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Strong Inference in Psychophysiological Science

JOHN T. CACIOPPO, LOUIS G. TASSINARY, AND GARY G. BERNTSON

The first Handbook of Psychophysiology was published
more than four decades ago (Greenfield & Sternbach,
1972). Coverage in that Handbook emphasized the periph-
eral nervous system (PNS), an emphasis that many still
identify with the term psychophysiology in accord with the
history of psychophysiology. As is the case for physiologi-
cal and other scientific fields, however, psychophysiology
has changed dramatically since the appearance of its first
Handbook. With the advent of new and powerful probes of
the central nervous system (e.g., brain imaging tech-
niques), there is an increased emphasis in the field on
investigating the brain and central nervous system (CNS)
as they relate to behavior. Investigations of elementary
physiological events in normal thinking, feeling, and inter-
acting individuals are commonplace, and new techniques
are providing additional windows through which the
neural events underlying psychological processes can be
viewed unobtrusively. Instrumentation now makes it pos-
sible for investigators to explore the selective activation of
discrete parts of the brain during particular psychological
operations in normal individuals and patients.
Transcranial magnetic stimulation has made it possible
to stimulate or temporarily disable a region of the brain
to study its role in cognitive operations, and studies of
patients with lesions are becoming more precise both in
their definition of the lesion and in their specification of
behavior.

Developments in tissue and blood assays, ambulatory
recording devices, non-contact recording instruments, and
powerful and mobile computing devices make it possible to
measure physiological, endocrinological, and immunologi-
cal responses in naturalistic as well as laboratory settings.
New, powerful assays, including DNA genotyping, are now
possible using minimally invasive or non-invasive proce-
dures. With recent developments in molecular biology,
behavioral genetics and epigenetics are becoming important
new players in the field. However, the views from these
windows are clear only because of the deliberate efforts of
knowledgeable investigators. Knowledge and principles of
physiological mechanisms, biometric and psychometric
properties of the measures, statistical representation and

analysis of multivariate data, and the structure of scientific
inference are important if veridical information is to be
extracted from biological and behavioral data. These are
among the topics covered in depth in this Handbook.

The field of psychophysiology has changed dramatically
in other ways as well. The field used to be divided into
distinct territories, typically defined by organ systems
(e.g., cardiovascular, somatic), with relatively little inte-
gration across these systems. The concept of arousal - the
peripheral equivalent of the early notions of the reticular
activating system in the brain — dominated the field for the
better part of the twentieth century and made the selection
of measure a matter of preference rather than a theoretical
choice because the responses presumably reflected mod-
ulations of arousal regardless of the system one was mea-
suring. Although low correlations among such measures
were well recognized, the differences across measures
were viewed as less interesting and informative at the
time than the confluence of these measures.

Advances in our understanding of the neurophysiologi-
cal basis of these measures have underscored the impor-
tance of the unique patterns of peripheral responses that
typically emerge across situations and individuals, and the
peripheral and central mechanisms that orchestrate these
patterns are active areas of inquiry. As part of these inqui-
ries, animal research, molecular studies, and computa-
tional modeling are being embraced in the field despite
the original definition of psychophysiology in terms of the
study of humans rather than non-human animals.
Moreover, the larger social, cultural, and interpersonal
contexts are now recognized as powerful determinants of
brain and behavior. Monism has replaced any lingering
notions of dualism, as psychological states are more likely
to be conceived as represented in and acting through cor-
tical, limbic, and brainstem regions, with influences on
autonomic, neuroendocrine, and immune activity, which
in turn serve to modulate crucial cellular and molecular
processes. Afferent information, in turn, travels from the
peripheral to the central nervous system to influence the
brain and behavior in social contexts. For instance, inter-
leukin-1f (IL-1B) in the periphery increases in response to
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the introduction of antigens, and this increase is reflected
in the information carried along the vagal afferent nerve to
the brain. As a result of these signals from the periphery,
IL-1B levels in the brain are increased, producing feelings
of illness and fatigue. Moreover, afferent visceral activity
has been suggested to impact a wide range of cognitive and
affective processes (Berntson, Sarter, & Cacioppo, 2003;
Craig, 2002, 2009; Critchley & Harrison, 2013; Harrison,
Gray, Gianaros, & Critchley, 2010). The notion of em-
bodied cognition has been alive and well in psychophysiol-
ogy for decades, and the identification of canonical and
mirror neurons has renewed interest in this area
(Garbarini & Adenzato, 2004; Molenberghs, Cunnington,
& Mattingley, 2012; Oosterhof, Tipper, & Downing, 2013).

