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22Alpha band (8–12 Hz) phase dynamics in the visual cortex are thought to reflectfluctuations in cortical excitability
23that influences perceptual processing. As such, visual stimuli are better detected when their onset is concurrent
24with specific phases of the alpha cycle. However, it is unclear whether alpha phase differentially influences cogni-
25tive performance at specific times relative to stimulus onset (i.e., is the influence of phase maximal before, at, or
26after stimulus onset?). To address this, participants performed a delayed-recognition, working memory (WM)
27task for visual motion direction during two separate visits. The first visit utilized functional magnetic resonance
28(fMRI) imaging to identify neural regions associated with task performance. Replicating previous studies, fMRI
29data showed engagement of visual cortical area V5, as well as a prefrontal cortical region, the inferior frontal junc-
30tion (IFJ). During the second visit, transcranialmagnetic stimulation (TMS)was applied separately to both the right
31IFJ and right V5 (with the vertex as a control region) while electroencephalography (EEG) was simultaneously
32recorded. During each trial, a single pulse of TMS (spTMS) was applied at one of six time points (−200, −100,
33−50, 0, 80, 160 ms) relative to the encoded stimulus onset. Results demonstrated a relationship between the
34phase of the posterior alpha signal prior to stimulus encoding and subsequent response times to the memory
35probe two seconds later. Specifically, spTMS to V5, and not the IFJ or vertex, yielded faster response times, indicat-
36ing improvedWM performance, when delivered during the peak, compared to the trough, of the alpha cycle, but
37only when spTMSwas applied 100 ms prior to stimulus onset. These faster responses to the probe correlatedwith
38decreased early event related potential (ERP) amplitudes (i.e., P1) to the probe stimuli. Moreover, participants that
39were least affected by spTMS exhibited greater functional connectivity between V5 and fronto-parietal regions.
40These results suggest that posterior alpha phase indexes a critical time period formotion processing in the context
41of WM encoding goals, which occurs in anticipation of stimulus onset.
42© 2013 Published by Elsevier Inc.

4344

45

46

4748 Contents

49 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
50 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
51 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
52 Experimental design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
53 Thresholding procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
54 Functional magnetic resonance imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
55 fMRI region of interest localization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
56 fMRI functional connectivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
57 Transcranial magnetic stimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
58 Electroencephalography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
59 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
60 fMRI session: Functional connectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
61 EEG/spTMS session: Memory performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
62 Comparisons between spTMS and no spTMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
63 Consequences of alpha phase and time of spTMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

NeuroImage xxx (2013) xxx–xxx

⁎ Corresponding author at: 675 Nelson Rising Ln., Box 0444, San Francisco, CA 94158, USA.
E-mail address: theodore.zanto@ucsf.edu (T.P. Zanto).

YNIMG-10700; No. of pages: 10; 4C: 5, 7

1053-8119/$ – see front matter © 2013 Published by Elsevier Inc.
http://dx.doi.org/10.1016/j.neuroimage.2013.07.048

Contents lists available at SciVerse ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

Please cite this article as: Zanto, T.P., et al., Anticipatory alpha phase influences visual workingmemory performance, NeuroImage (2013), http://
dx.doi.org/10.1016/j.neuroimage.2013.07.048

http://dx.doi.org/10.1016/j.neuroimage.2013.07.048
mailto:theodore.zanto@ucsf.edu
http://dx.doi.org/10.1016/j.neuroimage.2013.07.048
http://www.sciencedirect.com/science/journal/10538119
http://dx.doi.org/10.1016/j.neuroimage.2013.07.048
http://dx.doi.org/10.1016/j.neuroimage.2013.07.048


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

64 Specificity of spTMS effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
65 Event related potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
66 Individual variability in TMS effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
67 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
68 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
69 Uncited references . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
70 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
71 Appendix A. Supplementary data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
72 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

