THE EXPLORATORY DIMENSION
OF FMRI EXPERIMENTS

A. NICOLAS VENTURELLI
https://otcid.org/0000-0003-0745-2643
Instituto de Humanidades (UNC/CONICET)
Department of Philosophy
Cdrdoba
Argentina
nventurelli@unc.edu.ar

Article info

CDD: 153.4

Received: 23.06.2020; Revised: 23.09.2020; Accepted: 08.10.2020
https://doi.org/10.1590/0100-6045.2021.V44N1.AV

Keywords

Exploratory Experimentation
Functional Magnetic Resonance Imaging
Cognitive Neuroscience

Experimental Practices

Functional Neuroimaging

Abstract: Driven by an appreciation of the field’s early stage of
development, I apply the concept of exploratory experimentation,
originally put forward in the late 90s philosophy of biology, to
current research in cognitive neuroscience. I concentrate on
functional magnetic resonance imaging and how this wide-spread
technique is used, from experimental design to data analysis. I
claim that, although subject to certain significant modifications
with respect to the concept’s original rendering, the exploratory
character of neuroimaging experiments can be appreciated
considering their goals, centered on the stabilization of
experimental systems for phenomenological description, and the
relevance of their methodological facet. Although I do not claim
that there is a specific kind of experiment that one can single out
as definitely exploratory, exploration can be seen as a general trait
imbuing fMRI-based experimentation.
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1. Introduction

Although  still mostly uncharted territory, the
philosophical analysis of experimental practices in cognitive
neuroscience has a deep theoretical relevance, mainly due to
their known complexity and their rapidly changing dynamics.
In particular, functional magnetic resonance imaging (fMRI)
is presently the most widely used technique to study the
healthy human brain in action. The dominant tendency, as
Wright (2017) has recently noted, has been one of skeptical,
critical evaluation on fMRI’s potential to study how
cognitive function relates to the brain. While this critical
stance comprises firmly skeptical positions on the
interpretation of experimental results (such as Uttal [2001],
or Hardcastle and Stewart [2002], and Stewart and
Hardcastle [2005]) as well as more moderate warnings on the
current use of the technique and its limitations (such as Klein
[2010], or Aktunc [2014]), it is only recently that
philosophers have begun to adopt a more constructive
philosophical approach to their analysis of fMRI.

One of the most commonly noted faults of fMRI
experiments is the fact that they are based on a markedly
indirect measure. That is, fMRI measures changes in blood-
oxygenation levels (the BOLD signal), and scientists use
those measures as the basis for claims about neural
functioning (Logothetis et al. [2001], Bogen [2001, 2002],
and Roskies [2008] discuss this in detail). Cognitive
neuroscientists use fMRI in conjunction with tasks and
behavioral manipulations that control the cognitive
processes subjects have while in the scanner. Treating this
fMRDI’s indirect nature as an epistemic fault has motivated
and grounded much of the skeptical literature (Aktung
[2014]; Uttal [2001, 2011]; even van Orden and Paap [1997]
refers to the indirect nature of the measures). Here, I join
more recent efforts to articulate the positive aspects of
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neuroimaging experiments on the hope that, through a better
understanding of fMRI’s current use, a richer assessment of
its role in advancing cognitive neuroscience will be possible.

The viewpoint I will articulate revolves around the
concept of exploratory experimentation, a view of
experimental practices conceived not simply as a tool to test
theories but as mainly centered on phenomenological
description and the assessment of the very experimental
approach’s strengths and limitations. I will argue that certain
local and idiosyncratic features of BOLD fMRI-based
experimentation in contemporary cognitive neuroscience
give it an exploratory character. To support this, I will focus
on two related questions: In the first place, following Steinle
(1997), in what sense experiments aim at stabilizing
phenomena as their main objective, and, secondly, following
Burian (1997)’s ideas on less established or still poorly
known techniques, in what sense part of the researcher’s
interest rests on methodological aspects of the ongoing
research. Although I do not claim that there is a specific kind
of experiment that one can single out as definitely
exploratory, exploration can be seen as a general trait
imbuing  most of  contemporary fMRI-based
experimentation. It is also important to state at the outset
that I do not think the original concept(s) of exploratory
experimentation, as proposed by Steinle (1997, 2002) and
Burian (1997), can be applied to neuroscience as they have
originally been proposed. As I hope to show, these proposals
nevertheless constitute a rich starting point in order to
ponder the presence and nature of an exploratory dimension
in contemporary fMRI-based experimentation.

Two previous suggestions along the lines I will be
pursuing here can be found in the literature. Towards the
end of her article, Franklin (2005) mentions functional
imaging instruments adopted in cognitive science as one
among other fields which are undergoing what she sees as an
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exploratory shift in methodology. Klein (2010b) also touches
on the issue, contrasting interpretations of neuroimaging as
either confirmatory or exploratory, but doesn’t lay out
precisely in what sense and to what extent we are
understanding it as exploratory. While these are relevant,
early suggestions, to my knowledge there haven’t been any
detailed philosophical analyses of the concept of exploratory
experimentation as applied to cognitive neuroscience and
functional neuroimaging.

