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Abstract

John Snow in 1849 proposed the intestinal fecal-oral theory for cholera and provided sub-
stantial evidence throughout the 1850s supporting a water-borne explanation of how the disease
was transmitted. Nevertheless, Snow’s theory was not widely accepted among airborne theo-
rists until many years later. Our goal in this paper is two fold. First, to provide a rational
reconstruction (in the words of Imre Lakatos) for the history of cholera explanations, showing
how alternative theories (rationally) accommodated water as a cause and thus were protected
from refutation by evidence on water alone. We use Lakatos’ sophisticated falsification criteria
to argue that, in spite of slow acceptance by contemporaries, the wide range of evidence that
was available in the 1850s was sufficient to demonstrate that the fecal-oral theory was superior.
Our second goal is to use this rational reconstruction of cholera theories as a practical guide to
demonstrating a causal effect. Here we use the competition and the comparison across theories
in the 1850s as a practical example of the process for scientific inquiry — a template for modern
teaching and research of quantitative methods. We build on ideas of Charles Sanders Peirce
and Imre Lakatos to illustrate how causal explanation and falsification works in an iterative
process of scientific inquiry — and how testing for specific causal effects as is often done in em-
pirical economics, statistics, and computer science was insufficient in differentiating theories.
(231 words)
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1 Introduction

Cholera is a horrible and often deadly disease. Victims experience diarrhea, vomiting, and rapid
dehydration; without treatment the mortality rate is roughly 50 percent. It was a scourge of the 19*"
century — it visited London in 1831, 1849, 1854, and 1866 and estimates that between
1817 and 1920 it killed 50 million people in a world of about 1.2 billion. Today we know cholera is

9" century the underlying cause was uncertain

caused by a bacterium, Vibrio cholerae, but in the 1
and discovering it was of the highest priority and represented one of the outstanding achievements
of 19*"-century science. Debate in England over cholera was robust, generally reasoned, and in
many ways quite modern. Participants used evidence to develop and refine their ideas, and also to
advance their theories within the medical and public sphere. The goal, sometimes stated explicitly,
was to use evidence to understand the causes of cholera, to develop theories of the disease that would
lead to policies to ameliorate its impact. The evidence was often anecdotal (particularly prior to
the 1850s) but there was an understanding that evidence was crucial to understanding the disease,

discriminating between competing theories, and developing effective public policies.

John Snow (1813-1858) was a London doctor who in 1849 proposed the intestinal (fecal-oral) the-
oryEl In On the mode of communication of cholera Snow proposed his theory, provided
extensive supporting evidence particularly on the water-borne nature of disease transmission, and
argued persuasively why the evidence supported the fecal-oral theory. Nonetheless, despite substan-
tial evidence, Snow’s theory was not widely accepted during the 1850s, and the intestinal fecal-oral

9" century. The lack of early recognition

theory was not universally accepted until the end of the 1
of Snow’s theory — in spite of substantial supporting evidence — has puzzled many (including the

present authors), as seemingly a case of “smart people cling[ing] to an outlandishly incorrect idea

despite substantial evidence to the contrary” 2007, 125).

1Snow and the story of cholera has long exercised a fascination over both the popular imagination and academic
inquiry. A very limited sampling of recent books and papers devoted to the topic is|Johnson| (2007)); [Freedman]| (1999}
|1991); Hempel| (2007); [Vinten-Johansen et al.| (2003); [Vinten-Johansen| (2020); [McLeod| (2000); Rothman| (2002).




The puzzle arises, however, from a too-narrow conception of causal and scientific inquiry, a view
that might be caricatured as the lone genius undertaking a single crucial experiment that in one fell
swoop overturns accepted doctrine and sets the world on the path of true knowledge. And the story
of cholera carries the outlines of such a caricature: John Snow did, on his own, develop the correct
theory of cholera; the demonstration of cholera as water-borne does look like a crucial experiment,
fits neatly in a treatment-control framework for causality, and Snow was the first to use experimental
designs we continue to use today for causal analysis (difference-in-differences and randomization as
an instrumental variable); and Snow did advocate for many years for his theory in the face of a

skeptical medical and public health establishment.

But in fact the story of cholera contradicts popular understandings of science as a one-off experiment
or test of theory that decisively demonstrates a causal effect. There was no single, definitive exper-
iment or test that proved cholera was an intestinal disease transmitted by fecal contamination and
oral ingestion. Even an experimentum crucis such as the South London “Grand Experiment” of 1854
only occurred after several years of analyses at individual and neighborhood scales (including the
famous Broad Street pump outbreak) and even then did not on its own decide between the compet-
ing theories. “Identification” of the underlying causal theory required, not one crucial experiment,

but consideration of a wide range of evidence across alternative models and theories.

Developing and demonstrating a causal explanation or theory such as for cholera requires a broader
view of the dynamic interplay between data and theory, moving beyond a treatment-control view
of causality to embrace an iterative process of scientific inquiry. Central to this process is choosing
between competing theories and the criterion for choosing. Karl Popper |[Popper|(1985) demonstrated
that scientific theories can never be proven, only falsified, arguing against inductivism and also
Rudolf Carnap’s |Leitgeb and Carus (2021)) confirmationism. Naive falsification, however, is not
itself a suitable criterion. Theories and hypotheses can be adjusted in response to contradictory
evidence — the essence of the Duhem-Quine thesis (Quine |1953, chapter 11; Lakatos||1980, 93-101).
As a practical matter replacing a theory or research programme is a long war of attrition (quoting
Lakatos), (1980, 133) requiring a wide range of evidence comparing across multiple predictions from
alternate theories. From a theoretical perspective, Imre Lakatos’s sophisticated falsification (Lakatos,

1980) provides a workable criterion.

We have two goals in retelling the classic story of cholera and bringing to life this logic of scientific
inquiry. The first is a (following [Lakatos|, (1980, 52-53) rational reconstruction of the history of
cholera research during the 1850s to better understand why Snow’s theory, although correct, was
not quickly or widely accepted. The second is to use Snow’s work as a template for best practice
in demonstrating a causal effect. It is a practical example of sophisticated falsification, providing
a compelling argument for the superiority of the fecal-oral theory even when limited to the data
available in the 1850s. The methods, data, and analysis used by Snow and contemporaries illustrate
the dynamic interplay between theory, data, and testing — what we call the iterative process of
scientific inquiry — and why a narrow focus on counterfactuals, single causal effects, and experiments

was insufficient in this context.

Our focus on the iterative process of scientific inquiry fits with other recent work that seeks to add
stronger conceptual framing to today’s statistical methods curriculum for social scientists to counter

mechanical applications of statistical techniques (e.g. [Fowler and Bueno de Mesquita/ (2021))). Our



aim with this article is to encourage teaching counterfactual frameworks to social scientists within
the broader context of scientific inquiry. In this context, we are also making teaching materials
(Vinten-Johansen and Koschinsky| (2022)), a re-analysis with modern statistical methods and tools
(Coleman| (2020)) and data (Coleman| (2020)), [Falcone et al| (2021)) available to replicate some of
Snow’s and colleague’s work. With these materials, we hope to help reconnect students with the thrill
of social scientific discovery and with the larger logic of scientific inquiry that statistical methods

are embedded in.

We aim to illustrate the process of falsification (and corroboration), through four steps: (1) laying
out the theories, being honest about both the preferred theory and alternatives; (2) developing
predictions for all theories; (3) comparing predictions against evidence, comparisons that may involve
both formal statistical testing and less formal comparisons; and (4) weighing the balance of evidence

for and against the alternatives.

Section [2| starts with a brief overview of cholera theories (Snow’s and alternatives) in mid-century
Britain. We also emphasize our focus on predictions and evidence about the patterns of mortal-
ity, what we might call statistical or observational “epidemiological” evidence, to distinguish from
“biological” evidence. In Section 7?7 we turn to the process for choosing or discriminating between
theories or causal explanations: the criterion of sophisticated falsification and the iterative process
of scientific inquiry. We build on ideas from Imre Lakatos — sophisticated falsification and scientific
research programmes — and Charles Sanders Peirce — stages of scientific inquiry. Section presents
the development of and debate over Snow’s fecal-oral theory in the 1850s as a case study for the

application of sophisticated falsification and the iterative process of scientific inquiry.

In Section [3:1] we discuss the treatment-control or potential outcome approach to causal analysis
(Neyman, 1923} |Cox, |1958; [Rubin, 1974; Holland, |1986) that is widely used today and show why

this framework was insufficient in deciding between theoretical alternatives.

In Section we examine, as a case study of sophisticated falsification, Snow’s efforts in 1855-56
(primarily [Snow, [1855] [1856b) to establish the fecal-oral theory versus alternatives. In the Con-
clusion, Section [6] we speculate on why the fecal-oral theory was accepted only slowly and discuss

lessons learned from cholera in the 1850s.

Snow’s efforts to demonstrate the fecal-oral theory in the 1850s were only partially successful, but
the episode remains both an instructive historical episode and a template for modern investigators
for scientific inquiry and falsification of alternative theories. It is highly relevant for social scientists

today, an outstanding case of social science research based on observational and statistical evidence.

2 Cholera Theories and Predictions

In this section we summarize the theories of cholera, which are discussed in more detail in Appendix
[A] For present purposes we can collapse the non-Snow alternative theories into one broad category —
inhaled blood disease — which then split into two, depending on whether the airborne cholera poison
is contagious (generated in and transmitted from one person to another) or non-contagious (generally

created by environmental conditions but not passed person-to-person). The non-contagious theory,



Figure 1: Timeline for Theories of Cholera in Nineteenth Century England
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in response to contradictory observations, was modified in the 1830s by the addition of a “contingent-
contagious” auxiliary hypothesis stating that cholera could under some conditions and for a limited
period become conta,giousEl This is a substantial simplification of the actual theories, but captures

the important component shared by all, that the cholera poison is airborne.

The important second step is making explicit the predictions from all theories being considered.
This was not done in the 1850s although the predictions are implicit throughout the writings of

Snow and contemporaries.

2.1 Cholera Theories in 1849 and After

Figure (1| shows a timeline summarizing cholera theories in the 19** century (Vinten-Johansen and|

[Koschinskyl, [2022). In late 1848 Snow, in line with most of his colleagues, believed cholera was an

inhaled disease of the bloodEl By late 1849, Snow “had been led, contrary to the usual opinion,
to consider cholera as being ... a local affection of the mucous membrane of the alimentary canal”
1849b, 431). In other words, between late 1848 and late 1849 Snow had developed and

adopted a new theory of cholera as a gastrointestinal disease, the theory that we recognize today as

24certain conditions may favour its spread from person to person, as when great numbers of the sick are crowded
together in close unventilated apartments, yet this is not to be considered as affecting the general principal of its
non-contagious nature” |General Board of Health] (1848)

3We can sse this in [Snow! 1848, 507-508), where he discusses treatments, presuming that cholera affects the lungs,
“in some points resembling |asphyxial, as far as the internal congestion is concerned.”




correct. From Snow’s writings we can trace his thinking and create a “rational reconstruction” of

the development of his theory (to use Lakatos’s phrase)ﬁ

The prominent theories in 1848 assumed transmission was via airborne inhalation, but diverged on
whether cholera was contagious or non-contagious. The divergence reflected contradictory evidence,
with some observations supporting airborne contagion and others supporting non-contagion. In a
formal sense, all airborne inhaled theories were refuted by the evidence and had been from the early
daysE| In fact, the hypothesis of contingent contagion had been introduced in the 1830s specifically
to adjust the non-contagious theories to (or protect them from) the evidence supporting airborne

contagion.

Combining his medical knowledge, examination of cholera cases, and evidence on transmission (which
was contradictory assuming airborne transmission), Snow proposed the fecal-oral theory as a plausi-
ble theory and mechanism for cholera. Snow explicitly laid out the theory for cholera as an intestinal
disease transmitted from person-to-person via the inadvertent swallowing of contaminated matter:
“That a portion of the ejections or dejections must often be swallowed by healthy persons is, how-
ever, a matter of necessity” |Snow| (1849al, 9). Alternatives were generally not so explicit as to the
disease or mechanism of transmission. In Appendix [A] we attempt, from a wealth of sometimes
contradictory contemporary accounts, to construct historically accurate but cogent descriptions of

alternative theories.

The three important dimensions along which we can categorize theories of the 1850s are: 1) the mode
of transmission, either inhaled or ingested; 2) whether contagious or non-contagious; 3) the “seat
of the disease” — the nervous system, blood, or the gastrointestinal tract; . The major alternatives
to Snow were all inhaled disease theories. A major point of debate (prior to but continuing after
1849) was whether cholera was contagious or not, with important implications for predictions. By
1849 it was widely assumed that cholera was a blood disease, but for observations on mortality
the distinction between blood and nervous system disease is not especially relevant — airborne and

contagion were the important characteristics.

There are important distinctions — for example between general atmospheric non-contagious and
localized non-contagious — but these do not have any large impact on the predictions from the

alternate theories for the epidemiological data on observed mortality.

2.2 Predictions

We focus here on predictions concerning patterns of mortality across time, space, and groups. We
might call this “epidemiological” or statistical evidence, which aggregates deaths across specific time
periods, geographic locations, and groups of people — e.g. in epidemic curves, maps, and frequency
tables of getting sick or not. In this context, predictions are formulated and evidence is collected

across different geographic scales, from person-to-person transmission within homes, to neighborhood

4Snow was not the only one to develop an intestinal theory of cholera. Writing shortly after Snow, William Budd,
a Bristol surgeon, independently proposed an intestinal theory (Budd) |1849).

5Blane and Corbyn|(1821)) cited evidence on both sides: For example pro-contagious was an episode from Mauritius
where cholera seemed to be imported by the frigate Topaz from Cylon (Blane and Corbyn) |1821} 148-150, 152-153);
anti-contagious was a case of three Sepoys in Seroor hospital who escaped disease despite being in close proximity to
patients (Blane and Corbyn| [1821} 143)



outbreaks around pumps, municipal outbreaks due to contaminated water supply in London, and

global transmission along trade routes.

