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Abstract 

Top-down expectations allow us to quickly filter relevant events from the 

continuous stimulation by the environment. The Attentional Blink (AB) paradigm 

simulates such taxing situations in the laboratory (Raymond et al., 1992). For 

the first time, I employed composite events as targets in an AB paradigm. A first 

target (T1) was defined as 3 consecutive digits, while a second target (T2) was 

an ‘X’. In this way, unfulfilled expectations regarding T1 could be elicited by 

presenting partial targets, containing only 1 or 2 digits. My paradigm was 

specifically developed to allow the manipulation of global and local 

expectations independently. While global expectations are induced by relative 

trial frequencies and modulate target expectations prior to a trial, local 

expectations are induced by the consecutive presentation of digits that raise the 

expectation for a full target as a trial unfolds. 

I predicted that, when expectation for the full target was globally high 

and locally raised to a maximum, disappointing these expectations would result 

in an AB in itself without a full T1 being presented (i.e. with 2 digits). Possibly, 

this AB could be even larger in magnitude than when expectations are met (with 

3 digits). This was indeed the case when 3 digit trials were the most frequent 

event (Experiments 1, 3, 4 and 5). When global expectations for 3 digits were 

high, I observed the strongest AB with 2 digits, greater even than with the full 

T1. This suggests that maximally raised but violated expectations (with 2 digits) 

have a more detrimental effect on subsequent T2 processing than fulfilled 

expectations for the full target (3 digits). 

I subsequently showed that this pattern could not simply be explained by 

enumeration of the digits (Experiment 2). Counting the digits was associated 

with the same blink magnitude with 1, 2 and 3 digits, suggesting that counting 

involves consolidation of digits into working memory as targets, a process 

unaffected by global expectation of trial types or the quantity of digits. 

I then investigated the role of bottom-up signals in switching from raised 

expectations for the T1 to T2. I considered the roles of the post digit mask 

(Experiment 3), and of colour- (Experiment 4) and sound-based (Experiment 5) 

switching signals which marked the end of the digit event. Performance was 

improved considerably by removing the lag 1 mask after partial targets (1 digit 

and 2 digits), but not after full targets (3 digits). For partial targets, the 
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presence of a mask seems to conflict with the expectations for another digit, 

and the knock-on effect could be a delay in switching to T2. The AB magnitude 

for full targets is unaffected by the mask, suggesting consolidation of T1 and 

switching to T2 occurs immediately after the 3rd and final digit. On the other 

hand, marking the final digit with a colour or sound did not influence the AB in 

any digit condition. Taken together, this suggests that in this paradigm, top-

down expectations play a much stronger role than bottom-up factors. 

I then manipulated the relative frequencies of the digit events to 

investigate how top-down global and local expectations contributed to the AB 

magnitudes. In Experiments 6 and 7, the 3 digit event became increasingly rarer 

as the 2 digit event became more frequent. Overall, I found a reversal of the 

previous pattern: The AB with 3 digits became increasingly stronger than the AB 

with 2 digits. My findings suggest that global expectations influence the build up 

of local expectation increments with each presented digit, yet this occurs in a 

non-linear fashion. 

Two MEG experiments further show that raised and subsequently violated 

expectations for T1 have a distinct neural signature (MEG Experiment 1), which 

cannot be accounted for by the act of counting the digits (MEG Experiment 2). 

In particular, beta-band oscillations seem to code for both the target processing 

and the rapid changes in local expectations during the trial. A key finding from 

MEG Experiment 1 was the similar widespread beta power decrease for 2 digits 

and 3 digits until 0.6 s, when the conditions dissociated into a frontal power 

increase for 2 digits while the 3 digit power decrease continued. Tentatively, I 

suggest that this could represent the building of expectations for the full target 

(power decrease) and the subsequent violation of expectations (frontal power 

increase) in the 2 digit trials. 

An M300 to each digit suggests that all digits enter the global workspace 

and are consolidated into working memory; a finding which is corroborated by 

the theta-band results. Meanwhile, alpha oscillations were more posterior and 

appear to code for the processing of full targets only (3 digits in MEG 

Experiment 1, and 1, 2 and 3 digits in MEG Experiment 2). 

To summarise, my key finding is that an AB can be elicited without a T1 

actually occurring. Building up expectations about the T1 event within a trial 

can alone induce an AB. Furthermore, built and subsequently violated 

expectations for the T1 event seem to be coded in the brain by widespread 
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modulations of beta oscillations. I discuss the findings with relation to several 

models of the AB. In particular, my behavioural and MEG findings fit well with 

the “Robust State” hypothesis (Kessler et al., 2005a), set within the wider 

“Global Workspace” framework (Dehaene et al., 2003a), which accounts for the 

dynamic interaction of top-down expectations with bottom-up visual processing. 

I envisage this novel aspect of expectations complementing the growing 

knowledge of the AB and emphasising the importance of network dynamics as a 

metaphor for the parallel distributed processing in the brain. 
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waveforms also decreased (Table 1). For the final M300 with 2 & 3 digits, a 

broader temporo-parieto-frontal component developed, particularly over left 

channels. A similar but weaker topography is seen in the 0 digit condition which 

could reflect the monitoring of the RSVP stream for digits. The 0 digit 

topography is mainly posterior, while the M300 digit topography has a strong 

anterior component. 

 

Figure 14 - Absolute topographies for the M300 peaks for each digit level. ERF amplitude is 

averaged across a 0.1s period for each plot: 1st M300 0.3:0.4 s, 2nd M300 0.45:0.55 s, 3rd 

M300 0.6:0.7 s. 

Time-frequency analysis 

Time-frequency analysis in the 4:30 Hz range revealed interesting effects in 

beta (β), alpha (α) and theta (θ) bands. Group time-frequency representations  

 
Figure 15 - Group TFR (top row) and statistics (bottom row) for each digit level for a left 
anterior-temporal channel (A96) in 4 to 30 Hz range. The top row shows TFR relative to 
baseline (-0.2:0s) for each digit. Red reflects a power increase and blue a power decrease. 
The bottom row shows the statistically significant effects in time and frequency for 1, 2 and 
3 digits vs. 0 digit. White reflects a significant power increase and dark grey a power 
decrease. 
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(TFR) for a left anterior-temporal channel (A96) (Figure 15, top row) illustrate 

the strong differences in β- and α-bands between digit levels. A β-band power 

decrease (relative to baseline) was present in all digit levels, but was strongest 

and most sustained in the 3 digit condition. In the α-band, there was a strong 

sustained power increase in the 1 digit and 0 digit conditions, followed by a late 

power decrease. A more transient power increase was observed in the 3 digit 

and 2 digit conditions, before the late power decrease. This channel also shows 

a θ power increase in 1, 2 and 3 digit conditions, which is absent in the 0 digit 

baseline. Cluster-based statistics were performed across all frequencies and all 

channels, over a time-window of 0:0.9 s. For temporal channel A96, statistically 

significant effects were observed for the θ power increase for 1, 2 and 3 digits 

vs. 0 digit, and for the β power decrease for 2 and 3 digits vs. 0 digit (Figure 15, 

bottom row). Significant differences between digit levels were observed in the 

α-band in posterior channels (as illustrated in Figure 19). Additionally, the TFR 

for a central occipital channel (A186) illustrates the strong and sustained alpha 

power decrease during the RSVP stream (relative to baseline) in trials containing 

0, 1, 2 and 3 digits (Figure 16). A late α power increase is observed in 1 digit 

trials. The sensor- and source-level effects for the β, α and θ bands will now be 

discussed in detail. 

 
Figure 16 - Group TFR for each digit level for a central occipital channel (A186) in 4 to 30 Hz 
range. The plots show TFR relative to baseline (-0.2:0 s) for each digit. Red reflects a power 
increase and blue a power decrease. 
 

Beta band 

At the sensor-level, there were clear differences between the digit levels in the 

β band (17-21 Hz) (Figure 17). In the 3 digit vs. 0 digit comparison, there was an 

early and sustained power decrease (2 negative clusters: 0.25:0.65 s, p=0.008 & 

0.75:0.9 s, p=0.01). An early left central cluster (from 0.25 s) was later joined 

by a right central cluster (~ 0.75 s). The 2 digit vs. 0 digit comparison shows a 

similar pattern until 0.65 s (negative cluster: 0.35:0.65 s, p=0.006), when a late 

anterior power increase occurred (positive cluster: 0.75:0.9 s, p=0.01). A late 

but non-significant posterior power increase can also be seen in the 
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topographies. There were no significant differences in the 1 vs. 0 digit 

comparison (all p> 0.086), although a late posterior power increase (from 0.7 s) 

is apparent. Comparing the partial targets, there were no significant differences 

between 2 and 1 digits (1st positive cluster p=0.326 & 1st negative cluster 

p=0.048, not significant (ns)17). There was a significant power decrease when 

comparing 3 digits with 2 digits (0.65:0.9 s, p=0) and with 1 digit (0.55:0.9 s,  

 

Figure 17 - Difference topographies (eg. 3 digit – 0 digit) with statistics comparing digit 

levels to the baseline (0 digit) condition in beta band (17-21 Hz). Squares above the 

topoplots illustrate the timing of significant clusters (red= power increase, blue= power 

decrease). Black arrows illustrate the onset of the digits. Purple rectangles reflect the time-

window used for source analysis. 

 

                                         
17 The overall p-value (0.05) was split between the positive and negative sides. For example, I 

assessed significance for negative clusters against a p-value of 0.025. 
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p=0). The negative cluster for 3 vs. 1 digit occurred bilaterally over parietal and 

occipital channels, while it also spread to frontal regions for the 3 vs. 2 digit 

comparison. The key finding from the beta band is that the 2 digit condition is 

similar to 3 digits from 0.35-0.65 s, after which the 2 digit pattern more closely 

resembles 1 digit. 

I only performed source analysis on a digit level if it differed significantly 

from the 0 digit condition at the sensor-level, to optimise the filters for locating 

the strong underlying sources. Therefore, I performed β source analysis (20 Hz, 

0.35:0.85 s time window) for 3, 2 and 0 digits (not for 1 digit), using these 3 

conditions to make the common filter18, as well as using separate filters for each 

of these digits. For details of all the sources see Tables 5 and 6 in the Appendix 

B. 

The sources with β power decrease were remarkably similar for the 3 vs. 

0 digit and the 2 vs. 0 digit comparisons (Figure 18, 1st & 2nd), with stronger 

relative power decreases in the 3 digit comparison. These sources were in 

inferior parietal (3 vs. 0: L/R BA 40, & 2 vs. 0: L BA 40), superior parietal (3 vs. 