I first present the original concept developed by Steinle
and Burian as well as some relevant later refinements (section
2). 1 then adapt and revise the concept, attending to the
specific conditions under which BOLD fMRI experiments
are planned and conducted, following my two main guiding
themes. Hinging on Steinle’s contribution, in section 3 1
describe cognitive neuroscientists’ goals in terms of
phenomena stabilization through extensive probing of
parameter space, characterizing a particular sort of balance
between the different stages at which idiosyncratic choices
can be made by experimenters (in experimental designs,
protocols, and data analysis techniques). Then, elaborating
on Burian’s take on exploratory experimentation, in section
4 1 positively interpret fMRI opaqueness or inferential
distance in terms of a search to define and consolidate
guidelines to direct experimental design, leveraging on the
technique’s flexibility and compensating contributions from
other existing techniques. The eatly motivation behind this
effort was an understanding of cognitive neuroscience as a
young field and, particulatly, the limited scope that theories
of neural function still have. Nevertheless, I will elaborate on
the idea of a characteristic exploratory profile of fMRI-based
experimentation, that draws it away from experimentation
classically conceived as a tool to test highly elaborated
hypotheses via some associated theory.
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2. Exploratory experimentation: The original concept

The original concept of exploratory experimentation, as
proposed by Steinle (1997, 2002) and Burian (1997), was
intended to capture a kind of experimental practice that up
to that moment had not been thoroughly discussed in the
history and philosophy of science tradition. As Schickore
(2016, p. 22) points out, they coined the expression
independently, but following different objectives and
emphasizing different aspects of experimental practice.
Moreover, Steinle elaborates the concept drawing on
examples from the eatly years of electromagnetism,
particularly the work of Ampére and Faraday on
electromagnetic induction, while Burian focuses on the
emerging research on protein synthesis carried out by
Brachet.

Steinle distinguishes two main characteristics that go into
the exploratory aspect of his case studies: On the one hand,
as already mentioned, the fact that in these cases the
experimental work was not a tool for theory testing and, on
the other hand, centrally, the systematic variation of
experimental parameters as a defining element (Steinle 2002,
p. 419) directed towards the identification of empirical
regularities. For his part, Burian, besides acknowledging the
absence or reduced influence of scientific theories, focuses
on the presence of a diverse cluster of techniques,
individually still not well-established but directed towards the
same phenomenon; in this way, Burian’s proposal is akin to
the ideas of triangulation and experimental robustness
discussed in the literature (for instance, Bechtel [2002],
Weber [2005], Stegenga [2009], Roskies [2010]). Although
phenomenological description as a basic goal is a common
general theme, the defining features pointed out are different
and independent. However, as I will try to show, both
present themselves in a particular, idiosyncratic way in the
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functional neuroimaging based experimentation typical of
cognitive neuroscience.

(Another central characteristic that has been originally
associated to exploratory experimentation, and later
elaborated, among others, by Feest [2012] with an eye on
psychology, is its role on concept formation, associated to
the primary aim of identifying empirical regularities.
Although I think this is fertile ground for future
philosophical reflection on neuroscience, in what follows I
am leaving this particular aspect aside, being one of the later
or definitive contributions of this kind of experiments, to
focus instead on the experimental process itself, its nature,
and motivations.)

Following the initial proposals by these authors, there has
been a series of later developments surrounding the concept
of exploratory experimentation. Specially during the first
decade of the new century, we find a number of
contributions aimed at refining the concept or adapting it to
a particular field of research. A theme of special interest
concerns the kind of instruments that tends to be involved
in exploratory experimentation. The contributions of
Franklin (2005) and O’Malley (2007) point in this direction:
According to these authors, these are instruments that (a)
can be characterized as wide or high-throughput, that is, that
produce or generate large amounts of data, and (b) that admit
a broad range of variations and possible results. As we will
see, these features are both present in the case of fMRI, and
in a very prominent way. Additionally, exploratory
experiments have been defined by the flexibility and breadth
of the associated conceptual framework as well as by the fact
that their results are interpreted on the basis of chains, series,
or nets of experiments (Feest and Steinle 2016); again, we
will be able to verify that these points apply in the case of the
neuroscientific experimentation considered here.
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As long as this is the case, particular facets of exploration
could fruitfully describe at least part of the experimental
practices in present day cognitive neuroscience. Assessing in
what sense and to what extent the positive aspects of what
makes experimentation exploratory can be found in
cognitive neutroscience, and particulatly in research based on
functional neuroimaging, is the aim of the rest of this paper.
I distinguish two facets of the exploratory character of fMRI-
based experiments: one related to the experiment’s goals and
a second facet, concerning methodological issues
surrounding the technique’s use. These facets correspond to
the two main features I single out, respectively, from
Steinle’s and Burian’s proposals, that is, a focus on parameter
variation aimed at phenomenological description and the
presence of a variety of techniques directed towards the same
phenomenon.