Fecal-Oral Predictions Snow’s core theory posited cholera as a disease of the intestine, transmit-
ted by some unknown material that passed out of one individual (vomit or more commonly diarrhea)
and was then inadvertently ingested by others. This core theory or hypothesis implied three modes
of communication or transmission: (1) person-to-person ordinary or normal transmission; (2) neigh-
borhood transmission when a local water (or food) source becomes contaminated; and (3) municipal
transmission when a municipal water source becomes contaminated. These predict what we should

observe about patterns of mortality.

e Person-to-Person or Normal Transmission: People in the same room and sharing air would
not tend to get cholera unless they are in close physical contact or share food and drink but
not otherwise (for example, doctors attending patients would tend not to become ill); Once a
case of cholera occurs in a house or neighborhood, it will tend to transmit to others in close
physical contact; Cholera “may be conveyed to a distance, and into quarters having apparently
no communication with the sick” when “the patient, or those waiting on him, are occupied in

the preparation or vending of provisions” [Snow| (1849al 10).

e Neighborhood Transmission: Explosive growth in a local area when a localized source (say
a pump-well) becomes contaminated. Cases will rise very quickly, but often tail off quickly —
either because the source of the local contamination is removed or people move away. (Both

factors came into play with the Broad Street outbreak in 1854.)

e Municipal Transmission: Widespread cholera in a city or area when a common water-source
such as a river or a water company is contaminated. Large differential in mortality rate at
the beginning of the outbreak, diminished differential as cholera spreads more widely through

normal transmission.

Airborne Predictions The airborne theories were not well-articulated, coherent, and complete
theories, in contrast to Snow’s fecal-oral theory. We have attempted a rational reconstruction of
the extant theories. A more detailed (but still cursory) discussion is in the appendix, but here
we focus on the core attribute that is important for our predictions, that the cholera poison was
airborne and so cholera would be transmitted via air. Auxiliary hypotheses stated that local or
environmental factors would cause or amplify cholera disease, for example local dampness or filth
generating or amplifying the cholera poison. The split between contagious and non-contagious could

also by treated as an auxiliary hypothesis.

e Person-to-Person Transmission:

— Non-Contagious & Contingent Contagious: No — People in the same room will
not necessarily become sick. In the 1830s, an auxiliary hypothesis of Contingent Conta-

gion was introduced to account for contrary observations, that cholera person-to-person



airborne contagion was sometimes observed, sometimes not ]

— Contagious: Yes — People in the same room will likely become sick.

e Transmitted via Air: People sharing the same air should suffer the same mortality, those

not sharing the same air should experience different mortality.

e Factors Increasing Mortality: Predisposing causes and susceptibilities increase cholera
mortality, and these factors will be associated with higher mortality. The list is extensive and
includes: decomposing vegetation, soil contamination, overcrowding, dampness, filth, poor
ventilation, proximity to graveyards, bad water, bad sanitation, poverty, unhealthy & moist
living conditions. (Predisposing causes may generate or amplify the lethality of the cholera
poison, and susceptibilities increase susceptibility to cholera illness.) Some of these factors were
direct predictions of the theories — for example that crowded housing and poor ventilation, by
forcing people into closer contact and sharing air, would increase transmission and mortality.
Others were some combination of predictions plus auxiliary hypotheses adopted to account
for observations — for example “filth” or sewage was presumed to produce air-borne cholera
poison, but was also adopted in response to observations. It is important to recognize, however,
that the airborne theories and predictions were not stated explicitly (as was Snow’s intestinal
fecal-oral theory) and that what we present is a rational reconstruction of those theories and

predictions.

e Water (post-1849): Added as an auxiliary hypothesis — Water as a, possibly the most impor-
tant, predisposing cause. Additionally, the airborne cholera poison may dissolve in water and

be ingested (thus adding ingestion and water as a mode of transmission).

Appendix (Table lays out the detailed predictions that correspond to the evidence and mortality

observations available at the time.

3 Testing for Specific Causal Effects: Counterfactuals & Causal
Water 1850s

Single hypothesis testing within a treatment-control or potential outcome framework is the most
commonly applied statistical framework for causal inference in social science research. Snow’s anal-
ysis of water-borne transmission of cholera is a good example of demonstrating a causal effect, and
Snow is credited with the first use of two research designs widely used today for demonstrating causal
treatment effects — randomization as an instrumental variable and difference-in-differences[] Demon-
strating a causal effect, however, was not and we argue should not be sufficient to convince skeptics.

Demonstrating the superiority of Snow’s theory requires examining a broad range of evidence and

6This is a rather obvious ad hoc hypothesis under Lakatos’s standards. Such hypotheses are allowed but only
when they produce new empirical content — when they are “progressive” and produce predictions beyond the facts or
observations that motivated their introduction. This auxiliary hypothesis could account for the “old” observation that
transmission sometimes appeared to be person-to-person airborne, sometimes not. But it did not produce any new
theoretical or empirical predictions.

7See|Greene (2018], 228), and also[Deaton| (1997); |Grootendorst| (2007), for randomization, and |Angrist and Pischke
(2014} 205) and |Angrist and Pischke| (2008, 227) for differences-in-differences. Arguably, |Simon| (1856, Table 1) is an
even cleaner early example of difference-in-differences.



testing the plausibility of alternative potential explanations. This requires a shift in attention from
treatment effects to explanations — from the effects of causes (Neyman| (1923); |Cox| (1958); Rubin
(1974} [1978); and |Holland| (1986)) to the causes of effects (Pinto and Heckman| (2021))).

3.1 Treatment-Control Framework

Testing for causal effects within a treatment-control or Neyman-Rubin potential outcome framework
(Neyman, (1923} (Coxl {1958; Rubin, {1974; Holland), [1986)) is the focus for much causal analysis in
social, behavioral, and medical sciences. The basic question for any treatment, say consuming clean
water in the case of cholera, is whether the outcome (mortality) is different when the treatment is
applied (clean water) versus when it is not (contaminated water). This is asking a hypothetical or
counterfactual question — would an individual’s chance of dying from cholera be lower when drinking
clean water? This counterfactual is the important question but impossible to measure empirically,
because the individual drinks either clean water (treated) or contaminated (control). One cannot

measure the same person both treated and not.

The idea is to explicitly introduce the counterfactual world (potential outcome) where the individual

does consume clean water and we do observe the mortality outcome, contrary to the real world:

. Y7 if treated (clean) counter- factual
mortalityrate =Y = ] ]
Yo if control (contaminated) observed

We cannot measure that counterfactual and thus the effect of treatment for any individual, but we can
hope to measure some average treatment effect across a population: ate = E [Y; — Yy]. The potential
outcome approach focuses our attention on the statistics and mechanics of correctly estimating
the effect of treatment (most basically an average treatment effect). The primary challenge is
confounding by observable or unobservable factors — spurious association (correlation). The goal is

to control for (eliminate the effect of) those confounding factors.

Tools for controlling for confounders are available. Regression and matching on observables control
for observable characteristics. The real challenge is unobservable factors. Instrumental variables,
of which randomization is the most intuitive and commonly used, controls for unobservable con-
founders. Experimental design, such as difference-in-differences (DiD), provide another set of tools.

Both of these show up (possibly for the first time) in Snow’s work.

3.2 Single Tests of ‘Causal Water’ in 1855

Many components of Snow’s cholera analysis fall squarely within a treatment-control framework.
Although Snow and his contemporaries did not have the statistical tools to conclusively demonstrate
that water has a causal effect, they did have an understanding of many of the issues, and they did
provide strong evidence to support the claim that water had a causal effect on cholera mortality.
We need to reinforce, however, that single hypothesis tests of water within a treatment-control or
potential outcome framework were not sufficient for separating waterborne and airborne research

programmes.

10



Snow| (1855)) undertook an analysis of the large (400,000+) population in South London, exploiting
two research designs which are in widespread use today — randomization as an instrumental variable
and difference-in-differences (DiD). Although Snow’s analyses suffered from flaws as discussed in the
appendix, it nonetheless provided valuable evidence supporting water as a causal factorﬂ There was
other, arguably stronger, evidence provided in the 1850s which showed the causal effect of water
within a counterfactual framework. We highlight two instances: First, |Sutherland (1851, 15-16)
reported an outbreak in Hope Street, Manchester, in 1849 that showed very strongly a well as
the source of disease. Second, |Simon| (1856)) discussed at some length the same 1854 South London
outbreak and population that Snow analyzed, but with the benefit of population-by-supplier detailed
by subdistricts (which was not available when Snow published in 1855). [Simon| (1856} 9) concludes,
justifiably, that

The above conclusions [that higher mortality was caused by drinking contaminated water]
rest on so large a basis of facts, that I venture to believe they will be accepted as the final
solution of any existing uncertainty as to the dangerousness of putrefiable drinking-water

during visitations of epidemic cholera.

In summary, the evidence available in 1855 strongly supported water as a causal factor in cholera
mortality, even by today’s standards. But in the end this result contributed little to deciding between
theories, for two reasons. First, as will be shown in Section [5.1] existing airborne theories were
modified so that water was incorporated as a causal factor, thus protecting them from refutation by
“causal water”. The second, more general, reason is that testing for and demonstrating an isolated
causal effect is rarely sufficient to refute a theory within the overall process of scientific inquiry —
Lakatos argues there are no “crucial experiments”. In Section [5.3] we expand on this theme and
show that “causal water” was only one piece of the overall evidence for comparing between theories.
We argue that the broad range of evidence should have been sufficient to justify replacing existing

theories with the fecal-oral theory, but single hypothesis tests of water alone were not sufficient.

4 Framework for Falsification and the Iterative Process of Sci-

entific Inquiry

4.1 Sophisticated Falsification

The limited reception of Snow’s theory in the 1850s presents something of a puzzle if one starts (as
did the current authors, see |Coleman| (2018])) from a simple treatment-control approach to testing
and discriminating between Snow’s and alternative theories. The puzzle of strong empirical support
but scant acceptance of Snow’s theory is resolved by recognizing that choosing between theories (or
research programmes) is rarely resolved quickly with a definitive experiment, but generally involves
a long competition or war of attrition with multiple strands of evidence and repeated tests and com-

parisons. Lakatos’s sophisticated falsification plays the central role as the criterion for comparison.

8Re-analysis using current statistical tools in (Colemanl, [2020) shows that Snow’s evidence does demonstrate water
as a causal factor.

11



We use a framework that combines Peirce’s idea for the stages of scientific inquiry together with
Lakatos’s methodology of scientific research programmes. Figure [2] provides an schematic overview,

which is discussed in this section.

The process of scientific inquiry is an on-going interplay between data and theory, with theories
modified in response to new evidence, and new facts in turn predicted by theory — what [Heckman
and Singer| (2017)) call the “abductive approach”. This iterative process of inquiry, which goes back
and forth between theory and data, stands in contrast to common paradigms in both economics and
computer science. In empirical economics the conceptual framework (as opposed to actual practice)
is often static, with theory development and testing separated: “Many analysts operating in this
framework ... define empirical economics to be the activity of testing (falsifying or corroborating) a
priori models” (Heckman and Singer| 2017, 299). Revising theories after analyzing data is seen with
suspicion as cheating or data mining. In contrast, computer science is largely data-driven without
reliance on prior theories, expressed in the view that “The Data Deluge Makes the Scientific Method
Obsolete” (Anderson, [2008)).

Before moving ahead we should say that we are not ignoring other substantive contributions to
causal inference, but rather focusing on Peirce and Lakatos because they provide a concise and
practical model for scientific inquiry. A very incomplete list of additional work includes discussions of
causal inference in history of science (Laudanl [1968)), philosophy of science (Salmon), |2006]), statistics
(Pearl, 2009) and other social sciences (Gangl, [2010; HedstrAqm and Ylikoski, |2010); methodology

in economics (Friedman) 1953)E| and recent work in econometrics (Pinto and Heckman), 2021).

Lakatos| (1980} 32) proposes sophisticated falsification as the specific criterion for separating between
theories{]

a scientific theory T is falsified if and only if another theory T’ has been proposed with
the following characteristics: (1) 7" has excess empirical content over T: that is, it
predicts novel facts, that is, facts improbable in the light of, or even forbidden by, T'; (2)
T’ explains the previous success of T, that is, all the unrefuted content of T is included
(within the limits of observational error) in the content of 7"; and (3) some of the excess

content of T is corroborated.

An important implication (maybe not obvious from the way that Lakatos stated the criterion) is
the importance of both corroborations of the new T (3) and contradictions of the original T' (1).
In other words, sophisticated falsification requires contradiction of the existing (or parts of the
existing) theory, which looks something like a form of naive or even dogmatic falsification. But with
two important additions. First, additional empirical content that is corroborated is also required,
and second “falsification” is always provisional and cannot immediately or automatically lead to

rejection of the original theory T.

9Friedman| (1953) lays out a methodological framework with many similarities to Lakatos’s research programmes:
“Such a theory [for a positive science] is, in general, a complex intermixture of two elements ... a ‘language’ ... [and]
a body of substantive hypotheses.” See also Friedman’s footnote 11 for a discussion of “identification” in economics
and references to the economics literature.

10T akatos distinguishes between three forms of falsification: dogmatic, naive or methodological, and sophisticated —
see [Lakatos| (1980, 12-47). Both dogmatic and naive falsification are open to the Duhem-Quine critique (Quine|[1953|
chapter 11;|Lakatos| 1980, 93-101). Lakatos discusses rules for the falsification of research programmes (as opposed to
theories within a programme) on page 69 and page 179, quoted above.

12



This last condition, that adjustments must predict new facts (increase the empirical content of
the theory) manages the problem that any theory may be adjusted to accommodate contradictory
evidence (the Duhem-Quine thesis). Lakatos’s framework of research programmes recognizes and
embraces the fact that theories — particularly the protective belt of auxiliary hypotheses — may
and indeed should be adjusted to incorporate and subsume “anamolies” and new evidence. The
challenge is to distinguish between ad hoc adjustments that adjust only to accommodate inconvenient
observations and should be disallowed, versus “legitimate” adjustments that refine and enhance
the overall programme. Rather than provide prior conditions to distinguish between disallowed
versus allowed adjustments, here the focus is on the result and whether an adjustment improves the
theory by predicting new facts (increasing empirical content). Failure to predict new facts does not
immediately disqualify a theory or programme, but does separate between progressive programmes

that increase scientific knowledge, versus degenerating programmes that, ultimately, do not.

