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Robust and Discordant Evidence:
Methodological Lessons from

Clinical Research
Spencer Phillips Hey*y

The concordance of results that are “robust” across multiple scientific modalities is
widely considered to play a critical role in the epistemology of science. But what should
we make of those cases where such multimodal evidence is discordant? Jacob Stegenga
has recently argued that robustness is “worse than useless” in these cases, suggesting
that “different kinds of evidence cannot be combined in a coherent way.” In this article
I respond to this critique and illustrate the critical methodological role that robustness
plays as an aim of scientific inquiry.

1. Introduction. Concordant evidence from multiple investigations is widely
considered to play a critical role in the epistemology of science. When mul-
tiple experiments agree on a result or when multiple models can derive the
same theorem, this is usually taken as confirmation—providing good grounds
for thinking that the common result is of genuine interest and not merely
an artifact of some simplifying assumption. More generally, the epistemic
virtues of concordant evidence fall under the philosophical category of
“robustness.” As described in Levins (1966), Wimsatt (1981, 2007), and
numerous essays in the recent Soler et al. (2012) collection, both robust-
ness, a property of hypotheses when they are supported by evidence from
multiple modalities (hereafter just “multimodal evidence”), and robustness
analysis, a systematic search for robust hypotheses, are taken as methodo-
logically fundamental to many scientific activities. This includes distin-
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guishing between reliable and unreliable evidence, true and false theories,
useful and biased assumptions, and so on.

But what should we make of those cases where multimodal evidence is
discordant? Wimsatt (1980) discusses one such case involving discordance
between mathematical and laboratory models of group selection in the late
1960s to early 1980s. Franklin (2002) discusses another involving alter-
native interpretations of the Liquid Scintillator Neutrino Detector experi-
ments in physics in the early 1990s. Both of these authors see robustness
and robustness analysis as key to resolving the discordance. However, Ste-
genga (2009, 2012) has recently argued that these philosophical responses
are not true solutions to the problem of multimodal discordance.1 Instead, he
claims, they merely point to the sources of the problem:
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If different modes of evidence support contrary conclusions, there is no ob-
vious way to compare or combine such evidence in an orderly or quanti-
fiable way, let alone to compare such a combination of evidence to evidence
from a single mode. Philosophers have long wished to quantify the degree
of support that evidence provides to a hypothesis. At best, the problem of
discordance suggests that robustness is limited to a qualitative notion. And
if robustness is a qualitative notion, how should we demarcate robust from
non-robust evidence? At worst, the problem of discordance suggests that
evidence of different kinds cannot be combined in a coherent way. (Ste-
genga 2012, 215)
Although other critics of robustness have introduced counterexamples
that seem to illustrate a failure of robustness analysis,2 Stegenga’s critique is
the first sustained philosophical argument (to my knowledge) against the
fundamental epistemic value of robustness. In this essay, I argue that his
critique is significantly flawed. Nevertheless, discussion of his argument is
instructive for pointing us toward a critical lacuna in the philosophical dis-
cussion of robustness—namely, the need to more precisely articulate the
function of robustness analysis in resolving discordantmultimodal evidence.

I begin in the next section by reviewing Stegenga’s argument that
“robustness-style arguments do not tell us what to believe in situations of
evidential discordance” (2012, 216). Then, in section 3, I offer an imme-
diate reply, which largely blunts the force of his critique. However, in sec-
tion 4, I present a case study drawn from the domain of clinical trials and
translational medicine, which more accurately elucidates the epistemolog-
e ideas in Stegenga (2009) and those in Stegenga (2012) on discordant evidence
early identical, but for the purposes of this essay I will focus solely on the more re-
ublication.

e, e.g., Orzack and Sober (1993) and the reply from Levins (1993), or Rasmussen
) and the reply from Culp (1994).
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ical complications and challenges arising from multimodal discordance. In
section 5, I show how these challenges can be overcome with robustness
arguments—specifically, I illustrate the critical methodological role that
robustness considerations play in generating new explanatory hypotheses
and driving future research forward. I ultimately conclude by reemphasiz-
ing the importance of the distinction between the property of robustness,
which may at times be elusive in the face of discordant multimodal evi-
dence, and the strategy of robustness analysis, which remains a vital com-
ponent of scientific methodology and epistemology.

2. Stegenga on Discordance. Stegenga’s (2012) argument can be broken
down into two claims: (1) since multimodal evidence is usually discordant,
the defenders of robustness need to elucidate what role (if any) robustness
has to play in resolving the discordance; and (2) in the absence of systematic
or principled methods for amalgamating different modes of evidence, ro-
bustness arguments are vague and provide little epistemic guidance.3

In support of claim 1, Stegenga provides us the example of influenza
transmission. As he describes it, there is controversy in the medical com-
munity as to whether influenza is transmitted through contact or through
the air. Physicians and nurses tend to believe that it is spread through con-
tact, whereas academic virologists tend to believe that it is airborne. Com-
plex mathematical models seem to suggest that the probability of airborne
transmission is high; however, the evidence from animal and controlled hu-
man experiments has been equivocal. Since these different modalities pro-
duce conflicting results and there is “no obvious way to compare or com-
bine” the evidence, Stegenga claims that expert opinion about the true mode
of transmission remains divided.

Stegenga takes this case to demonstrate “the poverty of robustness” (2012,
215). The proponents of robustness have insisted that multimodal evidence
is supposed to increase the reliability of results, but when the evidence is
discordant, it appears to do just the opposite. As he puts it, “In such cases
robustness is worse than useless, since the fact of multiple modes of evi-
dence is the source of the problem” (216).