There are at least two voluminous scientific literatures on
psychological states and physiological events that have not
been effectively related to one another: the literature on the
CNS mechanisms underlying a variety of psychological
processes, and the literature on psychological factors and
peripheral biological activities including physical health.
These literatures have tended to focus on different psycho-
logical processes, but there is an increasing recognition that
these two areas of study have much in common. For
instance, studies of the brain during exposure to potentially
stressful stimuli can be an important tool in studying stress
biology and evaluating its impact in various systems. Both
of these literatures are covered in this Handbook and,
although much needs to be done to integrate these distinct
lines of research, it should be apparent from the chapters in
this Handbook that this work has begun.

Recording standards, procedures for signal representa-
tion, and powerful techniques for multivariate statistical
analyses have also been established. Investigators are now
as likely to be studying the interrelationships among
brain, autonomic, somatic, endocrinologic, immunologic,
and/or genetic processes as they are to be studying any of
these systems in isolation. Moreover, given the presently
indeterminate number of ongoing brain processes, only
a few of which may be relevant to any particular peripheral
organ or effect, it is now recognized that the identification
of psychological and brain mechanisms that are related to
peripheral changes can be advanced significantly by work-
ing from the peripheral effects back to central, psycho-
logical, and social conditions, just as it can be advanced
by the more traditional, complementary approach of
manipulating psychological states and observing the sub-
sequent changes in CNS and PNS processes.

Finally, psychophysiology has always had a special
appeal in scientific investigations of the mind because it
offers tools for mining information about non-conscious
and non-reportable states, processes, and events.
Psychophysiological studies of attention and cognitive
development in neonates, early sensory and attentional
processes in schizophrenics, the cognitive operations
underlying psychological states, and the study of sleep
and dreams in older adults have helped lift the veil from
these otherwise difficult-to-gauge behavioral processes.

Psychophysiological research, then, has provided
insights into almost every facet of human nature, from
the attention and behavior of the neonate to memory and
emotions in the elderly. This book is about these insights
and advances — what they are, the methods by which they
came about, and the conceptualizations that are guiding
progress toward future advances in the discipline.
Historically, the study of psychophysiological phenomena
has been susceptible to “easy generalizations, philosophi-
cal pitfalls, and influences from extrascientific quarters”
(Harrington, 1987, p. 5). Our objectives in this chapter are
to define psychophysiology, briefly review major historical
events in the evolution of psychophysiological inference,
outline a taxonomy of logical relationships between psy-
chological constructs and physiological events, and spe-
cify a scheme for strong inference within each of the
specified classes of psychophysiological relationships.

PSYCHOPHYSIOLOGY DEFINED

Anatomy, physiology, and psychophysiology are all
branches of science organized around bodily systems
with the collective aim of elucidating the structure and
function of the parts of, and interrelated systems in, the
human agent inextricably embedded in an environment.
Anatomy is the science of body structure and the relation-
ships among structures.

Physiology concerns the study of bodily function or how
the parts of the body work. For both of these disciplines,
what constitutes a body part varies with the level of bodily
organization, going from the molecular to cellular to tis-
sue to organ to body system to the organism. Thus, the
anatomy and physiology of the body are intricately inter-
related. Neuroscience, in particular, stands at this
intersection.

Psychophysiology is intimately related to anatomy and
physiology but is also concerned with psychological phe-
nomena - the experience and behavior of organisms in the
physical and social environment across the lifespan.
The primary distinctions between psychophysiology and
behavioral neuroscience are the focus of the former com-
plementary approaches that can be achieved non-invasively
(and, therefore, in humans and animal models) in more
naturalistic settings, and the latter on more invasive, often
animal oriented studies. Among the complexity added
when moving from physiology to psychophysiology are
the capacity by symbolic systems of representation (e.g.,
language, mathematics) to communicate and to reflect on
history and experience; and social and cultural influences
on physiological response and behavior. These factors con-
tribute to plasticity, adaptability, and variability in behavior.
Psychology and psychophysiology share the goal of explain-
ing human experience and behavior, and physiological
constructs and processes are an explicit and integral com-
ponent of theoretical thinking in psychophysiology.

The technical obstacles confronting early studies, the
importance of understanding the physiological systems
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underlying observations, and the diverse goals and interests
of the early investigators in the field fostered a partitioning
of the discipline into physiological/measurement areas.
The organization of psychophysiology in terms of under-
lying physiological systems, or what can be called systemic
psychophysiology, remains important today for theoretical
and pedagogical reasons. Physiological systems provide the
foundation for human processes and behavior and are often
the target of systematic observation. An understanding of
the physiological system(s) under study and the principles
underlying the perceptual and output responses being mea-
sured contribute to plausible hypotheses, appropriate oper-
ationalizations, laboratory safety, discrimination of signal
from artifact, acquisition and analysis of the physiological
events, legitimate inferences based on the data, and theor-
etical advancement.