In this context, we need to consider the working unit for inquiry. Rather than a single hypothesis or

theory, we use Lakatos’s research programme, a structured set of theories and hypotheses: “my unit

of appraisal is not an isolated hypothesis (or a conjunction of hypotheses): a research programme

consists of a developing series of theories [with| ... a structure. It has a tenacious hard core

. a heuristic, [a set of rules for analyzing the theory and data| ... [and] a vast belt of auxiliary
hypotheses [that translate from the core to the world of observations|” |Lakatos| (1980, 178).

4.2 TIterative Comparison Across Theories & Programmes

An important component of the inquiry process is the comparison across and adjudication between
theories and programmes. The core of the programme is not subject to refutation or contradiction,
until and unless the complete programme is replaced by another by the scientific community —
to which we turn shortly when we discuss sophisticated falsification and the comparison across
programmes. The belt of auxiliary hypotheses, in contrast, may be refuted, altered, and added to.
This belt of auxiliary hypotheses and theories provides the translation from the core to the world of

observed phenomena, while also protecting the core from refutation.

Comparison across programmes shows us how and why we should replace one programme (set of
theories) with another. Our initial thought might be to a simple comparison of a theory’s predictions
versus observations or facts. If the predictions pass, the theory is (provisionally) accepted, if not
then the theory is summarily rejected. This is what Lakatos calls dogmatic or naive falsiﬁcationﬂ
But the adjustment of theories to accommodate conflicting facts raises substantial problems for a
naive approach to falsification (including Popper’s). Lakatos emphasizes that “Popper’s great neg-
ative crucial experiments disappear” [Lakatos| (1980, 111) and that, “Contrary to naive falsification,
no experiment, erperimental report, observation statement or well-corroborated low-level falsifying
hypothesis alone can lead to falsification” Lakatos| (1980, 35). Thus the necessity and importance of

Lakatos’s sophisticated falsification, discussed above.

Lakatos| (1980} 179) provides the criterion for replacing one research programme (collection of core

and auxiliary theories) by another:

11 See [Lakatos| (1980 Section 1.2) and also page 93 ff for more detail on various flavors of falsification.
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Figure 2: Schematic for the Iterative Process of Scientific Inquiry

Lakatos’s Research Lakatos’s Research
Programme 1 Programme 2
Hypotheses & Theory Hypotheses & Theory
Peirce’s "Abduction"” Peirce’s "Abduction"
Predictions ) Predictions

Sophisticated

"Deduction” "Deduction"
Falsification
c Evid Compare, .
ompare vs Evidence Judge & Adjudicate Compare vs Evidenc
"Induction" "Induction”

updet®

.

We combine Peirce’s three stages of scientific inquiry with Lakatos’s scientific research programmes and
sophisticated falsification. Scientific inquiry involves a dynamic back-and-forth of data and theory, from
theory generation to predictions to comparing against data, and back again to theory generation and
modification. Scientists work with research programmes, which are collections of theories & hypotheses.
Sophisticated falsification is the criterion to appraise and compare across programmes, and may involve
testing various hypotheses and predictions (7Test 1, 2, ...) within a Neyman-Rubin potential outcome
framework.

Having specified that the unit of mature science is a research programme, I now lay
down rules for appraising programmes. A research programme is either progressive or
degenerating. It is theoretically progressive if each modification leads to new unexpected
predictions and it is empirically progressive if at least some of these novel predictions are
corroborated. It is always easy for a scientist to deal with a given anomaly by making
suitable adjustments to his programme (e.g. by adding a new epicycle). Such manoeuvres
are ad hoc, and the programme is degenerating, unless they not only explain the given

facts they were intended to explain but also predict some new fact as well.

One research programme supersedes another if it has excess truth content over its rival,

in the sense that it predicts progressively all that its rival predicts and some more besides.

Research programmes are thus fundamentally dynamic, being a series of theories and hypotheses
that progress (or degenerate) over time. A progressive research programme provides a good working
definition of effective scientific inquiry. A degenerating programme does not produce excess content
or predict new facts; it is not effective scientific inquiry. The distinction between progressive and
degenerating research programmes resolves the problem (at least in the long run) for how to choose
between theories or research programmes: (1) scientific progress requires discarding degenerating
programmes, and (2) adjustments to auxiliary hypotheses that protect a theory “are ad hoc, and

the programme is degenerating, unless they not only explain the given facts they were intended to
explain but also predict some new fact as well” (Lakatos, (1980, 179).

Figure [2| shows a schematic for the iterative process of scientific inquiry, with sophisticated falsifi-
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cation playing the central role for comparing across theories. Peirce proposed scientific inquiry as
comprising three stages: generating theories or hypotheses (abduction), deriving predictions from
theory (deduction), and comparison against evidence (induction) [Misak| (2004, 93-95). He saw the
path of scientific inquiry as a dynamic interplay between data and theory, a progression from a
settled belief that encounters a surprise, through doubt, inquiry, and back to settled (but altered)
belief: “Peirce characterises the path of inquiry as follows: belief—surprise—doubt—inquiry—belief”
(Misak, [2004, 50). This process is not linear, however, but dynamic and iterative — comparing predic-
tions against evidence will inevitably produce anomalies, contradictions, and surprises, which entail
further development and modifications of theory and hypotheses. Our sharp distinction between the
three stages is a stylization and something of an exaggeration, but captures important aspects of
the process. Finally, Figure [2| shows that hypothesis tests (1, 2, ...) as described in /refsec:causal-
water form one component of the larger iterative process of scientific inquiry — crucial but only a

component.

5 Historical Examples of Iterative Process and Sophisticated

Falsification

5.1 The Iterative Process of Scientific Inquiry: Snow’s Cholera Theory
1849-1866

This section provides an overview of the development and progress of Snow’s intestinal fecal-oral
theory from 1849 to 1866. It demonstrates the iterative process of inquiry, and particularly the use

of auxiliary hypotheses in protecting the airborne theories.

Some time in 1849 Snow seems to have made a mental leap, an abductive leap, to recognize that
airborne transmission was not necessary: “There is, however, no reason to conclude, a priori, that
this [contagion via inhalation| must be the mode of communication of cholera” [Snow| (1849al 6).
Having broken from inhalation, and calling upon both his medical experience in treating patients
and widespread observations of the symptoms of cholera (“it has always appeared, from what the
writer could observe, that in cholera the alimentary canal is first affected” |[Snow||1849al 7), Snow
hypothesized that cholera was a disease of the intestines (the alimentary canal) and transmitted
person-to-person via ingesting contaminated fecal matter because, unintentionally, “a portion of the
ejections or dejections [from a patient with cholera] must often be swallowed by healthy persons”
(Snowl, [1849al, 9). Snow proceeded to develop a variety of implications or predictions for observed

mortality and transmission of cholera, as discussed in Section [2] and Appendixes [A] and

Snow combined the fact of long-standing evidence contradictory to inhalation (evidence refuting
those theories), observations and evidence concerning cholera, and intuition and knowledge of
medicine to develop his theory. But this was only the first step in an on-going process of inquiry that
went back-and-forth between data and theory. To supplant existing and widely-accepted theories,
more was required than a good idea and some scattered evidence, as Snow himself recognized: “The
opinions now made known [in late 1849] have been entertained by the author since the latter part
of last year ... but he [the author, Snow| hesitated to publish them, thinking the evidence in their
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favour of so scattered and general a nature as not to be likely to make a ready and easy impression”
Snow| (1849a, 12).

Snow had to move to the next stages of the process, deduction of predictions and induction versus
evidence. The was the first attempt at falsification of alternatives, the attempt to use evidence to
refute alternative theories while showing that the evidence supported his theory — corroborating his
predictions and showing that his theory had “higher corroborated content”. Snow had to collect and
examine evidence, both existing and new. He had to marshal facts, logic, and explanation to make
a case for his theory versus alternatives. We know that Snow found additional evidence in late 1849:
“Within the last few days, however, some occurrences have come within his [the author, Snow’s|
knowledge which seem to offer more direct proof [of the theory|, and have induced him [Snow] to

take the present course [publishing]” (Snow| 1849a; 12).

The new evidence Snow discovered were the neighborhood outbreaks in Thomas Street (Horsley-
down), and Albion Terrace (Wandsworth Road). Snow spent roughly 10 pages providing a detailed
description of the two sets of buildings and specifically the way in which faulty plumbing allowed
sewage-contaminated water to be shared among the residences. Snow was undertaking the falsifi-
cation or comparison part of the inquiry process, comparing predictions against evidence to sort
among alternative theories. For now we only outline the falsification effort, returning in Section [5.3
to use [Snow| (1855)) and related publications to examine it in detail. Here we highlight that [Snow
(1849a) 1) developed predictions (deduction) — particularly how cholera would be transmitted via
hand-to-hand contact and via contaminated water; 2) provided evidence (induction) — particularly
on the importance of water in cholera transmission and mortality; 3) compared predictions versus

evidence for his theory and (rather cursorily) for alternatives (falsification).

For present purposes the important result is that Snow provided strong evidence that sewage-
contaminated water was an important factor in cholera mortality. Contemporaries acknowledged
the importance of water, due to Snow’s work and also evidence from others. William Farr of the
General Registrar Office concluded that “Dr. Snow is unfortunately able to show that this excre-
mental distribution ... is possible to a very considerable extent.... The experience of ... many of our
own towns lends some countenance to Dr. Snow’s theory” (General Register Office) [1852] Ixxviii).
During and shortly after the 1849 epidemic, local officials throughout England and Wales submitted
reports to London that detailed similar associations between water quality and cholera mortality. In
its final report, the General Board of Health noted that “much additional evidence has been elicited
proving the influence of the use of impure water in predisposing to the disease” (General Board of
Health) |1850, 50). John Sutherland, a supervising inspector, noted that “in nearly every city and
town affected, ... a number of most severe and fatal outbursts of cholera were referable to no other
cause except the state of the water supply” (Sutherland, [1851], 14). Richard Grainger, who summa-
rized reports received from local inspectors in the London metropolis after the 1848-49 epidemic,
cited “unquestionable evidence” of water “contaminated in various ways by decomposed organic and
noxious matter” and then “taken up ... by the blood vessels of the alimentary canal ... as noxious
aerial agents do by way of the respiratory apparatus”’ (Grainger] (1851} 91)

Remember that, prior to Snow, cholera was assumed to be airborne and propagated by inhalation.
And yet by 1851 impure water — broadly defined as water containing decomposing organic matter

— was widely recognized as at least a contributing cause for cholera; for some, water was elevated
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to “perhaps the most fatal of all” predisposing causes (Sutherland| 1851 14). It is natural for a
modern reader to assume that evidence for water as a causal factor would serve to refute airborne
theories and confirm the ingested fecal-oral theory, and furthermore that falsification of inhalation
would be widely recognized. This was not the case and instead water was incorporated into the
existing theories, making them in effect hybrid theories of inhalation with water as a secondary
mechanism. Even though this was an incorrect and an unfortunate scientific response, it was a

reasonable response.

The research programme framework tells us that any prediction is a combination of core and protec-
tive hypotheses. Evidence refuting a prediction refutes the joint hypotheses, not the core theories
alone. It is perfectly appropriate to maintain the core and reject (and then adjust) the auxiliary
hypotheses. A single anomaly, even an accumulation of contrary evidence, does not of necessity

refute the core theories.

For pre-1849 inhalation theories the core would be that cholera is a disease of the blood with
individuals inhaling a choleric poison which entered through the lungs, into the blood, and thus
caused disease (by some unknown mechanism). The protective belt of hypotheses would detail how
the choleric poison was produced and transmitted and thus the observed patterns of disease and
mortality. One hypothesis would be that cholera is contagious with the choleric poison created in
an individual and passed person-to-person via inhalation. If this hypothesis were contradicted by
evidence, this would not (of necessity) contradict the core of an inhaled blood disease, but simply
require adjustment of the auxiliary contagion hypothesis — adjusting by hypothesizing that cholera

is non-contagious.

Now we come to evidence that water is strongly associated with cholera mortality. Rather than taking
such evidence as refuting the underlying core of an inhaled blood disease, such observations were
interpreted as positive evidence that the cholera poison was produced or transmitted through water
and that a source of the cholera poison had been previously overlooked — water as a predisposing

causal factor was introduced as a (protective) auxiliary hypothesis to the airborne theories.

Simplifying somewhat, the outcome of the Snow’s scientific inquiry and abductive efforts from the
1849 outbreak, culminating in the publication of the 1849 first edition of On the mode of communica-
tion of cholera, was a productive stand-off: (1) the causal importance of water was widely (although
not universally) recognized; (2) water as a causal factor was incorporated into inhaled blood disease
theories through expansion of the protective belt of auxiliary hypotheses; (3) water was removed as
a crucial distinguishing factor between theories, with inhaled blood diseases now “protected” against
evidence of water as a causal factor; and most importantly (4) the fecal-oral theory was recognized
although not widely adopted. In the following years both Snow and skeptics were impelled to collect

new evidence, re-examine existing evidence, and refine predictions to compare against that evidence.

Cholera struck again in 1854, bringing new hardship but providing substantial new evidence on
cholera. The Broad Street outbreak in Soho in early September 1854 is probably the most widely
known episode in the history of epidemiology. The case of South London, which closely approximated
a randomized trial with treatment by clean and contaminated water, provided quantitative evidence
from a population of over 450,000. Snow published the 2"? edition of OMCC in 1855 (Snow, [1855),

and also papers in learned journals (e.g. |Snow, |1856b|) in a renewed attempt at falsification, which
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we discuss in Section The fecal-oral theory gained marginally wider acceptance but was not

generally accepted.