0: L BA 7, & 2 vs. 0: L/R BA 7), occipito-temporal and middle temporal (3 vs. 0: 

L/R BA 37, 21, 22, & 2 vs. 0: L/R BA 21,22) and occipital (3 vs. 0: L/R BA 17, 18, 

19, & 2 vs. 0: R BA 17) cortices. The 3 vs. 0 digit separate filter statistics 

additionally revealed power decreases in motor areas (R BA 4, 6) and the 

inferior part of the right dorsolateral PFC (BA 46). Likewise, there were similar 

frontal β power increases for 3 vs. 0 digit and 2 vs. 0 digit comparisons. While 

bilateral power increases were seen in the 3 digit comparison, the 2 digit 

sources were strongly right lateralised. The 3 vs. 0 digit common filter analysis 

showed power increases in the superior part of the dorsolateral PFC (R BA 9), 

inferior frontal (L BA 10), superior frontal (L BA 8) and the anterior cingulate 

cortex (ACC) (L BA 6)19. For the 2 vs. 0 digit comparison, the common filter 

analysis revealed increases in the left hemisphere in ventrolateral PFC (BA 47), 

inferior frontal (BA 10) and superior frontal (BA 6), while the dominant right 

lateralised source stretched from the dorsolateral PFC (BA 9, 46) to the middle 

frontal cortex (BA 10). Like 3 digits, there was a β power increase in the ACC (L 

BA 32) and superior frontal (L BA 6) for the 2 digit comparison, revealed by the 

separate filter analysis. 

                                         
18 Adding the 1 digit data to the common filter calculation could weaken the source estimation. 
19 The ACC includes BA32, BA24 and deep regions of BA6. 
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The different filter analyses showed distinct patterns for the comparison 

of 3 vs. 2 digits (Figure 18, 3rd). In the separate filter analysis, there was a 

significant frontal decrease in right ventrolateral PFC (BA 47, 45, 11) and left 

superior medial frontal (BA 8) sources. The common filter statistics revealed a 

power decrease in the left inferior parietal cortex (BA 40), while the relative 

power plots also showed the strong power decrease in 3 digits relative to 2 

digits across the right PFC (BA 46, 47) and the power increase in the left 

dorsolateral PFC (BA 46) and right medial frontal (BA 8) sources. 
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Figure 18 - Group beta band sources for the 3 vs. 0 digit (1st figure) 2 vs. 0 digit (2nd figure) 

and 3 vs. 2 digit (3rd figure) comparisons. For the common filter analysis, the relative power 

(e.g. (3 digit – 0 digit)/0digit; top row) and statistics (e.g. 3 vs. 0 digits; middle row) are 

shown. The separate filter statistics (bottom row) are also shown. Sources are projected 

onto a surface plot of the brain, with slice plots included for key deep sources and sources 

that did not project to the surface. From left to right of the page, the views of the brain are: 

left, right, top and back. Refer to Appendix B Tables 5 and 6 for further details of the 

sources. 
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Alpha band 

Like β, there were obvious sensor-level differences between the digits in the α 

band (9-13 Hz) (Figure 19). Effects in the α band were predominantly over 

posterior channels and dissociate between targets (3 digits) and partial targets 

(1 and 2 digits). In the 3 digit vs. 0 digit comparison, there was a significant, 

sustained negative cluster (0.4:0.85 s, p=0.01) over left parietal and bilateral 

occipital channels. There were no significant differences in the 2 vs. 0 digit 

comparison (all p>0.104). A late power increase (0.75:0.85 s, p=0.016) was 

observed in the 1 vs. 0 digit comparison, over bilateral posterior channels. 

There were no significant differences between the partial digit conditions (2 vs. 

1 digit: positive cluster p=0.424, negative cluster p=0.046, ns). There was a 

significant power decrease when comparing 3 digits with both 2 digits and 1 

digit (0.4:0.85 s, p=0 for both comparisons), and this difference started with the 

onset of the 3rd digit. 

I only performed source analysis on a digit level if it differed significantly 

from the 0 digit condition at the sensor-level, to optimise the filters for locating 

the underlying sources. Therefore, α source analysis (10 Hz, 0.4:0.9 s time 

window) was performed for 3, 1 and 0 digits (not for 2 digits20), using these 3 

conditions for the common filter, as well as using separate filters for each digit. 

For the 3 vs. 0 digit comparison, there was a pronounced posterior α power 

decrease, stronger in the left hemisphere, with the common and separate filter 

analyses (Figure 20, 1st, Tables 7 and 8 in the Appendix B). These sources 

included inferior and superior parietal (L/R BA 7, 40), middle and superior 

temporal (L BA 21), occipito-temporal (L BA 19) and posterior cingulate (L BA 

23, 31). There were significant lateral prefrontal power decreases in the 

separate filter analysis in ventrolateral (R BA 47) and dorsolateral PFC (L BA 9, 

46), with medial frontal power increases with the common filter in dorsolateral 

PFC (R BA 9) and middle frontal cortex (L BA 10). 

A different pattern emerged for the 1 vs. 0 digit comparison (Figure 20, 

2nd), with widespread but left dominant α power increases seen with the 

common filter in middle frontal (L BA 10), Broca’s area (L BA 44), inferior 

temporal (L BA 20), fusiform gyrus (R BA 19) and precentral cortex (L/R BA 6). 

                                         
20 At the sensor-level, I observed no significant differences between 2 digits and the 0 digit 

baseline. Therefore I did not perform alpha source analysis with 2 digits. 



Chapter 8  96 

Power decreases were observed in the primary motor cortex (L BA 4) and 

precuneus (R BA 7). 

For the 3 vs. 1 digit comparison (Figure 20, 3rd), I observed posterior α 

decreases and mainly frontal power increases. Significant power decreases were 

more widespread for the separate filter than the common filter analysis. 

Overlapping sources included inferior and superior parietal (L/R BA 40, 7), 

temporal (L/R BA 13, 20-22, 37, 41) and occipital (L/R BA 18, 19) regions. There 

were also power decreases in medial frontal (L/R BA 10) sources in the separate 

filter statistics. Non-significant power increases can be seen in the common 

filter relative power plots in dorsolateral PFC (L/R BA 9), pre-motor (L BA 6) and 

postcentral (L BA 1) cortices. 

 

Figure 19 - Difference topographies (eg. 3 digit – 0 digit) with statistics comparing digit 

levels to the baseline (0 digit) condition in alpha band (9-13 Hz). Squares above the 

topoplots illustrate the timing of significant clusters (red= power increase, blue= power 

decrease). Black arrows illustrate the onset of the digits. Purple rectangles reflect the time-

window used for source analysis. 
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Figure 20 - Group alpha band sources for the 3 vs. 0 digit (1st figure) 1 vs. 0 digit (2nd 

figure) and 3 vs. 1 digit (3rd figure) comparisons. For the common filter analysis, the relative 

power (e.g. (3 digit – 0 digit)/0digit; top row) and statistics (middle row) are shown. The 

separate filter statistics (bottom row) are also shown. Sources are projected onto a surface 

plot of the brain, with slice plots included for key deep sources and sources that did not 

project to the surface. From left to right of the page, the views of the brain are: left, right, top 

and front. Refer to Appendix B Tables 7 and 8 for further details of the sources. 
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Theta band 

At the sensor-level, a similar pattern emerged in 3, 2 and 1 digit conditions in 

the θ band (3-7 Hz) (Figure 21). When compared to the 0 digit baseline 

condition, there were only positive significant clusters for all digits: 3 vs. 0 digit 

(2 clusters: 0.05:0.55 s & 0.1:0.55 s, both p=0.002); 2 vs. 0 digit (1 cluster: 

0.1:0.55 s, p=0); 1 vs. 0 digit (1 cluster: 0:0.55 s, p=0). This power increase 

started with the onset of 1st digit and was sustained bilaterally over anterior 

channels. There were no significant clusters when comparing 3, 2 and 1 digit 

pairwise (all p> 0.240). 

 

Figure 21 - Difference topographies (eg. 3 digit – 0 digit) with statistics comparing digit 

levels to the baseline (0 digit) condition in theta band (3-7 Hz). Squares above the topoplots 

illustrate the timing of significant clusters (red= power increase). Black arrows illustrate the 

onset of the digits. The purple rectangle reflects the time-window used for source analysis. 

 

I performed θ band (6 Hz) source analysis using a common filter (for all 4 

digit levels) on an early time window (0.05:0.55 s) (Figure 22; Appendix B Table 

9). Sources showing increased θ power in the 321 digit variable relative to the 0 

digit were located in the right dorsolateral PFC (BA 46), left ventrolateral PFC 

(BA 45), bilateral middle frontal (BA 8, 10), Broca’s area (left BA 44), right 
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inferior parietal (BA 40) and right occipito-temporal cortex (BA 37). A power 

decrease was observed bilaterally in the occipital cortex (BA 18, 19). 

 

 

Figure 22 - Group theta band sources for the merged variable 321 digit vs. 0 digit 

comparison. The common filter relative power (eg. (321 digit – 0 digit)/0digit; top row) and 

statistics (middle row) are shown. Sources are projected onto a surface plot of the brain. 

From left to right of the page, the views of the brain are: left, right, top and back. Refer to 

Appendix B Table 9 for further details of the sources. 

 

Discussion 

In terms of ERFs, each digit was associated with a temporo-parieto-frontal M300 

(Figure 13). This suggests that each incremental part of the target gains access 

to the global workspace (cf. Dehaene et al., 2003a), and is updated in working 

memory (Donchin and Coles, 1988, Verleger, 1988). Thus, processing of 

composite targets appears to occur online (as digits are revealed) rather than 

offline (just before the target decision). 
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Oscillations in the beta band could reflect the building of expectations 

(power decrease) and the resolution of violated expectations (power increase). 

The β power decrease is similar for 3 digits and 2 digits, and absent from the 1 

digit condition, when compared to the 0 digit baseline condition. The sensor-

level statistics show that the 3 digit and 2 digit β power decrease is similar in 

the period from 0.35 - 0.65 s, after which the pattern dissociates into a frontal 

power increase with 2 digits (0.75 - 0.9 s), while the 3 digit power decrease 

continues (Figure 17). The timing of the β power decrease is in a similar range 

as the findings of Gross and colleagues (2006); a study relating β band 

synchronization to anticipation of a target. Network synchronization to the 

single target peaked 0.26 s after its onset. This was preceded by a decrease in 

synchronization to the previous distractor (0.114 s after the target onset). The 

difference between target synchronization and distractor desynchronization 

increased with growing probability of the target occurring. In the current 

experiment, the β power decrease (relative to 0 digits) began 0.25 s after the 

onset of the 1st digit for 3 digits, and 0.35 s for 2 digits (Figure 17). This suggests 

that the power decrease with 2 digits began 0.1 s later than with 3 digits. 

However the direct comparison between 3 digits vs. 2 digits showed the 

conditions did not differ at this time point: a significant difference was found 

only after 0.6 s. Overall, the timing of this β power decrease with 2 digits and 3 

digits overlaps with a period during which target anticipation is reflected in β 

band synchronization (Gross et al., 2006). Taken alongside the absence of a β 

power decrease in the 1 digit condition, this is some evidence that enhanced 

processing, perhaps reflecting local target expectations, occurs when 

participants see a 2nd and then a 3rd digit. 

