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In the 21st century, the framework of biomedical 
research and clinical practice has begun to shift 
away from universal models of disease that gen-
eralize from close examination of diseased parts 
(organs, tissues, cells, or molecules) toward an 
approach that celebrates “personalized medicine” 
and focuses, at least nominally, on the whole 
person as a unit of analysis. Superficially, this 
transition appears to mark a return to the early 
modern conception of the patient as “sick per-
son,” whose disease was considered inseparable 
from his or her complex constitutional inheri-
tance and lived experience.1

Yet in practice, personalized medicine still 
tends to reduce the patient to a collection of 
precise molecular sequences with detailed clini-
cal phenotyping (“precision medicine”). As bio-
medical research and clinical practice try to as-
semble these atomized pieces into meaningful 
wholes, the process of putting the patient back 
together again has proven to be highly complex.

One disappointment of the postgenomic age 
is how little the Human Genome Project has 
taught us to date about human disease.2 Only a 
small minority of diseases are caused by mono-
genic (or oligogenic) disorders. Instead, complex 
interactions among numerous genetic and envi-
ronmental factors determine disease phenotype. 
These observations, coupled with the increasing 
availability of bioinformatic data and high-
throughput interaction screening, have led to 
calls for a new science of “network medicine” 
focused on the interrelational structures emerg-
ing from complex interactions among genes, 
proteins, internal milieu, and external environ-
ment.3 Network biologists echo a lineage of criti-
cal medical history, sociology, and anthropology 
that has long argued that biomedical reduction-
ism misses crucial aspects of the etiology, 

pathobiology, prognosis, and treatment of hu-
man disease.

Critiques of reductionism by clinicians and 
social scientists and those from network biolo-
gy, systems biology, bioinformatics, and com-
plexity science seem to ignore each other almost 
completely. A potentially productive intersection 
between the two intellectual streams, however, 
has important implications for our post-omic 
future.

The Appeal of Reduc tionism

Although reductionism in scientific thought can 
be traced back to Descartes’s materialism or 
even Democritus’s atomism, a formal consider-
ation of reductionism in the modern philosophy 
of science was perhaps most clearly articulated 
in Nagel’s 1949 essay, “The Meaning of Reduc-
tion in the Natural Sciences,” which described 
reduction as the clarification of one field using 
the tools of another, more fundamental, field 
— for example, the explication of biologic phe-
nomena using the principles of physics.4 Subse-
quent debates over reductionism in the physical 
sciences addressed the question of whether one 
science can be “reduced” to another or whether 
independent fields of knowledge display irreduc-
ible or emergent properties.5

Reductionism in medical science and prac-
tice, however, is often equated with older con-
ceptions of disease as something that can be 
separated from the sick person and scrutinized 
with successively finer analytic tools.6 This onto-
logic approach to disease — studying diseases 
as knowable categories that exist in the world 
— was at the heart of the empirical observation 
championed in the 17th century by Thomas 
Sydenham, who maintained that to discover spe-
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cific remedies for specific diseases, “it is neces-
sary that all diseases be reduced to definite and 
certain species . . . with the same care which we 
see exhibited by botanists in their phytologies.”7

Historians of medicine have mapped the his-
tory of disease specificity as successive reduc-
tions in the scope of lesions (Fig. 1): as analysis 
becomes more refined and narrower, the power 
of biomedical explanations and interventions 
increases. Thus, links can be drawn from Syden-
ham’s botanical nosologies of disease to the 
18th-century work of Giambattista Morgagni, 
who depicted the lesion-afflicted organ as the 
“seat of disease,” and Xavier Bichat, who charac-
terized pathology as the inflammation of dis-
tinct tissues within organs. By the 19th century, 
a science of cellular pathology reduced the scope 
of the lesion still further, and the 20th century 
saw exploration of molecular bases of disease. A 
similar logic of reductionism within diagnostics 

and therapeutics followed Paul Ehrlich’s early-
20th-century vision of “magic bullets” that might 
single out disease while sparing healthy host 
tissue, simultaneously giving rise to the “recep-
tor” theory in pharmacology and immunology 
and the hope that every disease might contain a 
single specific target for powerful, selective, tai-
lored chemotherapeutics.8