In 1866, cholera arrived in London for the fourth (and final) time. In the years since 1855 (and Snow’s
death at the age of 45) the fecal-oral theory had gained wider although not universal acceptance.
Reports to the Privy Council, to Parliament, and by the Lancet all recognized the fecal-oral theory,
and Filippo Pacini’s identification of the “germs of vibrions” (Farr, [I868|, xv), as the correct theory

for the cause of cholera.

5.2 Protective Auxiliary Hypotheses: Airborne Theories and Water 1849-
1855

As mentioned in the prior section, water was introduced as a causal factor, an auxiliary hypothesis,
for the airborne theories. It is important to recognize that this was not irrational, and was not
contrary to accepted scientific knowledge of the time, or even current scientific knowledge. Possi-
bly water and general dampness contributes to organic decomposition that amplifies production of
airborne cholera poison that is then inhaled, thereby producing a strong (and causal) association
between contaminated water and cholera mortality. Contemporary writers explicitly proposed such

mechanisms, with |Grainger| (1851} 34) as one example:

when the numerous sewers of a city reach the stream [rivers|, ... [this] presents a physical
condition favourable to its subsequent escape into the atmosphere in the form of mephetic

gases

Another mechanism, possibly acting in parallel, is that the airborne cholera poison can be dissolved
into water, ingested, and then make its way to the bloodstream. Exactly this mechanism was laid
out by |Grainger| (1851} 91):

water ... is contaminated in various ways by decomposed organic and other noxious
matter; as by the absorption of deleterious gases ... these injurious substances get into
the blood ... the most poisonous being soaked up by the blood-vessels of the alimentary
canal as readily as the most harmless. Thus a second great inlet is established by which
injurious substances in a liquid form as certainly find their way into the circulating blood,

as noxious aerial agents do by the way of the respiratory apparatus.

Today we know these proposals are mistaken but they were not contrary to either medical knowledge
or scientific method — they are not examples of smart people clinging to outlandishly incorrect ideas.
They are examples of an unfortunate but still rational response to contrary evidence or anomalies,
adjusting the protective belt of hypotheses that translate from the core theories (inhaled blood
disease) to the world of observations (cholera mortality). Yes, strong evidence of the causal effect of
water supports Snow’s fecal-oral theory. And yes, the evidence is contrary to a simple (non-water)
version of inhaled blood diseases. But instead of throwing out the existing theory, new auxiliary
hypotheses were introduced concerning the role of water in the production and transmission of
the cholera poison, and thus the previously contradictory evidence incorporated into the inhaled

blood-disease theory (or research programme).
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5.3 Sophisticated Falsification: Comparing Theories 1855

Choosing among competing theories is not easily formalized and does not neatly fit in a statistical
testing framework — the process can be qualitative, fuzzy, and somewhat ambiguous. It is nonetheless
one of the most important components of scientific inquiry, and it can be organized and structured.
Choosing between competing theories is often a slow and complicated war of attrition (Lakatos,
1980, 133), producing neither the “instant rationality” of Popper’s falsification (Popper} |1985) nor
the “sudden, irrational changes in vision” of |[Kuhn| (1962)) (quoting in both instances Lakatos|/1980,
6).

We rely on Lakatos’s sophisticated falsification — the process of one theory (with higher corroborated
content) superseding another (with lower content) — discussed in Section above (and |Lakatos|
1980, 32). Lakatos emphasizes that with sophisticated falsification crucial experiments disappear
(see, e.g. Lakatos| (1980, 35, 111) and it is multiple sources of evidence across various predictions
that is compelling. Snow’s efforts in 1855 and 1856 are an exemplar and test case because it exhibits
the slow and sometimes fitful process of developing scientific knowledge, and also the use of multiple
strands of evidence — evidence and comparisons that sometimes includes qualitative in addition to

quantitative or statistical evidence — for comparing across a wide range of predictions.

Section introduces the theories (Snow’s and alternatives) and predictions. The appendixes discuss
in more detail the theories (Appendix, predictions (Appendix, and comparison versus evidence
(Appendix E[) Here, in Table |1, we focus on a subset of the predictions and comparison versus
evidence: person-to-person transmission (2 a&b); airborne transmission (4); water and other factors
(5b and 5c-f); and the time-pattern of mortality or the “epidemic curve” (8 and 9). These are
predictions that are particularly valuable for discriminating between theories (2 a&b, 5c-f, 8, 9), or
highlight the consequence of introducing the water-based auxiliary hypotheses (4 and 5b), showing

why the airborne theories are degenerating according to Lakatos’s criterion.

There are two levels on which we consider whether the airborne theories were “falsified” by the evi-
dence in 1855-56. First, naive falsification, whether the evidence refutes or contradicts the airborne
theories. We might be tempted to answer “yes” but close examination of Tables [I] and ?? show
why this is a vain hope. The final two columns of Table ?? do show that the airborne theories are
(naively) contradicted by some but only some of the evidence — the theories are protected on two
crucial predictions regarding airborne and waterborne transmission (4 and 5b). For those predictions
that are contradicted, suitable adjustments to the theories could no doubt be made: “It is always
eagy for a scientist to deal with a given anomaly by making suitable adjustments to his programme”
Lakatos| (1980, 179). Furthermore, the evidence for other factors not affecting mortality (5¢-f) was
rather weak. The fecal-oral theory is without doubt better supported by the evidence, but there is

no single observation to which we can point as definitively refuting the airborne alternatives.

Turning to Lakato’s three-part criterion for sophisticated falsification (Lakatos|[1980, 32 and Section
above), the fecal-oral theory satisfies all three conditions:

1. the fecal-oral theory has excess empirical content, predicting new patterns of person-to-person

transmission different from airborne theories (2b); the absence of factors other than water

affecting mortality (5c-f); and time-patterns of mortality (epidemic curve, 8 & 9)
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Table 1: Highlights of Comparing Predictions versus Evidence

2
Prediction Evidence / Observation Value Support.v
Fecal Air
PERSON-TO-PERSON CONTAGION
Quality=Good. Anecdotes, reports, and case
Airborne theories predict that when studies. See|Blane and Corbyn| (1821} 143, 148-150,
contagion occurs it is between those 152-153), I—ISHOVKI ]_|718525D21—9)). Y for Ai
2a sharing airspace in close proximity Supp(.)rtiCO TR CTORY for 1rb0¥‘ne . .
& . . theories since some reports show those sharing High Y N
Fecal-oral theory predicts contagion X .
2b k L . airspace get sick, others not.
occurs for those in close proximity, via g ZYES for fecal 1 si
sharing food, clothing upport= or fecal-oral since reports are
s ’ consistent with transmission via food, clothing,
hand-to-hand contact.
GENERAL CHARACTERISTICS
Quality=Good. Broad Street data showing that
Transmission by Air — Airborne tilan.smlss.lor{) is not by air — e(;/ldence gn those }
theories predict transmission by air: sharing air but nzi Water,hgnhwzteéhult no; ar
4 Sharing same air (different water) = (Snow .1855 42, 44-45; Whitehead, Medium Y  P/N
o . . . . Committee| 1855 128 ff).
similar mortality; sharing different air — X .
. . Support=NO for airborne theories but Protected
(same water) = different mortality S .
by the auxiliary hypotheses concerning water as a
predisposing cause and as a mode of transmission.
Quality=High. Supported by multiple strands of
high-quality evidence (narrative of neighborhood
outbreaks (Albion Terr, Broad St, etc. 1849al,
12 ff, 15 ff; 1855} 23-56); quantitative analysis
Water — Airborne and fecal-oral of municipal & neighborhood outbreaks (Snow
5b theories (post-1849) all predict water is 1855], 89, Table IX ; [Sutherland|[1851} 14 ff; [Simon Low Y P/N
a causal factor for cholera mortality 1856} 9 & 13-14; Whitehead, |(Cholera Inquiry
Committee, 1855, 128 ff)).
Support=YES for fecal-oral, NO but Protected
for airborne by auxiliary hypotheses (water as a
predisposing cause, mode of transmission).
Quality=High. (1856b)) attempts to show the
Other Factors — Airborne theories “overwhelming influence” of water — doing so would
predict cholera is associated with be strong evidence contradicting airborne theories.
5c, variety of factors, independent of water Support(1856)=Weak YES for fecal-oral and NO
d, Fecal-oral theory predicts water will for air — without regression tools Snow could not .
i N . Medium Y N7
e, be the overriding factor in a convincingly demonstrate effect
f neighborhood or municipal outbreak Support(2022)=Strong YES for fecal-oral, NO for
and other factors will have no or very air — Re-analyzing with modern statistical tools
small effect contradicts the airborne hypothesis — 1854 South
London other factors had no significant effect.
EPIDEMIC CURVE
. . lity=High; Support=YES — Narratives of
Fecal-oral theory predicts explosive an ’ .
8 neighborhood outbreaks: Mortality neighborhood outbreaks. 18.493 12 f, 15 ff; High Y N
. C 1855| 23-56) showing explosive growth from
grows quickly initially then falls off
low background rates
Fecal-oral theory predicts municipal Quality=High; Support(1855)=YES: Snow
outbreak mortality will differ early vs highlighted in multiple instances, (Snow [1855| 82,
late: Early: high mortality for those 86, 88;|1856b; [1856a) 243;|1857))
9 exposed to contaminated water; Later: Quality=High; Support(2021)=YES: DiD High Y N

difference remains but diminishes as
normal and neighborhood propagation
contribute

combined plus mixed population
(quasi-randomization) split into first 4 vs next 3 vs
final 8 weeks
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Table 2: Comparison of Predictions versus Evidence

B . K . o
Prediction & Observation frftceaslti?lgTL Airborne, Blood Disease Evidence / Observation Value Contradict?
Non-Cont . :
S
(Snow) Contingent Contagious Fecal Air
PERSON-TO-PERSON CONTAGION 2 3 4 5 6 7 8
Geographic Spread: Cholera occurs e v leO e Qualzty:. Modera.te; Agree: YES — Anecdotes and gener'al ,
1 . Weak . observations that it spreads along trade routes — not specific or Low N M
along trade routes, at the speed of travel Support . Support .
contradict detailed
Person-to-Person airborne contagion: s /10 ves
2a  occurs between those sharing airspace in na oA S Quality: Good; Agree: CONTRADICTORY for Airborne — na M
A Protected Contradict . . . . .
close proximity in some cases those sharing the same airspace are infected, High
P to-P b sometimes not Quality: Good; Agree: YES for fecal-oral
% COZ::;’,:;S' oiZiisf(ZOtn};:sZizrgée yes Anecdotes, reports, and case studies. See [Blane and Corbyn N na
H . na na
3 1821 143, 148-150, 152-153), |S 1855] 2-9
proximity, via sharing food, clothing SIOTPIFOIRIT ( ’ ’ ) Iﬂlq—l )
. . . no no yes Quality: Poor; Agree: NO — Anecdotes and general
3 Wznd.?. Cholera follows winds (not Weak Weak Weak observations that it does not follow winds — not specific or Low N M
contagious) . ic i
support support contradict detailed
GENERAL CHARACTERISTICS
General transmission by air: Sharing Quality: Good; Agree: NO — Broad Street provides events and
4 same air (different water) = similar no yes yes data on those sharing air but not water, and water but not air Medium N P
mortality; sharing different air (same SUPPORT Protected Protected (Snow|1855] 42, 44-45; Whitehead, |Cholera Inquiry Committee|
water) = different mortality 1855 128 ff
Water is causal: pre-1849, cholera not
5a  associated with water (NB — prediction na no no Quality: High; Agree: YES — Multiple strands: narrative of na Y
from airborne is reversed) ‘ Contradict Contradict neighborhood outbreaks (Albion Terr, Broad St, etc. Low
1849a) 12 ff, 15 ff; 1855] 23-56); quantitative analysis of
5b Water is causal: post-1849, cholera L . ) municipal & neighborhood outbreaks (Snow 1855} 89, Table IX ; N P
associated with water — post-1849 SUP%’%RT p yes d p yes d Sutherland|1851] 14 ff; [STmon|1856] 9 & 13-14; Whitehead,
Lotecte Lotecte (Cholera Inquiry Committee] [1855] 128 ff)
Other factors: Cholera associated with o yes yes Quality: High;
5¢, variety of factors, independent of water: 1856: 1856: 1856 Agree: Weak NO: (1856b) attempts to show the
. J 1856: weak . . “ R . . 4 S
d, 5¢c) Overcrowding & poor ventilation; 5d) Weak Weak ‘overwhelming influence” of water but without statistical tools of .
. 2021: . Medium N Y
e, Hot weather & decomposing refuse; 5e) strong 2021: 2021: regression only modestly successful
f Poverty & unhealthy living conditions; 5f) s y g,t strong strong 2022 Agree: Strong NO: Strong evidence that other observed
Dampness, filth, bad sanitation Suppor contradict contradict correlations are spurious
General characteristics: Cholera erupts
simultaneously in non-contiguous yes yes no Quality: Moderate; Agree: YES — Anecdotes and general ,
6 Low N M
locations; Visits same areas in subsequent Support Support Contradict observations — not specific or detailed
outbreaks
18"6%1(;/011( 1\3(;:\'05 Quality: Good; Agree: YES but spurious — Quantitative
Elevation: Mortality falls with higher obs Wes o no analysis (Farr, |General Register Office|[1852] Ixi ff) but Farr
7 . . 2021: Support . — : : . Low N M
elevation and further from river — 2021: Neutral recognized association with water and crowding. 2021 re-analysis
i Contradict shows relation is spurious due to association with water supply.
EPIDEMIC CURVE
Explosive neighborhood outbreaks: ves o o Quality: High; Agree: YES — Narratives of neighborhood
8 Mortality grows quickly initially then falls SUPPORT  Contradict Contradict outbre-aks (Snow|1849a| 12 ff, 15 ff; 1855] 23-56) showing High N Y
off explosive growth from low background rates
Municipal outbreaks early vs late: Quality: High; Agree: 1855 YES: Snow highlighted in multiple
Early: high mortality for those exposed to s o o instances, (Snow [1855] 82, 86, 88;|1856b||1856a! 243;|1857)
9 contaminated water; Later: difference A . . Quality: High; Agree: 2021 YES: DiD combined plus mixed High N Y
. R SUPPORT Contradict Contradict : . . L
remains but diminishes as normal and population (quasi-randomization) split into first 4 vs next 3 vs
neighborhood propagation contribute final 8 weeks

Each row presents a prediction about observed patterns of mortality, as in Table 7?7. The sixth column indicates the evidence regarding the prediction. In columns 3-5 the “yes” or
“no” indicates whether the theory and evidence agree with the prediction, or the opposite. The color of each cell indicates whether the evidence supports (teal), contradicts (red),
or weakly supports / contradicts (orange) the theory in the column. Protected (violet) indicates the theory is protected from refutation by adoption of a protective auxiliary
hypothesis. The seventh column is a subjective assessment of the value of the prediction in separating between theories, and may be “Low” because either the predictions do not
separate, or the evidence is low quality. The final two columns indicate whether the indicated theory is contradicted by the evidence: “Y”=yes, “N”=no, “M”’=mixed.