It is worth stressing that my intended contribution to a
more thorough understanding of fMRI’'s wuse in
contemporary neuroscience hinges on an elaboration of
these two features, according to the way they unfold in the
field. Nonetheless, this is not to say that I fully endorse
neither Steinle’s nor Burian’s accounts as directly applicable
to current neuroscientific experimental practices. As I
remarked, these accounts stem from the analysis of historical
case studies that are very far apart from today’s cognitive
neuroscience; however, they are also the result of a critical
assessment  of the restrictive understanding  of
experimentation as exclusively aimed at theory testing, an
assessment that, as I intend to show, is very fruitful when
discussing functional neuroimaging.
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3. On fMRI-based experiments’ goals

Let’s recall the main feature singled out by Steinle in order
to characterize explanatory experimentation: The systematic
variation of experimental parameters mainly directed to the
identification of empirical regularities. Steinle developed his
concept by considering the simple, planned variation of a
single parameter —the selected case of Ampeére’s ‘astatic
magnetic needle’ had the relative position between a needle
and a wire as its parameter of systematic variation. In the case
of fMRI, on the one side, the situation is very different and
much more complex, but, on the other side, its underlying
rationale is analogous to the simpler cases considered by
Steinle. I am going to maintain that many first-rate functional
neuroimaging (and, particularly, fMRI) based experiments
have phenomena stabilization as their primary objective:
More precisely, they aim at establishing stable experimental
arrangements for phenomenological description through the
careful modification of experimental parameters as well as
other relevant aspects of the experimental setting. Let’s lay
out these ideas carefully.

Firstly, there are a number of reasons why obtaining and
identifying empirical regularities may be the main aim of this
kind of experiments. We can group them within two central
problems the experimenter has to face: (a) The problem of
the high variability of target phenomena and (b) the problem
of the great flexibility we find at the level of experimental
setting as well as in the subsequent treatment of the obtained
data. Both problems underpin the relevance that the control
of variables and the associated exploration and stabilization
of phenomena! under study assume in a field such as

1'T am adopting Bogen and Woodward’s (1988) account of the
notion of ‘phenomenon’, that is, understood as a set of general and
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cognitive  neuroscience and, especially, functional
neuroimaging-fueled research. Let’s see how this is so.

A central issue surrounding phenomena variability in the
case at hand has to do with the fact that phenomena of
interest in cognitive neuroscience are both cognitive and
neural. This first point calls for further clarification. In fact,
one might also think that target phenomena in cognitive
neuroscience are either cognitive or neural, depending on the
particular line of research under consideration: Crucially, one
might think that in direct (or forward) inference studies —
such as the common localization studies, aimed at
determining the anatomical structures responsible for a
specific cognitive operation, or implementation studies,
aimed at determining the parameters of neural activity that
mediate in a particular cognitive process— we are looking at
a propetrly neural phenomena of interest, while in the case of
reverse inference studies, where on the basis of what is
known about the neural correlates of certain cognitive
processes a given behavior and the set of operations needed
to realize it are the focus of research, we face a cognitive or
psychological target phenomenon. However, from a more
global outlook, if one takes direct and reverse inference
studies as providing partial perspectives on the phenomena
neuroscientists are interested in, the resulting view is that of
a complex target phenomenon, at the same time neural and
cognitive. This view also takes directly into account, on the
one hand, the fact that standard contemporary reverse
inference approaches, such as multi-voxel pattern analysis —
at least since landmark studies such as Mitchell et al. (2008)
and Kay et al. (2008)—, use data collected from localization
or other direct inference studies in order to constrain the
decoding and cognitive interpretation of brain activation

relatively stable aspects of the world that the relevant scientific
community aims at explaining or predicting,
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patterns, and, on the other hand, the more general fact that
mixed or hybrid approaches, directed at leveraging on the
relative strengths of different experimental techniques, are
commonplace (an aspect I’ll go back to in section 4).

As is well known, fMRI’s main appeal (as is also the case
for other functional neuroimaging techniques) is that it
allows for the non-invasive study of neuronal activity based
on the cognitive performance of human subjects. Now, for
the one part, obtaining clarity and accuracy concerning
cognitive phenomena has proven to be more difficult than
could have originally appeared to be. Feest (2011) focuses on
the concept of ‘phenomenon’ in the cognitive sciences and
stresses the importance of the production of stable
phenomena in the laboratory. She understands this involves
stabilizing the fit between what she calls surface phenomena
(i.e., behavioral regularities) and hidden phenomena (ie.,
underlying cognitive operations and, ultimately, neural
processes).

I think part of Feest’s contribution here has to do with
minimizing scientific explanation as a dominant topic in
recent philosophical work (a central claim I advanced in
Venturelli [2016]): One of the main upshots this imbalance in
recent philosophy of neuroscience has is the tendency to take
phenomena that are objects of study in neuroscience as mere
explananda, already there to be tackled, leaving aside the
processes through which those are delimited and produced,
in favor of a restricted focus on the corresponding
appropriate kinds of explanantia. The central point here is
that, in general, neither cognitive nor neural phenomena are
clearly delimited, and a good deal of experimental work aims
to identify the boundaries of the phenomena of interest.

