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19The emphasis of modern neurobiological theories has recently shifted from the independent function of brain
20areas to their interactions in the context of whole-brain networks. As a result, neuroimaging methods and anal-
21yses have also increasingly focused on network discovery. Magnetoencephalography (MEG) is a neuroimaging
22modality that captures neural activitywith a high degree of temporal specificity, providing detailed, time varying
23maps of neural activity. Partial least squares (PLS) analysis is amultivariate framework that can be used to isolate
24distributed spatiotemporal patterns of neural activity that differentiate groups or cognitive tasks, to relate neural
25activity to behavior, and to capture large-scale network interactions. Here we introduce [MEG]PLS, a MATLAB-
26based platform that streamlines MEG data preprocessing, source reconstruction and PLS analysis in a single uni-
27fied framework. [MEG]PLS facilitates MRI preprocessing, including segmentation and coregistration, MEG pre-
28processing, including filtering, epoching, and artifact correction, MEG sensor analysis, in both time and
29frequency domains, MEG source analysis, including multiple head models and beamforming algorithms, and
30combines these with a suite of PLS analyses. The pipeline is open-source and modular, utilizing functions from
31FieldTrip (Donders, NL), AFNI (NIMH, USA), SPM8 (UCL, UK) and PLScmd (Baycrest, CAN), which are extensively
32supported and continually developed by their respective communities. [MEG]PLS is flexible, providing both a
33graphical user interface and command-line options, depending on the needs of the user. A visualization suite al-
34lows multiple types of data and analyses to be displayed and includes 4-D montage functionality. [MEG]PLS is
35freely available under the GNU public license (http://meg-pls.weebly.com).

36 © 2015 Published by Elsevier Inc.
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41 Introduction

42 In recent years, the theoretical and empirical focus of neuroscience
43 has extended beyond the activity of individual brain regions to large-
44 scale spatiotemporal patterns and neural interactions (McIntosh,
45 2000). There is a growing recognition that neural dynamics unfold
46 overmultiple scales of time and space (Honey et al., 2007), and that net-
47 work interactions play an important role in cognition and behavior
48 (McIntosh, 1998; Bressler and McIntosh, 2007).
49 Magnetoencephalography (MEG) is a neuroimaging technique that
50 is well-suited for these experimental questions, as it measures electro-
51 magnetic neural activity across thewhole brainwithmillisecond resolu-
52 tion (Hämäläinen et al., 1993). Surfacemeasurements ofmagnetic fields
53 can be used to facilitate 4-D source reconstruction (Van Veen and
54 Buckley, 1988; Sekihara et al., 2005; Robinson and Vrba, 1999; Cheyne
55 et al., 2007;Quraan andCheyne, 2010), and to characterize the temporal