Like anatomy, physiology, and psychology, however, psy-
chophysiology is a broad science organized in terms of
a thematic as well as a systemic focus. The organization of
psychophysiology in terms of topical areas of research can
be called thematic psychophysiology. For instance, cognitive
psychophysiology concerns the relationship between ele-
ments of human information processing and physiological
events. Social psychophysiology concerns the study of the
cognitive, emotional, and behavioral effects of human asso-
ciation as related to and revealed by physiological mea-
sures, interventions, and consequences including the
reciprocal relationship between physiological and social
systems. Developmental psychophysiology deals with onto-
logical changes in psychophysiological relationships as well
as the study of psychological development and aging.
Clinical psychophysiology concerns the study of disorders
in organismic-environmental transactions and ranges from
the assessment of disorders to interventions and treat-
ments. Environmental psychophysiology elucidates the
vagaries of organism-place interdependencies as well as
the health consequences of design. And applied psychophy-
siology generally deals with the implementation of psycho-
physiological principles in practice, such as operant
training (“biofeedback”), desensitization, relaxation, the
detection of deception, and so on.

In each of these areas, the focus of study draws on, but
goes beyond, the description of the structure or function of
cells or organs, to investigate the organism in transactions
with the physical or sociocultural environment to produce
cognition, emotion, and behavior. Some of these areas,
such as developmental psychophysiology, have counter-
parts in anatomy and physiology but refer to complemen-
tary empirical domains that focus on human experience
and behavior. Others, such as social psychophysiology,
have a less direct counterpart in anatomy or physiology
because the focus begins beyond that of an organism in
isolation; yet the influence of social and cultural factors on
physiological structures and functions, and their influence
as moderators of the effects of physical stimuli on physio-
logical structures and functions, leaves little doubt as to
the relevance of these factors for anatomy and physiology

as well as for psychophysiology. In a classic study, Meaney
et al. (1996) provide evidence that rat pups who are
ignored by their mothers develop a more reactive hypotha-
lamic pituitary adrenocortical (HPA) axis than rat pups
who are licked and groomed by their mothers.

Because psychophysiology is intimately related to
human neuroscience, knowledge of the physiological sys-
tems and responses under study contributes to both theo-
retical and methodological aspects of psychophysiological
research. Knowledge of the physiological systems, how-
ever, is logically neither necessary nor sufficient to ascribe
psychological meaning to physiological responses.
The ascription of psychological meaning to physiological
responses ultimately resides in factors such as the quality
of the experimental design, the psychometric properties of
the measures, and the appropriateness of the data analysis
and interpretation. For instance, although numerous
aspects of the physiological basis of event-related brain
potentials remain uncertain, functional relationships
within specific paradigms have been established between
elementary cognitive operations and components of these
potentials by systematically varying one or more of the
former and monitoring changes in the latter.

The point is not that either the physiological or the
psychological perspective is preeminent, but rather
that both are fundamental to psychophysiological
inquiries; more specifically, that physiological and
psychological levels of organization are complementary.
Inattention to the logic underlying psychophysiological
inferences simply because one is dealing with observable
physiological events is likely to lead either to simple
and restricted descriptions of empirical relationships or
to erroneous interpretations of these relationships.
Similarly, “an aphysiological attitude, such as is evident
in some psychophysiological research, is likely to lead to
misinterpretation of the empirical relationships that are
found between psychophysiological measures and psycho-
logical processes or states” (Coles, Donchin, & Porges,
1986, pp. ix—x). Thus, whether organized in terms of
a systemic or a thematic focus, psychophysiology can be
conceptualized as a natural extension of anatomy and
physiology in the scientific pursuit of understanding
human processes and behavior. It is the joint considera-
tion of physiological and functional perspectives,
however, that is thought to improve operationalization,
measurement, and inference and therefore to enrich
research and theory on cognition, emotion, and behavior.

Early definitions of the field of psychophysiology were
of two types. One emphasized the operational aspects of
the field such as research in which the polygraph was
used, research published by workers in the field, and
research on physiological responses to behavioral
manipulations (e.g., Ax, 1964). Other early definitions
were designed to differentiate psychophysiology from
the older and more established field of physiological psy-
chology or psychobiology. Initially, psychophysiology
differed from physiological psychology in the use of
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humans in contrast to animals as participants, the
manipulation of psychological or behavioral constructs
rather than anatomical structures or physiological pro-
cesses, and the measurement of physiological rather
than behavioral responses (Stern, 1964). Although this
heritage can still be found, this distinction is often
blurred by the fact that psychophysiologists may modify
physiology with drugs or conditioning procedures, and
psychobiologists often manipulate psychological or
behavioral variables and measure physiological out-
comes. Contemporary definitions, therefore, are more
likely to emphasize the mapping of the relationships
between and mechanisms underlying psychological and
physiological events.

