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Summary Popperian epidemiology is a biomedical science tool based on the hypothesis-deductive method and the
falsifiability of scientific hypotheses. This article explores the applicability of the refutationist logic tools in the analysis
of a randomised controlled trial (RCT), the randomised Aldactone evaluation study (RALES). This was carried out by
using bi-conditional modus-tollens arguments of the type (i) P-then-Qn and (ii) Qn-If-XP, XP being a set of potential
falsifiers of Qn as part of the explicit falsity-content of P. In this model, P is the main hypothesis and Qn one or more
logical predictions to be tested. The XP argument represents inclusion criteria, exclusion criteria and conditional criteria
of the RCT so every P-then-XP argument should be fulfilled in canonical form to corroborate P-then-Qn. Thus,
falsifiability of a RCT would be determined by the empirical content of the conditional argument Qn-If-XP and its
external validity would be determined by the empirical content of XP. In this way it would be possible to mathematically
assess the external validity of a RCT if the observational predicates of the XP argument in a given population are known.
According to this popperian model, applicability of the RCT results to clinical practice implies transferring of all its
empirical content, in other words, the totality of its truth and falsity contents. Thus, to ignore the explicit falsity-
content of a RCT such as RALES may jeopardise its potential benefits in clinical practice as suggested by recent studies.
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The use of logic deductive tools in epidemiology,
derived from Karl Popper’s philosophy of science
[1,2] in the analysis of methods [3], designs [4],
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statistics [5] and causal inferences [6,7] are today
part of what could be called refutationist epidemi-
ology, and probably better known as popperian epi-
demiology [8]. The refutationist approach suggests
a rigorous application of the hypothesis-deductive
method and a strict adherence to the principle of
falsifiability as a rule for logic reasoning [6,9–11].
ved.
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This method has been developed in the last three
decades and frequently has collided with the
paradigm of the classic epidemiology based on
the pragmatic justification of the induction princi-
ple and the hypothesis confirmation [8–16]. An in-
tense debate rich in criticism [11–20], suggestions
of semantic changes [10,15,21] and methodology
adaptations [9,22] along with applications in obser-
vational epidemiological studies has ensued [3,23].
Recently, Hyams [24] illustrates how non-falsifiable
hypotheses are insufficient to advance in medical
knowledge, even when there is an abundance of
inductively supported empirical data.

This article explores the applicability of the
hypothesis-deductive method and the falsifiability
principle in one of the main methodological designs
in clinical research, the randomised controlled trial
(RCT). Therefore, this study will be based on the
application of the modus tollens syllogism to a
model of a RCT using bi-conditional logical argu-
ments [25].
Hypothesis-deductive method

Given hypothesis H along with a set of baseline con-
ditions we deduce logical consequences e1,e2, . . . ,
en. These consequences have to be empirically con-
trasted. Contrasting is the possibility of refuting H
if the empirical data do not coincide with the pre-
dictions e1,e2, . . . ,en derived by a logical deductive
process using H as the starting point. Using a logical
deductive method, observation or experimentation
is subordinated to theory. In contrast, in the induc-
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Medical scientists confront a set of initial condi-
tions and technological problems for experimental
designs in the hypothesis-deductive method, whose
logical consistency is fundamental to determine
the internal validity of the results reached [6].
The way of sample selection, inclusion and exclu-
sion criteria, avoidance of biases, randomisation,
data collection, follow-up strategy along with a
set of auxiliary assumptions will be articulated
deductively with the leading hypothesis to carry
on the epidemiological study. This process assumes
a general theory of the observation and experimen-
tation [27] based on the refutationist perspective
necessary for choosing among the innumerable
observation objects (Fig. 1A). To conduct an exper-
iment it is necessary a logical arrangement limited
to time and space of techniques and observation
procedures that the investigator considers neces-
sary to corroborate or refute his hypothesis [28].
The inductive fallacy

In the evaluation of epidemiological hypotheses
the ‘‘introjection’’, also called ‘‘retroduction’’
[10,15] of empirical data is usually confused with
a kind of inductive inference (Fig. 1B and C). By
definition, the induction is produced once experi-
mental observation has been carried out and whose
logical argument is a fallacy of the modus ponens
syllogism, by means of which an antecedent state-
ment is verified from a consequent statement, i.e.,
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from the truth of particular observation en is con-
cluded the truth of the general hypothesis H, which
is called fallacy of affirming the consequent [29].
Its logical form can be formulated as:

Premise 1: H-then-en
Premise 2: en
Conclusion: H

As Greenland points out [15], this fallacy is a
common practice in epidemiology. The modus pon-
ens as all syllogisms is deductive and it only implies
the corroboration of a hypothesis whose logical
predictions have provisionally been fulfilled after
an experiment that has severely tried to refute
them [26]. Its correct logical form is:

Premise 1: H-then-en
Premise 2: H
Conclusion: en

From the refutationist perspective, every epide-
miologic observation rationally carried out is al-
ways preceded by a theory of observation and
every scientific method of experimentation is al-
ways deductive on its way to contrast subordinat-
ing the observed objects to the theoretical design
of the experiment.
Falsifiability principle

According to the falsifiability principle, a theory is
scientific if it can be falsified by means of experi-
ence or by its internal inconsistency [1]. A scientific
statement is falsifiable when it may be logically
connected to one or more observational predicates
that if are not corroborated by the experiment
demonstrate that the precedent statement, or
hypothesis, is false. Refutation is the corroboration
that an enunciation is false for not having resisted
the falsification test. This procedure does not re-
quire a process of induction which is logically
impossible, but a simple logical deduction. This
deduction is based on the syllogism called modus
tollens [29], illustrated as follows:

Premise 1: P-then-Q
Premise 2: not Q
Conclusion: not P

If a series of consequences derive from one
hypothesis and at the same time we are able to
identify a series of contradictory possibilities with
those consequences, we have at our reach a series
of potential falsifiers of the theory [1,26]. Exam-
ples of falsifiers are what we usually call inclusion,
exclusion and conditional criteria in the design of a
clinical trial. If the number of possible falsifiers of
one hypothesis is greater than the one correspond-
ing to a competing hypothesis, the first one will
have more opportunities to be refuted by the
experiment. In other words, it is ‘‘falsifiable to a
larger degree’’. This means that the first hypothe-
sis communicates more about the universe of the
experiment than the second due to the fact that
excludes a greater number of basic statements.
Thus, a scientific theory has a greater degree of
corroboration when it has resisted more criticisms
and has been subject to more severe contrasts
and not when it has been more verified [30].
Logic of bi-conditional modus tollens
arguments

The biological phenomena are complex and are
subject to multiple causal relations. Experimental
hypothesis often include auxiliary assumptions
and therefore the theories seldom can be abso-
lutely refuted or corroborated [31]. On the other
hand, a naı̈ve application of modus tollens turns a
refuted theory into unfalsifiable leading to a logical
inconsistency if the theory is correctly accom-
plished in the future [32]. Therefore, hypotheses
can be falsified only along with an unspecified num-
ber of auxiliary assumptions.

According to the falsificationist postulates, a
theory contains the totality of its logical conse-
quences [25]. Its true consequences constitute its
truth-content and its false consequences, if pres-
ent, its falsity-content [33]. An explicit truth-
content has predictions emanating from a hypothesis
that needs to be corroborated by the experiment,
i.e., the beneficial effects of a drug on a certain
disease. An explicit falsity-content has one or more
potential falsifiers that may contradict the possible
truth of a hypothesis and are defined at the onset
of the experiment, i.e., the inclusion and exclusion
criteria for a RCT evaluating the effectiveness of a
drug. Necessarily a theory will have an unexplicited
truth- and falsity-content that will be unknown and
subject to investigation. Moreover, frequently in
the experimental design auxiliary assumptions are
defined because act as effect modifiers and poten-
tial falsifiers of one or more predictions originated
from the hypothesis [22,23].

