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20Herewe discuss fivemethodological challenges facing the current cognitive electrophysiology literature that ad-
21dress the roles of brain oscillations in cognition. The challenges focus on (1) unambiguous and consistent termi-
22nology, (2) neurophysiologically meaningful interpretations of results, (3) evaluation and comparison of
23different spatial filters often used inM/EEG research, (4) the role of multiscale interactions in brain and cognitive
24function, and (5) development of biophysically plausible cognitive models. We also suggest research directions
25that will help address these challenges. We hope that this paper will help foster discussions and debates about
26important themes in the study of how the brain's rhythmic patterns of spatiotemporal electrophysiological activ-
27ity support cognition.
28© 2013 Elsevier Inc. All rights reserved.

2930

31

32

3334 Contents

35 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
36 Challenge 1: Widespread agreement on analysis terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
37 Challenge 2: Neurophysiological interpretation of time–frequency results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
38 Challenge 3: Reconciling the many diverse spatial filters used in cognitive electrophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
39 Challenge 4: Characterizing multi-scale interactions in neuroelectric activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
40 Challenge 5: Developing neurophysiologically grounded psychological theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
41 New horizons in cognitive electrophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
42 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

43

44 Introduction

45 Cognitive electrophysiology is a field that bridges neuroscience and
46 psychology, and focuses on understanding how cognitive functions (in-
47 cluding perception, memory, language, emotions, behavior control, and
48 social cognition) are supported or implemented by the electrical activity
49 produced by populations of neurons. The main methodological tools
50 used by cognitive electrophysiologists are EEG andMEG, and intracrani-
51 al recordings such as electrocorticogram and single- and multi-unit re-
52 cordings. Although these methods span a range of species and spatial
53 scales, they all share the common feature that they measure electro-
54 magnetic activity. Thus, the major assumption underlying the broad
55 spectrum of cognitive electrophysiology studies is that one key neural
56 mechanism of processing and transferring information is (or, at least,
57 can be understood through) electrical activity.
58 The purpose of this paper is to highlight and discuss five major
59 methodological challenges facing cognitive electrophysiology. Some of

60these challenges are related to each other; discussing them individually
61is done mainly for convenience. Indeed, in several cases, addressing
62one challenge may help address other challenges. We focus mainly
63on methods and data analyses involving time–frequency-based ap-
64proaches, because these are the most rapidly developing methodologi-
65cal approaches in cognitive electrophysiology, and, as will be described
66below, have a large potential for understanding neurophysiological pro-
67cesses underlying cognitive operations.
68Some readers may disagree with the importance of some of these
69challenges, or could name additional challenges than the five presented
70here. Nonetheless, we hope that this paper will help catalyze further
71discussions in current trends and important future directions in cogni-
72tive electrophysiology.

73Challenge 1: Widespread agreement on analysis terminology

74Consider the following statistical analysis terms: correlation, ANOVA,
75factor analysis, and receiver operating characteristic (ROC). When
76someone says that they performed an ANOVA, there is no ambiguity
77about which sets of equations were applied to the data. Furthermore,
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78 even though the term ROC provides little insight on the mathematical
79 procedure underlying that analysis, most people with a background in
80 engineering, math, psychology, or physics will knowwhat an ROC anal-
81 ysis implies and how the results can be interpreted.
82 Precision and widespread agreement in analysis terminology is
83 lacking in cognitive electrophysiology. This is problematic because in-
84 consistent, ambiguous, or confusing terminology impedes cross-study
85 comparisons and theory development (Gardiner and Java, 1993;
86 Tulving, 2000). To illustrate this point, consider the following electro-
87 physiological data analysis terms: synchronization, event-related spec-
88 tral perturbation, time–frequency response, and connectivity. These
89 and other terms are ambiguous and are often lab- or software-
90 specific. When someone says that they found an increase in alpha syn-
91 chronization, youdonot knowwhether theymean an increase in power
92 at one electrode or an increase in phase-based connectivity between
93 two electrodes. This confusion arises because some researchers use
94 the term “synchronization” to indicate the squared amplitude of the fre-
95 quency band-specific filtered signal at one electrode (Pfurtscheller,
96 1992), whereas other researchers use this same term to indicate consis-
97 tency in phase angle differences between two electrodes. However,
98 these two analyses have very different interpretations, putative neuro-
99 physiological origins, theoretical implications, and methodological
100 concerns. Terms like spectral perturbation (Makeig, 1993) and time–
101 frequency response are also ambiguous, because they could refer to
102 spectral changes expressed in power, phase, connectivity, band-
103 specific network properties, or any number of other features of time–
104 frequency-based analyses.
105 Within a field of science, there should be a one-to-one mapping
106 between terms and their meanings (also called the incontrovertibility
107 of terms rule; Gardiner and Java, 1993). However, cognitive electrophys-
108 iology suffers from a many-to-many terminology mapping problem:
109 the same term can have different meanings (e.g., the term “synchroni-
110 zation,” as described in the previous paragraph); and different terms
111 can indicate the same mathematical procedure (e.g., inter-trial phase
112 coherence vs. phase-locking index/value can refer to the same analysis,
113 which assesses the consistency of phase angles at one electrode-time–
114 frequency point over trials). The many-to-many mapping of analysis
115 terms to mathematical procedures slows scientific progress by creating
116 confusion about how to interpret findings reported in results sections,
117 and how to compare results across studies that use different terms.
118 Another confusing and ill-defined—but often used—term is “activa-
119 tion.” A brain region is said to be activated (or deactivated) if its activity
120 increases (or decreases) with respect to a baseline or control condition.
121 Although this term is widely used in univariate fMRI analyses and rela-
122 tively simple analyses of action potential data such as average spike rate,
123 this term becomes less tractable for multi-dimensional electrophysio-
124 logical activity such as field potentials (Singh, 2012). For example, if
125 a brain region exhibits an increase in inter-trial phase clustering in the
126 theta band, a decrease in alpha-band power, no change in gamma-
127 band power, and an increase in theta–gamma coupling, is this brain re-
128 gion activated or deactivated? In some cases, increases in power that
129 seem to lack a clear frequency structure are referred to as “activation”
130 (Burke et al., 2013; Miller et al., 2009), but this approach may obscure