The importance of visualizing disease through 
lenses of increasing magnification was reflected 
in the new genre of the clinicopathological con-
ference (CPC), first organized by the hematolo-
gist Richard Cabot at Massachusetts General 
Hospital. The CPC begins with a patient’s rela-
tion of a subjective history of problems, which is 
followed by an objective examination of patho-
logical signs visible to physicians either directly 
(through physical examination) or indirectly 
(through laboratory and imaging tests). The con-
clusion is traditionally a pathology specimen, 

Figure 1. The Long Arc of Reductionism in Medicine.
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analyzed first grossly, then microscopically at 
the level of tissue, cell, molecule, and — today 
— genome and proteome. As a weekly ritual in 
hospitals and medical journals, the CPC reca-
pitulates the diagnostic and therapeutic power 
as well as the objectification and alienation in-
herent in biomedical reductionism.

The history of tuberculosis demonstrates the 
transformative power of such reductionism. The 
biomedical category of tuberculosis replaced an 
understanding of the disease as “consumption,” 
which linked hereditary disposition, occupation, 
economic status, and personality. In the 19th 
century, pathological characterization of tuber-
cular lesions came to define the disease and unify 
its local manifestations (e.g., scrofula, Pott’s dis-
ease, pulmonary consumption) into a single cate-
gory. These lesions were subjected to increas-
ingly specific analysis, from the gross anatomy 
of the tuberculoma, to the microscopic charac-
terization of the caseating granuloma, to the 
microbiologic characterization of Mycobacterium 
tuberculosis as causative agent. This abstraction 
potentiated the diagnostic, prophylactic, and 
therapeutic responses of purified protein deriva-
tive (PPD), bacille Calmette–Guérin (BCG), and 
ultimately streptomycin and antituberculous 
chemotherapy. Yet this approach has limitations.

The Social Medicine Critique  
of Reduc tionism

Reductionism attracted strong critics both inside 
and outside medicine. For example, the Prussian 
physician–politician Rudolph Virchow, a found-
ing figure of both social medicine and cellular 
pathology, believed that medical science could 
not ameliorate human suffering without equal 
attention paid to social determinants of disease, 
and he disavowed any efforts to reduce under-
standing of tuberculosis causation to the isola-
tion of M. tuberculosis in pure culture. Similarly 
Cabot, a strong proponent of using laboratory 
tests in medicine, also supported social insur-
ance systems and the relevance of social work to 
physicians. In the late 19th and early 20th cen-
turies, many other scientists and clinicians warned 
that no diagnostic or therapeutic advance would 
make up for losing sight of the patient as a 
whole person.9

By the mid-20th century, the history of tuber-
culosis attracted revision, including work by the 

pathologist René Dubos and the physician-de-
mographer Thomas McKeown. In his 1952 book 
The White Plague, Dubos reassessed the relevance 
of reductionist knowledge to the epidemiology 
of tuberculosis; given that nearly 100% of urban 
populations in 1882 had been exposed to tuber-
culosis, how could mere exposure to the bacte-
rium be the most important determinant of who 
survived and who died from the disease?10 Du-
bos suggested that this reduction ignored social 
determinants of tuberculosis morbidity and mor-
tality, such as nutrition, occupation, and social 
geography. McKeown used the example of tuber-
culosis in his critique of the public health sig-
nificance of biomedical research.11 Using mor-
tality data for England and Wales, McKeown 
mapped long-term trends to demonstrate that the 
slope of decline in tuberculosis mortality was not 
altered significantly by the discovery of M. tuber-
culosis or the advent of tuberculosis sanitoriums, 
BCG vaccine, or streptomycin. He argued that 
the clinical and public health claims of bio-
medical reductionism were grossly overstated 
and that most of these mortality decreases re-
flected the roles of nutrition and economic de-
velopment.

McKeown’s analysis became a flash point for 
a broader social science critique of biomedical 
reductionism in the late 20th century. Medical 
sociologists characterized the ways that biomedi-
cal sciences objectified everything without neces-
sarily improving patient care.12,13 Medical anthro-
pologists depicted biomedical reductionism as a 
wedge engendering a widening schism between 
subjective illnesses and objectified diseases.14 
Medical historians similarly argued that despite 
its power, biomedical reductionism provided “no 
magic bullet” for patterns of disease epidemiol-
ogy rooted in social marginalization and stigma, 
such as sexually transmitted diseases, sickle cell 
anemia, and AIDS.15,16 These critiques of reduction-
ism questioned both the prominence of material-
ism in biomedical approaches to disease and the 
loss of the person as an individual in a knowl-
edge system that privileges the atomization of 
the body.