To logically interconnect the auxiliary with the
main assumptions, the modus tollens arguments
may be utilised by means of the bi-conditional
propositions [25,33] such as (i) P-then-Qn and (ii)
Qn-if-XP, XP being a set of Qn’s potential falsifiers
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as part of the explicit falsity-content of P and Qn

being, on the other hand, logical predictions of
the explicit truth-content of P. Thus, P-then-Qn

may be deductively refuted by the failure of Qn-
if-XP and corroborated by the fulfillment of Qn-if-
XP. This modality may be particularly appropriate
for the analysis of double-blind RCT and others epi-
demiological designs.
The randomised controlled trial

According to the prevailing epidemiological theory
of observation and experimentation [27,34,35],
the different research designs may be organised
in a hierarchical fashion in reference to their ability
to establish a cause-effect relation (Fig. 2). At the
present, a double-blind RCT is the closest epidemi-
ological research model to the ideal experimenta-
tion since there is control and manipulation of the
dependent and independent variables. Maclure
[4,23] comments that from the refutationist view
point, the randomisation and blinding of a RCT min-
imise the selection and information bias and the
non-chance confusion with a non-experimental or
observational study in which is necessary to refute
many competing hypothesis before a causal rela-
tion can be inferred. The blinding intervention
minimises the potential subjective interferences
of the researcher and the patient when a treatment
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Figure 2 A pyramidal scheme for a directional classi-
fication of the study designs in epidemiological research.
From a hierarchic model, the strength to confirm cause-
effect association increases from the observational level
to the experimental level, a traditional concept of the
inductive epidemiology. From the refutationist perspec-
tive, the capacity of refuting causal hypotheses is
greater for experimental design and smaller for cross-
sectional uncontrolled studies.
is compared to a placebo. The strict adherence to
the inclusion and exclusion criteria makes possible
the control of possible biases and variables that
may modify the results. In this fashion it is also pos-
sible to test one or more main hypotheses at the
same time. From the refutationist point of view,
the RCT is a rigorous falsification test utilising the
hypothesis-deductive method to control a greater
number of potential falsifiers related to one or
more explicitly formulated main hypotheses.

Despite that RCTs are thought to have the highest
value in epidemiological and clinical research, they
certainly have some limitations [36–41]. By using
strict inclusion, exclusion and conditional criteria,
numerous subjects are often excluded. The more
complex a RCT, themore rigorous selection, limited
inclusion of subjects and more controlled interven-
tion is carried out. Thus, both the population and
the environment of the experimental intervention
are often different from those encountered in clini-
cal practice [39–42]. Indeed these restricted condi-
tions of the experiment increase its internal efficacy
but negatively affect its external validity [41].
Moreover, the RCT groups are created by randomisa-
tion of a given population but not by random sam-
pling within the groups of the population under
study. This may lead to errors in the extrapolation
of statistical inferences to the general population.
A multinational clinical trial model

Today special attention is granted to the results
provided by large multinational RCTs in contrast
to smaller studies. Their main characteristic is that
the subjects composing the samples are recruited
from different parts of the world [42]. The weight
of evidence emanating from these larger RCTs is
often considered decisive in the assessment of a
new therapeutic intervention since they provide a
greater ‘‘inductive support’’ to generalise their re-
sults to the population beyond the limits of the
study. This may unduly influence the introduction
of a new prescription drug in clinical practice [43].

A good example of a largemultinational RCT is the
randomised Aldactone evaluation study (RALES).
This study was published by Pitt et al. [44] and in-
volved 195 centres in 16 countries. A number of
1663 patients with severe congestive heart failure
(CHF) constituted the population studied, 822 ran-
domly assigned to receive 25 mg of spironolactone
and 841 to placebo. Four countries enrolled more
than 100 patients (n = 1138) and 12 countries
enrolled less than 100 patients (n = 525). All the pa-
tients had significant left ventricular dysfunction as
defined by two-dimensional echocardiography. The
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study concluded that spironolactone, in addition to
the usual treatment that included diuretics and
angiotensin-converting enzyme (ACE) inhibitors,
significantly decreased, in a period of two years,
all-cause mortality by 30%, sudden death by 29%
and hospitalisation related to CHF by 35%when com-
pared to placebo. The incidence of hyperkalaemia
was minimal both in the treated and placebo groups
(2%). The authors concluded that the blockade of
aldosterone receptors along with the standard ther-
apy in patients with severe CHF secondary to left
ventricular systolic dysfunction reduced signifi-
cantly both the morbidity and mortality with mini-
mal negative side-effects. RALES was stopped
earlier than the anticipated length of the study be-
cause an interim analysis determined significant
beneficial effects, leading to a rapid diffusion of
its results along with an explosive increase in the
use of spironolactone after its publication [45].
Logical arguments