A major problem in reaching a consensus has been
the need to give the field direction and identity by dis-
tinguishing it from other scientific disciplines while not
limiting its potential for growth. Operational definitions
are unsatisfactory for they do not provide long-term
direction for the field. Definitions of psychophysiology
as studies in which psychological factors serve as inde-
pendent variables and physiological responses serve as
dependent variables distinguish it from fields such as
psychobiology but have been criticized for being too
restrictive. For instance, such definitions exclude stud-
ies in which physiological events serve as the indepen-
dent/blocking variable and human experience or
behavior serves as the dependent variable (e.g., the sen-
sorimotor behavior associated with manipulations of
the physiology via drugs or operant conditioning, or
with endogenous changes in cardiovascular or electro-
encephalographic activity) as well as studies comparing
changes in physiological responses across known
groups (e.g., the cardiovascular reactivity of offspring
of hypertensive vs. normotensive parents).

Moreover, psychophysiology and psychobiology share
goals, assumptions, experimental paradigms, and, in
some instances, databases, but differ primarily in terms
of the analytic focus. In psychophysiology the emphasis is
on integrating data from multiple levels of analysis to
illuminate psychological functions and mechanisms
rather than physiological structures per se. All of these
substantive areas have a great deal to contribute to one
another, and ideally this complementarity should not be
masked in their definition by the need to distinguish these
fields. Indeed, the formulation of structure-function rela-
tionships is advanced to the extent that “top-down” and
“bottom-up”  information can be  integrated.
The emergence of areas of research in cognitive neu-
roscience, psychoneuroendocrinology, and psychoneuro-
immunology raises additional questions about the scope
of psychophysiology.

Anatomy and physiology encompass the fields of neurol-
ogy, endocrinology, and immunology due both to their
common goals and assumptions, and to the embodiment,
in a literal sense, of the nervous, endocrine, and immuno-
logic within  the Relatedly,

systems organism.

psychophysiology is based on the presupposition that
human perception, thought, emotion, and action are
embodied phenomena; and that measures of physical
(e.g., neural, hormonal) processes can therefore shed
light on the human mind. The level of analysis in psycho-
physiology is not on isolated components of the body, but
rather on organismic-environmental transactions. That is,
psychophysiology represents a top-down approach within
the neurosciences that complements the bottom-up
approach of psychobiology. Thus, psychophysiology can
be defined as the scientific study of social, psychological,
and behavioral phenomena as related to and revealed
through physiological principles and events in functional
organisms. Thus, psychophysiology is not categorically
different from behavioral neuroscience, but rather there
is currently a greater emphasis in psychophysiology on
higher cognitive processes and on relating these higher
cognitive processes to the integration of central and per-
ipheral processes.

PSYCHOPHYSIOLOGICAL RELATIONSHIPS AND
PSYCHOPHYSIOLOGICAL INFERENCE

We praise the “lifetime of study,” but in dozens of cases, in every
field, what was needed was not a lifetime but rather a few short
months or weeks of analytical inductive inference ... We speak
piously of taking measurements and making small studies that
will “add another brick to the temple of science.” Most such bricks
just lie around the brickyard. (Platt, 1964, p. 351)

The importance of the development of more advanced
recording procedures to scientific progress in psycho-
physiology is clear, as previously unobservable phenom-
ena are rendered observable. Less explicitly studied, but
no less important, is the structure of scientific thought
about psychophysiological phenomena. For instance,
Galen’s notions about psychophysiological processes per-
sisted for 1,500 years despite the availability for several
centuries of procedures for disconfirming his theory in
part because the structure of scientific inquiry had not
been developed sufficiently.

An important form of psychophysiological inference to
evolve from the work of Francis Bacon and Galileo (Drake,
1967) is the hypothetico-deductive logic outlined above.
If the data are consistent with only one of the theoretical
hypotheses, then the alternative hypotheses with which
the investigator began become less plausible. With con-
ceptual replications to ensure the construct validity,
replicability, and generalizability of such a result,
a subset of the original hypotheses can be discarded, and
the investigator recycles through this sequence. One weak-
ness of this procedure is the myriad sources of variance in
psychophysiological investigations and the stochastic nat-
ure of physiological events and, consequently, the some-
times poor replicability or generalizability of results.
A second is the intellectual invention and omniscience
that is required to specify all relevant alternative hypoth-
eses for the phenomenon of interest. Because neither of
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these can be overcome with certitude, progress in the short
term can be slow and uncertain. Adherence to this
sequence provides grounds for strong inference in the
long term, however (Platt, 1964).