The underlying sources for the power decrease with 2 digits and 3 digits 

are in bilateral parietal, temporal and occipital regions. This fits with the 

network of sources showing long-range β band synchronization during dual 

target processing in the AB (Gross et al., 2004) and with fMRI AB networks 

(Feinstein et al., 2004, Kranczioch et al., 2005, Marois et al., 2000). The β 

power decrease could reflect intense processing that begins with the 2nd 

incoming digit as expectation for the full composite target builds. The intense 

processing continues for 3 digits towards the end of the trial as target 

expectations are fulfilled, and further target-related processing continues. 
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The late anterior β power increase with 2 digits could reflect the 

immediate inhibition of processing when the violation of expectations is 

registered. At the sensor-level, I observed power increases only in the 2 digit 

comparison to the 0 digit baseline. Source-level analysis can be more sensitive 

at detecting differences between conditions than the sensor-level. Thus I 

observed frontal sources with β increases in the 3 digit, as well as the 2 digit 

comparison to baseline. Sources within the left ACC (BA 32 for 2 digits and BA 6 

for 3 digits) could relate to error and conflict monitoring (Carter et al., 1998, 

Cohen, 1998). The ACC has also been linked to deviations in expectation 

(Oliveira et al., 2007). Error monitoring sources are observed for the 3 digit as 

well as the 2 digit trials, since conflict must be quickly detected and resolved in 

the RSVP stream once expectations have been raised. The power increase for 

the 3 digit and 2 digit comparisons to baseline in right dorsolateral PFC (BA 9, 

46) and the left inferior frontal (BA 10) sources could relate to the manipulation 

of multiple digits in working memory. The dorsolateral PFC is a key area for the 

manipulation of items held in working memory (Postle and D'Esposito, 2000). 

The inferior frontal cortex (BA 10) is also involved with performing operations in 

working memory (Wager and Smith, 2003), such as maintaining existing 

information while new items (in this case, digits) are being integrated (Koechlin 

and Hyafil, 2007). Inferior frontal areas are often active alongside posterior 

fronto-median regions when there is a conflict at the response level (cf. 

Kranczioch et al., 2005); a response conflict is likely to occur when making the 

decision about whether you saw 2 or 3 digits in my paradigm. However, the 

strongly right lateralised power increase (including middle and inferior frontal 

(BA 10)) is specific to the 2 digit comparison. Neuroimaging and 

neurophysiological findings suggest that the right inferior frontal cortex, in 

particular, plays a key role in inhibition (reviewed in Aron et al., 2004). 

Additionally, a shift to the right hemisphere in frontal activations was observed 

with increasing uncertainty (Volz et al., 2003), where they found that right BA 8 

activation increased with increasing levels of prediction uncertainty. This 

strongly right lateralised, inferior frontal power increase for 2 digits is the key 

difference from 3 digits, and could reflect the top-down inhibition necessary to 

overcome the raised target expectations. This pattern is complemented by the 

left dorsolateral PFC (BA 46) advantage for 3 digits, hinted at by the non-

significant source in the 3 digit comparison to 2 digits (Figure 18 3rd). 
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The alpha band oscillations dissociate between full targets (3 digits) and 

partial targets (1 digit and 2 digits). For the 3 digit comparison to 0 digits, the 

sustained posterior power decrease is the dominant effect, and begins as the 

3rd digit is presented. Sources are bilateral but stronger in the left hemisphere, 

and include prefrontal, parietal, temporal and posterior cingulate cortex. 

Weaker frontal power increases were observed in the source analysis in the right 

dorsolateral PFC (BA 9) and left middle frontal cortex (BA 10). Sources are 

similar to the β band results, and could likewise reflect the intense target 

processing (power decrease) and the updating of new digit information into 

working memory (power increase) (cf. Klimesch et al., 2007). 

The late widespread α power increase for the 1 digit comparison to 

baseline is localised to frontal, temporal and parietal sources. The 

predominately posterior α increase could indicate the top-down inhibition of 

processing once participants are certain that there is no full target. Response 

preparation could be reflected by the power decrease in the left primary motor 

cortex (BA 4). Although the 2 digit condition did not differ significantly from the 

baseline at the sensor-level, the topoplots suggest α activity is intermediate 

(Figure 19); a mixture of the left-lateralised power decrease component seen 

with 3 vs. 0 digits, and the late posterior increase in the 1 vs. 0 digit 

comparison. It is possible that the power increase for 2 digits could become 

significant after 0.9s21. 

There is no distinction between digit levels in the theta band, and so I 

suggest that θ oscillations could code for the working memory requirements of 

the task. The frontal power increase begins with the onset of the 1st digit and is 

sustained until all digits have been presented (0.55 s) (Figure 21). The power 

increase for the collapsed 321 digit variable compared to the baseline condition 

includes sources in dorsolateral and ventrolateral PFC, as well as middle frontal, 

Broca’s area, inferior parietal and occipito-temporal cortex (Figure 22). Since 

there are no differences in the θ band relating to digit quantity (1, 2 or 3 digits) 

or type of target (full or partial target), and yet digits differ from distractor-

only (0 digit) trials, it is likely that θ codes for a general processing 

requirement. The θ power increase could reflect the opening of an event file in 

working memory with the initial digit (cf. Hommel, 2004, Wyble et al., 2011). 

                                         
21 I cannot analyse the trial beyond 0.9s, since I would encounter a jitter from the end of the RSVP 

stream. 
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Digits could be maintained in working memory by ventrolateral PFC, and 

subsequent digits could update the representation in the event file in 

dorsolateral PFC (Postle and D'Esposito, 2000), while activity in Broca’s area 

could reflect the sub-vocal rehearsal in verbal working memory (Paulesu et al., 

1993). A late decrease of θ power is seen in occipital areas: A non-significant 

sensor-level power decrease occurs over posterior channels between 0.5 - 0.6 s 

in the topoplots (Figure 21), and corresponds to significant occipital sources 

(Figure 22). This top-down inhibition of visual areas could occur once the digits 

have been consolidated in working memory. 

Much research has found a link between the θ oscillations and encoding 

and maintenance in working memory (see Sauseng et al., 2010 for a recent 

review). Frontal θ power increases with greater memory load (Jensen and 

Tesche, 2002) and task difficulty (Gevins et al., 1997). Likewise, long-range θ 

coupling between prefrontal and parietal regions could reflect integration 

across the various neural components of working memory (cf. Sauseng et al., 

2010). It has further been suggested that θ could be the organisational rhythm 

during working memory, through θ phase reset, and the nesting of higher 

frequencies (β, γ) within θ (see Freunberger et al., 2011 for a review) For 

example, the phase-locking relationship of θ with γ could maintain the correct 

temporal order of multiple items in working memory (see Jensen, 2006, Lisman, 

2010 for reviews). 

To summarise, β oscillations seem the most likely candidate to code for 

the raised and subsequently violated expectations (with 2 digits). Oscillations in 

the α band seem to reflect more posterior full target (3 digits) processing, and 

inhibition of processing for 1 digit partial targets. Both the θ and M300 results 

suggest that all digits enter the global workspace and are consolidated into 

working memory. However, it is possible that some of my findings relate to the 

quantification of the digits. Therefore, I performed a 2nd MEG experiment 

where participants counted the digits. Given the dissociation at the behavioural 

level between counting and detecting a composite target, I expect differences 

in the neural patterns. 
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Chapter 9 - MEG Experiment 2: Neural correlates of 

Counting 

Introduction to MEG Experiment 2 

In this chapter, I further investigate the role of counting the digits, using MEG to 

study the neural dynamics. The behavioural experiments detailed in Chapters 2 

and 3 strongly suggest that participants do not simply count the successive digits 

when detecting the composite T1 event. The subsequent behavioural chapters 

give further weight to my suggestion that expectation for the full T1 target (3 

digits) builds up as digits are presented, leading to a strong AB on trials where 

expectations are raised but violated (with 2 digits). Conversely, counting the 

digits is associated with the same blink magnitude with all digit levels: This 

suggests it is the act of counting which induces the AB, as the magnitude isn’t 

influenced by the quantity to be counted. Counting seems to involve 

consolidation of all digits into working memory as “targets” and so I predict a 

similar neural signature for all counted digits (1, 2 and 3 digits) in this MEG 

experiment. 

The paradigms used for the current counting task and the target 

detection task (MEG Experiment 1) are extremely similar. Thus I might expect 

involvement of a similar fronto-temporo-parietal network for attending to the 

RSVP stream, inhibiting distractors, selecting digits and storing them in working 

memory (Hommel et al., 2006). However, the task now explicitly requires 

number quantification, and therefore could strongly recruit areas specialised for 

number processing. The posterior parietal cortex is the hub for number 

processing, with prefrontal involvement for cognitively demanding numerical 

tasks (Nieder and Dehaene, 2009, Piazza et al., 2006). Numerous fMRI studies 

have placed the main number quantification centre in the horizontal segment of 

the intraparietal sulcus (HIPS) (Dehaene et al., 2003b, Nieder and Dehaene, 

2009), the sulcus separating the superior (BA 7) and inferior parietal (BA 40) 

lobules. Activation is typically bilateral, often with a left hemisphere 

dominance, in agreement with the finding that acalculia is associated with left 

parietal lesions (Butterworth, 2000). The HIPS is active in a range of numerical 

tasks, and intraparietal activation is involved in quantifying items in the 
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subitizing (<4 items in spatial array) and counting (>5 items) ranges (Piazza et 

al., 2002). A meta-analysis (Dehaene et al., 2003b) identified 2 additional 

parietal areas active in number processing: a left angular gyrus (BA 39) hub for 

number tasks with a verbal component, and a bilateral superior posterior 

parietal hub which could represent non-specific attentional aspects of number 

tasks. 

In particular, fMRI studies of counting visual targets in a stream 

consistently show bilateral intraparietal activation. Silent counting of oddball 

targets (vs. visual stimulation) within a slow stream (SOA=8s) activated bilateral 

intraparietal areas (BA 40) and angular gyrus (Linden et al., 1999). Serial 

counting of coloured squares (vs. a matching task) in a faster, non-rhythmic 

stream (SOA of 180 or 270 ms) also activated bilateral intraparietal, precentral 

and motor cortices and the right dorsolateral PFC (Piazza et al., 2006). Silent 

counting of strings of letters presented serially (SOA=1.5s) activated inferior 

parietal, as well as middle frontal gyrus and posterior cingulate gyrus (McCarthy 

et al., 1997). 

The few EEG studies into counting also point to a robust parietal number 

centre. A study into numerosity adaptation in infants revealed sources in right 

parietal and prefrontal regions (reported in Piazza and Izard, 2009). Silent 

counting of visual oddball targets evoked a centro-parietal P300, and source 

localisation revealed parietal (supramarginal gyrus and angular gyrus) and 

frontal generators (Yamazaki et al., 2001). 

In the counting experiment, I predict the recruitment of parietal number 

processing areas close to the HIPS quantification area. Since I use MEG source 

analysis, it will not be possible to identify the HIPS with the spatial accuracy of 

fMRI, but I expect to see sources around this area in the inferior and superior 

parietal lobules (BA 40 and BA 7). Finally, and most relevant to my research 

question, I predict a different neural pattern for counting digits compared to 

the detection task in MEG Experiment 1. The beta band results in Chapter 8 

strongly suggest a distinction between processing of the 3 digit full target and 

the 2 digit partial target: Expectation seems to be built (power decrease) and 

subsequently suppressed for 2 digits (frontal power increase), while intense 

target processing (power decrease) continues for 3 digits. I do not expect to see 

this “violated expectation” signature in the current experiment for any digit 

level. In fact, the absence of this signature would lend support to my hypothesis 
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that target expectations alone can modulate the AB, and that expectations have 

a distinct neural signature from counting. 

Methods 

Except where stated below, this experiment was identical to MEG Experiment 1. 

Participants 

Sixteen participants were recruited from the University of Glasgow community22. 

Data from 14 right-handed participants (6 males, 26 ± 5 years (mean age ± SD), 

all with normal or corrected vision) were analysed. 