The main explicit hypotheses of the authors of
RALES were (a) the use of low doses of Spironolac-
tone along with the standard therapy would signif-
icantly reduce both mortality and morbidity in
patients with severe CHF and (b) this would occur
without major negative side effects, mainly hyper-
kalaemia. On these premises a general proposition
can be defined as: P, ‘‘Spironolactone is better
than placebo in patients with severe CHF’’. Then,
three consequent propositions derived from P can
follow: Q1, ‘‘Spironolactone reduces mortality in
patients with severe CHF’’; Q2, ‘‘Spironolactone
reduces CHF related morbidity’’; Q3, ‘‘Spironolac-
tone produces minimal complications because of
hyperkalaemia’’. Using the modus tollens syllo-
gism, the hypothesis can be enunciated as P-then-
Qn, where all the predicates components of Qn

need to come true to corroborate the RALES
hypothesis; they are potential falsifiers that are
part of the explicit truth-content of P.

Traditionally the refutationist epidemiology
have utilised as logic models single modus tollens
arguments for each auxiliary assumption compet-
ing with the main hypothesis such as A-then-Q, B-
then-Q, etc. However, it is possible to use bi-condi-
tional arguments to connect a set of auxiliary
assumptions with the main hypothesis and its pre-
dictions. As mentioned above, RALES included a
number of inclusion, exclusion and conditional cri-
teria that can be described as XP (Table 1). These
auxiliary assumptions if not fulfilled can refute
the logical prediction P-then-Qn as part of the ex-
plicit falsity-content of P. In the design of a RCT
these observational predicates are part of the
antecedent statement prior to the formulation of
the logical prediction Qn. In other words, before
the prediction P-then-Qn comes true, P-then-X1,
P-then-X2, . . . ,P-then-Xn have to be accomplished
all of which can be expressed as a modus tollens
single argument, P-then-XP. However, this type of
argument, P-then-XP and XP-then-Qn constitutes a
fallacy by denying the antecedent in XP. To resolve
this problem the premise can be formulated as a bi-
conditional argument:

(i) P-then-Qn and,
(ii) Qn-if-XP

The argument (ii) is shaped by transferring the
explicit falsity-content of the precedent statement
P to each one of the consequent statements Qn.
The hypothesis that the placebo is challenging the
main hypothesis can be expressed as P0-then-Q 0n.
Finally, the expected result is that Spironolactone
is better than placebo, or P > P0 so Qn > Q 0n should
come true. According to this model, an inclusion
or exclusion criteria is a potential falsifier of the
hypothesis under corroboration when:

(1) It behaves as a competing hypothesis such as
proposition C, in which case the prediction
C-then-Qn competes with P-then-Qn so it can-
not be isolated the effect of P (selection bias,
i.e., X1 to X3, Table 1).

(2) It can simultaneously falsify P and Q (a con-
founding factor , i.e., X5 and X14, Table 1).

(3) It may falsify Qn independently of P (i.e., X6
and X13, Table 1).

(4) It may directly falsify P (information bias,
i.e., non-blinded study).
Theoretical refutation of the RCT model

It is possible to demonstrate using canonic logic
arguments the falsifiability of RALES. For example,
we can assume that ‘‘minimal complications by
hyperkalaemia’’ is false, or no-Q3, and that the
exclusion of ‘‘diabetes’’ or predicate X4 (Table 1)
was not accomplished. This situation can be
expressed as a complete canonical logical argu-
mentation: (i) if P-then-Q3 and (ii) Q3-if-XP, XP
being (iii) the set X1,X2,X3, . . . ,Xn and (iv) no-X4,
(v) no-Q3 then (vi) no-P. By deduction, no-XP can
be any inclusion, exclusion or conditional criteria
of RALES that was not fulfilled in any other popula-
tion. Therefore, if any of these auxiliary assump-
tions contained in XP is false the hypothesis P
would be to some extent refuted [46].