Of course, as Stegenga acknowledges, one example does not prove that
multimodal evidence is always so problematic. Nor does it prove that evi-
dence is more often discordant than concordant. Nonetheless, he asserts that
3. Stegenga also discusses some other issues related to robustness arguments, includ-
ing (a) the problem of needing multiple investigational modalities when there may not
be any, (b) the problem of determining whether or how the multiple modalities are suf-
ficiently independent, and (c) the distinction between security (as described in Staley
2004) and robustness. Although these are also interesting philosophical problems, since
they are separable from the problem of multimodal discordance, I will not discuss them
here.

86/678978 Published online by Cambridge University Press

https://doi.org/10.1086/678978


58 SPENCER PHILLIPS HEY

https://doi.org/10.1086/67897
this type of scenario is the more common situation in science, writing that
“history of science might occasionally provide examples of apparent con-
cordance, but concordance is easier to see in retrospect, with a selective
filter for reconstructions of scientific success” (2012, 216). In other words,
the proponents of robustness have disproportionately emphasized those for-
tuitous instances of concordant multimodal evidence from the history of
science. So even if robustness is a useful concept when multimodal evi-
dence is concordant, the rarity of this situation significantly mitigates the
epistemic value of robustness.

In support of claim 2—that robustness arguments are vague—Stegenga
begins by providing a useful distinction between two dimensions of discor-
dance: inconsistency and incongruity. Inconsistency is contradictory evi-
dence among similar types of investigations: one animal experiment shows
x, and the next animal experiment shows not-x. Incongruity is (apparently)
incommensurable evidence among different types of investigations: a math-
ematical model shows x, an animal model shows y, an epidemiological study
shows 0.5y, a clinical trial shows 2x, and clinical experience shows z. While
incongruous results do not all clearly contradict one another (as is the case
for inconsistency), it is still unclear how one should assemble a coherent
picture of the total evidence.

Indeed, for both inconsistency and incongruity, Stegenga argues that there
is no universal method to amalgamate the evidence. Since the evidence
from these different scientific modalities is written in different “languages,”
the background assumptions necessary to “translate” the results from one
language to the next “will have varying degrees of plausibility” (2012, 214).
Even for instances of concordant evidence, if the assumptions necessary
to “translate” the evidence are not plausible, then it is not clear how differ-
ent investigational modalities (e.g., mathematical models vs. animal exper-
iments vs. human experiments) are supposed to support a robustness claim.

For discordant evidence, the problem is further complicated by the ne-
cessity of sorting out the overall direction of the evidence. Which of the
many hypotheses are actually supported by the total evidence? Or which
hypotheses should be revised? As Stegenga puts it, “In the absence of a
methodological meta-standard, there is no obvious way to reconcile vari-
ous kinds of inconsistent data” (2012, 213). And if we cannot reconcile
the data, then, again, this seems to undermine the epistemic value of ro-
bustness arguments.

Ultimately, Stegenga argues that the answer to these problems lies in
articulating better “amalgamation functions.” Such functions would tell us
how to gather all the pieces of evidence, weight them according to various
epistemic properties (e.g., quality, relevance, salience, and concordance),
and then output the degree of support provided (or the correct credence) for
a given hypothesis. He then mentions a number of possible functions, some
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of which take quantitative input from multiple modes and provide a quan-
titative output, such as statistical meta-analysis, and others that take quan-
titative input but provide qualitative output, such as the evidence-based med-
icine hierarchy (2012, 222). He also considers the possibility of a Bayesian
amalgamation function built on Jeffrey conditionalization (222–24). But in
the end, he finds all of these functions wanting and concludes that “without
the use of compelling schemes to amalgamate discordant multimodal evi-
dence, robustness arguments are vague” (222).

3. Reply. There is much in Stegenga’s argument with which I agree. I
would agree that multimodal discordance is probably the more common
scientific reality. I agree that inconsistent evidence and incongruent evi-
dence present interpretive challenges for researchers. And I agree that bet-
ter functions for amalgamating evidence would be a boon for the episte-
mology of science. Yet, his argument is fundamentally flawed in a number
of ways.

To begin with, much of Stegenga’s argument relies on a false dichotomy
between “principled and systematic” methods of evidence assessment,
which we are to understand as rigorous and quantitative, and the “merely
intuitive or qualitative” methods, which he insists must be “disorderly” or
“vague.” Consider, for example, his rhetorical question: “And if robust-
ness is a qualitative notion, how should we demarcate robust from non-
robust evidence?” This is immediately followed by the suggestion that if
robustness is qualitative, then “evidence of different kinds cannot be com-
bined in a coherent way” (2012, 215).

On the contrary, there can be principled, systematic, and yet qualitative
methods of evidence evaluation. He even acknowledges one such method—
systematic reviews—at the conclusion of his argument. That such qualita-
tive methods are not foolproof does not entail that they cannot still be rig-
orous, valid, or useful for amalgamating evidence.

Similarly, there is no a priori reason to expect that robustness analysis
should be “obvious” or straightforward to apply. Therefore, Stegenga’s fre-
quent objection that there is “no obvious way” to combine evidence from
different modes of evidence is not well motivated. The seminal philosoph-
ical discussions of robustness analysis consistently acknowledge that there
are limitations, complications, and conditions on its valid use (Wimsatt
1980, 1981; Levins 1993). Therefore, in order to support his conclusion
that robustness arguments are too vague and problematic, he would need
to show that these conditions for valid application of the concept are rou-
tinely ignored, that they cannot be satisfied even in principle, or that they
are poorly specified.