Behavioural methodology for MEG experiment 

The apparatus and stimuli were identical to MEG Experiment 1. However, 

participants were now asked to count the digits (0, 1, 2 or 3 digits) within the 

RSVP stream. After the trial participants reported the quantity of digits, with 

the following right hand finger movements: thumb to start the trial, index finger 

to report 3 digits, middle finger for 2 digits, ring finger for 1 digit and little 

finger for 0 digits. No error feedback was provided. 

 

Behavioural results 

A repeated measures MANOVA revealed a significant main effect of condition (F 

(3, 11)=8.68, p< .01, ηp
2 = 0.5865) (Figure 23). Performance with 3 digits (77%), 

2 digits (93%) and 1 digit (93%) was significantly lower than the 0 digit baseline 

(99%, all p< .05). There was no significant performance difference between 2 

digit and 1 digit conditions (p= .92), while 3 digit performance was lower than 

both 2 digits and 1 digit (both p< .01). The mistakes made in trials with 3 digits 

were typically reports of 2 digits (22% of the time), with fewer reports of 1 digit 

(1%) or 0 digits (<1%). 

                                         
22 Data from 2 participants could not be analysed due to missing trigger information, necessary to 

identify the trial types. The gradiometer positions were incorrect in a further participant’s data 
but I re-tested that participant. 
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Figure 23 - Behavioural performance for counting the digits. Mean % correct ± 1 standard 
error is shown. 

 

MEG Results 

Event-related fields 

Group ERFs (n=14) revealed a moderate amplitude (3.47 to 6.76*10-14 T) 

waveform repeated every 0.148 to 0.154 s in occipital channels (channel A204, 

Figure 24). Note that the SOA was 0.15 s. No significant differences between 

digits (3, 2, 1 digit) and the baseline condition (0 digits) were observed in 

occipital channels. Yet there was a visible upward shift in 1, 2 and 3 digit ERFs 

between 0.27 - 0.88 s, suggesting top-down modulation by the digits. 

An M300 to each incoming digit is observed in temporal (A197, A210) and 

lateral frontal (A179) channels, occurring approximately 0.323 – 0.408 s after 

the onset of each digit (Figure 24, Table 2). No evoked or slow waves were 

observed in a central frontal channel (A122), where there were no significant 

differences between any digit levels. 

The M300 topographies were similar for all counted digit (1, 2 and 3 digit) 

conditions with a focal central parietal and a broad fronto-temporo-parietal 

component (Figure 25). The strength of the components increased with each 

digit, as shown by the topography ‘snapshot’ of the successive M300 peaks in the  



Chapter 9  110 

 

Amplitude (* 10-14 T) 1st M300 2nd M300 3rd M300 

1 digit 12.45   

2 digits 12.51 7.91  

3 digits 10.96 9.07 3.79 

    

Peak latency (s)    

1 digit 0.366   

2 digits 0.362 0.558  

3 digits 0.362 0.511 0.623 

Table 2 - Group mean amplitudes and latencies of the M300 in the left lateral frontal channel 

A179. Amplitude was calculated as the difference in magnetic field strength (T) between the 

maximum and minimum value of the peak. 

 
Figure 24 - Grand average ERFs for all digit levels in central frontal (A122), left lateral frontal 
(A179), left temporal (A197), right temporal (A210) and central occipital (A204) channels. 
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3 digit condition; although it should be noted that for channel A179, the 

amplitude decreased with each digit (Table 2). A similar but weaker topography 

is observed in the 0 digit condition, which could reflect the monitoring of the 

stream for digits. 

 

Figure 25 - Absolute topographies for each M300 peak for counting each digit. ERF 

amplitude is averaged across a 0.1s period for each plot: 1st M300 0.3:0.4 s, 2nd M300 

0.45:0.55 s, 3rd M300 0.6:0.7 s. 

Time-frequency analysis 

Frequency analysis (4:30 Hz) revealed strong components for all digits in beta 

(β), alpha (α) and theta (θ) bands. A left anterior-temporal channel (A96) 

(Figure 26) illustrates the remarkably similar pattern for all counted digits: 

There was a significant early θ power increase, followed by α and β power 

decreases in 1, 2 and 3 digit conditions relative to the 0 digit baseline. It should 

be noted here that this pattern strongly resembles the TFR statistics for 3 digits 

(full target) compared to 0 digits in MEG Experiment 1 (Figure 15)23. The sensor- 

and source-level effects in the β, α and θ bands will now be discussed in detail. 

                                         
23 However, it is important to consider the baseline condition (0 digit) in each experiment. There are 

stronger power changes within the 0 digit absolute TFR for MEG Experiment 2 (Figure 26, top) 
than MEG Experiment 1 (Figure 15 top). We must bear this in mind when comparing the 
experiments. 
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Figure 26 - Group TFR (top row) and statistics (bottom row) when counting digits, for a left 
anterior-temporal channel (A96) in 4 to 30 Hz range. The top row shows TFR (from -0.5:0.9s) 
relative to the baseline period (-0.2:0 s) for each digit. Red reflects a power increase and 
blue a power decrease. The bottom row shows the statistically significant effects in time 
and frequency for 1, 2 and 3 digits vs. 0 digit, from 0:0.9 s. White reflects a significant power 
increase and dark grey a power decrease. 
 

Beta band  

At the sensor-level, there were remarkably similar early and sustained β power 

decreases (17-21 Hz) for all counted digits (1, 2 and 3 digits) compared to the 0 

digit baseline (Figure 27) (3 digits: 0.35:0.9 s; 2 digits: 0.35:0.8 s; 1 digit: 

0.3:0.8 s; all p=0). These predominately left-lateralised clusters always included 

parietal channels, and often spread to frontal, temporal and occipital channels. 

A late right posterior power increase occurred in the 1 digit and 2 digit 

comparisons to 0 digit (2 digits: 0.7:0.8 s; 1 digit: 0.6:0.9 s; both p<0.01), which 

was absent for 3 digits (p=0.8). Comparing the digits, there were no significant 

differences between 1 and 2 digits (1st positive cluster p=0.036, ns24 & 1st 

negative cluster p=0.65). A significant late power decrease is apparent when 

comparing 3 digits with both 1 and 2 digits (both 0.6:0.9 s, p=0), seen over right 

posterior and central channels. 

I performed β band source analysis (20 Hz, 0.35:0.85 s time window) for 

3, 2, 1 and 0 digits, using all conditions to make the common filter , as well as 

making separate filters for each digit level. Sources are shown for the digit vs. 0 

digit comparisons. Details of the sources are in Tables 10 and 11 in Appendix C. 

For all counted digit comparisons to the 0 digit baseline, I observe a similar 

pattern of left lateralised power decreases and right lateralised power increases 

                                         
24 p=0.025 is used for assessing significance of positive and negative clusters separately. The 

overall test p=0.05. 
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(Figure 28. For 1, 2 and 3 digits, strong left power decreases were seen in 

inferior parietal (BA 40), superior parietal (BA 7), precentral (BA 6), superior 

temporal (BA 39, BA 22) and occipito-temporal (BA 37, BA 19) sources. Right 

hemisphere power increases were located in inferior parietal (BA 40), angular 

gyrus (BA 39), dorsolateral PFC (BA 9), middle frontal (BA 8) for all digits, and 

also in ventrolateral PFC (BA 47) for 2 and 3 digit comparisons, while in superior 

frontal (BA 10, 11) for 1 digit. Additionally for 1 and 2 digits (Figure 28 2nd, 

3rd), I observe a right occipital (BA 18, 19) power increase and left 

temporopolar (BA 38) power decrease. There was also a right inferior temporal 

(BA 20) power increase for 2 and 3 digit comparisons to 0 digits. 

 

Figure 27 - Difference topographies (eg. 3 digit – 0 digit) with statistics comparing counted 

digit levels to the baseline (0 digit) condition in beta band (17-21 Hz). Squares above the 

topoplots illustrate the timing of significant clusters (red= power increase, blue= power 

decrease). Black arrows illustrate the onset of the digits. Purple rectangles reflect the time-

window used for source analysis. 
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Figure 28 - Group beta band sources for the 3 vs. 0 digit (1st figure), 2 vs. 0 digit (2nd figure) 

and 1 vs. 0 digit (3rd figure) comparisons for counting the digits. For the common filter 

analysis, the relative power (eg. (3 digit – 0 digit)/0digit; top row) and statistics (middle row) 

are shown. The separate filter statistics (bottom row) are also shown. Sources are projected 

onto a surface plot of the brain, with slice plots included for key deep sources and sources 

that did not project to the surface. From left to right of the page, the views of the brain are: 

left, right, top and right back. Refer to Appendix C Tables 10 and 11 for further details of the 

sources. 
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Alpha band 

Sensor-level α results revealed a similar pattern for all counted digits (1, 2 and 

3) compared to the 0 digit baseline (Figure 29). A central parietal, left 

lateralised power decrease occurred earlier and spread further with increasing 

digit level (3 digits: 0.35:0.85 s; 2 digits: 0.45:0.85 s; 1 digit: 0.5:0.85 s; all 

p<0.014). The power increase over right posterior and central channels for 1 and 

2 digits (seen in the topographies of 1 vs. 0 and 2 vs. 0 digit comparisons) did 

not reach significance at the sensor-level (both p>0.2). Comparing digits, there 

were no significant α differences between 1 digit compared to 2 digits (positive 

cluster p=0.042, ns, negative cluster, p=0.568, ns). There was a significant 

power decrease over bilateral posterior channels in the 3 vs. 2 digit comparison 

(0.6:0.85s, p=0.002) and a near significant power decrease for the 3 vs. 1 digit 

comparison (negative cluster, p=0.028, ns). 

I performed α source analysis (10 Hz, 0.4:0.9 s time window) for all digit 

levels, with a common filter (containing all 4 digit conditions) and separate 

filters for each digit. For all counted digits (relative to the 0 digit baseline) I 

observed a similar pattern of α power changes (Figure 30). For 1, 2 and 3 digits, 

power decreases were seen strongly in bilateral inferior (BA 40) and superior (BA 

7) parietal cortices, as well as in left superior temporal (BA 22, 41) and left 

occipito-temporal (BA 37) sources. Motor area power decreases were seen in 

bilateral premotor and SMA cortices (BA 6) for all counted digits, and 

additionally in bilateral primary motor cortices (BA 4) for 1 digit. Frontal power 

decreases occurred in left dorsolateral PFC (BA 9, 46) for 1 and 2 digits, and 

additionally in left ventrolateral PFC (BA 47) for 1 digit, with middle and 

superior frontal (BA 10) power decreases for 2 and 3 digits. Bilateral occipital 

(BA 18, 19, 31) power decreases were observed for 2 and 3 digits, while the 1 

digit comparison to baseline revealed the occipital power increases (BA 17, 18) 

that were hinted at by the sensor-level topographies (Figure 29). For 1, 2 and 3 

digits, there was a power increase in right dorsolateral PFC (BA 9, 46), with 

additional superior and middle frontal (BA 10, 11) power increases for 2 and 3 

digits. The 1 digit comparison also showed a power increase in right superior and 

middle temporal (BA 21, 22, 41) sources. 