The Net work Medicine Critique  
of Reduc tionism

In recent years, biomedical researchers themselves 
have increasingly encountered limits of biomedi-
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cal reductionism as a means of understanding 
biology and disease. The hyperbole surrounding 
the Human Genome Project encouraged the sci-
entific community and the public to believe that 
simple knowledge of genomic variation would 
— in a linear, reductionist way — inform us 
about disease susceptibility and lead to individu-
alized treatments.17 Both the media and leaders 
in genomics perpetuated this myth, the latter 
cataloguing genomic variants associated with 
complex disease phenotypes as if these lists 
formed a Rosetta Stone of disease causation. 
That the effect sizes of most of these genetic loci 
were small and many were in noncoding regions 
of unknown function or importance did not dis-
suade many genomic scientists from perpetuat-
ing the impression that a single or limited num-
ber of genetic determinants might exist for every 
complex disease. Fortunately, scientific opinion 
has changed over the past several years, with 
broader recognition of the complex nature of 
most diseases and their genetic and environ-
mental determinants.

A reductionist focus on one or a few genetic 
variants is misleading even for classic mendelian 
disorders, since a single genetic variant rarely, if 
ever, predicts a true complex pathophenotype 
precisely. Even the prototypical monogenic dis-
order of sickle cell disease presents as multiple 
phenotypes: patients may appear well or present 
with mild anemia, aplastic anemia, or stroke syn-
dromes, among others.18 Clearly, other genetic and 
environmental factors contribute to the pathophe-
notype of even simple, monogenic diseases, mod-
ulating the presentation, disease course, and re-
sponse to therapy.

Whereas some “disease-modifying” genes 
contribute to phenotypic variations, many more 
environmental, epigenetic, and proteomic fac-
tors affect disease expression.19 The biomedical 
community, poised to exploit a growing treasure 
trove of -omic information, is hindered by re-
ductionist approaches whose application to dis-
ease is repeatedly foiled by biologic complexity.

The pharmaceutical industry’s dwindling 
product pipeline further illustrates the limits of 
reductionism. Despite improving strategies for 
using enormous data libraries and powerful in-
teractional computing models to identify mole-
cules that can inhibit or activate specific mo-
lecular targets, for many years the number of 
new drugs approved each year has remained at 

around 20 to 30.20 The failure of advances in 
identifying “druggable” targets reflects, in part, 
inappropriate reduction of the complex molecu-
lar networks governing drug–target actions to a 
single causative gene product.

Drug targets operate within a network of in-
teracting biologic structures. A narrow focus on 
the target fails to consider other potential down-
stream effects of treatment. Many “off-target” 
effects reflect the failure to consider all possible 
(ascertainable) drug–protein interactions within 
the protein–protein interaction network and 
their consequences. Without knowledge of the 
broader network context of disease and drug, 
one cannot develop meaningful approaches to 
addressing complex disease pathways, such as 
cancer’s development of resistance to precision 
therapy. Seeking magic bullets that affect clearly 
defined distal targets of disease without consid-
ering a drug’s off-target effects (or the conse-
quences of inhibiting a drug target for other 
pathways in which it may act) is not an optimal 
strategy for drug development or pharmaco-
therapeutic approaches to complex illness.21,22

It is thus important to reconceive biologic 
and pathobiologic phenomena in terms of com-
plex networks of interacting genes or gene prod-
ucts and layers of environmental modulators. 
Network science has roots in sociology, which 
explores the behavior of social networks,23 and 
in the mathematical field of graph theory.24 Any 
set of complex interacting elements, including 
genes, proteins, or metabolites, can be topologi-
cally depicted as a set of nodes (elements) and 
their links (processes that govern their interac-
tions). The distribution of links among nodes in 
such systems can range from stochastic to clus-
tered. Most biologic systems are clustered, or 
scale-free: a few nodes are highly connected to 
others, while most are weakly connected to the 
network. This architecture has some interesting 
consequences for biologic systems, including 
facilitation of biochemical diversity at minimal 
energy cost. Mutations or polymorphisms in weak-
ly connected nodes (genes) account for normal 
biologic variability and complex illness, whereas 
those in highly connected genes (hubs) lead to 
early death of an organism. These structures help 
explain the organism’s ability to accommodate 
metabolic perturbations and many biologic er-
rors in DNA replication or transcription with 
minimal functional consequences.
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Another property of biologic networks is 
“emergence”: their behavior cannot be predicted 
on the basis of a reductionist understanding of 
their component parts. Like an electrical circuit’s 
behavior, that of a biologic network depends on 
the architectural connections among its elements. 
For decades, investigators have focused on one 
gene, transcription factor, or enzyme, gleaning 
a thorough understanding of its function but 
rarely in the context in which it normally oper-
ates. Before the -omic revolution, this approach 
reflected our limited knowledge of biologic net-
works’ elements and the limitations of quantita-
tive and computing methods. In the past decade, 
however, these limitations have diminished, and 
a holistic study of network medicine has become 
more achievable.3,19