I take it that the influenza transmission example is supposed to do some
of this work. Stegenga claims that this example illustrates the “poverty of
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robustness” because, despite there being evidence from multiple scientific
modalities, the expert medical community remains uncertain about the mode
of transmission. But for this example to be compelling, it is necessary that
airborne and contact transmission vectors are mutually exclusive—and that
claim is, at best, controversial (if not simply false). The possibility of mul-
tiple disease transmission mechanisms has been recognized by the medical
and public health communities for over 100 years (Chapin 1910). Moreover,
both the US and European centers for disease control explicitly state that
influenza can be spread in either fashion.4 And if these transmission vec-
tors are not mutually exclusive, then different research modalities provid-
ing evidence for the effects of the different vectors are not a problem for
robustness at all. The multiple modalities can be understood as modeling
different (albeit related) systems.5

If we can thus reject the influenza case as an exemplar of multimodal
discordance, then this undercuts the philosophical force of Stegenga’s as-
sertions that discordant evidence is the more common occurrence. He states
that he is not arguing against the common methodological prescription for
scientists to “get more data” when they encounter conflicting evidence from
multiple modalities. Rather, he is only arguing that “robustness-style ar-
guments do not tell us what to believe in situations of evidential discor-
dance” (2012, 216). But the proponents of robustness could now simply
point to the influenza example as showing that even if discordant multi-
modal evidence is the more common epistemic state in science, so long
as scientists adopt the methodological prescriptions of robustness analysis
(e.g., “get more data, and of different kinds!”) in the face of discordant evi-
dence, they are thereby able to sufficiently resolve the uncertainty. Contrary
to robustness being “worse than useless,” the influenza example now makes
it appear as if robustness is working exactly as it should. Perhaps there are
no universal amalgamation functions, but the practical necessity of these
depends on multimodal discordance being epistemologically vexing, and
Stegenga has failed to show that it is.
4. See http://www.cdc.gov/flu/about/disease/spread.htm (retrieved November 19, 2013)
and http://ecdc.europa.eu/en/healthtopics/Documents/#0905 (retrieved November 19,
2013).

5. It is difficult to know what to make of Stegenga’s conclusions here, since he does not
provide any references for the supposed discordant models and experiments concerning
influenza transmission. But from my reading of the literature, the existence of multiple
disease vectors seems to be the consensus (Weber and Stilianakis 2008). Further, as Hall
(2007) describes it, the scientific controversy is not about the mode of infection—since
the spread of influenza is known to vary from case to case (or even person to person) and
known to depend on a range of different physical (e.g., aerosol droplet size) and social
conditions (e.g., compliance rates for hand-washing regimes among health care per-
sonnel); rather, the lingering scientific uncertainty is about the most effective means to
intervene and reduce the spread of disease.
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On the other hand, even if we were to accept Stegenga’s claims that
genuine multimodal discordance and epistemic controversy are the norm,
this is only problematic for the property of robustness. That is, it may in-
deed be challenging to resolve cases of discordance in order to definitively
conclude that a particular hypothesis is robust; however, this does not en-
tail that systematic investigations to try and resolve such states of dis-
cordance are necessarily futile. This underscores the importance of distin-
guishing between robustness as a property of particular hypotheses and
robustness as an aim of inquiry. The epistemic goal of a robust hypothesis
may prove elusive, but this does not mean that we ought to abandon that
goal.

4. Discordance across a Clinical Research Trajectory. These criticisms
notwithstanding, I think it would be overhasty to entirely dismiss Stegen-
ga’s concerns. As I suggested at the outset, there is still an important
philosophical problem here. But to better illustrate the challenges that
discordance presents for robustness, it will be helpful to focus on a genuine
instance of multimodal discordance.

To that end, let us consider the structure of clinical research: In the ideal
sequence of testing for any new medical intervention, a consistent and
congruent pattern of efficacy and effectiveness is observed across a series
of experimental modalities (typically called “phases”)—from the in vitro
and in vivo preclinical experiments to the phase 1, 2, and 3 human clinical
trials. Each successive, positive outcome in these experiments increases
our confidence in the reality of the treatment’s net therapeutic advantage,
and this growing confidence in turn discharges the ethical demands of clin-
ical equipoise, that is, that there exist, before initiating the pivotal phase 3
trials, a state of honest, professional uncertainty among the expert medical
community as to the therapeutic merits of each arm in the study (Freedman
1987; Weijer and Miller 2004).

We can immediately observe that robustness arguments are integrated
into the very structure of this research model. That is, an effective medical
intervention is a robust intervention—it has been tested in a dish, in an an-
imal, in healthy volunteers, and in patients. Moreover, despite the apparent
hierarchical structure of these phases, we should also observe that clinical
translation is not a linear or monotonic process. Phases will often overlap
with each other and may be repeated or iterated in light of the accumulating
state of total evidence.

For example, Mateo et al. (2013) recently described the sequence of
testing for the anticancer agent iniparib. This drug was initially developed
as a poly(ADP-ribose) polymerase (PARP) inhibitor—a class of drugs
whose mechanism of action impairs DNA repair functions (and hence kills
the cancer cells). Based on this mechanistic theory, iniparib was tested on
86/678978 Published online by Cambridge University Press
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over 2,500 patients across all three phases of clinical trials. However, after
its failure in phase 3, iniparib was retested in vitro, where its status as a
genuine PARP inhibitor was called into question. This shows how negative
results in the later phases of clinical testing may suggest a necessary revi-
sion of the driving pathophysiological theories. These new theoretical hy-
potheses may then be tested in preclinical experiments and, if confirmed,
human trials reinitiated.6

Just as Stegenga would have it, the iniparib case is far from exceptional.
Discordant results are common across the trajectory of clinical translation
(Hay et al. 2014). Clinical investigators are regularly confronting discordant
multimodal evidence when deciding how best to proceed. A recent series
of experiments testing the efficacy of the antibacterial agent moxifloxacin
for treating tuberculosis provides another useful illustration of this prob-
lem: after a concordant and positive trend through the preclinical and early
clinical phases, five phase 2 trials produced discordant evidence—two tri-
als were negative, three trials were positive—and it was unclear how or
whether research with moxifloxacin ought to proceed.