73

74 Introduction

75 Working memory (WM) for visual motion information is critical for
76 everyday activities, such as when trying to cross a busy street. This sce-
77 nario requires maintaining memory traces of vehicular motion in one
78 direction, while traffic in the other direction is assessed. Despite its im-
79 portant function, the neural basis of motion-basedWM encoding is still
80 unclear. To understand how the brain encodes visual motion into WM,
81 two fundamental questions must be answered: which neural regions
82 are involved and when is their involvement critical for performance?
83 Important steps along this path have been accomplished by studies ex-
84 ploring the localization of cortical processing in response to viewing
85 motion stimuli. Neuroimaging has revealed that area V5/hMT+, within
86 the medial temporal lobe, shows a selective response to visual motion
87 (Culham et al., 2001; Schoenfeld et al., 2007; Zeki et al., 1991). Although
88 the location of V5 is well defined, the role of higher cognitive regions
89 that influence V5 processing is still unclear, aswell aswhen are the crit-
90 ical processing time periods relative to stimulus onset.
91 To assess the timing of visual cortical processes, studies using electro-
92 encephalography (EEG) andmagnetoencephalography (MEG) have often
93 focused on posterior alpha band oscillations between 8 and 12 Hz, which
94 characterizes both suppression and timing of attentional processes
95 involved in selection of stimulus representations (Freunberger et al.,
96 2009; Klimesch, 2012). Interestingly, it has been found that the phase of
97 ongoing alpha band oscillations reflects fluctuations in visual cortical ex-
98 citability, such that stimuli presented during the peak (maximum ampli-
99 tude) of the alpha oscillation are better detected than stimuli that appear
100 during the trough (minimum amplitude) (Busch et al., 2009;Mathewson
101 et al., 2009; Zauner et al., 2012). Consistent with this, the effects of trans-
102 cranial magnetic stimulation (TMS) are known to be contingent on
103 oscillatory parameters (Rubens and Zanto, 2012), including the alpha
104 phase when a TMS pulse is applied. For example, a single pulse of TMS
105 (spTMS) to the occipital cortex is more likely to evoke a phosphene
106 when applied during peak alpha phase (Dugue et al., 2011) and neural
107 entrainment to 10 Hz-TMS (i.e., alpha-like) is highest when TMS onset
108 coincideswith peak alpha phase (Thut et al., 2011). Importantly, these re-
109 sults indicate that perceptionmay be oscillatory in nature, affording tem-
110 poral windows of optimal opportunity to process information from the
111 environment. Therefore, we hypothesized that perturbing visual cortical
112 activity at specific phases of the ongoing alpha rhythmwould differential-
113 ly alter WM for motion direction.
114 Although it is reasonable to hypothesize that motion WM may be
115 contingent upon the phase of ongoing alpha oscillations, a plethora of
116 previous research has revealed the importance of the timing of spTMS
117 relative to stimulus onset for motion processing. These studies utilized
118 spTMS to transiently alter V5 activity at various times relative to motion
119 stimuli onset and assess motion detection performance. Results indicat-
120 ed that spTMS toV5 candisruptmotion processingwhen applied prior to
121 motion onset (−150–0 ms post onset) (Beckers and Zeki, 1995; Laycock
122 et al., 2007;Maus et al., 2013; Sack et al., 2006; Stevens et al., 2009), near
123 motion onset (0–50 ms post onset) (Beckers and Homberg, 1992;
124 Beckers and Zeki, 1995; Laycock et al., 2007; Maus et al., 2013), and fol-
125 lowing motion onset (80–200 ms post onset) (Anand et al., 1998; Bosco

126et al., 2008; Laycock et al., 2007; Maus et al., 2013; Sack et al., 2006;
127Silvanto et al., 2005; Stevens et al., 2009; Walsh et al., 1998). These re-
128sults suggest thatmultiple temporalwindows are critical formotion pro-
129cessing. Thus, the effects of spTMS on motion WM performance may be
130contingent on both alpha phase at the time of the TMS pulse, as well as
131the specific time of the pulse relative to stimulus onset.
132It has also been proposed that critical motion processing time periods
133arise not solely based on intrinsic V5 activity, but via interactions of dis-
134tributed, fronto-parietal networks that transmit top-down signals to V5
135(Laycock et al., 2007). This is highly plausible given the role of fronto-
136parietal regions both during periods of stimulus expectation (i.e., prior
137to the stimulus onset) (Bollinger et al., 2010; Carlsson et al., 2000; Coull
138and Nobre, 1998) and early sensory processing (Foxe and Simpson,
1392002; Ruff et al., 2006; Silvanto et al., 2006; Zanto et al., 2011b). We
140have previously shown that WM for motion direction is associated with
141modulation of activity in V5 that is dependent on functional connections
142between V5 and fronto-parietal regions subserving attention andmemo-
143ry processes (Zanto et al., 2010a, 2011b). Specifically, a region within the
144prefrontal cortex, the inferior frontal junction (IFJ), was shown to be con-
145sistently engaged across individuals and causally involved in modulating
146neural activity in visual cortex during WM encoding at the P1 (100 ms
147post stimulus onset) of the event related potential (ERP). In addition to
148the attention based, or top–down, modulation of the P1 to motion stim-
149uli, it is interesting to note that the P1 may be generated, at least in
150part, by alpha band oscillations (Freunberger et al., 2008). Therefore, we
151hypothesized that spTMS targeting V5 and IFJ would impact WM perfor-
152mance, aswell as the P1 amplitude, based on the posterior alpha phase at
153the timeof TMSpulses, and that the time relative to stimulus onsetwould
154interact with this influence of phase.
155To address our hypothesis, a delayed recognition task for motion di-
156rectionwas used in two separate experimental sessions (Fig. 1A). Guid-
157ed by the results from previous studies (Zanto et al., 2010a, 2011b), the

Fig. 1. Experimental paradigm. (A) Delayed recognition task for motion direction.
White arrows depict the direction of motion and were not present during the exper-
iment. (B) Timing of spTMS onsets relative to the onset of the stimuli to be remem-
bered. Note: only one TMS pulse was applied per trial.
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