Feest (2011, 2017) takes as an example the ‘chunking’
effect in short-term memory studies: That is, the fact the in
experimental studies on this phenomenon, subjects can
recall more items when they chunk the information they are
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instructed to recall. In order to determine short-term
memory capacity, it is crucial to consider how chunking
works and, in this sense, the experimental question becomes
one of identifying the chunks and how they are exploited by
subjects: ‘None of these are explanatory questions. They are,
rather, theoretical and methodological questions about how
to investigate and describe a given object of research’ (Feest
2017, p. 1168). We can mention similar cases such as
working memory (Ma et al. 2014), episodic memory (Cheng
and Werning 2016), or attention (Taylor 2017), each one
counting different and sometimes divergent models being
developed and used. Behind central concepts such as these,
we find stories filled with difficulties to circumscribe and
experimentally isolate the associated phenomena, previously
to any attempt at explaining them. Figdor (2013) and Sullivan
(2015, p. 37) have framed worries along these same lines
hinging on the typically loose, underconstrained use of
cognitive constructs by working neuroscientists:

In the absence of discipline-wide criteria for
guiding cognitive inferences made from an
everexpanding basis of kinds of brain-
behavior associations, it is left to individual
researchers to determine the nature of the
cognitive constructs inferred in a given study
—that is, to choose which cognitive or mental
concepts and terms are appropriate for
interpreting and reporting their results and
drawing implications. (Figdor 2013, p. 107)

Moreover, a related difficulty concerns almost any
experiment with functional neuroimaging in the field,
regardless of the direction of inference: To some degtee, it is
necessary to rely on the previous decomposition of a given
task in order to identify the neural bases responsible for the
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one operation we assume has to be necessarily realized for
its performance. This is most notable if we look at a still
widespread (although no longer dominant) localizationist
paradigm, the subtraction paradigm, based as it is on the
differences in neural activation found between two
conditions that are assumedly identical, with the exception
of only one of the operations that collectively compose a
given task. In this way, apart from a number of additional
issues and boundary conditions to be considered, the success
of the experiment is going to depend, crucially, on the
previous decomposition of the task into individual
operations according to the information processing deemed
necessary for its successful performance.

Now, in the case of neural phenomena the problem of
their identification and stabilization is, as could be expected,
also very pressing if we just consider the basic fact that fMRI
experimental data are obtained through the detection of the
level of metabolic activity: A complex variable related to
blood flow, volume, and oxygen demand, which is compared
to a baseline condition, generally with the subject in a resting
state. A very eloquent example is that of the considerable
differences that exist in the vasculature (blood supply) in
different regions of any subject’s skull as well as between
different experimental subjects. Bellgowan et al. (2003), for
example, is an early effort to compare the temporal
properties in hemodynamic response between different areas
in the brain (in this particular case, on a lexical decision
making task) precisely in order to discard the differences in
detected activity which could bear no relation to the
underlying neural function but only to the differential
hemodynamic responses between brain areas.

If one considers the problem of identifying a functionally
relevant neural event, one of the main and most discussed
difficulties lies on the temporal hiatus between
hemodynamic activity, which is actually detected by the
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scanner (via the reaction of oxyhemoglobin to a strong
magnetic field), and neuronal electric activity, which is
thought to be functionally relevant. This is one of the most
prominent and known grounds behind the idea of fMRI
affording a markedly indirect kind of detection. Constable
spells this out clearly:

From a single event, say, for example, a flash
of bright light lasting only 100 milliseconds,
the blood-flow response in the primary visual
cortex may start to increase some two seconds
after the event, it may peak between six to
eight seconds and return to baseline by 16 to
20 seconds after this single 100-milliseconds
flash of light. (Constable 2010, pp. 81-82)

As a prominent example, a vexing consequence of this,
common in fMRI research, has to do with delimiting regions
or networks, which includes their localization through
differing strategies such as cytoarchitecture via Broadmann’s
areas, functional localization, or anatomical landmarking,
and even defining what a ‘region’ or ‘network’ actually
consists of. As Yarkoni and collaborators put it: “There is
currently little consensus about how to classify or group
different brain regions, networks, experimental tasks or
cognitive functions, let alone how to develop mappings
between different levels of description” (Yarkoni et al. 2010,
p. 491).

Another issue behind the relevance of variable control
and neural phenomena stabilization has been pointed out by
Sullivan (2009), who claims that even small differences
between experimental protocols can direct towards entirely
different phenomena. Building on this, Sullivan also lays out
a warning call on the fact that more attention should be paid
to the multiplicity of experimental protocols, understood as
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a pressing problem in need to be more overtly tackled. Now,
for my present interests, the take-home message here is that
a host of diverse assumptions —concerning, on the one hand,
the three-way relation between the signals detected by the
scanner, the underlying hemodynamic patterns, and the
electrophysiological activity, and, on the other hand, the
structural and functional architecture responsible for neural
activity— will inevitably structure experimental design, data
pre-processing, and the analytic approach to the obtained
data.

This takes us to the second issue I pointed out, that is,
the problem of the great flexibility we find in experimental
systems in the field —and it is here where Steinle’s emphasis
on parameter variation comes into play, although, as we will
see, in a different, idiosyncratic way. This flexibility has
mainly to do with the control of variables and the
stabilization of the phenomena under experimental study, as
we saw, a prime objective of the kind of experimentation 1
am considering. The central point here concerns the fact that
experimental systems in functional neuroimaging based
research admit a very large number of variations, which can
obtain within each one of the many stages that compose the
planning and execution of an experiment or of a series of
experiments as well as the results’ analysis. This fact, despite
being deceptively plain in itself, is philosophically critical to
my contribution.