In contrast to the iniparib case, whose theory has already been put to
decisive testing in phase 3 trials, with moxifloxacin we are concerned with
whether or not more decisive testing is warranted. I present the details of
these experiments in the remainder of this section, drawing attention to the
function and utility of robustness considerations throughout. As I will show,
despite multimodal discordance at nearly every stage of the research pro-
cess, the scientists were nevertheless able to construct valid and justified
robustness arguments to drive the research program forward.

4.1. Moxifloxacin Trials. For drug-susceptible tuberculosis, the current
standard treatment is a four-drug regimen (isoniazid, rifampin, pyrazina-
mide, and ethambutol) administered for 6 months. Since what ultimately
matters is not just eliminating the active bacteria (which can happen quickly)
but preventing future relapse, a large part of the challenge to eliminating
tuberculosis is ensuring full compliance with this regimen for 6 months.
Thus, the central aim of new research is to find a shorter or simpler regimen.
Unfortunately, evaluating the clinical outcome of “no future relapse” is
costly, requiring at least 2 years of patient follow-up. Such an undertak-
ing is typically not possible until the phase 3 stage of research. As a result,
most of the earlier efficacy studies for new tuberculosis treatments adopt
8-week culture conversion as a surrogate endpoint. This means that a pa-
tient whose sputum culture has converted to tuberculosis-negative within
6. See also Hey, Heilig, and Weijer (2013), who introduce a graph-theoretic model for
representing the complex interactions among the various experimental modalities in
clinical research.

8 Published online by Cambridge University Press

https://doi.org/10.1086/678978


ROBUST AND DISCORDANT EVIDENCE 63

https://doi.org/10.10
8 weeks of beginning treatment is considered a positive outcome.7 Earlier-
stage studies adopt various other surrogate endpoints, depending on the
model in question.

However, the use of these surrogate endpoints in the early phases—
which is standard practice throughout most domains of clinical research—
generates an interpretive problem for researchers as they approach the so-
called go/no-go decision at the cusp of phase 3 testing. Phase 3 trials are
the last stage before a new drug is submitted to the national regulatory agen-
cies for approval. These are often large, expensive, and time-consuming ex-
periments, representing an enormous material investment for both the sci-
entists and the research funders. It is therefore of critical importance that
earlier trials use predictive surrogates—that is, experimental outcomes that
can be assessed more quickly but are still well correlated with the clinical
outcome.

This relationship between surrogate and clinical outcome necessarily
mediates the strength of evidence between phases. A converted sputum
sample does not necessarily mean that the patient is cured of tuberculosis.
Nor does an effective cure in mice mean that the same drug will be effective
in humans. Thus, at every phase transition—from preclinical to clinical,
from phase 1 to phase 2, and from phase 2 to phase 3—an inference must
be made about the state of accumulating evidence and the justification for
initiating the next phase.

For example, when initiating clinical trials, investigators will want to see
evidence of robustness across the in vitro (e.g., agent kills tuberculosis
bacteria) and animal modalities (e.g., agent reduces tuberculosis colonies in
the lungs of different strains of mice). When considering phase 2 trials,
investigators want to see a continuing trend of robust evidence through the
phase 1 modality (e.g., early bactericidal activity and acceptable toxicity),
as well as any of the continuing animal or in vitro investigations.

I should also emphasize that the relevant body of evidence is not sim-
ply the most recent evidence produced by the current (or immediately pre-
ceding) phase. Although phase 1 evidence is, in some respects, the most
directly relevant when contemplating phase 2 (and mutatis mutandis for
the other phase transitions), it is not the case that the evidence from each
later phase “trumps” what has come before. It truly is an accumulating
body of multimodal evidence that supports decision making at every step
7. Sputum is material expelled from the patient’s lungs or collected from their saliva. If a
patient has a bacterial infection, then this material will contain the microbacteria of
interest. The sputum sample is collected (and possibly stored) by the researchers, so that
the bacteria can be cultivated in a growth medium, either a solid agar medium (some-
times called a “plate”) or a liquid broth medium. The amount of viable bacteria found in
the sputum, usually measured in cfu/ml (colony forming units per milliliter), is a sur-
rogate for the amount of bacteria in the patient’s lungs.
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along a clinical translation. In fact, as we will shortly see with moxifloxa-
cin, evidence from ongoing preclinical trials played a critical role in shap-
ing the hypothesis that was pursued in a later phase 2 trial.

Let us now turn to the details: The first experiments testing moxifloxa-
cin against tuberculosis were the two in vitro studies, Ji et al. (1998) and
Gillespie and Billington (1999). Both of these experiments tested a range
of agents against tuberculosis bacteria and agreed that moxifloxacin was
the most promising. Gillespie and Billington (1999) also noted that moxi-
floxacin’s in vitro properties were similar to isoniazid, one of the sterilizing
drugs already in the standard antituberculosis treatment regimen. These
studies were followed by Miyazaki et al. (1999), the first in vivo mouse
experiment, which confirmed moxifloxacin’s similar performance to iso-
niazid—a congruence between in vitro and in vivo studies—and argued that
this was a sign of positive potential for its use in multidrug treatment of
human tuberculosis.