Physiological responses are often of interest, however,
only to the extent that they allow one to index
a psychological process, state, or stage. A general analytic
framework that has aided the design and interpretation of
studies in the area is the subtractive method that has been
adapted from studies of mental chronometry. Franciscus
Donders, a Dutch physiologist, proposed that the duration
of different stages of mental processing could be deter-
mined by subtracting means of simpler tasks that were
matched structurally to subsequences of more complex
tasks. At the simplest level, experimental design begins
with an experimental and a control condition.
The experimental condition represents the presence of
some factor, and the control condition represents the
absence of this factor. The experimental factor might be
selected because it is theoretically believed to depend on
n information processing stages, and the construction of
the control condition is guided to incorporate n — 1 infor-
mation processing stages. This kind of analysis assumes,
and depends mathematically on the assumption, that the
information processing stages are arranged in strictly
serial order with each stage running to completion prior
to the initiation of the next.

Nevertheless, the principle underlying the extension of
the subtractive design to include physiological (e.g., func-
tional magnetic resonance imaging: fMRI) measures is
twofold: (a) physiological differences between experimen-
tal conditions thought to represent n and n —1 processing
stages support the theoretical differentiation of these
stages, and (b) the nature of the physiological differentia-
tion of experimental conditions (e.g., the physiological
signature of a processing stage) may further support
a particular psychological characterization of that infor-
mation processing stage. According to the subtractive
method, the systematic application of the procedure of
stage deletion (across conditions of an experimental
design) makes it possible to deduce the physiological sig-
nature of each of the constituent stages underlying some
psychological or behavioral response. For instance, if the
experimental task (12 + 1 stages) is characterized by greater
activation of Broca’s area than the control task, this is
consistent with both the theoretical conception of the
experimental and control tasks differing in one (or more)
processing stage(s) and the differential processing stage(s)
relating to language production.

If using conventional reaction time measures, the psycho-
logical significance of timing differences comes primarily
from the putative differences between experimental condi-
tions. With biological measures, however, the psychological
significance of specific physiological differences (e.g., acti-
vation of Broca’s area) comes both from the theoretical
differences between experimental conditions and from the

prior scientific literature on the psychological significance
of the observed physiological difference. The convergence of
these two sources of information makes social neuroscience
methods potentially quite powerful even though they tend to
be complicated and nuanced.

It is important to note a critical difference in the proper-
ties of the kinds of measures used for response time experi-
ments and for physiological measurements. If we assume
that a process takes a certain period of time because it is
composed of a series of steps that each takes a measurable
time and wherein each must be completed before the next
is begun, the decomposition of the total time into the time
for each step seems relatively transparent. Note, however,
that the conditions under which this kind of analysis fails
are precisely those that hold in imaging experiments
(Townsend & Ashby, 1983).

When a particular hypothesized stage of information
processing is thought to be responsible for the differential
impact of two different conditions on behavior, analyses of
concomitant physiological activity can be informative, in
one of two ways. If the patterns of physiological activity
resulting from the isolation of presumably identical stages
are dissimilar, the similarity of the stages is challenged even
though there may be similarities between the subsequent
behavioral outcomes (cf. Cacioppo & Tassinary, 1990). If,
on the other hand, similar patterns of physiological activity
result from the isolation of stages that are hypothesized to
be identical, convergent evidence is obtained that the same
fundamental stage is operative. Note that the greater the
extant evidence linking the observed physiological event/
profile to a specific psychological operation, the greater
the value of the convergent evidence. These data do not
provide evidence for a strong inference that the stages are
the same (Platt, 1964), but instead such a result raises
a hypothesis that can be tested empirically in
a subsequent study (Cacioppo & Tassinary, 1990).

There are additional issues that should be considered
when using a subtractive framework to investigate ele-
mentary stages of psychological processes whether using
reaction time or physiological (brain) measures.
The subtractive method contains the implicit assumption
that a stage can be inserted or deleted without changing
the nature of the other constituent stages. But this method
has long been criticized for ignoring the possibility that
manipulating a factor to insert or delete a processing stage
might introduce a completely different processing struc-
ture. Using multiple operationalizations to insert or
delete a stage may be helpful but this still does not ensure
strong inference. In addition, to construct the set of
comparison tasks using the subtractive method one
must already have a clearly articulated hypothesis
about the sequence of events that transpires between
stimulus and overt response. This assumption renders
the subtractive method particularly useful in testing an
existing theory about the stages constituting
a psychological process and in determining whether
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a given stage is among the set constituting two separate
processes (Cacioppo et al., 2003). Note, however, that
confirmatory evidence can still be questioned by the
assertion that the addition or deletion of a particular
stage results in an essentially different set of stages or
substages, just as is the case with self-report or reaction
time measures. If a large corpus of animal and human
research links a psychological event to a processing
operation, however, the plausibility of the alternative
interpretation is greatly diminished.