What I call flexibility in experimental systems can be
found in data production as well as in data interpretation
processes; it is a product of the complexity of techniques
such as fMRI in the way relevant parameters are fixed and in
the treatment of the obtained data. Regarding data
production, let us consider some issues concerning
experimental design. Early on, design selection implies
addressing the experiment’s temporal structure: Designs can
be defined depending on whether the experimental subject
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is at rest or active during detection, and in this last case they
can be, among other possible solutions, blocked designs,
where the activation condition is generated at regular
intervals, or event-related designs, where researchers can
determine the timing of the activation condition based on
the controlled presentation of stimuli. Favoring the
presentation of stimuli at regular over irregular intervals, or
vice versa, can respond to a number of reasons: For instance,
although blocked designs in general terms grant a greater
statistical power, if the focus is set on the temporal
dimension of a given effect or if the researcher’s interest rests
mainly on the cognitive aspect, then an event-related design
may confer a greater degree of control to the experimenter
and be more advantageous. This in turn can always be
further assessed #is-a-vis the kind of cognitive phenomenon
at hand —considet, for instance, cases where the intervention
of the experimental subject’s expectation as an additional
factor could be disdained or, conversely, whete it would
make the obtained results inadmissible. The fact that, as
Aguirre (2010, p. 61) points out, blocked and event-related
designs are better conceived as extremes on a continuum,
with several mixed and intermediate solutions available,
further contributes to the flexibility of experimental
arrangements concerning this particular aspect.

This leads us to the related issue of the manipulation and
control of cognitive processes, so much for their direct study
as for the study of their neuronal bases or implementation
conditions. Now, the already mentioned cognitive
subtraction paradigm and the related cognitive conjunction
paradigm are only two popular variants for this, with the
same underlying logic: Through the subtraction or addition
of the obtained data in two conditions that crucially differ in
the one cognitive process of interest, the idea is to attempt
to estimate the relevant differences at the level of oxygen
consumption, which are then associated to this particular

Manunserito — Rev. Int. Fil. Campinas, v. 44, n. 1, pp. 01-36, Jan.-Mar. 2021.



A. Nicolas Venturelli 16

process, always on the basis of a previous decomposition of
the task to be realized by the experimental subjects.

Letting aside the various critiques that have been raised
at this kind of paradigms —concerning, for instance, the
underlying cognitive models, the assumed existence of
discrete and successive stages, the question of what exactly
is being subtracted, and so on—, there can be no doubt that
they are grounded on previously defined cognitive models as
well as on a battery of different assumptions, among which
we can mention the assumption of space-time separability
(Alexander et al. 2015, p. 367) and, probably the most
debated on, the assumption of pure insertion, that is, the idea
that there exist no relevant interactions between the different
processes that compose a given cognitive task and that, in
this sense, these can be subtracted or added without risk of
producing undesired effects or artifacts (for an eatly
example, see Friston et al. [19906]). In this last case, we are
dealing with a general assumption that determines, or is at
least very influential on, the use of the technique. Moreover,
there are other kinds of designs: For instance, parametric
designs, which focus on the variation of a range of different
levels of the same parameter, with the aim of identifying
correlations between the imaging signal and the parameter
values, or factorial and adaptation designs, which are more
centered on the task and the array of stimuli to be presented.
These different kinds of experimental designs also offer
disparate benefits and reflect different assumptions
concerning the phenomena at hand as well as the scanner’s
detection process.

The global conclusion to be extracted from the above is
that pondering a design over another carries with it a number
of related decisions that, generally speaking, have to be taken
situatedly, considering the phenomena of interest, and based
on the internal practices of a given laboratory and the degree
of progress made so far in the experimental work that is
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being carried on. Savoy expresses something along these
lines, as follows:

Experimental design is not as self-consistent
nor as theory-based as most of the other
aspects of fMRI-based research. While there
are some general principles that can be taught
[...], many aspects of experimental design can
best be thought of as a collection of tricks and
techniques that are useful in specific situations.

(Savoy 2005, p. 263)

This, I think, is a very powerful appreciation adding to
the ensuing considerations revolving the concept of
exploratory experimentation as applied to cognitive
neuroscience. In the same vein, Churchill et al. (2011) argue
for individual subject-based preprocessing and analysis
pipelines for fMRI. Let’s then turn now to data analysis and
interpretation.

We find here an analogue situation of flexibility and high
variability. A first point of variation in the treatment of fMRI
data has to do with setting activation thresholds. The criteria
to define whether a given threshold is adequate so as to take
into account only significant activations are not extensively
widespread inasmuch as they depend on several factors, such
as the (generally high) number of voxels to be considered,
the (generally low) number of experimental subjects for each
study, the multifarious sources of artifacts and noise to be
controlled, and so on (see, for example, Bogen [2001, 2002],
and Yarkoni [2009]). This has been and continues to be a
much discussed, relatively arbitrary aspect that, as it may well
be expected, strongly influences the results’ variability
(Constable 2010, p. 81). Once again in tune with Savoy’s
opinion, cited earlier, the fact that a particular level of
activation is considered significant is going to depend in
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some measure on the research program a researcher may be
working in, under the general purpose to avoid false
positives or, conversely, false negatives (that is, leaving aside
relevant activations for the task or effect under study).