2. the fecal-oral theory explains the previous success, regarding geographic spread, transmission

by water, and other observations

3. new predictions (2b, 5¢-f, 8 & 9) are corroborated

Existing airborne theories could be and were adjusted to accommodate the evidence, but in a manner
that was ad hoc and indicative of a degenerating programme. The contingent-contagious hypothesis
was introduced to accommodate contradictory observations that cholera sometimes appeared to
be airborne-contagious, sometimes not. Contingent-contagion was, however, neither theoretically
nor empirically progressive, producing no new predictions concerning contagion or other aspects of
cholera mortality. This is in contrast to the fecal-oral hypothesis for person-to-person transmission,
that 1) predicted (and thus made consistent) the cases that seemed to be contradictory under an
airborne theory; and 2) predicted measures such as hand-washing (see Snow 1855, 133 fI) that
would prevent person-to-person transmission and could in principle be observed and tested.

The adoption by airborne theories of water as a major predisposing cause, and even as a mode of
transmission (airborne cholera poison being diffused into water) was also ad hoc — it accommodated
contrary observations but produced no new predictions. Again, the fecal-oral theory did produce
new predictions (5c-f that other factors would not be important in municipal outbreaks, and 8 &
9 concerning the time-pattern of neighborhood and municipal outbreaks) all of which were at least
weakly corroborated in the 1850s (and strongly corroborated using modern statistical tools — see
Coleman|2020)).

In summary, while continued adherence to the airborne theories was not per se irrational or illogical,
the theories could not avoid the conclusion that they were degenerating under Lakatos’s sophisticated
falsification criterion. The fecal-oral theory, in contrast, had attributes of a progressive programme,
and we can conclude there was sufficient evidence for the fecal-oral theory to supersede the alterna-

tives.

6 Conclusion

Snow’s 1850s efforts at falsification of alternative theories (primarily [Snow} [1849al 1855l [1856b))
had limited success in persuading the medical, public health, and political establishment that the
fecal-oral theory was superior to alternatives and in fact correct. In Section [5.3]and Appendix [D] we
argued that the evidence available in the 1850s was sufficient to separate the theories according to
Lakatos’s criteria of sophisticated falsification — the fecal-oral programme was progressive while the
airborne programme was degenerating. In this section, we touch upon later stages of the story, i.e.

what happened to the fecal-oral theory after 1856, before concluding the article.

6.1 The Ultimate Success of the Fecal-Oral Theory

One might speculate that had Snow presented his evidence structured as we do in Section he
might have been more successful, but this would be too facile. There was some reason for slow

acceptance. As discussed in Section 2.2} evidence supporting the fecal-oral theory was statistical or
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epidemiological, not biological. Although Filippo Pacini identified vibrio cholerae in 1854 (see |Car-
bonil, [2021]), there was no substantive or reliable biological evidence in the 1850s. In some cases there
was evidence on the specific mechanism of transmission of fecal material — for example the Broad
Street index case of baby Lewis (Appendix @ — but such evidence was scarce. Without biological
evidence on the causative agent and detailed mechanism of transmission, skeptics questioned the
plausibility of the fecal-oral theory, in spite of the strong support from statistical or epidemiological
evidence. Advocates of the fecal-oral theory had to rely on primarily epidemiological and statistical

(circumstantial) evidence until the end of the 19** century.

By the time cholera struck London for the last time in 1866, the fecal-oral theory, and particularly
the importance of water in wide-spread municipal transmissions, had been accepted by important
figures within the medical establishment. Snow’s careful analysis, his attempt at falsification of
alternative theories through accumulation of evidence and careful analysis — a template for good
scientific inquiry — had indeed won converts. William Farr, in the report to Parliament from the
Registrar-General, (Farr}, [1868] 99), states the fecal-oral theory and water propagation as a seeming
accepted matter and the Lancet, in reviewing Farr’s report, agreed on the importance of the water

supply (Lancet], [1868a)).

The report to the Privy Council by J. Netten Radcliffe (Radcliffe, |1867)) also identified waterborne
transmission as the primary cause of the high and localized mortality (see also the review in the
Lancet|1867). Further, Farr, the Lancet, and Radcliffe advocated a germ theory that we can recognize

today:

if the cholera germs are living molecules or organisms, the uniformity of their distribution
in water would depend on a variety of conditions. Only one in ten or more persons may
actually swallow these germs; and even if the whole ten did swallow them, it by no means
follows that they would all be affected in an equal degree. (Lancet) (1867, 559, describing

Radcliffe’s views)

Farr discussed Fillippo Pacini’s discovery and identification in 1854 of the cholera bacterium, what
Farr called cholera corpuscles. Farr (also quoted in the [Lancet||1868b) used estimates from Pacini
of the volume of diarrhoea (dejections) and concentration of bacteria to account for how a single
individual could contaminate a river (Farr| 1868 xv, Ixiii). However, there do not appear to have
been efforts to actually identify v. cholerae in water samples via microscopy — possibly because Farr,
and through Farr other medical professionals, were not aware of Pacini’s results until 1867 and the
end of the outbreak (Farr apparently visited Pacini in 1867) or possibly Pacini’s microscopy tools

and skills were not available in London in 1866.

Despite some acceptance, the fecal-oral or water-only theory was not yet ascendant. [Luckin| (1977)
provides some of the answers for why, discussing the commercial and political forces that shaped the
social and medical environment. Luckin emphasizes that one crucial piece missing from the fecal-oral
germ-based theory was a method for testing (and identifying) the cholera “poison” in contaminated
water — what we have termed “biological evidence”. Without such a means of clearly identifying
the causal agent, skeptics could always cast doubt on the conclusions. It was only after Robert
Koch re-identified and isolated v. cholerae in pure culture that the fecal-oral theory became widely

accepted.
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6.2 Lessons from Cholera in the 1850s

This study of cholera and John Snow’s role in developing a causal explanation runs counter to popular
understandings of the case and statistical practices. First, Snow was not the lone voice of cholera
knowledge in a wilderness of miasma ignorance. Instead, many contributed to the accumulation
and analysis of data and actively debated the causes of cholera, in the 1850s and in following years.
Evidence and the case for the fecal-oral theory were improved through this competition between
theories. The case illustrates how scientific discovery did not only occur in the minds of individual

scientists but was facilitated through a community of competing stakeholders (see also ?).

Second, evidence of water as a causal factor was not, and in the larger context of scientific inquiry
could not be, the crucial piece of evidence that defeated alternatives and cemented Snow’s theory
as the explanation for cholera. The incorporation of water as a causal factor by alternative theo-
ries, through adopting auxiliary hypotheses in response to contradictory observations, demonstrates
how theories (research programmes) can rationally adapt to adverse evidence. In the 1830s the
contingent-contagion hypothesis (that cholera, while normally non-contagious, could under certain
circumstances become contagious) was adopted by non-contagionists to reconcile the observation
that cholera sometimes appeared to be passed person-to-person (airborne) and other times not. Af-
ter 1849 water was recognized as an important, possibly the most important, predisposing cause.
Adoption of these hypotheses was not per se irrational or anti-scientific (according to Lakatos). They
served to protect the airborne theories against contrary observations but failed to produce any new
facts and thus were degenerating (ad hoc), arguing against the airborne theories as a useful causal

explanation.

Causal explanations, such as for cholera, generally require a broader approach to causation and
evaluation of evidence than provided within even a well-specified treatment-control causal framework.
The case of contingent-contagion and causal water serve as examples for why individual hypothesis
tests and crucial experiments are often insufficient (on their own and taken individually) for deciding
between alternative research programmes. Cholera in the 1850s provides a case study for the iterative
process of scientific inquiry and the dynamic interplay theory and data. We close with, and echo,
David Freedman’s endorsement: “Snow’s work on cholera is ... a success story for scientific reasoning

based on nonexperimental data” (Freedman, 1991} 291).
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Appendices

A Theories of Cholera in Mid-Century Britain

Theories of cholera in the 1850s can be categorized along three dimensions. These do not exactly
correspond with modern understanding of medicine and physiology, but are close enough to be both
understandable and useful. First, the mode of transmission, being (for cholera) either inhaled or
ingested. Second, whether contagious or non-contagious. Third, the “seat of the disease”, being the

nervous system, the blood, or the gastrointestinal tract.

Figure [I] shows a timeline and Table [3] lists the alternative theories under consideration during
the 1850s. The first detailed reports to medical practitioners in Britain (Blane and Corbyn, [1821))
presumed cholera was a disease of the nervous system, although by the 1830s it was more widely
thought to be a blood disease. For present purposes the distinction between nervous system versus
blood disease is not important, because the mode of transmission for both was inhaled and through
the lungs. Up until Snow’s 1849 On the mode of communication of cholera (Snow), [1849al) inhalation

was almost universally acceptedE

The major point of contention and debate prior to 1849 was whether cholera was contagious (in-
fectious) or non-contagious. (The debate over contagion continued after ingestion was introduced
as a method of communication.) For contagionists a cholera poison was produced in the bodies of
the sick and communicated through the disease process known at the time as infection, what we
would now call inhalation or respiratory infection. Non-contagionists considered that cholera was
generated by the interaction of an imperceptible atmospheric influence and local concentrations of
decomposing organic matter (filth). They classified cholera as a typical epidemic disease, but we
need to recognize that in 1850 ‘epidemic’ had a somewhat different meaning than today, meaning a

localized outbreak of non-contagious nature.

In the 1830s a hybrid termed contingent-contagion was introduced to non-contagious theories to
allow for cholera to become temporarily contagious under certain conditions, say overcrowding (see
Wakley, (1832 124-125). The hypothesis was necessary to account for conflicting evidence. Two
instances from early in the period suffice to demonstrate the issue: Pro-contagious was a episode
from Mauritius where cholera seemed to be imported by the frigate Topaz from Cylon (Blane and
Corbynl, 1821} 148-150, 152-153); anti-contagious was a case of three Sepoys in Seroor hospital who
escaped disease despite being in close proximity to patients (Blane and Corbynl 1821} 143).

The contingent-contagion hypothesis is noteworthy for a number of reasons. First, it is an example
of what Lakatos termed a protective auxiliary hypothesis introduced to protect a core theory, non-
contagion in this case (Lakatos, [1980 particularly section 1.3). It made non-contagious theories
immune from contradiction by evidence of contagion, a sign of a degenerative research programme
in Lakatos’s terms. Second, as a result the hypothesis weakened non-contagion relative to any
alternative that could account for apparently conflicting evidence within the core theory. We will

see that Snow’s ingested fecal-oral theory could account for the evidence that appeared contradictory

12Parkin| (1832) suggests that an airborne cholera poison can be diffused into water and then ingested, but ingestion
and gastrointestinal disease were not widely considered prior to 1849.
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under inhaled non-contagious (or contagious) theory and thus had some support relative to theories

that relied on contingent-contagion.

All these theories invoked predisposing causes or conditions, and susceptibility. Predisposing causes
were environment factors that caused or contributed to cholera. For airborne contagious, over-
crowding would be a predisposing cause because more people in close proximity would lead to more
transmission and more disease. For non-contagious (localization in particular) local sources of de-
composing organic matter, say pigsties or open sewers, would activate or amplify the airborne cholera
poison. Susceptibility was invoked to explain why some but not all those exposed fell ill with cholera,

and might include exposure to other diseases, poor food, or poor living conditions.

In 1849 John Snow published the first edition of his monograph On the mode of communication of
cholera, where he proposed that cholera was gastrointestinal and transmitted by the inadvertent
ingestion of contaminated fecal matter, either through food, water, or hand-mouth contact: “excre-
tions of the sick ... being accidentally swallowed” |Snow| (1849al 8). The fecal-oral theory predicts
three modes of communication or propagation, all of which Snow described more or less explicitly:
(1) ordinary or normal propagation, person-to-person transmission through contamination of food
or water, or hand-mouth contact: “evacuations ... become attached unobserved to the hands of the
person nursing the patient, and are unconsciously swallowed* (Snowl, [1849al 9-10); (2) neighborhood
propagation, the contamination of a local water (or food) source accessed by multiple households in
a neighborhood(Snow, (1855, 22-23); and (3) municipal propagation where sewage was mixed with
municipal water supply: “the emptying of sewers into the drinking water of the community” (Snow,
1849aj, 11)

Snow’s was a contagionist theory, but broke from most others by proposing that cholera was not
airborne, and affected the intestines rather than the blood. William Budd, a Bristol surgeon, inde-
pendently proposed a non-contagious fecal-oral theory. Writing just a few weeks after the publication
of Snow’s pamphlet in early September 1849, Budd concluded from investigations undertaken during
the epidemic in Bristol that “the germs of the cholera-fungus [first described in July 1849 by two
colleagues at the Bristol Medico-Chirurgical Society| are diffused in three ways: 1, through the air;
2, in contact with articles of food; and 3, and chiefly, in the drinking-water of infected places” (Budd,
1849, 16-17). Morbid cholera matter must be “taken by the act of swallowing into the intestinal canal

. [and] develop[s] only in the human intestine ...” (Budd} (1849} 5). In other words, airborne cholera
matter was only morbid if it settled on something that was subsequently swallowed. As such, Budd

agreed with Snow that the sole mode of cholera communication was via the fecal-oral route.