Whenever a physiological response (or profile) found
previously to vary as a function of a psychological proces-
sing stage or state is observed, yet another hypothesis is
raised — namely, that the same processing stage or state
has been detected. A person might be thought to be anxious
because they show physiological activation, inattentive
because they show diminished activation, happy because
they show an attenuated startle response, deceptive because
they show activation of the anterior cingulate, and so on.
However, one cannot logically conclude that a processing
stage or state has definitely been detected simply because
a physiological response found previously to vary as
a function of a psychological processing stage or state has
been observed. (The logical flaw in this form of inference is
termed affirmation of the consequent.) We therefore next
turn to a general framework for thinking about relation-
ships between psychological concepts and physiological
events, and we discuss the rules of evidence for and the
limitations to inference in each (see also Cacioppo &
Tassinary, 1990; Cacioppo, Tassinary, & Berntson, 2007).

THE PSYCHOLOGICAL AND PHYSIOLOGICAL
DOMAINS

A useful way to construe the potential relationships
between psychological events and physiological events is
to consider these two groups of events as representing sets
(domains), where a set is defined as a collection of elements
which together are considered a whole (Cacioppo &
Tassinary, 1990). Psychological events, by which we mean
conceptual variables representing functional aspects of
embodied processes, are conceived as constituting one set,
which we shall call Set ¥. Physiological (e.g., brain, auto-
nomic, endocrinological) events, by which we mean empiri-
cal physical variables, are conceived as constituting
another, which we shall call Set ®. All elements in the set
of psychological events are assumed to have some physio-
logical referent - that is, the mind is viewed as having
a physical substrate. This framework allows the specifica-
tion of five general relations that might be said to relate the
elements within the domain of psychological events, ¥, and
elements within the domain of physiological events, ®.
These are as follows:

¢ A one-to-one relation, such that an element in the psy-
chological set is associated with one and only one ele-
ment in the physiological set, and vice versa.

¢ A one-to-many relation, meaning that an element in the
psychological domain is associated with a subset of
elements in the physiological domain.

¢ A many-to-one relation, meaning that two or more psy-
chological elements are associated with the same
physiological element.

¢ A many-to-many relation, meaning two or more psycho-
logical elements are associated with the same (or an
overlapping) subset of elements in the physiological
domain.

¢ Anull relation, meaning there is no association between
an element in the psychological domain and that in the
physiological domain.

Of these possible relations, only the first and third allow
a formal specification of psychological elements as
a function of physiological elements (Cacioppo &
Tassinary, 1990). The grounds for theoretical interpreta-
tions, therefore, can be strengthened if either (1) a way can
be found to specify the relationship between the elements
within ¥ and @ in terms of one-to-one, or at worst, in terms
of many-to-one relationships, or (2) hypothetico-
deductive logic is employed in the brain imaging studies.

Consider that when differences in brain images or
physiological events (®) are found in contrasts of tasks
that are thought to differ only in one or more cognitive
functions (¥), the data are often interpreted prematurely
as showing that Brain Structure (or Event) @ is associated
with Cognitive Function (¥). These data are also treated as
revealing much the same information that would have
been obtained had Brain Structure (or Event) ® been stim-
ulated or ablated and a consequent change in Cognitive
Function ¥ been observed. This form of interpretation
reflects the explicit assumption that there is a fundamen-
tal localizability of specific cognitive operations, and the
implicit assumption that there is an isomorphism
between ® and ¥ (Sarter, Berntson, & Cacioppo, 1996).
Interpreting studies of the form P(®/¥) (i.e., fMRI
studies) as equivalent to studies of the form P(¥/®) is
misleading unless one is dealing with 1:1 relationships.!
Fundamentally, this is a premise that needs to be tested
rather than treated as an assumption.