The next mouse experiment was Lounis et al. (2001), who observed
that the addition of moxifloxacin to a 6-month weekly dosage regimen was
also only marginally inferior to the 6-month daily dosage standard, cau-
tiously concluding that moxifloxacin might have potential for simplifying
the standard regimen. However, shortly thereafter Yoshimatsu et al. (2002)
published a discordant result: they did not see any significant bactericidal
effect from the weekly dosages of moxifloxacin in their mouse experiment.
Given that Yoshimatsu et al.’s was a test of moxifloxacin as monother-
apy, they suggest that Lounis et al.’s earlier result could have been due to
interaction effects with moxifloxacin and the other drugs in the regimen.
They also note some “untoward” side effects from higher dosages of mox-
ifloxacin: failure to gain weight, decreased activity, and unkempt fur after
4 weeks. Thus, they concluded that high daily dosages of moxifloxacin were
promising, but further studies of weekly combination therapies with moxi-
floxacin, as well as its toxicity effects on healthy mice, were still needed.

Gosling et al. (2003) was the first phase 1, early bactericidal activity
(EBA) test of moxifloxacin. Their results were concordant with the in vi-
tro and in vivo results of moxifloxacin’s bactericidal activity, again finding
moxifloxacin to be similar in activity to isoniazid. Given this robust trend of
similarity to isoniazid, they felt ready to conclude that “clinical trials to
determine whether regimens containing moxifloxacin bring higher rates of
culture conversion at two months should be performed as soon as sufficient
safety data are available” (Gosling et al. 2003, 1345).

This recommendation was largely shared by Nuermberger et al. (2004),
in their subsequently published mouse experiment. However, Nuermberger
et al. did not see a significant reduction in culture conversion time. In-
stead, they observed a “dramatic increase in potency” when moxifloxacin
was substituted for isoniazid in the standard treatment regime (424). Since
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https://doi.org/10.1086/678978


ROBUST AND DISCORDANT EVIDENCE 65

https://doi.org/10.10
reduction in overall treatment time is one of the major goals of tuberculo-
sis research, this result is, at best, mixed. Nevertheless, their articulation of a
novel hypothesis—substituting moxifloxacin for isoniazid in the standard
regimen—is an important development, since this hypothesis directly in-
forms the design of the Dorman et al. (2009) phase 2 study to be discussed
below.

Three more phase 1 EBA studies followed: Pletz et al. (2004) was largely
consistent with Gosling et al.’s early finding and showed moxifloxacin to be
very similar to isoniazid. Gillespie et al. (2005) produced an inconsistent
result, finding no significant improvement with the combination of moxi-
floxacin and isoniazid (although this is arguably concordant with Nuerm-
berger et al. 2004). Johnson et al. (2006) again showed minor improve-
ments in EBA with moxifloxacin.

Before discussing the phase 2 experiments, let us pause here and con-
sider the role that robustness considerations played across the preclinical
and phase 1 studies. Indeed, there was already some evidence of discor-
dance. For example, Lounis et al. (2001) and Yoshimatsu et al. (2002) were
inconsistent on whether a simpler, weekly dosage regimen (as opposed to
the standard daily regimen) with moxifloxacin showed acceptable in vivo
efficacy. The unacceptable toxicity seen in Yoshimatsu et al. (2002) and
the lack of EBA in Gillespie et al. (2005) are also inconsistent with other
similar studies.

But despite the multimodal discordance, there is still a robustness ar-
gument in support of the decision to initiate phase 2 trials: first, moxi-
floxacin was already known to be effective across a range of other anti-
bacterial indications;8 second, it was consistently shown to be well tolerated
and acceptably safe in humans (Stass et al. 1998); third, the in vitro and in
vivo studies consistently and concordantly showed that moxifloxacin had
activity against tuberculosis; and fourth, its antituberculosis activity was
consistently and concordantly shown to be similar to that of isoniazid—one
of the drugs already in the standard regimen. Indeed, the expert community
was largely in agreement—even before 2004—that the evidence of moxi-
floxacin’s safety and efficacy was robust enough to warrant phase 2 trials.9
8. The fluoroquinolone family of drugs is a widely used and extensively tested class of
antimicrobial agents, so much so that moxifloxacin, a single member of this class,
warranted its own supplement in the journal Clinical Infectious Diseases in 2005—just
5 years after it was first approved for testing. In addition to analyses of the pharmaco-
kinetics, pharmacodynamics, and safety, the articles in that volume discuss moxifloxacin’s
effectiveness for treating pneumonia, rhinosinusitis, and acute exacerbations of chronic
obstructive pulmonary disease.

9. Nuermberger et al. (2004) explicitly note that their “experimental results support the
rationale for ongoing randomized clinical trials designed to test whether the addition of
[moxifloxacin] to the standard regimen will increase the proportion of patients with
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Yet, it is important to distinguish the biological, methodological, and
practical questions at issue here. The above argument supports an affir-
mative answer to the biological question “Is moxifloxacin active against
tuberculosis bacteria?” It also arguably supports an affirmative answer to
the methodological question “Is a phase 2 trial justified?” But it does not
support an affirmative answer to the practical (or clinical) question “Is
moxifloxacin an effective treatment for tuberculosis?” This question is the
responsibility of the phase 2 and 3 trials.

Burman et al. (2006) was the first published phase 2 study. They ana-
lyzed 277 patients across multiple sites in the United States and Africa,
randomized to either (1) the standard four-drug regimen or (2) the stan-
dard with moxifloxacin substituted for ethambutol.10 Sputum cultures were
grown and analyzed using both liquid and solid media. Although moxi-
floxacin showed possible increased activity at earlier time points, it did
not affect 8-week sputum culture status. They also stratified their analysis
by continent and found that African patients, despite the highest rate of
compliance, responded far less to either treatment than did patients in the
United States. They concluded that further research with moxifloxacin was
needed, but it seemed unlikely to shorten the overall treatment time for
tuberculosis.