B Predictions

Repeating from above, Snow’s core theory posited cholera as a disease of the intestine, transmitted
by some unknown material that passed out of one individual (vomit or more commonly diarrhea) and
was then inadvertently ingested by others. The three modes of communication (person-to-person or

normal, neighborhood, and municipal transmission) together predicted the

The core of the alternative theory (or theories) posited cholera as an airborne poison causing a
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blood diseaseE For predictions the important characteristic is that the cholera poison was air-
borne. various There were many and various factors that could produce or amplify the airborne
poison (“predisposing causes”), or increase individuals’ susceptibility — factors such as crowded hos-
ing conditions, dampness, filth, bad sanitation. Prior to 1849 transmission was generally considered
via inhalation. After 1849 auxiliary hypotheses added water as a mode of transmission — the air-
borne poison could diffuse into water and enter through the stomach — and also added water as
a cause — contaminated water could produce or amplify the airborne poison that could be inhaled
(predisposing cause), or could increase an individuals’ susceptibility. These water-borne auxiliary
hypotheses are not prima facie contrary to logic or the science of the 1850s (or even science today).

Today we know they are wrong, but they were not and are not silly.

Table [d] details predictions from the alternative theories. Each row is a specific predicted observation
— matching with evidence. The second column (“Predicted Observation”) shows the prediction about
the pattern of observed mortality. The third column indicates the theory and specific hypothesis
generating that prediction. The third, fourth, and fifth columns show whether the listed theory

generates the predicted observation or not.

For example, prediction (2a) concerns person-to-person transmission for those sharing airspace —
the prediction is that increased cholera mortality occurs for those in close proximity via sharing
airspace. The airborne contagious blood disease theory produces this prediction because it hypoth-
esizes that transmission is person-to-person via inhalation, and so the cell in the fifth column is
“Yes”. The airborne non-contagious theory does not generate this prediction (so “No”), but the aux-
iliary contingent-contagious hypothesis specifies that cholera can become contagious under certain
circumstances. The entry is therefore “No/Yes” — the theory predicts both airborne contagion and
non-contagion. The fecal-oral theory predicts “No” because the theory predicts fecal-oral transmis-

sion, and thus sometimes those sharing airspace will become infected, sometimes not.

The table is valuable because it allows us to identify predictions and evidence (patterns of mortality)
that distinguishing between theories. A row with mixed “Yes” and “No” distinguishes between
theories, while a row with all “Yes” does not. A row is particularly valuable when predictions
separate between theories and the quality of evidence is good. On this basis, the most important
predictions are: (2a) and (2b) person-to-person contagion; (5) transmission via air; (6¢-f) association
with water versus other factors; (9) and (10) concerning the time-pattern of mortality, what is now
termed the epidemic curve. The final column (“Overall Value”) summarizes the overall value of the

prediction for separating between theories.

Some predictions distinguish between theories (for example predictions (1), (4), or (7)) but the
evidence is not good quality. Other predictions have strong evidence but do not allow one to
distinguish between theories. Prediction (5a) — water as a causal factor for cholera mortality — is
particularly notable, and helps us understand some puzzles about the competition among theories
in the 1850s. There was strong evidence for water as a causal factor in cholera mortality — [Snow,
(1855) is well-known and widely cited, but |Simon| (1856) provided even stronger evidence — and
today we are puzzled that such evidence did not lead to the acceptance of Snow’s theory (remember

the comments of [Johnson| (2007, 125) about “smart people cling[ing] to an outlandishly incorrect

13Today, we would say “an airborne poison infecting the blood” but in the 1850s the word “infection” had a different
meaning, reserved for contagious epidemic diseases, and we will try to avoid its use.

32



*90UOPIAD SNSIoA suolydIpaid aredwod jou seop o[qey siy ], "o3isoddo o) 10 ‘UOIIRATISO DY)
§901pa1d UWIN[0d o1} Ul 1097} 9} ISYIOYM S9)BDIPUT (I10]0D pUR) WWIN[OD ® UI ,ON],, 10 SOX,, "A}I[elIow jo surdjyjed poaIasqo jnoqe uorgorpaid e sjussard mol yoer

I9ALI ' A[[ensn

agnqriyuod uoryededord
pooyioqudieu pue [RULIOU Se SaySIuIuIp ng

ysig w>SEJMMﬂM ON ON SHA ‘A1ddns 199em [edoTunur ® Jo UOIJRUITIRIUOD SUTRWDI 9OUDIDJIP :I9jer] {I9)em POJRUTIIRIU0D 6
. :uorjeSedord redomunyy ‘redo-ressg 01 pasodxo oso) 10J Aji[elIow Y31y
:A1rey :99D] sa Alupa syD3aLqINO0 (DdI2IUNIAT
. aA1yR)IIURND § Io9em A[ensn ‘001nos jurod e JO UOIJRUIIRIUOD po s[rey uayy Aqreryut Appinb smo1s LypelIon
U°tH ‘Ut ON ON SHA :uoryededoad pooyioqu3ieN ‘[elo-[edsq 183D24QINO0 PooYL0qQybrau 2ars0)dLIHy 8
HAIND OINHAIdA
oy aaryerpuRnb ON _— wﬂ%%ﬂomwmﬂ S AMNMM:MOMM ﬁmmmﬁm IOALL WO} IOY}INy PUR UOIYRAI[d s
pooD , , Am:omwnu‘zoo.,:o: wcpon,j.n jo .ummo_:mv omwoS%N TOUSIY YA S[e) AN[CHIOI (u0KDAIT
(sourey J, oYy woyy
R1ODoOUE Toqem *§°9) syearqino redodTun I0AR] JeT) syeaIqno juenbosqns Ul sevale auIes SISIA
MO nwawuwwoz ON SHA SHA SUOI}TPUOD [8D0] UO juopuadop :[elo-[edsq {SUOI1BD0] SNONSJIJUOD-UOU UT A[SNOSUR)NUILS 9
suorjrpuod Suisodstpaid [edo[ uo juopuadap s1dnio eIS[OY) :§211514279DUDYD |DLIUD L)
:(pozi[eoo]) snoiSejuod-uou dUIOQIIy
¢
yeaiqino [edorunur e Ul I9yem . . uomriues peq iy
(Teorysiyess) - : ssoudwre( (Jg ‘suorypuoo Suralp Ayjresyun .
09 2A19e[2I O[qISI[SoU oq [[IM JN( dOUNPUT \ I
aATyRITIUIRND : Ct : . : 29 K310n0g (oG ‘esnjor Suisodwodop zp 19y jeOM o
WINIPSTA . SHA SHA ON oIS 9ARY ARUI SI0)O%] I9YJ0 :[BI0-[edd] . p ‘og
: yStH :250g > - j0H (pg ‘uorje[iyuaa 1ood 2y SUIPMOIIIGAQ
soniqiydeosns pue sesneo Suisodsipexd
{poox) :9G8T ST R : (og :199em Jo Juopuadopul ‘s10j0e] Jo AjorIRA
aIe $I1010®] 19710 AURW :8UIOQJIIY F :
)1M PIIRIDOSSE RIS[OY() :84079Df 43Y10
EOIISITB1S uolsstwisuer) redoiunu pue pooyIoquseu
(reotstaess) Y3noIy) osned ® SI 1ojem :[edo-[edd] 6781-150d — I99em YIIM PIIRIDOSS®
aarjerpuenb SHA SHA SHA ¢ - . q¢
. UOISSIWSURI} JO POYIOW IO 9sned vID[OYD ‘GFRT-1s0d :)DsSNDD ST UIIDM
qSH . ’
Sursodsipoad ® s7 I97em :6FRT-150d auIOqITy
MOrT (posioaal st suroqare
St ON ON - WOISSTUISTIL} JO POYIOUL 10 9STIED wogj uoiporpaid — gN) I9jem [IIM PajeIdosse eg
et Sursodsipaad ® jou 193em :GHRT-01d suIOqIIy e . § o
: : : j0U RILS[OYD ‘GFRTI-01d :)DSNDI ST UIIDM
A91pejrouwn
soTpnys . X JUOIOPIP <= (I9jem ouUIes) Ire JUSISPIP Surreys
PON ased ‘poon) SHA SHA ON I TIA popisurn ouLoqIry (£91TelI0W TR[IWIIS <= (I9)eM JUOIOYIP) IIe v
owes SulIeys u2p fiqQ UOISSIULSUDL] [DUIUIE)
SOILSTHALOVHVHD TVHINHD
wor 100 . UOISSTUISTRI) (snor3ejuoo
Mol d ON SHA ON uosiod-o-uosiod ou Inq :BUIOQITY J0U) SPUIM SMO[[O] BID[OYD) :SPUIM €
sotpnas 3uryjo[o ‘pooj Surreys eia ‘Ajruarxoxd
osen ,%Wowu ON ON SHA uolsstwsuer} uosiod-oj-uosiod :[edo-redsq 9SO[O Ul 9SO} I0] SINDD0 RIS[OY)) :u01bDIU0D qz
ULO0QUID-UOU UOSUI J -03-UOSUD T
ySiyg SorbTAS Agruarxoad
oseo #.VWOQU SHA ON/SHA ON uolssTwisuel) uosiod-ol-uosiod :pUIOqIATY aso[d ur eoedsire SUIIRYS 9SOY) UPOMII( SINDIDO eg
1U016DIUO0D IULOQUID UOSLIJ -03-UOSLD J
wor 9jopoaur h ww‘::w: . UOISSTUISUR.I) [oa®I) JOo poaads o1} je ‘s9nol oper)
Mol ‘99eI9POIN SHA / ON SHA uos10d-09-U0sIod :[eIO-BOS] pUR 8UI0qaly 3uore sanooo rivoy)) pwaudg 21ydpuiboa s T
NOIDVILNOD NOSHId-OL-NOSHHdd
juaurjuo))
/ snoidejuo)
snordejuo)) -UON (moug)
OnTEA OOtOPIAY . . [Eunsorul sisoyjodAy :Axo9y, uorjyealssqQ poaoIpald
reroaQ Jo Ajrenty aseasI(] poold ‘eouroqIry eIO-Te%9q : : :

GGRT JO Se SO0 [, 9AIjRUIo) Yy 10} SUOIIIPald 1 O[qel,

33



idea despite substantial evidence to the contrary”). The fact, reflected in row (5a), is that all
theories predicted water as a causal factor, so that evidence did not distinguish between them.
Simon| (1856) clearly states the case, first providing strong evidence for water as causal (“The above
conclusions [that fecalized water causes cholera mortality] rest on so large a basis of facts, that
I venture to believe they will be accepted as the final solution of any existing uncertainty as to
the dangerousness of putrefiable drinking-water during visitations of epidemic cholera” [Simon|[1856],
9), but then explicitly states that this does not rule out other causes (“The present contribution
therefore aims only at giving a more exact knowledge of one cause, not at gainsaying the existence
of other causes” [Simon||1856, 13).

We can also use Table [f] to understand why Snow turned from demonstrating water as a causal
factor (Snow, |1855) to trying to demonstrate water as the only causal factor (Snowl [1856b]). [Snow
(1855, Table IX) compared across quasi-randomized water customers to try and demonstrate a large
difference in mortality between contaminated-water customers (served by the Southwark & Vauxhall
Company) versus clean-water customers (served by the Lambeth Company) — to demonstrate water
as causal. Due to data limitations, Snow could only compare across a large area, which included
subdistricts served by both companies (where customers were mixed and quasi-randomized) and
subdistricts served by Southwark & Vauxhall only. Snow recognized, and Edmund Parkes empha-
sized, that combining all regions left the comparison open to problems of confounding: “the Lambeth
Company supplies, to a considerable extent, a good neighbourhood on elevated ground (including
the healthy districts of Streatham, Foresthill, and Syndenham); while the Southwark and Vauxhall
Company supplies the greater part of the poorest, lowest, and marshiest district in London” (Parkes|,
1855, 461).

With the publication of detailed by-supplier population statistics in |[Simon| (1856)), Snow now had
access to data to re-analyze the quasi-randomized data, but he did not. Instead, in |Snow| (1856b)),
he turned to demonstrating that variation across subdistricts was due to water alone, and not other
factors. Such a shift in focus, however, is understandable when we recognize that prediction (5b) —
water as causal — does not separate theories, but evidence against predictions (5c¢-f) — other factors
causal — would separate theories. Showing that water was the only causal factor, and other factors

did not affect cholera mortality, would sharply separate Snow’s theory from alternatives.

Laying out the predictions for alternate theories, as in Table [d] provides guidance for experimental
design and interpretation. In the present circumstances, when all experiments were completed over
150 years ago, it provides guidance for understanding the competition between theories. In the 1850s,
such a table could have been used to direct research towards particular predictions, and collection

of data, that could help separate between theories.

C Summary of Snow’s Evidence

Snow’s analysis of the large (400,000-+) population in South London (Snowl |1855) exploited two
research designs which are in widespread use today — randomization as an instrumental variable and
difference-in-differences (DiD). First, for randomization, Snow compared mortality for customers of

two water-supply companies, one of which supplied contaminated water (the Southwark & Vauxhall
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Company or S&V) and the other clean water (the Lambeth Company). Snow argued, plausibly,
that the choice of water company (and thus treatment with contaminated versus clean water) was
effectively random (often unknown to the residents because the landlord paid the water bill), and
that customers were well-mixed on all characteristics (such as location, age, sex, income, housing).
These circumstances allowed comparison of those treated with contaminated versus dirty water in
a natural experiment (an experimentum crucis following [Farr|[1853] 401 and Bacon||1620) that well-
approximated a randomized control trial to decide between rival hypotheses. Snow’s comparison of
the mixed South London population in|[Snow| (1855 Table IX) is cited as the first use of randomization
as an instrumental variable — see (Greene, [2018), 228), which also quotes (Deaton, [1997} |Grootendorst,
2007)); see also (Deaton, [2013, 95-96).