Table 1 Inclusion criteria, exclusion criteria and conditional criteria as part of the explicit falsity-content (XP) of
RALES experimental design. (Source: Ref. [46], Copyright 2005 BMJ Publishing Group. All rights reserved.)

XP arguments Observational predicates Criteria

X1 Patients having suffered chronic heart failure IV
degree of the New York Heart Association during
the 6 previous months

Inclusion

X2 Functional class III or IV at the moment of
inclusion, diagnosed as cardiac insufficiency at
least 6 weeks earlier

Inclusion

X3 Patients with an ejection fraction of the left
ventricle below 35% during the last 6 months

Inclusion

X4 Diabetes Exclusion
X5 Renal insufficiency or creatinine above 2.5 mg/dl Exclusion
X6 Congenital cardiopathy Exclusion
X7 Unstable angina Exclusion
X8 Patients with potassium > 5 mm/l Exclusion
X9 Hyperkalaemia history Exclusion
X10 Operable valvular disease Exclusion
X11 Primary hepatic failure Exclusion
X12 Cardiac transplant indication Exclusion
X13 Active cancer or any life-threatening disease Conditional
X14 Close laboratory monitoring during treatment Conditional (research process)
X15 Potassium supplements were not recommended,

except when potassium levels in serum were
below 3.5 mmol/l

Conditional (research process)

X16 Patients had to be in treatment with a loop
diuretic and an angiotensin-converting enzyme
inhibitor if it were tolerated

Conditional (research process)

X17 Treatment with digitalis and vasodilators was
allowed but not with potassium sparing diuretics

Conditional (research process)
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According to the falsificationist theory, when
the results of a RCT like RALES are extrapolated
to the clinical practice all its empirical content is
transferred, in other words, all its truth- and fal-
Figure 3 Changes in proportions of patients receiving presc
to 1999 (before RALES) and from 2000 to 2001 (after RALES) i
creatinine, and estimated glomerullar filtration rates (GFR).
sity-content [46]. The non-fulfillment of the expli-
cit falsity-content of a RCT may lead to a
cancellation of its potential clinical benefits. For
example, Bozkurt et al. [47] studied the outcomes
ription of spironolactone at hospital discharged from 1998
n all patients and patients stratified by serum potassium,
(Source: Ref. [48].)
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of 377 patients started on Spironolactone for CHF
after the publication of RALES. They found that,
in this ‘‘real world’’ study, few patients fulfilled
the inclusion and exclusion criteria of RALES, nor
its outcomes. For example, 40% of the patients
were diabetics, 24% developed hyperkalaemia, se-
vere in 12% (>6 mmol/l). A main conclusion in this
study was that results obtained from multi-centre
large RCT may lead to a false impression of safety
by ‘‘inductive support’’ with the consequent inju-
dicious use therapies and increase in adverse out-
comes. Recently, Masoudi et al. [48] observed
that the prescription of spironolactone increased
from 3% to 30% in older adults with CHF in U.S.
after RALES publication. Moreover, 30.9% was pro-
vided to patients not meeting enrollment criteria
of the study. In the population of patients dis-
charged from 2000 to 2001, spironolactone was
prescribed to 22.8% of patients with a serum potas-
sium value P5.0 mmol/l, to 14.1% of patients with
a serum creatinine value P2.5 mg/dl, and to 17.3%
of patients with severe renal dysfunction (Fig. 3).
Discussion

On the philosophical debate the refutationist
epidemiology has been shown in opposition to the
scientific paradigm of inductive epidemiology [8–
14]. The controversy has been centred on the prob-
lem of induction which according to Greenland [15]
would be of semantic order based on the radical
anti-inductivism that Karl Popper maintained all
his life [49]. However, since Hume [50] formulated
the problem in the XVIII century, it does not exist a
logically valid form that justifies the principle of
induction. It is only possible to accept its pragmatic
justification [16,51] as part of practical decision
making on the formulation of rational predictions
and transference of results to the population, a
question that keeps controversy between
epidemiologist [10,11,28,52]. According to the
current refutationist approach [11,19,27,28,46],
every hypothesis has only one value of provisional
truth related to its degree of corroboration and
testability that would allow to act over the ‘‘real
empirical world’’. It is not possible to correct er-
rors using an inductive method, because modus
ponens syllogism only allows to deductively corrob-
orate a prediction assuming the truth of an initial
hypothesis. Finally, the correction of an error al-
ways implies the falsification of a hypothesis asso-
ciated to an indeterminate number of auxiliary
assumptions, which is deductively carried out by
means of modus tollens syllogism. Indeed, statisti-
cal tests used in epidemiologic research are based
on refutation of the null hypothesis and the proba-
bility of a significant test is, in practical terms,
inseparable from the quality of hypothesis tested,
especially in multivariate models [5]. Thus, epide-
miology does not progress by induction or verifica-
tion of hypotheses, but by correction of mistakes in
previous theories through an essay and error meth-
od [30,31,49].

