to no discussion
of evolution, even when mutations are far too prevalent to be simply sporadic (Harris and
Meyer 2006). Genetic drift or bottleneck effects explain many common variant alleles,
while balancing selection maintains others (processes that conserve genetic
polymorphism, usually when heterozygotes for an allele enjoy greater reproductive fitness

than do homozygotes) (Im etal. 2011).

The high prevalence of certain mutations can be a tip-off for a selective benefit, like
the heterozygote advantage that protects sickle cell carriers from severe malaria (Allison
2004). Other common “defects” should also raise questions among students: “Why did
natural selection fail to eliminate this gene or mechanism if it is harmful?” These queries
can be applied to common genetic polymorphisms such as Factor V Leiden (a common
source of deadly blood clots), apolipoprotein E4 (a variety that is associated with
Alzheimer’s disease), the breast cancer (BRCA-1) gene, not to mention the harmful
biochemical pathways that lead to cardiovascular diseases and type Il diabetes (Table 1).
Students will want to know why these traits occur, when logic would suggest that they
would face strong negative selection. The opposite condition is equally puzzling: protective
traits, e.g free radical scavengers and heat shock proteins, are often not expressed. These
evolutionary paradoxes are everywhere in medicine. However, they are more apparent to
those with an understanding of evolutionary biology. Each of these questions can generate

multiple hypotheses, many suitable for testing by the next generation of clinician scientists.

Summary
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In this brief overview, we have focused on evolutionary medicine concepts that are
important for students and trainees. Students would do well to search the literature for
evolutionary work relevant to their fields of interest. No obstetrician gynecologist should
learn about preeclampsia and gestational diabetes without studying David Haig’s work on
genetic conflicts during pregnancy (Haig 1993). No gerontologist should consider the aging
process without appreciating the declining power of selection and tradeoffs between
reproduction and longevity (Kirkwood 1997). Every epidemiologist and infectious disease
specialist should be able to engage in “tree thinking” (Baum et al. 2005) and interpret the
phylogenetic trees used to track the evolution of HIV (Worobey 2008) and the emergence
of North American West Nile virus (McMullen et al 2011). Itis beyond the scope of this
article to detail these and many other important concepts and applications of evolutionary
biology in medicine, and we hope that students will be inspired to explore them further. A
good place for students to start is the textbook Principles of Evolutionary Medicine
(Gluckman 2009) and the website Evolution & Medicine Review

(http://evmedreview.com).

No less important than its practical implications, an evolutionary framework is a
source of important medical insights that provide a sense of discovery about the human
condition. Testing evolutionary hypotheses of disease moves us closer to understanding
ourselves and the myriad ways in which our bodies fail us. We hope that medical students
who learn to ask “why” questions will also gain the skills to understand and critically

evaluate evolutionary hypotheses. We are confident that future students will devise
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innovative ways to test hypotheses of evolution in health and disease, work that will enrich

the art and the science of medicine.
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