The second analysis, nascent DiD (Snowl, 1855, 89), exploited the fact that the Lambeth com-
pany, which supplied clean water in 1854, had supplied contaminated water in the 1849 outbreak.
By comparing in 1849 (when all customer were exposed to contaminated water) subdistricts (re-
gions) supplied jointly by the two companies versus subdistricts supplied only by S&V, Snow could
difference out subdistrict or regional effects. Comparing those same subdistricts in 1854 (when
jointly-supplied subdistricts had some customers with clean water) allowed comparison of the water
effect and controlling for subdistrict (regional) effects. The result was “a considerable diminution of
mortality in the sub-districts partly supplied by the Lambeth Company” (Snow, [1855 89). This is
cited as the first use of difference-in-differences; see (Angrist and Pischke, 2014, 205), (Angrist and
Pischke}, 2008, 227).

In fact, both of Snow’s analyses suffer from flaws. The issue with the randomization, highlighted
at the time by, for example, Parkes| (1855, 461), was that Snow combined disparate subdistricts
(regions). Lacking detailed population data by supplier, Snow was only able to compare at the
aggregate or regional level, and not the subdistrict level where customers were well- (quasi-randomly)
mixed. For the DiD, the across-subdistrict variation in mortality rates is high enough that the
observed treatment effect observed in the raw DiD is not statistically significant (see |Coleman),
2020). Neither of these flaws is fatal, however. For the randomization, there was evidence in 1855
(from the DiD) that subdistricts did not differ greatly in 1849 when all customers were supplied
with contaminated water, and so combining subdistricts would be unlikely to cause problems with
randomization. For the DiD, Snow recognized that the treatment effect was stronger for subdistricts
with more Lambeth customerﬁ and this effect is statistically significant. Re-analysis using modern
statistical tools (in (Coleman) 2020) confirms that these issues are not significant, and that there is

considerable evidence for water as a causal factor in cholera mortality.

There was other, arguably stronger, evidence provided in the 1850s which showed the causal effect
of water; we highlight two instances. [Sutherland| (1851, 15-16) reports an outbreak in Hope Street,
Manchester, in 1849. Ninety houses were on the street, 30 using water from a particular pump-well
and 60 not. Twenty-five persons died, all in houses drinking from the pump and none from houses
with other water sources. People were well-mixed with regard to location, and presumably with
regards to other characteristics — mixing (quasi-randomization) almost as good as Snow’s but here

in a small and concentrated locale. In the second instance, |Simon| (1856) discussed at some length

144In certain sub-districts, where I know that the supply of the Lambeth Water Company is more general than
elsewhere, as Christchurch, London Road, Waterloo Road 1st, and Lambeth Church 1st, the decrease of mortality in
1854 as compared with 1849 is greatest” |Snow| (1855, 89).
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the same 1854 South London outbreak and population that Snow analyzed, but with the benefit
of population-by-supplier detailed by subdistricts (which was not available when Snow published in
1855). Simon concluded that putrefiable was important. Among other evidence, in Table I Simon
provides a difference-in-differences analysis recognizable to a modern reader, one that arguably serves

as a better case of first use than Snow’s[T]

D Sophisticated Falsification: Predictions versus Evidence

Choosing among competing theories, the sophisticated falsification of Lakatos, does not easily fit in
a statistical testing framework, but it can be organized and structured. Table [4] (in this appendix)
and Table ?? (in the body of the paper) are an example of organizing theories, predictions, and
evidence to . Table [4] organizes the predictions from alternative theories. Table 7?7 expands on the

predictions to include evidence, and specifically whether the prediction agrees with the evidence.

The content of Table 77 is rather dense — we are summarizing a wide range of predictions and evidence
that varies substantially in form and quality. The first column shows “Prediction & Observation”
— each row a particular prediction about cholera and observed mortality. The sixth or penultimate
column contains a description of the evidence — the observation itself. First, the quality or reliability
of the evidence, whether moderate, good, or high. Second, whether that evidence agrees with the

prediction or not. Finally, a brief summary of the evidence.

The first column of Table 77, Prediction & Observation, states the prediction. Consider prediction
(5b), “water is causal”. The prediction (column one) is that water is a causal factor — consuming
contaminated water causes higher mortality. Columns two, three, and four show two pieces of
information. First, whether the theory of that column agrees with (generates) the predictions shown
in the first column — indicated by a “yes” or “no”. Second, whether the theory’s prediction is supported
(shown in teal) or contradicted (shown in red) by the evidence in the sixth column. For the case of
prediction (5b), the fecal-oral theory agrees with (generates) the prediction that water is causal, and
it is supported by the evidence. The airborne theories also agrees with the prediction that water
is causal, because after the 1849 outbreak (and in an instance of a protective auxiliary hypothesis),
water was proposed as a major predisposing cause. The airborne theories were essentially protected
from what would have otherwise been contrary evidence. Column five summarizes the evidence; in
the case of (5b) the evidence indeed shows that water is causal, so agrees with the prediction, and so
column five is labeled “Agree: Yes”. The fecal-oral theory (column two) agrees with the predictions
so the cell is labeled “yes”. The prediction of the fecal-oral theory (“yes water is causal”) matches

the evidence (“evidence indicates water is causal”), so the cell is labeled “Support”.

Column six is our assessment of the value of the prediction-versus-evidence comparison for discrimi-
nating between the theories. For prediction (5b) the value is low, since by 1854 all theories predicted
that water would be associated with (and cause) higher cholera mortality — the fecal-oral theory as
a central component of the core theory, and the airborne theories by virtue of an (ad-hoc) auxiliary

hypothesis. Columns seven and eight summarize by noting whether the evidence contradicts the

13Snow| (1856b)) highlights problems with both the number of reported deaths assigned to water companies (pp 248-
249) which form the numerator for mortality rates and the number of houses (pp 245-246) which form the denominator.
The conclusion is that Simon’s underlying data are not as reliable as Snow’s.
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theory (Yes-versus-No), is Mixed, or if the theory would be contradicted but is Protected by an

auxiliary hypothesis.

D.1 Discussion of Detailed Predictions

Prediction (2) — Person-to-Person Contagion A central controversy and puzzle over cholera,
going back to the earliest publications (Blane and Corbyn, [1821)), was whether cholera was contagious
(transmitted person-to-person). The airborne theories can broadly be categorized as contagious or
non-contagious. Airborne contagious theory predicted that those in close proximity and sharing
airspace (breathing the same air) should become sick (prediction 2a). Airborne non-contagious
theory predicted that those sharing airspace would not become sick (at any higher rate than others).
Evidence was presented on both sides (for early evidence on both sides see Blane and Corbyn|/1821]
143, 148-150, 152-153). Both contagious and non-contagious theories were contradicted by evidence,
but this was based on the (maintained) hypothesis that transmission was by air. In the 1830s a
protective auxiliary hypothesis (contingent contagion) was introduced to the non-contagious airborne

theory to make it consistent with contrary observations.

Snow’s breakthrough in 1849 was to recognize that cholera did not have to be airborne, and that
the extant evidence would be consistent with, indeed implied by, a disease that was intestinal and
transmitted via inadvertent ingestion of contaminated fecal matter — an abductive leap (to use
Peirce’s meaning of the term). For airborne inhaled theories the evidence was conflicting while the
fecal-oral theory, where the material causing cholera is ingested, predicted that those in close contact
would transmit cholera through hand-to-mouth contact or sharing food, but not by sharing airspace

(prediction 2b). For this set of predictions, the evidence was consistent with the prediction.

The fact that the fecal-oral theory was able to account for observations that posed a substantive
puzzle for alternative theories should be viewed as the major accomplishment that it was. According
to [Lakatos| (1980, 69) “an objective reason [to reject a research programme]| is provided by a rival
research programme which explains the previous success of its rival and supersedes it by a further

display of heuristic power.”

Summarizing person-to-person transmission we can conclude the following: 1) the fecal-oral theory
is corroborated (supported) by the evidence; 2) evidence contradicts the airborne contagious theory;
3) the airborne non-contagious theory is protected by the auxiliary contingent contagious hypothesis,
but the hypothesis produces no new predictions or facts — it is theoretically and empirically degen-
erating. The consistency of the fecal-oral theory and observed person-to-person transmission could
be considered a new “fact” — the fecal-oral theory changes the interpretation and understanding of

the evidence.

Prediction 4 — General Transmission by Air In the simplest case, with no auxiliary hypothe-
ses about water as a predisposing cause or as a method of transmission, the prediction “cholera is
transmitted via air” means that those sharing the same airspace should have similar mortality and
illness outcomes, while those not sharing the same airspace could have different mortality outcomes.

Snow recognized these predictions and provided evidence that refuted them. (The Reverend Henry
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Whitehead collected evidence strongly refuting the first.) Nonetheless, auxiliary hypotheses for the

airborne theories served to protect them from contradiction by the evidence.

There are three pieces of evidence from the 1854 Broad Street cholera outbreak bearing on airborne
transmission. The first is mortality rates that are unusually low among particular residents near the
Broad Street pump. The St. James workhouse at 50 Poland Street had 535 residents but only five
died of cholera. The Lion Brewery at 50 Broad Street had more than 70 workers and none died of
cholera. Snow explains that both institutions had an independent water supply, residents did not
drink from the Broad Street pump, and thus were not exposed to contaminated pump water (Snow,
1855, 42). But all these people were, presumably, exposed to the same air as those nearby (“The
Workhouse in Poland Street is more than three-fourths surrounded by houses in which deaths from
cholera occurred” (Snow, (1855, 42)); in other words the evidence contradicts the prediction that

those sharing the same air will have similar mortality.

The second piece of evidence was data collected by the Reverend Whitehead, data on the number of
residents of Broad Street who drank or did not drink from the pump, and then fell ill or not (Cholera
Inquiry Committee, [1855, 128 ff'). Importantly Whitehead collected data both for the number who
drank and those who did not drink pump water, thus avoiding the survivorship bias that could arise
from only sampling those who were sick or diedE The data show that those who did not drink did
not get sick (low mortality rate), and those who did drink got sick (high mortality rate)m Again,
this contradicts any prediction that those breathing the same air should suffer similar mortality

rates.

The third piece of evidence was the death of the widow Susannah Eley in Hampstead, far from
Broad Street (Snow, (1855 44-45). She had lived in Soho near the pump (her husband had owned
the percussion-cap factory at 37 Broad Street) and her sons (the current owners) regularly sent her
water from the Broad Street pump. She clearly did not share in the air of the Broad Street pump,
instead breathing the (seemingly clean) air of Hampstead where few others died. She consumed
water from the Broad Street pump, as did her niece, and both died. This contradicts the prediction
that those breathing different air should suffer different mortality outcomes, and corroborates that

those drinking the same water should suffer similar mortality.

Stating the prediction and evidence in this detail clarifies how and why this is valuable for separating
the alternative theories — a value sometimes not fully recognized. Evidence contradicted the simple
airborne predictions (with water not a predisposing cause). Nonetheless the refutation did little to
convince those skeptical of Snow’s theory. After 1849 water was incorporated as both a predisposing
cause, and a potential vehicle for transmission. As a predisposing cause, it could be that contami-
nated air would only cause disease in those also exposed to contaminated water. And as a vehicle for
transporting (possibly dissolved) airborne cholera poison, it could cause disease in someone exposed
to clean air but drinking contaminated water. This is, in fact, exactly the justification used by the

Committee for Scientific Inquiries in defending airborne theories:

[the case of the widow] might easily be admitted, without its therefrom resulting that

infection depended on the specific material alleged [fecal matter or choleraic excrements].

16 A5 highlighted, for example, by [Johnson| (2007, 173, 175)

17See [Coleman| (2018), 23 ff) for a discussion of the underlying data and the presentation as a modern contingency
table analysis. The probability that not drinking vs drinking and healthy vs sick are statistically independent is
exceedingly small — the p-value for a Fisher exact test is far less that 0.01%
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The water was undeniably impure with organic contamination; and ... if, at the times of
epidemic invasion there was operating in the air some influence which converts putrefiable
impurities into a specific poison, the water of the locality ... would probably be liable
to similar poisonous conversion. Thus, if the Broad Street pump did actually become a
source of disease to persons dwelling at a distance ... this ... may have arisen, not in
its containing choleraic excrements, but simply in the fact of its impure waters having

participated in the atmospheric infection of the district.

These auxiliary hypotheses meant that breathing the same air or not no longer determined mortality
outcomes — water was now a causal factor. These auxiliary hypotheses were not themselves irrational,
but they did serve to protect the airborne theory from refutation by the evidence that mortality was

not associated with breathing air.

Although the airborne theory is protected from refutation by these particular pieces of evidence,
it does not relieve advocates of the airborne theory of responsibility for both explaining why the
airborne theory is a better explanation than the fecal-oral theory, and producing positive evidence
of airborne transmission instead of simply avoiding contradiction by contrary evidence. On both
counts the airborne theory falls short. As |Snow| (1849al 6) states, there is no a priori reason to
conclude that airborne must be the mode of communication, and ingestion of contaminated fecal
matter provides a direct explanation for the observations of both person-to-person transmission and
these instances of non-airborne transmission. Further, we know of no evidence produced during the
1850s that demonstrated airborne transmission directly. In other words, even though this evidence

was prevented from directly refuting the airborne theories, it does argue against airborne theories.

5b — Water is Causal Prediction (5b) is that contaminated water is associated with higher cholera
mortality, and in fact that contaminated water causes cholera. The evidence supporting the (causal)
association between contaminated water and cholera was very strong. Water as a causal factor was
supported by multiple strands of evidence from multiple sources. Case studies of Albion Terrace and
Horsleydown (Snow, [1849al, [1855)) and Hope Street (Sutherland| |1851) 14). The nascent difference-
in-differences (DiD) from |Snow] (1855], 89) and the mixed (randomized) comparison from [Snow| (1855,
Table IX). The improved mixed comparison of |Simon| (1856} Table I). The analysis of drinkers versus
non-drinkers for the Broad Street pump from Whitehead (Cholera Inquiry Committee, 1855, 128f).
We cannot in this paper recount the details of all the evidence and testing. Some background is
given in Sectiion [C] and [Coleman| (2018) and |Coleman| (2020) delves into specifics regarding Snow’s
evidence and testing in greater detail. Generally these analyses would not satisfy modern statistical
standards, but it is the repeated conclusion from multiple studies by different researchers with

different methodologies that leads to our assessment that the quality of the evidence is “High.”