! Research in which psychological or behavioral factors serve as the
independent (or blocking) variables and physiological structures
or events serve as the dependent variables can be conceptualized
as investigating the P(®/¥). Research in which physiological struc-
tures or events serve as the independent (or blocking) variables
and psychological or behavioral factors serve as the dependent
variables, in contrast, can be conceptualized as investigating the
P(¥/®). These conditional probabilities are equal only when the
relationship between ¥ and @ is 1:1 (Cacioppo & Tassinary, 1990).
Accordingly, approaches such as stimulation and ablation studies
provide complementary rather than redundant information to
studies in which physiological (e.g., fMRI) measures serve as
dependent measures. This is because stimulation and ablation
studies bear on the relationship P(¥/®), whereas studies in
which physiological variables serve as dependent measures pro-
vide information about P(®/¥).
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It may be useful to illustrate some of these points using
a simple physical metaphor in which the bases of a multiply
determined outcome are known. Briefly, let ® represent
initially the HVAC (heating, ventilating, and air condition-
ing) system, and ¥ the temperature in a house. In the con-
text of psychophysiology, the HVAC system parallels
a neural mechanism and the temperature represents the
cognitive manifestation of the operation of this mechanism.
Although the HVAC system and the temperature are con-
ceptually distinct, the operation of the HVAC system repre-
sents both the manipulable cause (see Shadish, Cook, &
Campbell, 2002) and a physical basis for the observed tem-
peratures in the house. Thus, ¥ = f(®). A bottom-up
approach (i.e., P(¥/®)) makes clear certain details about
the relationship between ¥ and ®, whereas a top-down
approach (i.e., P(®/¥)) clarifies others. For instance, when
the activity of the HVAC system is manipulated (i.e., @ is
stimulated or lesioned), a change in the temperature in the
house (¥) results. This represents a bottom-up approach to
investigating the physical substrates of cognitive phenom-
ena. The fact that manipulating the activity of the HVAC
system produces a change in the temperature in the house
can be expressed as P(¥/®) > 0. Note that the P(¥/®) need
not equal 1 for ® be a physical substrate of ¥. This is
because, in our illustration, there are other physical
mechanisms that can affect the temperature in the house
(‘¥), such as the outside temperature (@), the amount of
direct sunlight falling on the house (®”), or the number of
people in the house (®"). That is, there is a lack of complete
isomorphism specifiable, at least initially, between the
regulated variable (¥) and a physical basis (®).

In any given context, the temperature in the house may
be influenced by any or all of these physical mechanisms.
If the outside temperature or the amount of direct sun-
light happens to vary when the HVAC system is activated,
then the temperature may not covary perfectly with the
activation of the HVAC system (i.e., P(¥/®) < 1) even
though the temperature is, at least in part, a function of
the operation of the HVAC system (i.e., P(¥/®) > 0). If the
outside temperature and amount of direct sunlight are
constant or are perfectly correlated with the activation of
the HVAC system, then the temperature in the house and
the activity of the HVAC system may covary perfectly (i.e.,
P(¥/®) = 1). In the context of psychophysiology, this is
analogous to a brain lesion study accounting for some of
the variance (P(¥/®) > 0) or all of the variance (P(P/®) = 1)
in the cognitive measure in the study. The latter result
does not imply the lesioned brain region is a necessary
component just as the fact that the temperature in the
house covaries perfectly with the activity of the HVAC
system does not mean necessarily that there are not
other physical mechanisms that may also influence the
temperature. Thus, as long as P(¥/®) > 0, ® could be
considered a predictor (or component) of ¥; the fact
that P(#/®) = 1 does not imply that @ is the only or
a necessary cause of V.

The asymmetry between P(¥/®) and P(®/¥) and the
interpretive problems that may result when simply assum-
ing P(¥/®) = P(®/¥) are also evident in this metaphor.
As outlined above, the former term represents variations
in temperature in the house given variations in the activity
of the HVAC system, whereas P(®/¥) represents the activ-
ity of the heater given variations in the temperature in the
house. Although one would expect to find P(®/¥) > 0 in
some contexts, the fact that the temperature in the house is
regulated when the HVAC system is activated does not
necessarily imply that changes in the temperature in the
house will be associated with variations in the activity of
the HVAC system. In the context of local changes in tem-
perature distant from the thermostat of the HVAC system,
for example, the observed temperature will fluctuate
whereas the HVAC system remains inactive (e.g., outside
temperature, ®'; exposure to direct sunlight, ®”; number of
people, ®”). Thus, the finding that P(®/¥) = 0 does not
mean ® has no role in ¥, only that ® has little or no role
in ¥ in that context. In the context of brain imaging stu-
dies, areas that are not found to become active as
a function of a cognitive operation may nevertheless be
part of a physical substrate for that cognitive operation
(just as an HVAC system may remain a part of the physical
mechanism responsible for the temperature in a house).

The preceding example illustrates why one would not
want to exclude a brain area as potentially relevant to
a cognitive operation based on the area not being illumi-
nated in a brain image as a function of the cognitive opera-
tion. The converse also holds - that is, a brain area that is
illuminated as a function of a cognitive operation may or
may not contribute meaningfully to the production of the
cognitive operation. Consider an LED on a thermostat
(which we will call ®””) that illuminates when the HVAC
system (®) is operating. In this case, the P(®/¥) = P(®""/¥)
> 0. That is, the LED represents a physical element that
would show the same covariation with the temperature in
the house as would the operation of the HVAC system as
long as a top-down approach was used. When the comple-
mentary bottom-up approach was used, it would become
obvious that disconnecting (lesioning) the HVAC system
has effects on the temperature in the house whereas dis-
connecting (or directly activating) the LED has none.