Rustomjee et al. (2008) was the next phase 2 study published. Theirs was
a four-arm study comparing (1) the standard regimen versus three different
flouroquinolone substitutions for ethambutol: (2) ofloxacin, (3) gatifloxacin,
and (4) moxifloxacin. It was conducted at a single site in Durban, South
Africa, and, like Burman et al. (2006), evaluated sputum cultures with both
liquid and solid media. However, unlike Burman et al., they did not use the
8-week culture conversion status as the surrogate endpoint, instead adopt-
ing the rate at which cultures converted to tuberculosis-negative.

They analyzed 217 patients in total (approximately 55 patients per arm)
and found that both gatifloxacin and moxifloxacin improved the rate at
which sputum cultures converted to tuberculosis-negative. As in Burman
et al.’s study before them, neither moxifloxacin nor gatifloxacin showed
any increased effect on 8-week sputum culture status. Nevertheless, because
of their alternative endpoint, Rustomjee et al. take their result to support the
opposite conclusion. They also note that a significant difference between
the moxifloxacin and control arms was only found with cultures grown in
solid media. Whether despite or because of these breaks in methodology
negative sputum cultures after two months of therapy” (2004, 424; emphasis added).
Although it is unclear exactly to which studies they are referring, at the very least,
Burman et al. (2006) would have been under way at this time.

10. Ethambutol is most often used as the comparator drug in the phase 2 trials since it is
thought to be the weakest drug in the current regimen (Steenwinkel et al. 2010).
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with Burman et al.’s previous work, they nevertheless conclude that a phase
3 trial with moxifloxacin is warranted.

Conde et al. (2009) was another single-site (Rio de Janeiro, Brazil), two-
arm study comparing the standard regimen to the substitution of moxi-
floxacin for ethambutol. Like Burman et al., they used the 8-week conver-
sion as the surrogate endpoint, but unlike the two earlier studies, they used
only solid media cultures. Analyzing a total of 125 patients, they found a
significant difference favoring the moxifloxacin arm.

Dorman et al. (2009) was another multisite study, this time with locations
in South Africa, Uganda, North America, Brazil, and Spain, which inves-
tigated the standard regimen versus a regimen where moxifloxacin was
substituted for isoniazid. As I noted, this hypothesis was justified on the ba-
sis of results from mouse models (Nuermberger et al. 2004). Dorman et al.
used 2-month culture conversion status as their surrogate endpoint and
evaluated cultures of both liquid and solid media.

After analyzing 328 patients, 213 of whom came from African sites
(65%), they found no significant difference between the moxifloxacin and
control arms. They were able to show that enrollment at an African site was
associated with a lower likelihood of 8-week culture conversion status
(regardless of the treatment received) but could not conclude that the pros-
pects for reduced treatment time with moxifloxacin were positive.

Wang et al. (2009) was an open-label, single-arm study conducted at a
single site in Taiwan. Rather than a substitution, they compared the stan-
dard four-drug regimen with the standard plus moxifloxacin. Cultures were
analyzed on both liquid and solid media, but unlike any of the previous
studies, the surrogate endpoint adopted was 6-week (rather than the usual
8-week) culture conversion, on the grounds that “using [2-month culture
conversion] alone as the primary endpoint does not reflect the entire spec-
trum of effectiveness of a fluoroquinolone-containing anti-tuberculosis reg-
imen” (Wang et al. 2009, 65). They analyzed 123 patients and found a sig-
nificant improvement with the moxifloxacin arm at 6 weeks.

As of 2010, this was the accumulated state of evidence for tuberculosis
researchers—after a promising trend in preclinical and phase 1 trials, there
were three positive phase 2 studies and two negative or null phase 2 stud-
ies. So what should the tuberculosis researchers believe? How should re-
search on moxifloxacin proceed? We were able to identify a robustness
argument to support initiation of phase 2, but is there an equivalent argu-
ment available here?

4.2. Revising the Problem of Discordance. Before discussing how ro-
bustness analysis contributes to the resolution of this problem, there are a
number of philosophical points to emphasize. First, this scenario illustrates
a further complication that multimodal discordance poses for robustness.
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That is, even if we assumed, along with the proponents of robustness, that
over the long term a concordant result will emerge from further multimodal
investigations, this still does not mitigate the more immediate epistemo-
logical concern about the justifiable beliefs and research strategies in the
midst of a given state of discordant evidence. In other words, what should
the scientist believe when she is confronting discordant evidence? She can-
not (or may not want to) simply wait for the passing of time and addi-
tional experiments to sort it out. Even if she can obey the prescription to
“gather more data,” this still does not tell her what kinds of data to gather
or which investigational modalities would be the most epistemically valu-
able. It also does not tell her when she might be better served by aban-
doning her present line of inquiry and investing in an entirely different
approach.

In essence, this challenge combines the familiar epistemic concerns aris-
ing from underdetermination with some additional dimensions of method-
ological uncertainty due to multimodal discordance. In so doing, it more ef-
fectively shifts the burden of proof onto the philosophical defenders of
robustness. That is, however illuminating may be the rational reconstruc-
tions or historical analyses for which multimodal concordance eventually
emerged, they do not tell us how the scientists may have (or should have)
reasoned in the midst of discordance. Nor do they tell us what role (if any)
robustness considerations had to play in resolving the discordance (beyond
merely exhorting the scientists to gather more data). If robustness and ro-
bustness analysis are as methodologically important as its defenders claim,
then they need to show how it can contribute to the systematic amalgama-
tion of discordant evidence in real time. And this is precisely what is at is-
sue for tuberculosis researchers: Is the evidence for moxifloxacin’s effec-
tiveness robust enough to warrant phase 3 trials? If not, then what studies
ought to be done next?