Snow’s fecal-oral theory immediately and directly predicts that water would cause cholera trans-
mission, since water contaminated by sewage would be a mechanism for inadvertently transmitting
fecal matter from an infected person to others. The situation for airborne theories is somewhat
more complicated. The primary mode of transmission is airborne, so one might presume they would
not predict water is causal. Such a presumption might have been correct prior to 1849, but by

1855 water had been, by means of auxiliary “protective” hypotheses, broadly incorporated as both a
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predisposing cause and as a mode of transmissionﬁ These auxiliary hypotheses were degenerating
in Lakatos’s terms because they protected the theories from recalcitrant observations but did not
increase the empirical content of the theories by predicting new facts, simply explaining the existing
old facts. Nonetheless, the airborne theories by 1855 did predict water as causal, so that in Table
??, columns three and four of row (5b) is labeled “yes”. To record that the theory is protected from

contradiction by adoption of (ad hod) auxiliary hypotheses, however, the cells are labeled Protected.

5c-f — Other Factors Than Water as Causal The fecal-oral theory predicted that, particularly
in a municipal outbreak such as South London in 1854, factors other than water would have no —
or minimal — influence. Airborne theories predicted that many other predisposing conditions —
overcrowding and poor ventilation, poverty and unhealthy living conditions, dampness and filth —
would all contribute substantially to mortality. Failure to find influence of other factors apart from
water would be a corroboration of the fecal-oral theory and contradiction of alternative airborne

theories.

Snow’s nascent difference-in-differences and randomized comparison (Snow, 1855, 89 and Table IX)
and more definitively Simon’s re-analysis with population data by supplier (Simon| |1856, 6-7) was
evidence that water was causal. But none of these addressed or ruled out the possibility that other
factors also contributed to cholera mortality. Comparison between clean and dirty water for a
mixed (quasi-randomized) population would average out effects of, say, overcrowding, and provide
estimates of a water effect purged of confounding by crowding. But this does not rule out crowding
as a separate causal factor, it simply rules out that an association between water and crowding

causes a spurious association between water and mortality@

Snow may have recognized this, but in any case in|Snow| (1856b)) he turned from trying to demonstrate
water as a factor to water as the primary factor, attempting to “prove the overwhelming influence
which the nature of the water supply exerted over the mortality” (Snowl [1856b, 248). He did so by a
useful and ingenious idea. South London consisted of some 30 subdistricts, with varying proportions
of the population supplied by the Southwark & Vauxhall Company (contaminated water) versus the
Lambeth Company (clean water). He assumed mortality for S&V customers was constant across the
whole region, and the same for Lambeth customers. He then predicted mortality in each subdistrict
based solely on the proportion of customers by company, under the hypothesis that only water (no
other factors) mattered, and compared the predicted versus actual mortality (Snow, |1856b], Table
VI). At this point, however, Snow was hamstrung by the lack of statistical and quantitative tools
available in 1856. He states “it will be observed that the calculated mortality bears a very close
relation to the real mortality in each subdistrict ... and proves the overwhelming influence which the
nature of the water supply exerted over the mortality, overbearing every other circumstance which

could be expected to affect the progress of the epidemic” (Snow [1856b], 248).

Snow’s argument is correct but weak, relying as it does on comparing two sets of 30 mortality rates

by eye. Today we can use regression analysis and apply formal measures for the goodness of fit and

18Regarding water as a cause: “a number of most severe and fatal outbursts of cholera were referable.to no other
cause except the state of the water-supply” [Sutherland| (1851} 15). Regarding water as a mode of transmission: “Thus
a second great inlet is established by which injurious substances in a liquid form as certainly find their way into the
circulating blood, as noxious aerial agents do by the way of the respiratory apparatus” |Grainger| (1851, 91).

19Coleman| (2020) discusses the Snow’s use of the South London municipal outbreak of 1854 and issues of random-
ization and determining water as a causal factor versus the primary causal factor.
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testing for the significance of other factors and confirm that Snow’s claim is correct (see [Coleman),
2020). Using modern statistical tools we can say with confidence that water is causal but other
factors are not, i.e. to corroborate Snow’s fecal-oral theory and contradict the alternatives. Even
with a definitive result for this single prediction, however, it would be reasonable to argue that
the alternatives do not need to be abandoned. The analysis here is limited to South London, and
possibly there is not the necessary variation in alternative factors. For example, it would be possible
that an experiment comparing a relatively low-lying area near the Thames (South London) with a
higher-elevation area further from the Thames (Hampstead) would produce a different result. The
fact that a single negative result rarely leads to abandonment of a theory echos Lakatos’s contention
that “[o]ne of the most important points one learns from studying research programmes is that
relatively few experiments are really important” (Lakatos, 1980, 65). Consideration of the range of
predictions and multiple strands of evidence is required for any firm conclusion in sorting between

theories.

Predictions 8 & 9 — Epidemic Curve (Timing) for Neighborhood & Municipal Outbreaks
The fecal-oral theory predicts the time-pattern of outbreaks. For neighborhood outbreaks due to
contamination of a point source such as the Broad Street pump, the outbreak will be explosive: “In
the cases in which the cholera poison gains access to a limited supply of drinking water, such as a
tank or pump-well, the outbreak it occasions is always sudden, violent, and limited” (Snowy, [1856b,
250). For municipal outbreaks the outbreak will be more moderate: “when a river is the medium of
the propagation of the disease, its progress is more gradual and extended” (Snow, [1856b}, 250). But a
municipal outbreak will also show important variation in the relative mortality of those supplied with
contaminated versus clear water. Early in the outbreak, when most cases are from exposure to the
contaminated municipal source, the mortality will be much higher for those drinking contaminated
water. As the outbreak progresses and normal (person-to-person and within-household) propagation
increases, the relative mortality will fall (but never one-to-one): “In the beginning of the epidemic
the cases appear to have been almost altogether produced through the agency of the Thames water
obtained amongst the sewers and the small number of cases; occurring in houses not so supplied,
might be accounted for by the fact of persons not keeping always at home and taking all their meals
in the houses in which they live but as the epidemic advanced it would necessarily spread amongst
the customers of the Lambeth Company, as in parts of London where the water was not in fault, by

all the usual means of its communication” (Snowl, [1855, 82).

Airborne theories will not predict these patterns, and therefore these predictions provide a good

means of separating between the alternatives.

The evidence for explosive neighborhood outbreaks is in the form of case studies (rather than statis-
tical) but is pretty clear. Hope Street (Sutherland| 1851, 15-16), Horsleydown and Albion Terrace
(Snow||1849a| 15fF; Snowl[1855| 301ff), and Broad Street (Snowl 1855, 38-49) are all instances of point-
source neighborhood outbreaks. The fecal-oral theory has a good explanation for the pattern of
those outbreaks: sudden onset and explosive growth in mortality from an otherwise low background

rate. Airborne theories do not.

Regarding the time pattern for municipal propagation, Snow argued that the influence of the water

supply should be highest at the start of an outbreak — the ratio of mortality for those supplied by
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contaminated versus clean water highest at the beginning. As the outbreak progressed the disparity
would diminish: “as the epidemic advanced [cholera| would necessarily spread amongst the customers
of the Lambeth Company [those with clean water| ... by all the usual means of its communication”
Snow| (1855], 82). Snow presented evidence for this (Snow, 1855, 80, 86-88) but most clearly in [Snow
(1856b|, 243-245):

the influence of the water supply was found to diminish in relative intensity as the epi-
demic progressed. In the first four weeks ... the disease was between thirteen and fourteen
times as fatal to the population having the impure water [supplied by the Southwark and
Vauxhall Company]| as to that having the improved supply [the Lambeth Company]. ...
In the next three weeks ... the mortality [rate] was ... nearly eight times as great in that
supplied by the Southwark and Vauxhall Company as in that supplied by the Lambeth
Company. During the last ten weeks ... the mortality [rate] was still more than five
times as great amongst the population supplied by the former company as amongst that
supplied by the latter.

Snow repeated these observations in |Snow| (1856, 1857)@

Predictions about the time pattern or epidemic curve for mortality rates, for both neighborhood and
municipal outbreaks, qualify as a “new facts” uncovered by the theory, in the sense that Snow looked
for the evidence based on the prediction. Airborne theories had no such predictions, and thus were
contradicted by these observations. The prediction and the evidence supporting the prediction are

a strong corroboration of the fecal-oral theory and strong contradiction of airborne theories.

D.2 Summary of Predictions versus Evidence

To summarize, predictions (2 a&b) concerning contagion, and predictions (8 & 9) concerning the
time-pattern of mortality, all strongly refuted the airborne theories. Prediction (5c-f) concerning
other factors weakly refuted the airborne theories — weakly because Snow could not demonstrate (as
we can today) that in fact the actual versus predicted mortality across subdistricts depended only

on water and not other factors.

The two remaining predictions — (4) concerning airborne transmission and (5b) concerning water
— demonstrate how auxiliary hypotheses can protect a theory from recalcitrant facts. If cholera is
airborne, then those sharing the same air should suffer similar mortality, while those not sharing the

same air may not. As discussed above, Snow discusses counterexamples to both.

The evidence shows that transmission was not airborne but waterborne. And yet this does not
refute or falsify the airborne theories, because they had incorporated water as both a predisposing
cause and as a mode of transmission. The airborne theories were protected from contradiction
by the auxiliary hypotheses concerning water (hypotheses that were ad hoc according to Lakatos’s
criteria), and for this prediction we have entered “P” into the final column of Table ?? to denote that

the airborne theories are protected from refutation by this prediction. Nonetheless, this prediction

20Using modern statistical tools the observations on the time pattern of mortality rates can be reproduced and
strengthened — see |[Coleman)| (2020)).
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does have some value for discriminating between theories. First, airborne cholera requires some
positive evidence of airborne transmission, and we know of none. Second, this case is grounds for
claiming the airborne theories are degenerating — the auxiliary hypotheses indeed protects against
the observations of waterborne transmission but without any increase in theoretical or empirical

content, and with no new facts within the airborne programme.

Finally, there is the prediction of water as a causal effect for cholera mortality (5b in Tables 77
and , often considered the signature evidence for Snow’s theory. In fact, this prediction and
evidence did little to discriminate between theories, because by 1855 all theories predicted that
water would be causal — at least in some if not all cases. We rate the value of this prediction as low
for discriminating between theories, although as with the case of airborne transmission, the adoption
of the auxiliary hypotheses within the airborne programme without any increase in content or new

facts is an indication of a degenerating programme.

The fecal-oral theory’s predictions and observations summarized in Table ?7? fits the description of
a progressive programme: new predictions (2b, 5c-f, 8, and 9) all of which were corroborated. The
airborne theory fits the description of a degenerative programme: the auxiliary hypothesis of water
as a predisposing cause explained given facts but did not predict new ones. Furthermore, predictions
of the airborne theory were contradicted by the new facts: the fecal-oral theory exhibited higher

corroborated content.

It is important to recognize that, among the wide range of predictions and evidence available in the
mid-1850s bearing on alternative theories shown in Table 77, there is no single crucial prediction or
experiment that did serve, or even should have served, to convince skeptics of the primacy of the
fecal-oral theory. What Table 7?7 does show is that, although airborne theories were not uniformly
refuted by the evidence (largely due to the auxiliary hypotheses concerning water as a predisposing
cause or method of transmission — see predictions 5a and 5b), the preponderance of evidence was in
favor of the fecal-oral theory and the airborne theories were refuted in many instances; the fecal-oral

theory was a theory that exhibited higher corroborated content.

D.3 Epidemiological versus Biological Evidence

The evidence presented by Snow and others is what we might call “epidemiological evidence,” in
contrast to individual-level “biological” evidence of the particular causative agent — in this case
vibrio cholerae — and on the particulars of transmission — for example that choleric material existed
in a contaminated water source, and that victims actually drank the contaminated water. There
was scant biological evidence available in the 1850s. Filippo Pacini identified vibrio cholerae in 1854
but Pacini’s work did not appear to have been known in London in the 1850s, and v. cholrae was
not universally recognized until Robert Koch’s re-discovery in 1883 (Carboni, [2021). The closest to
biological evidence of which we are aware was Whitehead’s identification of the Broad Street index
case and the subsequent uncovering of the direct contamination pathway from the baby’s cholera
dejections to the pump. The Reverend Henry Whitehead discovered that a baby girl Frances Lewis
living at 40 Broad Street — facing the pump in Broad Street — fell ill two or three days before the
outbreak commenced (and died two days after). Water from rinsing diapers was emptied into the

cesspool at the front of the house. The Cholera Commission had Mr. York, a local surveyor and

43



secretary for the Cholera Inquiry Commission, investigate the sewer lines. He found that a leaking
waste pipe from 40 Broad passed within feet of the pump-well and that sewage from 40 Broad Street
could leak into and contaminate the well. (See|Cholera Inquiry Committee|| 1855, 159-160, 170 ff and
Johnson| 2007, 178ff.)

The addition of biological evidence to the epidemiological and statistical evidence of the 1850s
would have strengthened the argument (in favor of the fecal-oral theory). Critics asked for positive
evidence of water contamination, and argued that dilution in water made transmission by water
improbable@ Lack of such biological evidence, however, does not detract from the strength of the
statistical evidence. No doubt the development of biological evidence subsequent to Robert Koch’s
rediscovery of v. cholerae was the crucial factor that swung the scientific community behind the

fecal-oral theory.

21Snow did provide reasonable counter-arguments: “The morbid matter of cholera, like the pus of small-pox and
other morbid poisons, owes its properties, no doubt, to cells; and there is no more reason why diluting with water
should necessarily destroy their activity, than that it should destroy the ova of fishes; and there is also no reason
why every one who dips a pail into the water should draw a prize” (Snow, [1854). In any case, airborne theories were
subject to the same criticisms.
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