The common and separate filter analysis differed in how much of the 

brain displayed α power decreases. The common filter analysis revealed quite 

focal sources for all counted digits (see common filter relative power and 
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statistics in Figure 30). The separate filter relative power (Figure 30) and 

statistics (Appendix D Figure 34) showed a more spatially extensive α power 

decrease with increasing digit level, such that most of the brain was 

significantly different for the 3 vs. 0 digit comparison. This can be accounted for 

by the strong difference in absolute negative power between the 3 digit and 0 

digit conditions (see Appendix D Table 15). 

 

Figure 29 - Difference topographies (eg. 3 digit – 0 digit) with statistics comparing counted 

digit levels to the baseline (0 digit) condition in alpha band (9-13 Hz). Squares above the 

topoplots illustrate the timing of significant clusters (red= power increase, blue= power 

decrease). Black arrows illustrate the onset of the digits. Purple rectangles reflect the time-

window used for source analysis. 
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Figure 30 - Group alpha band sources for the 3 vs. 0 digit (1st figure) 2 vs. 0 digit (2nd 

figure) and 1 vs. 0 digit (3rd figure) comparisons for counting the digits. For the common 

filter analysis, the relative power (eg. (3 digit – 0 digit)/0digit; top row) and statistics (middle 

row) are shown. The separate filter relative power (bottom row) is also shown, with 

corresponding statistics shown in the Appendix D Figure 31. Sources are projected onto a 

surface plot of the brain. From left to right of the page, the views of the brain are: left, right, 

top and front. Refer to Appendix C Tables 12 and 13 for further details of the sources. 
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Theta band 

At the sensor-level, an early bilateral θ (3-7 Hz) power increase occurred for all 

counted digits compared to the 0 digit baseline (Figure 31): 3 vs. 0 digit (0:0.5 

s, p=0); 2 vs. 0 digit (2 clusters: 0:0.55 s, 0.05:0.55 s, both p=0.002); 1 vs. 0 

digit (0:0.55 s, p=0). The θ power increase began with the 1st digit, and 

involved bilateral anterior and posterior channels. There were no significant 

differences when comparing 1, 2 and 3 digits pairwise. 

 

Figure 31 - Difference topographies (eg. 3 digit – 0 digit) with statistics comparing counted 

digits to the baseline (0 digit) condition in theta band (3-7 Hz). Squares above the topoplots 

illustrate the timing of significant clusters (red= power increase). Black arrows illustrate the 

onset of the digits. The purple rectangle reflects the time-window used for source analysis. 

 

I performed θ band (6Hz) source analysis using a common filter 

(containing all 4 digit levels) on an early time window (0.05:0.55 s) (Figure 32; 

Appendix C Table 14). Sources showing increased θ power in the merged 321 

digit variable relative to the 0 digit were located in the right dorsolateral PFC 

(BA 46), left ventrolateral PFC (BA 47), left middle frontal (BA 11), left inferior 

parietal (BA 40), left pre-motor (BA 6), right SMA (BA 6) and right superior and 

inferior temporal (BA 39, 20). A power decrease was observed in the left 

occipital cortex (BA 18). 
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Figure 32 - Group theta band sources for the merged variable 321 digit vs. 0 digit 

comparison. The common filter relative power (eg. (321 digit – 0 digit)/0digit; top row) and 

statistics (bottom row) are shown. Sources are projected onto a surface plot of the brain. 

From left to right of the page, the views of the brain are: left, right, top and back. Refer to 

Appendix C Table 14 for further details of the sources. 

 

Discussion 

The M300 to each counted digit (Figure 24) again suggests all digits gain access 

to the global workspace (cf. Dehaene et al., 2003a) and subsequently enter 

working memory (Donchin and Coles, 1988, Verleger, 1988): This pattern 

resembles the ERF findings from MEG Experiment 1. The M300 results are 

complemented by the θ-band findings related to working memory discussed 

below. 

However, the key finding is the strong parietal α and β power decrease 

for all counted digits (1, 2 and 3 digits), relative to the baseline condition. The 

act of counting is reflected by intense processing in bilateral inferior parietal 

(BA 40) and superior parietal (BA 7) areas. This could represent activity in the 

number quantification centre in HIPS (Dehaene et al., 2003b), which is located 
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between inferior and superior parietal cortices. The left-dominated pattern for 

counting fits with the finding of a left hemisphere dominance for exact 

numerical judgements, while approximate judgements are typically reflected by 

a right HIPS advantage (cf. Piazza et al., 2007). Meanwhile a right-hemisphere β 

power increase was observed in the inferior parietal cortex (BA 40) and angular 

gyrus (BA 39). 

The left-dominant posterior parietal sources are accompanied by left 

superior temporal (BA 22, 39, 41) α and β power decreases for all counted 

digits, relative to 0 digit. The left superior posterior temporal cortex includes 

Wernicke’s area (BA 22) where language inputs are processed. An fMRI study of 

over 200 participants found a link between the left lateralisation of the superior 

temporal sulcus in a language task and of the HIPS in a calculation task (Pinel 

and Dehaene, 2010). The authors suggested that the superior temporal sulcus 

could code the abstract representations of numerical symbols, while the HIPS 

reflects the quantity. Using diffusion tensor imaging, they showed a structural 

link between these areas. It would be particularly interesting to investigate the 

synchronisation between these areas using MEG to further understand the 

direction of communication. 

Top-down inhibition of occipital areas is observed for 1 and 2 digits 

comparisons to baseline. In the β-band, there is a power increase in right 

occipital cortex (BA 18, 19) for 1 digit (0.6 – 0.9 s) and 2 digits (0.7 – 0.8 s) 

(Figures 27 and 28). An occipital α power increase is observed for 1 digit (in 

bilateral BA 17) (Figure 30), and the sensor-level power increase, although non-

significant, suggests this occurs between 0.6 – 0.9 s (Figure 29). This late 

inhibition could reflect a certainty that there are no further digits to come in 

the RSVP stream, and could contribute to the higher behavioural performance 

for counting 1 and 2 digits, compared to 3 digits (Figure 23). It is also possible 

that this signature develops for 3 digits later in the stream. Frontal power 

increases are observed at the source-level for all counted digits, in the right 

dorsolateral PFC (BA 9, 46) in α and β, and also in the right middle frontal 

cortex (BA 8) in β. This could reflect manipulation of the digits in working 

memory (cf. Postle and D'Esposito, 2000). 

The θ power increase for all counted digits (Figure 31) could reflect the 

opening and sustaining of an event file, beginning with the first digit. This 

interpretation is supported by sources displaying a θ power increase (although 
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non-significant) in right dorsolateral PFC (BA 46), left ventrolateral PFC (BA 47) 

and left premotor cortex and right SMA (BA 6) (Figure 32). The lateral PFC 

sources could reflect the maintenance (ventrolateral) and manipulation 

(dorsolateral) of digits in working memory (Postle and D'Esposito, 2000). 

Meanwhile the left premotor source (BA 6) could relate to the sub-vocal 

rehearsal (Smith et al., 1998) or the maintenance of temporal sequences 

(Henson et al., 2000) in verbal working memory during counting. There were 

also θ power increases in the left inferior parietal (BA 40), close to the number 

quantification centre. In this counting experiment, this region displays intense 

processing in all frequencies (θ power increases and α/β power decreases), and 

could be the central node for network communication across the brain. The 

power decrease in left occipital sources (BA 18) (Figure 32) corresponds to the 

late non-significant power decrease over posterior sensors (Figure 31). Like MEG 

Experiment 1, this could reflect top-down inhibition of visual areas following 

working memory consolidation. 

In summary, I found that the act of counting digits in the RSVP stream 

resulted in intense processing in left posterior parietal cortex (strong α and β 

power decrease). This pattern was not modulated by the quantity of digits. In 

this sense, it strongly matches the behavioural outcome for counting digits in 

the AB in Chapter 3: an equal sized AB was observed when the T1 task was 

counting 1, 2 or 3 digits. Most importantly, behavioural and neural evidence 

strongly suggest that counting digits in the T1 composite event is different from 

detecting the T1 event. Furthermore, I clearly show that the neural signature of 

counting digits is distinct from the pattern in MEG Experiment 1 for 2 digits. This 

further strengthens my claim that maximally violated expectations (2 digits), 

reflected by modulations in the β-band, can induce a strong AB without a full 

target (3 digits) occurring. 
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Chapter 10 - General Discussion 

The series of behavioural and MEG experiments together strongly suggest that 

target expectations play an important role in temporal attention. In several 

behavioural experiments, I investigated the impact of detecting a composite T1 

(3 digit full target) on a 2nd target in the AB. I consistently found an AB when 

digits (1, 2 or 3 digits) were followed by T2. My findings demonstrate for the 

first time that incrementally building and subsequently violating expectations 

about a T1 event (in 1 and 2 digit partial target trials) has an impact on 

switching to a 2nd target. These local expectations built incrementally with each 

successive digit, such that I consistently observed a stronger AB with 2 digits 

than 1 digit. The two MEG experiments further show that raised and 

subsequently violated expectations for T1 have a distinct neural signature, 

which cannot be accounted for by the act of counting the digits. My novel 

findings add to the growing knowledge about the dynamics of temporal 

attention by showing that top-down expectations play an important modulating 

role. I will discuss this new aspect of expectations with reference to current 

models of the AB. 

 

Is this really an Attentional Blink? 

Firstly I will discuss whether my behavioural findings truly reflect an AB, or 

whether aspects are accounted for by Repetition Blindness, Psychological 

Refractory Period or task switching. The paradigm employed here differs in 

many ways from a standard AB experiment, with a multi-item T1, a two-

dimensional task switch and a slower RSVP stream. Typically in the AB, two 

single item targets (e.g. T1 and T2 are single digits) are presented within an 

RSVP stream with an SOA of 100 ms. Since T1 and T2 belong to the same 

category, there is no task switch between targets. 

In my paradigm, the RSVP stream could contain 0, 1, 2 or 3 consecutive 

digits, followed by the letter X (T2). In the target detection experiments 

(Behavioural Experiments 1 and 3 - 7) participants responded whether or not 

they saw the full target of 3 digits (T1 task). In the counting experiment 

(Behavioural Experiment 2) participants responded with the quantity of digits 

(T1 task). A two-dimensional task switch to T2 (detect the letter X) was 
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necessary during the experiments. Participants switched category from digits 

(T1) to a letter (T2), while at the same time switching from detecting up to 3 

occurrences of the target feature (T1) to detecting one occurrence of the target 

feature (T2). As predicted, there was no lag 1 sparing with 1, 2 or 3 digits in 

Behavioural Experiment 125. It has been suggested that the term “AB” is not 

valid in paradigms employing a task switch, since the T2 deficit could result 

purely from switching costs or from a mixture of switching and an AB (Potter et 

al 1998). As mentioned in the General Introduction, several groups disagree with 

this (Kawahara et al., 2003, Marti et al., 2012); overall suggesting that the key 

aspect of the AB is the delay in re-engaging attention to the second target. A 

task switch between targets is a way to lengthen this delay to T2. Furthermore, 

task switching costs mainly influence performance at lag 1 (cf. Visser et al., 

1999, Peterson and Juola, 2000), although it should be noted that a cross-modal 

AB with lag 1 sparing was found when participants could not prepare for the task 

switch (Arnell and Larson, 2002). In the current paradigm, the task switch 

results in a reconfiguration of the task set after T1 (from “digits” to “letter X”) 

which takes time (cf. Rogers and Monsell, 1995). T2 may not be spared at lag 1 

as it cannot enter the same attentional episode as T1 (cf. Wyble et al., 2009, 

2011, Hommel and Akyurek, 2005). Overall, in my paradigm it is likely that the 

poor T2 performance for all digit levels at lag 1 reflects mainly switching costs. 