Second, we should observe that in medical research, particularly at the
stage of clinical trials, cost can be a serious constraint on the possible num-
ber of further investigations. Not only is there a material cost to designing
and conducting a trial, but there is also the opportunity cost—the time lost
by investigators and research subjects in testing one course of treatment
rather than another. Even a well-funded research program, capable of run-
ning many early-phase studies, might be better off cutting its losses and
abandoning an unpromising experimental treatment in order to pursue some-
thing else. This adds additional weight to the decision facing the research-
ers and calls into question the value of the standard prescription from ro-
bustness analysis to simply gathermore data until the discordance is resolved.

Third, it is tempting to appeal to the use of statistical meta-analysis as a
means for resolving the question. On its face, the trials show no clear trend
toward effectiveness or lack thereof, but perhaps by pooling together the
data provided by each study, more decisive evidence could be detected.
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However, a valid statistical meta-analysis critically depends on the homo-
geneity of the studies and their data. Studies with different populations,
using different outcome measures, or with different measurement techniques
are much harder (if not impossible) to validly pool together. While this kind
of heterogeneity between studies does not categorically rule out the use-
fulness of a meta-analysis, its validity becomes dependent on arguments
for why the heterogeneity can be permitted.

In the case of the moxifloxacin trials, although there is some evidence
of homogeneity across the studies, particularly in the measurement tech-
niques (as discussed in the methods section of each publication), the dis-
cussion sections across the studies reveal an underlying heterogeneity in
methodology. For example, Rustomjee et al. (2008) are critical of the bi-
nary outcome measure, “culture negative at some time t,” and question
whether or not this is the appropriate surrogate endpoint. Insofar as their
critique is well founded, it significantly complicates the structure of any
meta-analysis, since “culture negative at some time t” is the endpoint
adopted by four of the other studies. Employing a meta-analysis with their
preferred alternative endpoint (i.e., rate of conversion to tuberculosis-
negative) would require that the data from the four other studies be re-
analyzed. Since bothBurman et al. (2006) andDorman et al. (2009) sampled
the culture status at intervals of 2 weeks (half as often as Rustomjee et al.
2008), the requisite data may not even be available.

Rustomjee et al. are also critical of using liquid media to grow and ana-
lyze the collected sputum cultures. Since the liquid media results of their
study showed no significant difference between moxifloxacin and the con-
trol at 8 weeks, they argue that solid media and the continuous endpoint
of rate of conversion “may be a more useful method of assessment” (Rus-
tomjee et al. 2008, 135). But such a meta-analysis, excluding the liquid
media results from all of the studies (excepting Conde et al. [2009], who
did not use liquid media), would effectively beg the question. To test Rus-
tomjee et al.’s suggestion with the extant data, we would have to assume
that moxifloxacin is effective and then go back to see whether liquid media
across the studies failed to indicate its effectiveness. This runs the risk of
finding a significant result simply through data mining.

Finally, there are questions about the internal validity of the studies. In
both Burman et al. (2006) and Dorman et al. (2009), there was a significant
difference in treatment response between the patients in Africa and the
patients elsewhere in the world. As statistical outliers, there is a temptation
to exclude them from a meta-analysis. Perhaps African patients represent
a relevant treatment subgroup that does not respond as well to moxifloxacin
and thus should be excluded to avoid biasing moxifloxacin’s effectiveness
in the overall drug-susceptible tuberculosis population.

It is an important question as to why this difference was observed in
African patients in the two null studies. But to exclude them in a meta-
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analysis again begs the question in favor of moxifloxacin’s effectiveness.
Dorman et al. (2009) are right to conclude cautiously that treatment at an
African site in their study was “associated” with a worse outcome. It could
very well be that a medically relevant subpopulation for treating tubercu-
losis has been identified. More to the point, however, is the fact that tu-
berculosis is most prevalent in Africa: 30% of all new cases of tuberculosis
are in Africa, as well as 80% of tuberculosis–human immunodeficiency
virus (HIV) coinfection. For the global effort toward treating and control-
ling tuberculosis, a treatment that does not work on African patients is ul-
timately of very little interest.

This is all to argue that the heterogeneity across these studies precludes
the usefulness of a statistical meta-analysis, and therefore this possible res-
olution to the discordance is not available.

5. The Function of Multimodal Robustness. Thus, we are still left with
some questions: How should tuberculosis researchers respond to the state
of discordance? Is the evidence of moxifloxacin’s efficacy against tubercu-
losis sufficient to initiate phase 3 trials or not? If the simple methodological
prescription of robustness to conduct more phase 2 trials is imprudent or
cost-prohibitive and the utility of a statistical meta-analysis is questionable,
what other strategies are available?

While some evaluation techniques, such as statistical meta-analysis, are
weakened by experimental heterogeneity, robustness analysis is actually
strengthened. Indeed, as Wimsatt has long argued, contrasting the proper-
ties of experiments or models where robustness fails can be informative
about the system features on which a result critically depends (Wimsatt
2007). Robustness analysis—driven by the aim of achieving a robust re-
sult—thus helps to answer the immediate and pressing concern about what
kind of evidence is needed.

For example, the discordance in phase 2 motivated a retrospective study
by Mac Kenzie et al. (2011), which showed that the observed difference
between African and non-African outcomes in Dorman et al.’s (2009) study
is not explained by baseline severity of the disease, HIV status, age, smok-
ing, diabetes, or race. Similarly, a subsequent in vitro experiment from
Shandil et al. (2007) explored whether drug interaction effects within the
moxifloxacin regimens could explain the observed discordance between
the promising animal results and the disappointing human results.

