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Rhythmic activity can also be observed non-invasively with MEG and EEG. The rhythmic or 
oscillatory activity is defined with frequency, phase and amplitude. Frequency is the rate of cycles 
per second (Hz). Phase is the time point in an oscillation. One oscillation cycle’s phase is divided 
into 360°, usually expressed in radians. Amplitude is the magnitude of the extreme values of the 
oscillation. To extract amplitude, phase and frequency one needs to transform the signals into 
complex form. One of the ways to do this is to use Hilbert transform with Morlet wavelet 
convolution to create an analytic signal. There are many definitions of amplitude. In this thesis 
peak amplitude is used, or more exactly the absolute value of the analytic signal.  

The observed rhythmic activity is sporadic with the frequency and amplitude of brain’s oscillatory 
activity changing, and several different frequencies can be observed at the same time. Commonly 
studied frequencies range from around 4 Hz to 150 Hz. These frequencies are divided into 
frequency bands: theta (4–8 Hz), alpha (7–15 Hz), beta (15–30 Hz), and gamma (30–150 Hz). There 
is some variation in to what frequencies different people place the frequency bands, but these 
ones should be rather uncontroversial. Considering the prior experiments (Axmacher et al., 2008; 
Bae and Luck 2018; Barnes et al., 2016; Crespo-Garcia et al., 2013; Gray and Singer 1989; Gruber et 
al., 1999; Haegens et al., 2011; Jensen et al., 2002; Jensen and Mazaheri 2010; Klimesch et al., 
2007; Magen et al., 2009; J. M. Palva et al., 2010; S. Palva et al., 2011; Polanía et al., 2012; 
Siebenhühner et al., 2016; Siegel et al., 2008; Tallon-Baudry et al., 1998; Wyart and Tallon-Baudry 
2008) I consider alpha and gamma activity to be particularly pertinent frequency bands for 
attention and working memory.  

Synchrony between two brain areas can be estimated with amplitude and phase. A usual way is to 
look at how of the signals between the two brain areas co-vary. If the areas have exactly similar 
signals in time, they are synchronous. If they have completely unrelated signals they are not 
synchronous. The former situation with the same signals would get a synchrony value of 1, and the 
latter situation would get a synchrony value of 0. In brain data you will get values between 0 and 1. 
Using phase to estimate synchrony between the areas is a common method. If the brain areas 
have a consistent phase relation they are considered to synchronize. This can happen at a certain 
time of a task for example, with the synchrony being lower at other times of a task. Or synchrony 
between brain areas might increase as a function of task difficulty. In these cases where synchrony 
increases one would consider synchrony playing an important role.  

Though the most common way to estimate synchrony is phase-phase synchrony with 1:1 
frequency ratios, one can also estimate n:m ratio cross-frequency synchrony (CFS), and phase-
amplitude coupling (PAC). Cross-frequency synchrony is estimated in a similar fashion to 1:1 
synchrony, but just between different frequencies like 10 Hz and 20 Hz (ratio 1:2) (for review (J. M. 
Palva and Palva 2017)). In PAC the relationship between the amplitude of a higher frequency and 
the phase of a slower frequency is estimated (rev (Canolty and Knight 2010)).  

The functions of different frequencies and measures are discussed in chapters 3.2 Visual attention 
and 3.3 Visual working memory.  
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Activity associated with VWM is widespread in the brain (D'Esposito and Postle 2015; LaRocque et 
al., 2013). Object representations are constructed widespread in the visual system (Kravitz et al., 
2013). Attentional and executive functions related to VWM are coordinated by the frontoparietal 
network (Fuster 2000; Fuster 2001; Kastner and Ungerleider 2000). Classification tools can be used 
with high accuracy to decode retained items from the early visual areas (V1-V4) using fMRI, even if 
early visual areas (V1-V4) are not found to have much increased activity during long retention 
(Harrison and Tong 2009; Riggall and Postle 2012), but cannot be classified from frontal or IPS 
areas (Riggall and Postle 2012). However the opposite is true for decoding non-visual properties 
indicating that the prefrontal cortex is involved in maintaining abstract information (Sue-hyun Lee 
et al., 2013). In these fMRI studies it has been found that elevated activity reflects non-retention 
activity like attention, and retention activity may not require elevated activity (LaRocque et al., 
2013; Riggall and Postle 2012).  The posterior parietal cortex (PPC) limits the capacity of items held 
in visual memory (Todd and Marois 2004) and perceptual demands during VWM correlate with 
PPC activity (Morgan et al., 2011). Parietal, prefrontal and visual areas are activated during 
perception and VWM retention (Larocque et al., 2014). This suggests that memory representations 
and perceptions rely on same brain areas.  