131the fine temporal structure of activity, such asmultiple overlapping fre-
132quencies (Crone et al., 2011) or temporal or correlation-based informa-
133tion coding (Engel et al., 1992; Tsukada et al., 1996).
134Perhaps the lack of terminological convergencewas less of a concern
135a few decades ago, when few research groups were performing time–
136frequency-based analyses, andmost analyseswere based on the squared
137amplitude of the frequency band-specific signal (i.e., power). However,
138the lack of consistency in analysis terminology becomes problematic
139as more scientists begin applying sophisticated data analyses. With var-
140ied and sometimes ambiguous terminology, rapid and efficient cross-
141study comparisons become increasingly difficult.
142The challenge, therefore, is to adopt a widely accepted and
143unambiguous terminology for describing multivariate changes in
144electrophysiological data. We recommend using analysis terms that
145closely and succinctly reflect the mathematical procedure applied to
146the data (Cohen, 2014), rather than using terms that reflect interpreta-
147tions of putative neurophysiological events underlying time–frequency
148features. For example, when extracting the energy of a frequency band-
149specific signal (the squared amplitude), the term “power” should be
150preferred over terms such as “synchronization” because “power” is an
151unambiguous description of the analysis, whereas synchronization is a
152speculative interpretation of a result (in this case, that the neural net-
153works measured by the electrode became synchronized; Pfurtscheller
154and Lopes da Silva, 1999). At least in the context of electrophysiology
155data, it might be best simply to avoid using functional univariate
156terms like “de/activation.” Instead, terms could describe the statistical
157properties of the data, such as “relatively increased power in the beta-
158band,” or “correlation between alpha phase and gamma power.” In
159Table 1, we suggest analysis terms for some commonly used analyses.

160Challenge 2: Neurophysiological interpretation of
161time–frequency results

162Themathematical development of time–frequency-based data anal-
163yses, and their applications to studying cognition, has advanced beyond
164the understanding of the neurophysiological events that might underlie
165the results of those analyses. For example, the difference between
166phase-locked and non-phase-locked (also known as evoked and in-
167duced, respectively) activities remains unclear, with theory and models
168suggesting complex interactions between neurobiological events
169that may be measured as phase-locked vs. non-phase-locked events
170(Burgess, 2012; David et al., 2006; McLelland and Paulsen, 2009;
171Tallon-Baudry Q2and Bertrand, 1999), but little empirical data to provide
172firm conclusions. Another example is functional connectivity estimated
173between two electrodes, which can be based on correlations in frequen-
174cy band-specific power time series (Bruns et al., 2000), or on a cluster-
175ing of phase value differences (Lachaux et al., 1999). It is unclear
176whether connectivity based on power and on phase reflects similar
177mechanisms (e.g., long-range activation of inhibitory interneurons;
178Bush and Sejnowski, 1996), and it is unknownwhether the samemech-
179anisms underlie connectivity in different frequency bands or in different
180brain regions.

Table 1t1:1

t1:2 Suggested terminology for time-–frequency-based M/EEG data analyses. See Cohen (2014), for more in-depth discussions and justifications of each term.

t1:3 Preferred term Description Examples of less preferred terms

t1:4 Power Squared amplitude of frequency-band specific time series Synchronization/desynchronization, ERS/ERD, ERSP, TFR
t1:5 Inter-trial-phase-clustering Length of average vector from a distribution of unit phase angles at one

time–frequency point over trials.
Phase-locking, phase-coherence, phase-reset

t1:6 Inter-site-phase-clustering Length of average vector from a distribution of unit phase angle differences
between two electrodes at one time–frequency point over trials.

Phase-locking, phase coherence, coherence, synchronization,
coupling, phase correlation

t1:7 Notes. Terms are less preferred if they are ambiguous, imprecise, or are interpretations of putative neural events rather than descriptions of analysis methods. ERS = event-related
t1:8 synchronization; ERD = event-related desynchornization; ERSP = event-related spectral perturbation; TFR = time–frequency response.
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