 Toward a Biosocial 
Understanding of Disease

The arc we have traced from holism to reduction-
ism and back again is not a full circle. It has been 
affected by other, more linear developments of 
disciplinary fragmentation and increasing tech-
nological dependence in the biomedical sciences. 
We propose that any strict distinction between 
holism and reductionism in medicine is now 
doubly complicated by critiques from network 
science and from clinical and social sciences 
(Fig. 2). To speak of any whole is to define the 
parts as well: the holistic vision of network 
medicine is itself dependent on a field of atom-
ized parts, including genes, proteins, digital data 
sources, and computational infrastructures.2 Yet 
with an appreciation of these limitations and a 
sustained commitment to asking what is being 
rendered invisible, as well as visible, by any given 
network model, a biosocial approach to medicine 
promises increased understanding and predict-
ability of the complexity governing human biol-
ogy and disease.

Network science could help us understand 
human disease at both micro and macro lev-
els.25-27 Yet it is limited by decisions about what 
is included in, and excluded from, the data sets it 
uses. Network analyses of disease and treatment 
have provided insights into novel approaches to 
disease classification,28 the identification of in-
flammatory network determinants of many 
chronic diseases and infection outcomes,29,30 and 
polypharmaceutical treatment strategies and oth-

erwise-unpredictable drug side effects.31,32 These 
studies illustrate that complex disease cannot be 
viewed as caused by a single gene or gene prod-
uct that can be targeted in drug development.

Network analysis can also potentiate an un-
derstanding of the social and political contexts 

Figure 2. Network Medicine — From Molecular 
Reductionism to Postgenomic Holism.
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within which behaviors or environmental expo-
sures contribute to disease development, as 
shown for obesity by Christakis and Fowler33 and 
the emergence of drug-resistant tuberculosis by 
Calver and colleagues.34 These studies illustrate 
the importance of coupling biologic with envi-
ronmental, social, and policy-based network 
analysis to construct a more convincing holism 
for elucidating disease. Unlike earlier “biopsy-
chosocial” approaches — which quickly repli-
cated a dualism of “bio” as “hard science” and 
“psychosocial” as “soft science” — network 
medicine offers a potentially synthetic arena for 
interactions of genomic, environmental, and 
social determinants of disease.3,35 We might con-
sider this analysis a “biosocial” approach, in 
which biologic and social dimensions of causa-
tion are seen as equally important in producing 
a three-dimensional understanding of disease.

The two separate critiques of reductionism 
may be converging toward work that could illu-
minate both the network biology and social sci-
ence understandings of health and disease. So-
cial science critiques that fail to recognize the 
antireductionistic developments within biomedi-
cal science increasingly attack a straw man. And 
network-medicine approaches that seek to build 
holistic constructs for disease etiology, patho-
physiology, epidemiology, and therapeutics with-
out including the multiple insertion points of the 
social world into this system risk reducing the 
“whole person” to those pieces that can be 
coded into data and fed into network analysis. 
The fields of social medicine — anthropology, 
history, sociology, geography, philosophy, and 
epidemiology — raise questions that biomedical 
science has been unable to answer. Network 
medicine can benefit from and include these 
perspectives only if social factors are viewed as 
important determinants of disease.

In the arc of Western understandings of dis-
ease that began with the holism of the sick 
person and then atomized it into units of pathol-
ogy, we are attempting a reassembly or reconstruc-
tion. The task of putting the patient back together 
again will be complex, arduous, and time con-
suming, but it promises a new articulation of the 
biologic and social sciences that are inextricably 
linked and essential to the advancement of 
medicine.
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