Alpha-band oscillation amplitudes are strengthened in frontal, parietal and higher-level regions 
during WM (Jensen et al., 2002; Nenert et al., 2012; S. Palva et al., 2011). Alpha-band oscillation 
amplitudes have been associated particularly with spatial attention in VWM (Bae and Luck 2018). 
Gamma-band oscillation amplitudes are increased in visual and fronto-parietal areas during VWM 
maintenance (Jokisch and Jensen 2007; Medendorp et al., 2007; Morgan et al., 2011; S. Palva et al., 
2011; Roux et al., 2012; Sauseng et al., 2009). This gamma activity is suggested to be related to 
perceptual integration and memory maintenance of VWM (Magen et al., 2009; Polanía et al., 2012; 
Tallon-Baudry et al., 1998), particularly in PPC for integration demands (Morgan et al., 2011). 
Increasing VWM load increases EEG activity until a plateau is reached according to the capacity of 
the subject (Vogel and Machizawa 2004). Load-dependent gamma amplitude activity predicts 
accuracy in WM tasks (S. Palva et al., 2011; Roux et al., 2012; Sauseng et al., 2009).  

Higher VWM capacity subjects have been found to have greater activity difference between low 
and high load tasks (Vogel and Machizawa 2004). The difference between high and low capacity 
subjects might be that high capacity subjects encoded only relevant information, but low capacity 
subjects’ performance suffered from encoding in to memory also non-relevant information (Vogel 
et al., 2005). Different frequency bands have been suggested to coordinate processes maintenance 
(gamma), temporal organization (theta), and inhibition of task-irrelevant information (alpha) in 
VWM (Roux and Uhlhaas 2014). 

Beta and gamma synchronization is related to perceptual binding of feature assemblies in the 
visual cortex (Singer and Gray 1995; Singer 2013), and in coordinating large-scale networks of 
visual and fronto-parietal regions (Bosman et al., 2012; Buschman and Miller 2007; Fries et al., 
2002; Fries 2005; Gregoriou et al., 2009). During VWM maintenance large-scale gamma-band 
synchronization is observed in visual and FP areas (Axmacher et al., 2008; J. M. Palva et al., 2010). 
Long-range alpha synchronization has been suggested to mediate top-down control of WM and 
serve different function from alpha amplitude modulations (Crespo-Garcia et al., 2013). During 
VWM maintenance cross-frequency synchronization of theta and alpha to beta and gamma 
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Figure 1: Study I results. Attentional load dependent oscillation amplitudes. The P values mean 
fraction of significant results out of all: in the frequency plots P means fraction of parcels active out 
of all parcels, in the anatomical plots fraction of frequencies out of indicated frequency selection. 
P+ is fraction of positive correlation results, P- fraction of negative correlation results. Left column: 
T1, right column: T2. A–D) Common load-dependent attentional amplitude effects (Pearson’s r, p < 
0.01, corrected). E–H) Load-dependent attentional effects divided into low and high capacity 
subjects (Pearson’s r, p < 0.01, corrected). E–F) Colored solid lines for high-capacity subjects, 
dashed for low capacity. The gray line shows two-way mixed ANOVA interaction of Group x Load 
(p<0.05, corrected).  Labels: A, Anterior; m, middle; p, posterior; s, superior; i, inferior; C, 
central; D, dorsal; F, frontal; G, gyrus; J, junction; L, lateral; M, medial; O, occipital; P, parietal; S, 
sulcus; T, temporal; V, ventral; caS, calcarine sulcus; Ci, cingulated; FEF, frontal eye field (putative); 
IN, insula; IPS, intraparietal sulcus and transparietal; orb, orbital; orbSme, orbital sulcus and medial 
olfactory; som, somatomotor; PC, parietal cortex; PFC, prefrontal cortex; PPC, posterior parietal 
cortex (includes intraparietal sulcus [IPS] and superior parietal gyrus [sPG]); Vis, early visual areas 
(~V1–V4, blue circle). 
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