56interactions between sources (Brookes et al., 2011; Srinivasan et al.,
572007; Stam et al., 2007). Partial least squares (PLS) analysis is a multi-
58variate statistical framework that can be used to identify distributed
59spatiotemporal patterns of neural activity that optimally relate to differ-
60ences between cognitive tasks or to differences between groups of sub-
61jects (McIntosh et al., 1996; McIntosh and Lobaugh, 2004; Krishnan
62et al., 2010; McIntosh and Mišić, 2012). PLS can also be used to deter-
63mine robust patterns of neural activity that correlate with behavior or
64demographic measures (McIntosh et al., 2008; Mišić et al., 2010b;
65Diaconescu et al., 2011). Finally, PLS can be used to assess the effect of
66experimentalmanipulations on functional interactions between specific
67seed regions (functional connectivity) (McIntosh et al., 1999, 2003), and
68on whole-brain patterns of functional connections (functional net-
69works) (Vakorin et al., 2011; McIntosh et al., 2013).
70Therefore, the MEG modality and the PLS framework are comple-
71mentary and hold great potential for network discovery and analysis.
72A number of recent studies have demonstrated the benefits of a com-
73bined MEG-PLS approach for studying a wide range of cognitive tasks,
74including learning (Hopf et al., 2013), face processing (Mišić et al.,
752010a, 2014b), aswell as awide range of populations, including healthy
76development (Mišić et al., 2010a), healthy aging (McIntosh et al., 2013),
77traumatic brain injury (Raja Beharelle et al., 2012), autism spectrum
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78 disorder (Mišić et al., 2014a) and mesial temporal lobe epilepsy
79 (Protzner et al., 2010). At present, there exist a large number of well-
80 established software packages and toolboxes that specialize for differ-
81 ent aspects of MEG preprocessing (Oostenveld et al., 2011; Tadel et al.,
82 2011; Friston et al., 2011), source reconstruction (Oostenveld et al.,
83 2011; Tadel et al., 2011; Friston et al., 2011) and PLS analysis
84 (McIntosh and Lobaugh, 2004; Kovacevic et al., 2013). However, there
85 exists no unified platform that merges all of these functions, allowing
86 the user to transition seamlessly from the raw sensor-level MEG data
87 to a PLS network analysis in source space.
88 Here we present [MEG]PLS, a pipeline that consolidates MEG and
89 PLS in a single framework. The pipeline is written in MATLAB (The
90 Mathworks Inc., Natick, MA), a high-level programming language that
91 is ideally suited for scientific computing as it is cross-platform and has
92 a large number of scientific libraries. [MEG]PLS is modular and com-
93 prised of functions from several toolboxes specialized for different as-
94 pects of MEG processing and PLS analysis, including functions from
95 FieldTrip (Donders, NL) (Oostenveld et al., 2011), AFNI (NIMH, USA)
96 (Cox, 1996), SPM8 (UCL, UK) (Friston et al., 2011) and PLScmd
97 (Baycrest, CAN) (McIntosh and Lobaugh, 2004; Kovacevic et al., 2013),
98 all of which are extensively supported and actively developed by their
99 respective communities. Specifically, [MEG]PLS facilitates MRI process-
100 ing (coregistration and segmentation), MEG preprocessing (filtering,
101 epoching, baseline correction, detrending and artifact correction),
102 MEG sensor analysis (in both time and frequencydomains),MEG source
103 analysis (including multiple head models and beamforming algo-
104 rithms), and combines thesewith a suite of PLS analyses. A visualization
105 suite, designed for combinedMEG-PLS analysis, allows the visualization
106 of results in 4-D source space including whole-brain montages across
107 time and various overlays of source time series. [MEG]PLS and all
108 supporting libraries are open-source and under the GNU Public License.
109 [MEG]PLS has both a graphical user interface (GUI) and a command-
110 line interface, designed to accommodate users with varying program-
111 ming experience. The comprehensive GUI is accessible and easy to use,
112 allowing for core functions to be called interactively. The command-
113 line interface offers flexibility for power-users, allowing users to write
114 their own wrappers around base components, thereby encouraging

115further development and community contributions. In both interfaces,
116[MEG]PLS permits full access to all core toolbox functions and their re-
117spective options. An extensive user guide has been included with
118[MEG]PLS along with detailed documentation and function help.
119In the present report we give an overview of the functionality of
120[MEG]PLS, with an emphasis on the architecture and logic of the pipe-
121line. We summarize the use and workflow of the primary [MEG]PLS
122modules and how they connect together into a unified framework. We
123then show how to navigate through [MEG]PLS by systematically work-
124ing through a sample empirical dataset. We also note that earlier ver-
125sions of the pipeline have been used to process and analyze data
126reported in Hopf et al. (2013), Fatima et al. (2013), and Doesburg et al.
127(2012).

128Methods

129[MEG]PLS is organized around fourmainmodules: the Preprocessor,
130Builder, Driver and Viewer (Fig. 1A). The Preprocessor reads and im-
131ports raw MEG and MRI files, and performs basic signal preprocessing,
132including filtering, epoching and artifact removal for MEG data, as
133well as coregistration, reslicing and segmentation for MRI data. Once
134the data are preprocessed, they are passed to the Builder module,
135which serves to configure settings and specify input files for sensor
136and source analyses. The Builder also includes settings for spatial nor-
137malization and file conversions following source reconstruction. The
138Driver module reads Builder-generated settings and initiates analyses.
139Importantly, the Driver also configures and runs PLS analyses on
140source-reconstructed data. As a result, the source reconstruction and
141PLS analysis are not configured simultaneously, but rather in two subse-
142quent steps. In our experience, a user typically settles on a source solu-
143tion, and then tries different types of PLS analyses. By keeping settings
144for the source reconstruction and PLS analysis separate, [MEG]PLS pro-
145motes experimentation, allowing users to try different types of post-
146localization PLS analyses without having to go back to reconfigure the
147Builder every time. The Viewer is a visualization suite, allowing the
148user to generate figures for sensor waveforms, time-frequency decom-
149positions, individual or group-averaged source localizations, and PLS
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Fig. 1. [MEG]PLS design and workflow. (A) [MEG]PLS is organized around a series of modules for data preprocessing, sensor analysis, source analysis, PLS analysis and visualization.
(B) [MEG]PLS modules are accessed through a central launcher function. [Note: 2-column color image].
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