Yet the T2 deficit at lags 2 to 5 is likely to be a true AB: it is this pattern of 

relative AB magnitudes with the digit levels that is greatly modulated by local 

and global target expectations. 

The Psychological Refractory Period (PRP) refers to the reaction time 

delay in responding to a second task that occurs within several hundred ms after 

a first task, and paradigms tend to employ a task switch (Pashler, 1994). The 

switch between T1 and T2 in the current paradigm could lead to a delay in 

processing T2 at short lags. This could result in T2 being blinked on some trials 

(Jolicoeur et al., 2000, Marti et al., 2012) due to the T2 representation decaying 

or being substituted by following distractors at a pre-conscious, perceptual level 

(Enns and Di Lollo, 2000, Giesbrecht and Di Lollo, 1998, Vogel and Luck, 2002). 

However, since participants respond after the trial in my task and performance 

is expressed in terms of accuracy (not reaction time), the findings relate more 

closely to an AB than the PRP. 

                                         
25 lag 1 was only used in Behavioural Experiment 1. 
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The repetition of digits within the T1 event could have resulted in 

Repetition Blindness (RB), a deficit in reporting the second repetition of a target 

within RSVP streams (Kanwisher, 1987, Kanwisher et al., 1996). It can occur 

when targets are defined purely categorically, e.g. as “digits”. There is some 

evidence that RB could act when participants counted the digits in the T1 event, 

but not when they detected the 3 digit event. In both the behavioural and MEG 

counting experiments (Behavioural Experiment 2 and MEG Experiment 2), T1 

performance was poorest in the 3 digit condition (~80%), with 1 digit and 2 digit 

performance at ceiling level. The majority of mistakes with 3 digits were 

reports of 2 digits. There are 2 alternative explanations for this: guessing and 

repetition blindness. If participants are uncertain about how many digits they 

saw, saying 2 digits would be a fair guess: globally around half of all trials 

contain at least 2 digits26 (Table 4 in Appendix A) and participants would 

probably be aware that more than 1 digit had occurred. On the other hand, 

participants may have been “blinded” by repetition to the third occurrence of a 

digit, and so report only 2 digits. However, it is unclear why RB would not also 

act on the second occurrence of a digit, as is typically found in RB experiments 

(Kanwisher, 1987, Kanwisher et al., 1996). In fact, T1 performance with 2 digits 

was above 90% in both counting experiments. Taken together, I argue that 

guesses of 2 digits are a more likely explanation for the reduced performance 

when counting 3 digits. It should also be noted that participants correctly 

counted 3 digits on the majority of trials (~80% of the time), so guessing was not 

prominent. In addition, RB would only have acted within the T1 digit event. It 

cannot account for the re-engagement of attention to T2 (i.e. the AB) since T2 

belongs to a different category. 

There is little evidence that RB acted in the target detection experiments 

(Behavioural Experiments 1, 3-7, MEG Experiment 1). On the whole, T1 

performance was above 85% for all digit levels, with the exceptions of 

Behavioural Experiments 1 and 7. In Experiment 1 (where the global probability 

of seeing 3 digits was 40% and no feedback was given on false alarms), T1 

performance in trials with 2 digits + X was 72%. This improved in subsequent 

comparable experiments (Experiments 3-5): Here feedback was given when 

participants said “3 digits” when there was only 1 digit or 2 digits. In 

                                         
26 57% of trials in Behavioural Experiment 2 and 50% of trials in MEG Experiment 2 contain at least 

2 digits. 



Chapter 10  129 

Experiment 7 the global probability of seeing 3 digits was reduced to 17%. 

Performance on T1 in trials with 3 digits + X was 74%. The global probabilities of 

the various digit events seem to influence T1 performance to a small degree. 

Yet across all experiments, performance on T1 was high. 

The rate of presentation of items in the RSVP stream was slower than in a 

standard AB paradigm (typical SOA is 100 ms), due to the complexity of the T1 

event and the task switch. An SOA of 186 ms was employed in the majority of 

my AB experiments (Behavioural Experiments 1 – 7). However, this is in line with 

several other groups who used SOAs of 120 – 146 ms with standard single item 

targets (Gross et al., 2004, Potter et al., 1998) and SOAs of 144 – 250 ms with 

words and pictures as targets (Duncan et al., 1997, Trippe et al., 2007). When 

the RSVP stream was faster in the pilot AB experiment for the MEG study (SOA of 

150 ms), the AB became stronger for all digit conditions. At the same time, an 

equal AB magnitude was observed with 2 digits and 3 digits, which matched the 

pattern from Behavioural Experiment 627. Presenting the stimuli at a faster rate 

simply deepened the AB for all digit events. 

 In summary, I show a robust effect of lag on T2 performance in all 

behavioural experiments when the letter X (T2) follows the digits (T1). My 

findings most closely resemble an AB, with task switching influencing 

performance purely at lag 1. 

 

Expectations regarding T1 modulate the AB 

I predicted that built-up but unfulfilled target expectations would result in an 

AB effect, and that it could be even stronger than the effect observed with 

consolidation of a highly expected target. The paradigm was specifically 

developed to allow us to manipulate global and local expectations 

independently. While global expectations are induced by relative trial 

frequencies and relate to the probability (prior to the trial) of a specific 

condition occurring, local expectations are induced by the consecutive 

presentation of target parts (here, digits) that raise the expectation for a full 

target as a trial unfolds. Indeed, in all experiments the conditional probability 

                                         
27 Note that the MEG behavioural pilot experiment and Behavioural Experiment 6 had the same 

global frequencies of digit events (all digit events were equally frequent in terms of global 
probabilities.) 
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of seeing 3 digits increased from participants seeing 1 digit (P(3 digits|1 digit)) 

to seeing 2 digits (P(3 digits|2 digits)) (Figure 33). These conditional 

probabilities for the full T1 seem to translate into target expectations that 

incrementally build with the presentation of 1 digit and then 2 digits. I further 

proposed that global expectations modulate local expectations by shaping the 

size of the increments by which the local expectations are raised by each digit. 

That is, if full targets (3 digits) are frequent events then the increments with 

each successive digit are larger than if full targets are infrequent events 

(compare Figures 33A and 33C). The former was the case in Experiments 1, 3, 4 

and 5, while the latter was progressively more the case in Experiments 6 and 7 

(i.e. as 3 digit targets became increasingly more rare). Across these experiments 

I have consistently shown that incrementally raising expectations about a T1 

event can result in an AB effect and that its magnitude is modulated by global 

expectations. I have shown a stable and consistent pattern of blink magnitudes, 

despite Experiments 1 and 3 having low trial numbers at each lag (see Appendix 

A, Table 3)28. 

In the initial 5 experiments, the global expectation for 3 digit full T1 

events was high (P(3 digits)=0.4), since trial numbers were balanced between 

full targets (3 digits) and partial targets (1 digit and 2 digits). In this scenario, at 

the start of a trial participants may highly expect to see 3 digits. In Experiment 

1 in trials with 2 digits, strongly built-up but unfulfilled expectations for the full 

T1 (P(3 digits|2 digits)=0.71) manifested in a large AB. The 2 digit AB was of 

greater magnitude than in 3 digit trials, where these strong expectations for the 

full T1 were satisfied. I argued that this pattern was not due to participants 

switching to T2 after the 2nd digit when the P(3 digits|2 digits) was high. In 

concordance with the literature, I did not observe lag-1 sparing due to the 

multidimensional switch between T1 and T2 in my paradigm (cf. Visser et al., 

1999). In Experiment 2, I showed that this AB pattern could not be explained 

simply by the act of counting the digits. When digits were counted, I found a 

qualitatively different pattern: similar blink magnitudes with 1, 2 and 3 digits at 

lag 2, and only a marginal effect of global expectations on AB magnitudes at lag  

                                         
28 I have replicated many of our findings in additional experiments. The same data pattern as 

Experiment 1 was replicated in Experiments 4 and 5, as well as in the masked condition of 
Experiment 3. A longer replication of Experiment 3 used over 18 trials per lag and revealed the 
same effect of masking. The pattern in Experiment 6 (same sized AB with 2 and 3 digits) was 
replicated in another experiment using 24 trials per lag, and also in the behavioural pilot for the 
MEG with a faster SOA. 
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3. The pattern at lag 3 was even partially reversed compared to Experiment 1: 

there was a more pronounced AB with 1 digit than 3 digits in Experiment 2. 

I then considered the role of the post-digit mask in overcoming 

expectations in Experiment 3. Replacing this mask with a gap attenuated the AB 

with partial targets (1 digit and 2 digits). The key finding was that removing the 

distractor after 2 digits improved performance to the level of the 3 digit AB. 

This fits with previous findings regarding the interfering role of the mask (Chun 

and Potter, 1995, Raymond et al., 1992, Grandison et al., 1997, Kessler et al., 

2005a, Seiffert and DiLollo, 1997, Nieuwenstein et al., 2009). However, 

removing the mask after 3 digits did not modulate the AB. Taken together, this 

suggests that the mask primarily caused interference when expectations for the 

full target were built up but unfulfilled, while target consolidation with fulfilled 

expectations was more rapid and not modulated by the mask (in the context of 

the slow SOA of 186 ms). I have shown that the mask can influence the AB 

magnitude. Nevertheless, I generally found that top-down expectations exert a 

stronger influence in this ‘slow’ paradigm than bottom-up signals. On the whole, 

this was confirmed in Experiments 4 and 5: marking the end of the digit event 

with acoustic- or colour-based switching-signals had minimal influence on 

performance for any digit level. There was, however, a hint that colour could 

capture attention for the T1 event, although this effect could equally reflect 

group differences. In total, my findings are most compatible with the notion 

that assumes that various top-down and bottom-up factors can intensify 

processing of the T1 event (partial or full), which hampers the transition to T2. 

In Experiments 6 and 7, I further investigated the top-down influences of 

global expectations on local expectation increments by lowering the global 

frequency of full target trials (3 digits). In Experiment 6, global expectations for 

2 digits now matched 3 digits, with equal trial frequencies for all digit events 

(P(3 digits)=0.25). Now the 2 digit AB matched the 3 digit AB, while there was 

no AB in 1 digit trials. All digit events were globally expected to the same 

degree, and so local expectations for the full T1 within a trial did not build up 

at the same rate as in Experiments 1, 3, 4 and 5 (Compare Figures 33B and 33A). 

In Experiment 7, I further reduced global expectations for 3 digit events (P(3 

digits)= 0.17) while raising global expectations for 2 digit events (P(2 digit final 

event)= 0.4) (Figure 33C). In this experiment, 2 digit event frequency equalled 

frequencies for 3 digit plus 1 digit events. I now found a stronger AB magnitude 
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with 3 digits compared to the previous experiments. In fact, the AB with 3 digits 

was numerically stronger than with 2 digits for the first time, while the 2 digit 

AB magnitude was similar to Experiment 6. 