FOUR CATEGORIES OF PSYCHOPHYSIOLOGICAL
RELATIONSHIPS

Relations between elements in the psychological and
physiological domains should not be assumed to hold
across situations or individuals. Indeed, elements in the
psychological domain are delimited in the subtractive
method in part by holding constant other processes that
might differentiate the comparison tasks. Such a procedure
is not unique to psychophysiology the subtractive method,
as most psychological and medical tests can involve con-
structing specific assessment contexts in order to achieve
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Figure 1.1 Taxonomy of psychophysiological relationships.

interpretable results. The interpretation of a blood glucose
test, for instance, can rest on the assumption that the indi-
vidual fasted prior to the onset of the test. Only under this
circumstance can the amount of glucose measured in the
blood across time be used to index the body’s ability to
regulate the level of blood sugar. The relationship between
the physiological data and theoretical construct is said to
have a limited range of validity, because the relationship is
clear only in certain well-prescribed assessment contexts.
The notion of limited ranges of validity, therefore, raises the
possibility that a wide range of complex relationships
between psychological and physiological phenomena
might be specifiable in simpler, more interpretable forms
within specific assessment contexts.

To clarify these issues, it is useful to conceptualize psycho-
physiological relationships generally in terms of a 2 (one-to-
one vs. many-to-one) x 2 (situation specific vs. cross situa-
tional) taxonomy. The specific families (i.e., categories) of
psychophysiological relationships that can be derived from
this taxonomy are depicted in Figure 1.1. The criterial attri-
butes for, and theoretical utility in, establishing each of these
categories are specified in the three dimensions illustrated in
Figure 1.1; causal attributes of the relationships, and
whether the relationships are naturally occurring or artifi-
cially induced constitute yet other, orthogonal dimensions
and are explicitly excluded here for didactic purposes. For
instance, the category in Figure 1.1 labeled “concomitant”
refers only to the conditions and implications of covariation
and is not intended to discriminate between instances in
which the psychological factor is causal in the physiological
response, vice versa, or a third variable causes both. In the
sections that follow, each type of psychophysiological rela-
tionship and the nature of the inferences that each suggests
are outlined.

Psychophysiological outcomes. In the idealized case, an
outcome is defined as a many-to-one, situation-specific
(context-dependent) relationship between ¥ and ®.
Establishing that a physiological response (i.e., an element
in @) varies as a function of a psychological change (i.e., an
element in ¥) means one is dealing at the very least with an
outcome relationship between these elements. Note that
this is often the first attribute of a psychophysiological
relationship that is established in laboratory practice.
Whether the physiological response follows changes in
the psychological event across situations (i.e., has the
property of context independence), or whether the
response profile follows only changes in the event (i.e.,
has the property of isomorphism) is not typically
addressed initially. Hence, a given psychophysiological
relationship may appear to be an outcome but subse-
quently be identified as being a marker as the question of
isomorphism is examined; a relationship that appears to
be an outcome may subsequently be reclassified as being
a concomitant once the range of validity is examined; and
a relationship that appears to be a marker (or concomi-
tant) may emerge as an invariant upon studying the gen-
eralizability (or isomorphism) of the relationship. This
progression is not problematic in terms of causing erro-
neous inferences, however, because, as we shall see, any
logical inference based on the assumption one is dealing
with an outcome relationship holds for marker, concomi-
tant, or invariant psychophysiological relationships, as
well.

Despite the outcome serving as the most elemental psy-
chophysiological relationship, it can nevertheless provide
the basis for strong inferences. Specifically, when two
psychological models differ in predictions regarding one
or more physiological outcomes, then the logic of the
experimental design allows theoretical inferences to be
drawn based on psychophysiological outcomes alone.
That is, a psychophysiological outcome enables system-
atic inferences to be drawn about psychological constructs
and relationships based on hypothetico-deductive logic.
Of course, no single operationalization of the constructs
in a crucial experiment is likely to convince the adherents
of both theories. If multiple operationalizations of the
theoretical constructs result in the same physiological out-
come, however, then strong theoretical inferences can be
justified.

Importantly, the identification of a physiological
response profile that differentiates the psychological ele-
ment of interest is sufficient to infer the absence of one or
more psychological elements, but it does not provide logi-
cal grounds to infer anything about the presence of
a psychological element. Hence, the identification of psy-
chophysiological outcomes can be valuable in disproving
theoretical predictions, but they are problematic as
indices of elements in the psychological domain. This
caveat is often noted in discussions of the scientific
method and is perhaps equally often violated in scientific
practice (Platt, 1964). Skin conductance, for instance, has
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