It has been argued in favour of the induction
that probabilistic statements would be unfalsifiable
[8,13,53]. However, Popper and Miller demon-
strated the impossibility of an inductive probabil-
ity [54] and on the contrary, it is a mathematical
reasoning absolutely deductive [55]. On the other
hand, the denial of the falsifiability principle from
the uncertainty principle leads to a sophism whose
logical consequence will be the denial to every
necessity of experimentation in probabilistic
terms. If a scientific statement whether probabilis-
tic or categorical is unfalsifiable: Why is it neces-
sary to experiment in epidemiology or in other
sciences that base their premises on probabilistic
statements? One of the fundamental characteris-
tics of scientific knowledge, mainly in biomedical
sciences, is its fallibility [56]. In epidemiology this
characteristic springs to the eye when it is ob-
served that a large part of the probabilistic results
are instantaneously refuted by the common experi-
ence [22,28]. For example, if smoking is associated
with a higher probability to contract lung cancer, it
will be observed that not all the people who smoke
contract cancer. However, by logical synthesis, the
general scientific statement that contains the
probabilistic statements of a causal relation like
this is ‘‘Smoking produces lung cancer’’ and to re-
fute this hypothesis requires studies that corrobo-
rate a higher probability of non-smokers to get
lung cancer. Thus, the causal association between
smoking and lung cancer is nowadays a well-corrob-
orated hypothesis from the method that Mill [57]
called inverse deduction [58] which is common in
all empirical sciences [59].

The falsifiability principle of the scientific
enunciations is the logical fundament which justi-
fies the necessity of experimenting through
hypotheses [24,28,60]. In this study we propose
the application of the falsifiability principle to a
multi-site RCT as RALES. The epidemiological
experimental design is well adapted to the logical
structure of bi-conditional modus tollens argu-
ments allowing to carry out an axiomatic refuta-
tion such as (i) P-then-Qn and (ii) Qn-If-XP, XP
being a set of potential falsifiers of Qn as part of
the explicit falsity-content of P. In this model P
represents the hypothesis and Qn one or more log-
ical predictions that have to be empirically con-
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trasted, while XP represents the criteria of inclu-
sion, exclusion and conditional criteria that have
to be canonically fulfilled during the experimenta-
tion for the corroboration of P-then-Qn. Then, the
falsifiability of a RCT would be determined by the
empirical contents of each conditional argument
Qn-if-XP. However, considering an axiomatic refu-
tation like the one carried out in the RALES model
and its testability demonstrated in a canonical
form: Which is the degree of falsifiability in quan-
titative terms? Is it possible a probabilistic approx-
imation to the generalisability of a RCT knowing
the probability of the bi-conditional arguments?
Certainly, an important problem in epidemiologic
research is the external validity of RCTs [41]. Re-
cently, in a companion paper [46], we have ana-
lysed the results of a populational study carried
out in Ontario, Canada [61] that has questioned
RALES predictions showing at the same time the
difficulties of the ‘‘inductive support’’ provided
by great multinational RCTs as a criterion of
external validity. It would be the probabilistic
knowledge of the observational predicates con-
tained in XP and not the selection of patients from
multiple countries what would allow to estimate
the generalisability of RCT for a specific popula-
tion, an application whose extents should be
investigated. Indeed, this logical structure allows
to evaluate a highly improbable hypothesis by
increasing the number of its potential falsifiers.
Thus, the refutational model described can have
other applications in biomedical sciences, spe-
cially facing epidemiological problems which have
not been solved by the current inductive method
[24,62].
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