The selection of analytic approach is another crucial
factor of variation. The main cut-off point is the one
between univariate type of analysis, where the focus is set on
signal’s activity or intensity, and multivariate analyses, where
the focus is set on interaction. In the first, more common
case, thresholds are applied to data-sets before analysis and,
once this is done, statistical tests are applied to each voxel
taken independently; in the second case, all produced
patterns (of interest) are analyzed (if we exclude strategies to
avoid statistical issues arising from multiple comparisons). In
general terms, while the first approach to data analysis is
oriented towards the average activation in a region or group
of neurons, the second one is oriented towards the pattern
of activation in a region (Poldrack 2012, p. 1218).

Favoring one kind of analytic approach over the other is
decisive for entire lines of experimental research and their
ultimate set of goals, as can be appreciated if we consider
research on short-term visual memory. The bulk of research
in this subfield has been led by the assumption that the
retention of visual information corresponds to high levels of
activity during the delay period of the task; an assumption
that crystallizes in the almost exclusive use of univariate
analyses. Although this situation is starting to reverse, this
particular bias has defined the recent history of
neuroscientific studies on this particular phenomenon
(Postle 2015). To end with a compelling point on flexibility,
Carp (2012) encountered a substantial methods-related
variability in activations resulting from a single experiment
in an attempt to estimate the flexibility of a diverse range of
analysis procedures commonly used in fMRI experiments.
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With this tour, partial as it may be, across the different
stages that make up an fMRI experiment, I have tried to
illustrate the complexity and, especially, the number of
vatiations that each one of these stages admits. This kind of
technique, together with the way it is used in the field,
represents a  particular  version of  exploratory
experimentation, exhibiting many of the features that have
been variously (and more recently) highlighted regarding the
concept: The experimental systems associated with this
technique produce large amounts of data, allow for a wide
range of variations and results, involve series or nets of
experiments, and, given experimental complexity and the
absence of a robust theory to support it, present a marked
strand of parameter variation.

Every one of these aspects presents itself in an
idiosyncratic way. Particularly, this last aspect originally
stressed by Steinle is admittedly far from the simple,
systematic variation of a single experimental parameter for
the identification of empirical regularities. It is important to
make clear that, on account of the highlighted complexity in
contemporary fMRI research, it would in this sense be very
difficult to find the kind of systematicity in parameter
variation that very simple experimental setups —such as the
ones Steinle focused on— enable. This central difference
notwithstanding, this certainly need not imply that we may
not find cases of this kind of simple parameter variation in
the history or present of neuroscience. One example worthy
of thorough attention is H. K. Hartline’s early study
(published in 1938 and 1940) on the receptive field
properties of the frog’s ganglion cells: The discovery of on,
on—off, and off-fibers was the result of a series of
experiments where he used a tiny light spot of 0,05 mm and
consecutive movements in steps of 0,01 mm to map the area
where an electrical response could be elicited.
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Now, this kind of simple variation and concomitant
systematicity —in Hartline’s particular case, systematicity just
being an expected, unplanned result of the low number of
experimental parameters— is patently not to be found in the
complex, multistage experiments I am reviewing. The kind
of parameter variation typical of contemporary fMRI-based
research is more akin to a probing, a wide breadth
exploration, of parameter space. A telling example of an
exploratory strategy strictly set within the domain of data
analysis is Hindy et al. (20106)’s study on the role of pattern
completion in the hippocampus to ground memory-based
expectations in visual cortex. In their use of multivariate
pattern analysis so as to identify representations in the
relevant brain areas, the authors have performed almost
every sensible statistical analysis in order to make the best of
the obtained data, thus revealing a strong reliance on
parameter variation to help overcome the inferential
weaknesses of fMRI.

I suggest the kind of exploratory strategies deployed in
functional neuroimaging experiments can be usefully seen as
a sort of orchestration between the different stages of the
execution of an experiment, from its design to data analysis
and interpretation, and not only on one or more
experimental parameters. Building on an understanding of
fMRI-based experimentation as an inherently complex
process, composed of many related, individually
multifaceted, stages, the idea of orchestration points to the
fact that the decisions made at any one stage are bound to
influence, and are made based on, other decisions made at
other stages. The various decisions involved in this process
are made so much on the basis of the theoretical, albeit mote
or less unspecific, goals behind a given series of experiments
than based on the multiple assumptions of different scope
and generality maintained at the different stages. In the
already mentioned case, pointed out by Postle (2015), a
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single, general assumption concerning peaks of activity
during the delay period interpreted in cognitive terms (i.c., as
retention of visual information) has altogether set aside a
whole spectrum of multivariate methods for statistical data
analysis.