In most experiments there was a main effect of practice on the AB 

magnitude but no interaction of practice with digit condition: i.e. the pattern of 

relative blink magnitudes did not change between the first and second halves of 

the experiment. This suggests that participants quickly learnt the global 

probabilities of the digit events, since there was a robust effect of global target 

expectations on the AB within the first half of the experiments. Note that the 

number of trials in each half of these experiments ranged from 150 - 192. In two 

longer AB experiments, there was an interaction of practice with digit condition 

(statistical trend only for Experiment 4). The AB performance improved with 

practice for partial targets (1 digit and 2 digits) but not for the full target (3 

digits) in the masking (Behavioural Experiment 3; 240 trials in each half) and the 

colour (Behavioural Experiment 4; 360 trials in each half) experiments. This 

suggests that with enough practice (over 200 trials), participants adapt to 

conditions with partial targets. In the second half, participants may focus less 

strongly on finding targets. Expectations for the full target may build less 

strongly with each digit, resulting in a lowered impact on T2 when these 

expectations are violated. This fits with “overinvestment” findings which show 

that focusing strongly on finding targets reduces performance on the AB (Arend 

et al., 2006, Olivers and Nieuwenhuis, 2005, 2006, McLaughlin et al., 2001, 

Shore et al., 2001, Taatgen et al., 2009, Wierda et al., 2010). 

Finally, in an unreported experiment, I investigated the type of task 

switch between the composite T1 and single item T2. I aimed to see whether 

expectations could be incrementally built for a composite T1 consisting of 

letters, or whether the findings were specific to digits. Strings of digits (e.g. pin 

and phone numbers) may be more familiar and meaningful to people than 

strings of letters (cf. Maki and Mebane, 2006); as such, expectations may build 

more quickly with digits. I carried out an experiment where T1 was 3 

consecutive capital letters, while T2 was the number 6 in an RSVP stream of 

digit distractors. The design of the experiment was otherwise similar to the 

masked condition of Experiment 3, with trial numbers balanced between full 

targets (3 letters) and partial targets (1 letter and 2 letters). I replicated the 

robust finding of a maximal AB with the 2 digits/letters, which suggests that 



Chapter 10  134 

local expectations can build with successive letters as well as digits. The ‘size’ 

of the task switch (from letters to a digit) was similar to the other experiments 

reported here (switching from digits to a letter), which could account for the 

similar AB magnitudes. 

Taken together, my results reveal that global expectations indeed 

modulate local expectations, but this relationship does not seem to be linear. 

The AB magnitude with 2 digits was similar in Experiments 6 and 7, although 

global probability29 was increased from 25% (Exp. 6) to 40% (Exp. 7). The major 

difference in AB magnitude for 2 digits (statistical trend only) occurred with a 

larger AB in Experiment 3 (masked) than Experiment 6, when global probability 

was raised from 17% to 25% respectively. The 3 digit condition revealed a 

similarly non-linear relationship to global expectations. The major difference in 

AB magnitude also occurred between 17% (Exp. 7) and 25% (Exp. 6) global 

probabilities, with a larger AB in Experiment 7. Likewise, in 1 digit trials, the 

mild AB was lost in the transition from 17% (Experiment 7) to 25% (Experiment 

6) global probabilities. The transition from relatively rare (17%) to equally 

frequent (25%) events reduces the AB magnitude in 1, 2 and 3 digit trials, but 

increasing global probability beyond 25% (for 2 and 3 digits) seems to have 

minimal additional influence. This non-linear pattern suggests that our top-down 

psychological expectations of various events cannot be entirely attributed to the 

probabilities of sensory events occurring in the world. The mapping of 

probabilities onto expectations seems most useful for rare events, but less so 

when events are highly frequent. Overall this suggests that the AB magnitude, in 

relation to raised but unfulfilled expectations on the one hand and target 

consolidation on the other, is influenced by global expectations in a similar non-

linear fashion. Nevertheless the most robust finding - since it was replicated in 

Experiments 1, 3 (masked), 4 and 5 - is the stronger AB with 2 digits than 3 

digits when there are high global expectations for the full target (P(3 digits) = 

40%). In trials with only 2 digits, target expectations are maximally raised after 

2 digits have been seen (P(3 digits|2 digits) = 71%) but are subsequently 

disappointed by the presentation of a distractor rather than another digit 

(Figure 33A). 

 

                                         
29 i.e. the unconditional probability of 2 digits being the final digit event. (See Table 4 in Appendix 

A). 
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Local expectations regarding T1 are reflected in the 

neural signature 

The MEG findings complement the behavioural results, and provide insight into 

the neural correlates of target consolidation and violated expectations, as well 

as counting successive digits. The first MEG experiment involved participants 

detecting the composite T1 (3 digits) where there could be 0, 1, 2 or 3 digits, 

while the second MEG experiment involved counting the digits. Within the AB, 

activity in the different frequency bands dynamically changes across the trial 

and relates to whether a blink occurs (see Janson and Kranczioch, 2011 for a 

recent review). I have likewise shown that theta, alpha and beta have distinct 

roles when successfully detecting or counting a single composite digit target. 

The theta band, along with the M300s, seems to represent entry and 

maintenance of digits in working memory, and the M300 and theta results are 

remarkably similar in both experiments. An M300 to each digit suggests either 

entry into working memory (Donchin and Coles, 1988, Verleger, 1988) or access 

to the global workspace (Dehaene et al., 2003a), and this fits with previous AB 

findings (Arnell et al., 2004, Kessler et al., 2005a, Kessler et al., 2005b, 

McArthur et al., 1999, Shapiro et al., 2006, Vogel et al., 1998, Wierda et al., 

2010). The theta band power increase is sustained from the onset of the 1st digit 

until all digits have been presented (0: 0.55s), which suggests that event files in 

working memory might remain ‘open’ while there is the possibility of a digit 

occurring. Digit representations may be maintained in dorsolateral (BA 46, 9) 

and ventrolateral PFC (BA 47, 45, 12) while the RSVP stream is monitored for 

subsequent digits. In fact, the PFC may act as a pointer to task-relevant 

posterior areas, such as the occipito-temporal cortex (BA 37, 19) where visual 

discrimination of digits from letters could take place (cf. Hommel et al., 2006, 

Hopf et al., 2002). This indexing by the PFC could temporarily maintain the digit 

representations, despite continual interference from the RSVP stream (cf. 

Kessler and Kiefer, 2005). 

The alpha band oscillations appears to code for the processing of full 

targets. A widespread alpha power decrease is observed for all counted digits 

(1, 2 and 3 digits) in MEG Experiment 2, but only for the 3 digit full target in 

MEG Experiment 1. In particular, the left inferior parietal cortex (BA 40) shows a 

strong power decrease for these conditions: This could represent the processing 
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of the digit quantity in regions near to the horizontal segment of the 

intraparietal sulcus (HIPS; Dehaene et al., 2003b, Nieder and Dehaene, 2009, 

Piazza et al., 2007). Active processing here (power decrease) does not occur 

whenever participants encounter a digit, but rather only when they need to 

class it as a target. Top-down inhibition of occipital areas could be reflected by 

late alpha increases. In MEG Experiment 1, for the 1 digit condition I observe 

posterior alpha power increases towards the end of the RSVP stream, 

corresponding to occipital sources (right BA 19) (Figure 20, 2nd). Meanwhile, in 

MEG Experiment 2, the 1 and 2 digit conditions revealed power increases (for 1 

digit in alpha and beta, and for 2 digits in beta) in occipital sources (BA 17-19) 

(Figure 28, 2nd, 3rd; Figure 30, 3rd). This signature could reflect the certainty 

that no more digits will occur. The absence of this occipital inhibition in the 2 

digit condition of MEG Experiment 1 is striking, and further fits with my 

explanation that uncertainty lingers for longer in these trials. 

The beta band findings, however, are of greatest relevance to my 

research question. Beta oscillations seem to code for both the target processing 

and the rapid changes in local expectation during the trial. They appear to 

reveal the building of expectations (power decrease) as digits are presented, 

and the subsequent target consolidation (power decrease) or violation of 

expectations (frontal power increase). Strong beta power decreases were 

observed for all counted digits (1, 2 and 3 digits) in MEG Experiment 2 (Figure 

27). However in MEG Experiment 1, the beta power decrease was similar for 2 

and 3 digits until 0.6 s, when a frontal power increase developed for 2 digits 

while the 3 digit power decrease continued (Figure 17). Furthermore, there 

were no significant beta power changes with 1 digit. I tentatively suggest that 

the 2 digit power increase could represent a late inhibition of processing in right 

inferior frontal (BA 10) sources, after the left ACC (BA 32) has detected the 

conflict between the high expectations for a 3rd digit and lag 1 distractor. The 

source analysis is, however, not time-resolved and it will be necessary to 

perform synchronisation analysis to ascertain the timing of any communication 

between 2 such sources. The beta power decreases in both experiments were 

localised to parietal, temporal and occipital regions, and such networks are 

involved in target detection and processing under RSVP conditions (Kranczioch 

et al., 2005, Feinstein et al., 2004, Gross et al., 2004, Marois et al., 2000, 

Kessler et al., 2006, Hommel et al., 2006). 
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Beta is the fastest oscillation showing an effect in these experiments. It 

appears fast enough to code for the rapid changes in expectations which can 

occur between a digit and the following item in the stream. For example, during 

the time between one item and the next (SOA of 0.15 s), 3 cycles of 20Hz beta 

occur: this may be enough cycles in the violated 2 digit condition to indicate 

that intense processing (beta decrease) must be replaced by active inhibition 

(beta increase). I did not find effects in the faster gamma rhythm in my 

experiments. It is possible that beta was fast enough to capture the changes 

(with the rather slow SOA), while modulations in the gamma-band could have 

led to the transmission of redundant, error-prone information. For example, 9 

cycles of 60Hz gamma would occur during the period of 1 SOA. Redundancy of 

information would occur with so many cycles of an oscillation, as suggested by 

Fries’ (2005) theory of neuronal communication through coherence, where 

effective communication between neurons occurs within just 1 cycle. It is also 

note-worthy that rapidly changing local expectations in my experiment were 

reflected in the beta band, in concordance with findings by Gross and colleagues 

(2006). On the other hand, slowly changing global expectations, set up before 

the trial, were reflected in the alpha band (MacLean and Arnell, 2011). This 

dissociation between beta and alpha in the literature is highly consistent with 

the findings reported here. 

 

Post-digit checking: An alternative explanation to 

expectations? 

I have shown consistent behavioural evidence that expectations for the full 

target strongly influenced AB performance, not only on trials where the full T1 

(3 digits) was present, but also on trials with only partial T1s (1 digit and 2 

digits). The design of the experiments was such that the conditional probability 

of 3 digits occurring increased from participants seeing 1 digit (P(3 digits|1 

digit)) to seeing 2 digits (P(3 digits|2 digits)). Furthermore, the build-up of 

expectations within the T1 event and subsequent violation appear to be 

reflected in modulations of β band power in the brain. The timing of this β 

power decrease with 2 digits and 3 digits overlaps with a period during which 

target anticipation is reflected in β band synchronization (Gross et al., 2006). 
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However, I now explore an alternative explanation, in terms of post-digit 

checking. 