These follow-up investigations, searching to explain the failures of ro-
bustness (in a relatively inexpensive experimental setting), elucidate one
of the key philosophical points: there is much more going on across the
chain of multimodal investigations beyond simply a test of drug efficacy.
While this hypothesis is indeed a central concern, the moxifloxacin case
shows how there are numerous other methodological issues being tested si-
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multaneously. When is a phase 2 trial justified? What explains a lack of
efficacy in African patients? What is the predictive relationship between
animal model results and human trials?

The particular nature of the discordance in phase 2, for example, also
raises an array of questions about appropriate experimental design for tu-
berculosis trials. Despite the discordance over the primary result (i.e., moxi-
floxacin’s effectiveness for shortening tuberculosis treatment time), four of
the five studies still demonstrated at least one robust result: treatment with
moxifloxacin is associated with increased culture conversions at time points
earlier than 8 weeks. Yet, only two of the five studies used this as the pri-
mary endpoint. Rustomjee et al. (2008) justify this alternative surrogate with
an appeal to two articles on tuberculosis-HIV/AIDS coinfection, whereas
Burman et al. (2006) justify their selection of the 8-week culture conver-
sion endpoint (as well as the power calculation in their study) with refer-
ence to earlier tuberculosis research on pyrazinamide, one of the drugs in the
standard regimen. Pyrazinamide’s addition to the regimen shortened treat-
ment times by 3months and increased 8-week conversion rates by an average
of 13% (Burman et al. 2006, 332).

It is not obvious that either of these justifications is sufficient to set a
methodological standard for tuberculosis research, but this is not to accuse
either study (or both) of poor design. The use of alternative surrogates, as
well as conflicts about which is preferable, merely speaks to a research pro-
gram for which the underlying methodology is still in flux. In other words,
the gold standard of phase 2 design for tuberculosis testing has not yet
been determined. And this illuminates another critical function of robust-
ness analysis: to identify these deeper methodological questions for further
investigation. Multimodal discordance may be epistemically problematic for
some hypotheses (e.g., is moxifloxacin promising enough to warrant phase
3 trials?) and yet epistemically rich for others (e.g., what is the more pre-
dictive surrogate endpoint in phase 2 tuberculosis trials?). Future success
for moxifloxacin regimens against tuberculosis would suggest that time to
conversion is the more predictive surrogate; future failure would suggest
that culture negative at time t is the more predictive.

This shift in emphasis from thinking about robustness in terms of support
for a single hypothesis to thinking about it in terms of a process of multi-
hypothesis testing and methodological refinement further undercuts the
worry that “robustness-style arguments do not tell us what to believe in
situations of evidential discordance.” The target belief that the multimodal
evidence is taken to support is not necessarily a theoretical or causal belief,
for example, the true effect of the drug or the truth of the posited causal
relationship between drug administration and disease modification. There
are beliefs about the relationships among testing modalities, the best de-
signs for experimental modalities, the optimal strategies for a program of
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multimodal testing, and so on. All of these different beliefs are relevant
to interpreting the experimental outcomes of multimodal investigations,
whether concordant or discordant.

We can think of this as the constructive lesson from the problem of un-
derdetermination: disconfirmation and failures of multimodal robustness
are hypothesis generating. It is therefore the pursuit of a robust result that
is critical to scientific epistemology. The support for a hypothesis or the
property of robustness is the desired end state, but intermediate stages (even
of indeterminate length) where multimodal evidence is discordant and the
degree of support (or even the fundamental methodology) is called into
question do not undermine the epistemological value of robustness argu-
ments. On the contrary, robustness is the philosophical concept—and ro-
bustness analysis, the methodological principle—that drives the research
program forward.

6. Conclusion. The value of multimodal evidence is a cornerstone of sci-
entific epistemology. Along with replication of results, usingmultiple means
of testing a hypothesis is often taken as the primary method by which sci-
ence is able to distinguish what is real from what is illusory. Yet, it is
important to distinguish the philosophical implications of those “easy” ex-
amples, where multimodal evidence is concordant, from those messier ex-
amples where multimodal evidence is discordant.

Despite its flaws, Stegenga’s argument is successful in drawing atten-
tion to some of the challenges that discordant evidence presents for the
philosophical understanding of robustness. We should not assume that most
instances of multimodal evidence are concordant, nor should we assume
that it is trivial to amalgamate different evidential modalities toward a clear
state of belief. Clinical research, in general, and the moxifloxacin case, in
particular, vividly illustrate these points. Given that we demand a demon-
stration of multimodal robustness of medical treatments, it is important to
clarify the philosophical understanding of this concept.

I have argued that the goal of identifying robust results and a commit-
ment to robustness analysis are methodological mechanisms that drive re-
search forward. Thus, Stegenga’s criticism that robustness does not “tell us
what to believe” is largely misplaced. The critical function of robustness in
cases of discordance is not to tell researchers what to believe, but rather to
generate new hypotheses. As we saw, although moxifloxacin’s efficacy for
treating tuberculosis remained uncertain, the discordant evidence generated
an array of explanatory and methodological questions, many of which were
later followed up and tested in subsequent investigations.

The lesson here underscores the importance of the distinction I offered in
the introduction between robustness, understood as a property of hypoth-
eses or results, and robustness analysis, understood as a systematic search
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for those robust hypotheses and results. The problem of discordance points
to complications in judging robust hypotheses, but it does not undermine
the value of robustness analysis.
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