As I have tried to show, each one of these stages is a
world of its own: It presents a complex situation, admitting
a high internal variability, which exhibits a compromise
between different factors, generally associated with
requirements concerning complexity, anatomical and
physiological adequacy, and interpretability, in addition to
mathematical and tractability requirements. Of course, and
this is crucial, it is not complexity per se which makes
exploratory experimentation plausible in the case at hand,
but rather how it unfolds on the backdrop of the limited
knowledge of brain function. It is important to bear in mind
that, just as exploratory experimentation has traditionally
been associated with eatly, “theory light” stages of a
particular field of research —as is the case of the inaugural
accounts by Steinle and Burian as well as later elaborations
by Feest and Steinle (2016) or Radder (2003)—, exploration
in cognitive neuroscience can only be pondered vis-d-vis an
accompanying appraisal of this particular field as a young and
accordingly still immature one?.

One of the main idiosyncratic aspects of this for
functional neuroimaging research is the fact that, given the
general stage of development of the field, there are only
partial restrictions available on the assumptions that operate
at each stage of the production and analysis of data. Bogen

2 Here “immature” is to be understood in a loosely Kuhnean sense
inasmuch as it can be said that the field of cognitive neuroscience
is not structured around dominant, overarching theories being
further developed and articulated. It should in no way be
understood in a pejorative sense.
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(2002, pp. S66-S67) has emphasized this particular issue,
pointing out that the use of fMRI and other functional
neuroimaging techniques such as positron emission
tomography includes several aspects that are beyond any
possible control by the experimenter and, furthermore,
cannot be verified against independently obtained results.
This takes us to the second facet of the exploratory character
of fMRI-based experiments I want to stress.

4. On fMRI-based experiments’ methodological focus

Considering  the extensive wuse of functional
neuroimaging in the field, its exploratory character, such as I
portray it, may put the actual goals pursued in current
research under a different light: In particular, how relevant
the identification of empirical regularities is, understood here
as a primary experimental goal, over and above explanatory
goals. This is in line with the idea that explanation in
cognitive neuroscience is one among many of its goals,
whose urgency is reduced vis-a-vis its degree of development
and the complexity of the experimental (and modeling)
practices that define it (Venturelli 2016). One may think of
this reframing of experimental goals as setting the
groundwork in order to formulate more precise hypotheses
to be tested and plan more systematic future investigations.
As Waters (2007, p. 279) puts it: ‘[TThe aim of exploratory
experimentation is to generate significant findings about
phenomena without appealing to a theory about these
phenomena for the purpose of focusing experimental
attention on a limited range of possible findings.’

Again, although we are dealing with a very different kind
of practice compared to the systematic variation of
experimental parameters emphasized by Steinle, the central
idea of an exploratory search to identify and describe
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phenomena lingers on. In this case, the wide-ranging goal is
stabilizing the experimental system as such, vis-d-vis the high
variability of results and flexibility the use of a technique
such as fMRI admits. Accordingly, we can appreciate how
part of the interest in the experiments rests on the
methodological aspects of the research themselves, along the
lines of what, in turn, Burian pointed out as one defining
feature of exploratory experimentation.

It can be hardly doubted that, in the case of fMRI, we ate
dealing with a not fully established technique. Technical and
methodological issues have been, and still are, widely
debated, at varying degrees of generality, as Roskies (2008,
pp. 25-20) pointed out regarding data analysis: “Technical
debates about proper statistical and data analysis abound in
the literature, ranging from questions about how to correct
for multiple comparisons to whether analysis should be
hypothesis-driven or whether brute-force statistics suffice.’
Common disputes surrounding the adoption of subtraction
paradigms, the use of functional localizers (for instance, Saxe
et al. [2000], Friston et al. [2006]), or the use of multivariate
over univariate techniques (for instance, Haxby [2010],
Serences and Saproo [2011]) are just a few far-reaching
examples of this. Adding to this point, innovations,
especially in how data is analyzed, are happening constantly
at both big and small scales, an aspect which Wright (2017)
has forcefully stressed, pointing out the need for a much
more thorough attention on it by philosophers of
neuroscience.

Generally speaking, and building on my previous
argument on flexibility, the guidelines for experimental
practice are relatively unspecific inasmuch as they allow for
a variety of experimental arrangements depending on the
relative reliability associated with one or more of the
involved assumptions as well as the specific interests that
guide research. This in turn leads to favoring some possible
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aspects to be focused on over others —such as temporal over
spatial resolution, the estimation of a quantity over its
detection, or the extent to which the obtained results can be
generalized.

Although this may possibly be a transitory situation, due
to the state of the art in the field and the available knowledge
on this kind of techniques, the sort of exploratory
experimentation revolving functional neuroimaging is
mostly oriented towards settling on stable experimental
designs and protocols, in order to assess the relevance of the
different known limitations (Constable 2010) that ultimately
affect the obtained results. Along these lines, one can think
about the search-space of exploratory experiments in terms
of rules to direct experimental design and data analysis or, as
Franklin (2005, p. 895) points out, in terms of heuristics for
experimental methods.

This last point is especially relevant for the case at hand.
The kind of experimentation considered here is exploratory
not only because it doesn’t mainly aim to confirm results but
because the methodological dimension is per se an important
part of the theoretical interest driving it. Two recent
tendencies strengthen this idea: On the one hand, a group of
recent wake-up calls concerning the reliability and validity of
results extracted from functional neuroimaging experiments
(Button et al. 2013; Eklund et al. 2016) and, on the other
hand, increasingly frequent studies aimed at checking results
obtained with other techniques against those obtained with
fMRI (Nunez and Silberstein 2000; Strangman et al. 2002;
Scheeringa et al. 20106). In this way, achieving stable results
and managing the experimental setting to reproduce reliably
certain results are in themselves prevailing objectives —see
for example Gilmore et al. (2017) and Poldrack et al. (2017)
for recent assessments and proposed solutions surrounding
reproducibility of results and transparency of scientific
practices.
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On a related note, it bears mentioning that the
importance of triangulation from multiple techniques in
neuroscience cannot be overstated. In this sense, Burian’s
take on the concept of exploratory experimentation is very
telling for the case at hand since, besides the general goal of
phenomenological description also stressed by Steinle, the
focus here is on a varied cluster of still pootly or not fully
established as well as not fully understood techniques
pointed towards the same phenomenon. This kind of
strategy, although reaches an additional aspect with respect
to those I focused on concerning specifically fMRI use, is
very common in recent experimental practices in the field, as
Bandettini straightforwardly puts it:

The scope and success of the best fMRI
research and applications are defined by how
well the paradigms, processing, and
interpretation of results are integrated with
other brain function assessment techniques.
This integration has yielded far greater insights
into human brain function than any that fMRI
could provide on its own. (Bandettini 20006, p.
195)

Elliott has also highlighted this particular aspect of
exploratory experimentation, which strongly resonates in
contemporary cognitive neuroscience broadly conceived,
defining it as ‘an attempt to study a phenomenon using as
many tools and techniques as possible so as to understand it
more fully and to gain more solid epistemic access to it’
(Elliott 2007, p. 328). Although this is one among other
central features of how fMRI is deployed in the field, it
certainly presents an accurate outlook of a strong trend in
recent neuroimaging research —one that, although certainly
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not new, is surely strengthening and will most probably
continue to do so in the near future.

On a final note, I think necessary to stress once again the
wide, fertile ground still to be covered, from a philosophical
point of view, if we abandon the tendency to conflate
experimental aims with some notion of underlying theory. 1
think this is particularly so in the case of cognitive
neuroscience. My views here go beyond this restrictive focus
on experimental practices in the field, towards an approach
much closer to lan Hacking’s ideas on the self-vindication
and stability of laboratory sciences: The still emerging path
towards the stabilization of experimental systems,
understood as an essential goal in functional neuroimaging
research, is embraced by my views on the exploratory
character of this kind of experimental work.

5. Conclusion

I laid out my views on how the concept of exploratory
experimentation can help characterize the experimental side
of contemporary functional neuroimaging based cognitive
neuroscience. I have taken the concept into consideration on
the basis of two main strands: The experiment’s goals and
the relevance of its methodological facets. I focused on fMRI
as a prominent example of an experimental technique
widespread across the field, in order to assess in what sense
there can be said to be exploratory experimentation in this
particular case. Although it is important to stress that we
won’t find anything like a s#7 generis kind of experiment —and,
in this sense, I can endorse Schickore (2016)’s claim that the
notion fails to identify a specific kind of experimental
practice—, the concept is telling and delves deep in the
experimental practices characterizing this particular area of
neuroscience.
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I maintained that the primary goal of fMRI-based
experimentation is, in line with the understanding of the
concept by Steinle (1997, 2002), the variation of parameters
as well as relevant aspects of the experimental system for
phenomenological description. In terms of Steinle himself, it
can be said that, in the case of functional neuroimaging
experiments, ‘the relation between instrumentation, theory,
and experimentation has distinct features...” (Steinle 1997, p.
S65), which, as I have argued, can be associated to an
exploratory character that here presents itself in a particular
and idiosyncratic way. The complexity of this kind of
technique and, specially, the flexibility in the way parameters
are fixed as well as in the treatment of data, entails a
considerable effort dedicated to what I referred to as an
orchestration between the different stages of the execution
of an experiment. On the other hand, I highlighted Burian’s
(1997) idea that exploratory experimentation finds fertile
ground in the case of still poorly known techniques, where
an important part of the experiment’s interest rests on the
methodological ~ aspects  involved in  establishing
experimental paradigms.

On a final note, a clarification on the scope of my
contribution is in order. Although we have been dealing with
an extensive approach in the cognitive neurosciences,
exploratory experimentation, in the particular fashion
described here, does not characterize the whole experimental
side of the field. There are many research lines, particularly
in advanced stages of continued studies, which are guided by
very specific hypotheses, rooted in local theories. Under
illustrative purposes, we could take the well-known example
of research on spatial orientation in the hippocampus —
particularly, the lines of research led by 2014 Nobel winners
John O’Keefe, May-Britt Moser, and Edvard Moser— led, for
instance, by questions concerning the kind of representation
(allocentric or egocentric) or the specific contribution of the
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firing rate of a particular cell to a given representation (see
Bechtel [2016] for a philosophical survey). This sort of
experimental questions stems from the postulation of a
system, localized in the hippocampus, for spatial navigation
in the rat, following a number of previous discoveries (for
instance, concerning the existence of types of place cells, grid
cells, head-direction cells, and so on). Again, my
considerations here apply specially to the case of fMRI due
to the highly indirect character of the detection it allows as
well as the status of the knowledge regarding the technique
and the phenomena this is directed to.
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