When detecting 3 digit events, participants may experience some 

uncertainty in trials with 2 digits and 3 digits. On the other hand, participants 

could be more certain that a 3 digit target did not occur on trials with only 1 

digit, suggested by the ceiling level performance on T1 in 1 digit trials. This 

uncertainty could result in a period of checking following 2 digits and 3 digits, 

inducing an additional delay in switching to T2 and thus a stronger AB magnitude 

for 2 digits and 3 digits than for 1 digit. However two aspects of the behavioural 

findings do not fit with this explanation. Firstly, if uncertainty is strong 

following 2 digits and 3 digits, but weak following 1 digit, then providing more 

time after the digits should attenuate the AB in the 2 digit and 3 digit 

conditions, as checking could proceed in the absence of visual stimulation. At 

the same time, providing more time may have little influence on the 1 digit 

condition. However, the results of the masking experiment (Behavioural 

Experiment 3) do follow this prediction. Rather, providing a gap of 186 ms after 

the final digit improved performance on the AB in the 1 digit and 2 digit 

conditions, while there was no change with 3 digits. Secondly, I would not 

predict that the post-digit checking process would be strongly affected by 

changes in global probability of the digit events. Taken together, the strong and 

robust modulation of the AB magnitude by changing the relative frequencies, as 

well as the effect of masking being limited to partial targets, are better 

explained in terms of target expectations. 

The MEG findings suggest that post-digit checking could be an additional 

late process following the build-up of target expectations. MEG Experiment 1 

involved detecting the 3 digit event. In the absence of a further target (i.e. T2) 

requiring attention, post-digit checking could occur without any time-

constraints. However such checking mechanisms would likely be reflected by a 

relatively late effect in the brain. The checking of items which have already 

past could involve the working memory interacting with posterior areas (cf. 

Hommel et al., 2006, Hopf et al., 2002, Kessler and Kiefer, 2005), such as those 

involved in digit discrimination. Post-digit checking would likely manifest in a 

late effect, since it would relate to the final digit in the event: the onset of the 

2nd digit occurred at 0.15 s and the 3rd digit at 0.3 s. Given that items enter 
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working memory ~0.3 s after their onset30, I would expect post-digit checking 

effects to be apparent from approximately 0.45 s with 2 digits and 0.6 s with 3 

digits. While post-digit checking could be an additional process, it cannot 

account for the earlier effects that are apparent in the β band (Figure 17). 

Rather the finding of β power decreases with 3 digits (from 0.25 s) and 2 digits 

(from 0.35 s) are better explained by incrementally building expectations for 

the 3 digit target. 

 

Implications for the AB from MEG findings 

The beta band findings in MEG Experiment 1 could help to explain our 

behavioural results of a strong AB with 2 digits in all target detection 

experiments where a mask followed the digits. I tentatively suggest that the 

strong beta power increases in right inferior frontal sources could be the neural 

correlate of violated expectations which, in turn, could result in the strong 2 

digit AB. In a dual target experiment, it would be necessary to overcome this 

power increase in order to switch to processsing T2 (power decrease). I will 

discuss this further with reference to AB models, in particular the Robust State 

account (RS; Kessler et al., 2005a) and the Global Workspace model (GW; 

Dehaene et al., 1998, Dehaene et al., 2003a). 

It is interesting that I observed such a strong frontal “violated 

expectation” signature for 2 digits, since global expectations for the full target 

(3 digits) were not extremely high. In MEG experiments, it is optimal to have a 

similar signal-to-noise ratio (SNR) in all conditions. Therefore, I allocated equal 

trial numbers to all digit conditions (cf. Behavioural Experiment 6 and the 

behavioural pilot experiment for the MEG). At the start of the trial, participants 

may equally expect 1, 2 or 3 digits. I have shown here that, in the absence of 

strong global expectations for the full target, expectations build locally during 

the trial. From the beta-band signature, I can conclude that local expectations 

are minimal as the 1st digit occurs, and build suddenly with the presentation of 

the 2nd digit. This further suggests that the increments of local expectations do 

not build linearly with each digit, but rather there is a large step-up with the 2nd 

digit. 

                                         
30 The M300/P300 is believed to reflect targets entering working memory (Donchin and Coles, 

1988, Verleger, 1988). 
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However, my MEG experiments involved only single targets, and as such, 

there was no impact of the violated expectations on a T2. Although fast, the 

tasks were less mentally taxing than an AB experiment, evident by the high 

performance (above 79%) in both experiments (Figures 12 and 23). It would be 

necessary to perform a dual target AB experiment in the MEG to ascertain the 

brain dynamics and sources associated with high and violated expectations 

impacting on a T2. 

In my behavioural AB experiments, I relate the position of T2 (lag) to the 

final digit in the T1 composite sequence. However, alternatively, lag could be 

related to the initial digit31, because it could be argued that the first digit opens 

an event file in working memory. While the MEG findings indeed suggest that 

the first digit might open an event file, I also show that each digit, not just the 

initial one, evokes an M300, i.e. all digits are updated in working memory. I 

therefore suggest that the entire digit event is only fully encoded after the final 

digit, and as such it is more appropriate in this case to relate T2 to the end of 

the digit event. 

 

My findings in relation to current models of the AB 

Most existing accounts of the AB would struggle to explain my overall pattern of 

results, since none were designed to explain raised expectations prior to 

consolidation, and some were also not designed to take switching between T1 

and T2 into account. These results are therefore best understood as providing 

important boundary conditions for future theoretical developments. My findings 

extend the implications of “spreading the sparing”. This phenomenon shows 

that multiple consecutive targets can be reported without the occurrence of a 

blink, provided they are categorically similar with no intermittent distractors (Di 

Lollo et al., 2005, Kawahara et al., 2006, Kihara et al., 2008, Nieuwenstein and 

Potter, 2006, Olivers et al., 2007). In the Temporary Loss of Control (TLC) 

account (Di Lollo et al., 2005), while the central processor is busy with T1, it 

loses control of the configuration of the current filter. Distractors which are 

categorically different from T1 disrupt the filter, which subsequently delays T2 

processing. However, a series of categorically similar items can be optimally 

processed through the same filter, explaining “spreading the sparing” and “lag 1 
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sparing” findings. The TLC account, in its present form, is mainly designed to 

optimally account for the outcomes of the counting experiments (Behavioural 

Experiment 2 and MEG Experiment 2) where all digits are essentially targets, 

while it cannot explain the modulation of the AB magnitudes by global and local 

expectations. 

Limited capacity accounts of the AB (see Shapiro et al., 1997 for a 

review, Dux and Marois, 2009) struggle to explain the extended sparing findings. 

Likewise, with the current paradigm, such accounts might predict a monotonic 

relationship between the quantity of digits and the size of the blink, i.e. the 

greatest magnitude AB with 3 digits. However, I found the AB size with 1, 2 and 

3 digits was greatly modulated by trial frequency in the 7 target detection 

experiments here (and in 3 other unreported experiments). Critically, the 3 digit 

AB was only greatest in magnitude when global expectations for the 3 digit full 

target were especially low (Experiment 7). Furthermore, the digit counting 

experiment (Experiment 2) revealed a similarly sized AB with all digit levels, 

while limited capacity accounts might also predict a monotonic increase with 

increasing digit levels under such conditions. 

Several accounts do capture important aspects of the results. For 

instance the episodic Simultaneous Type, Serial Token (eSTST, Wyble et al., 

2009) and the Robust State (RS, Kessler et al., 2005a) accounts incorporate the 

basic idea of a transition between T1 and T2 as an essential part of processing; 

where the cognitive system has to re-engage attention to T2 after T1 (eSTST) or 

perturb one stable state to be able to generate another (RS). A key aspect of 

the eSTST model is the encoding of targets in working memory. My theta band 

findings fit with the idea of multiple successive items (here digits) being 

encoded in a single attentional episode (cf. Wyble et al., 2011). Furthermore, 

over-emphasis to a single T1 is detrimental to T2, and this idea is key in the 

Boost and Bounce (BB, Olivers and Meeter, 2008) and RS accounts. Here I extend 

this principle of over-emphasis to expectations for a composite T1, which have a 

detrimental effect on T2 when maximally built but violated. 

The Global Workspace model (GW, Dehaene et al., 2003a) implements 

the interaction between bottom-up and top-down processing, and as such, is 

highly relevant to my finding that top-down expectations strongly influence the 

processing of bottom-up targets. To recap on details of the model from Chapter 

                                                                                                                            
31 I would like to thank Mark Nieuwenstein for this suggestion. 
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1, the conscious reporting of targets requires a broadcasting of activation from 

low-level visual areas to specialised processors in high-level association areas 

across the brain. A state of connectivity (analogous to the stable suppressive 

state in the RS hypothesis, Kessler et al., 2005a) develops during the 

broadcasting of T1, such that T2 cannot enter the global workspace during the 

AB period. Furthermore, expectations play a contextual role in Baars’ theatre 

metaphor for the GW (2005, , 1997). The spotlight of attention shines on the 

stage of working memory to enable conscious report. Meanwhile, unconscious 

contexts, such as expectations, intentions and assumptions, influence the 

spotlight in working memory. MEG findings suggest that expectations could 

facilitate the access to the GW. With increased target expectations within a 

trial, there was a greater difference between long-range beta-band 

synchronization to the target and desynchronization to the pre-target 

distractor: this was interpreted as “privileged access” to the workspace for 

expected targets (Gross et al., 2006, p2060). The advantage for expected items 

could be achieved in the GW model thorough enhanced bottom-up activation or 

through a lowering of the threshold into the global workspace. 

The P300, in this model, is associated with the “global access” of targets 

(Dehaene et al., 2003a, p8520): the P300 is absent when T2 is not consciously 

perceived (i.e. T2 is blinked). Thus, my M300 findings suggest that all digits, 

whether part of a composite target or whether full counted targets in 

themselves, gain access to the global workspace. My frequency results, 

however, suggest a slightly different interpretation. The widespread 

modulations of beta oscillations suggest processing of information by several 

distant brain regions32. In MEG Experiment 2, a widespread beta power decrease 

was seen for all counted digits. On the other hand, only 2 digit partial targets 

and 3 digit full targets induced this widespread pattern in MEG Experiment 1. 

So, although 1 digit partial targets seem to gain access to the GW, the 

information was not processed by distant cortical regions (at least in terms of 

beta oscillations). Tentatively, I suggest that local expectations could act within 

the global workspace, to rapidly influence the broadcasting of information to 

specialised processors. Incrementally built expectations must exceed a 

threshold (in this case, 2 digits) before they affect broadcasting in this way. 

                                         
32 I must, however, be cautious in my interpretation, since a demonstration of phase synchrony or 

coherence would be necessary to suggest broadcasting in the global workspace (i.e. network 
communication), as discussed in the Limitations. 
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In the following, I will sketch out necessary features of an AB account 

that could explain the reported data pattern. I will formulate these features 

based on the RS account, in relation to the wider GW framework, as it appears 

to be closest to explaining the observed data pattern from the behavioural and 

MEG experiments. The RS account is also the easiest to extend, largely due to 

the disadvantage that it is, at present, not based on an implemented model like 

the GW, eSTST and BB accounts, and is therefore less constrained but also less 

precise in its mechanisms. Nevertheless, the RS hypothesis inherently contains 

the framework to explain the build-up of target expectations and how this 

would affect the downstream T2. Originally, the RS account (Kessler et al., 

2005b, Kessler et al., 2005a, Kessler et al., 2006) was proposed to explain the 

impact of the T1-mask: By competing with T1, the mask can lead to a boost of 

T1 processing, by enhanced excitation of T1 while the mask and any other non-

T1 items are suppressed. This results in a robust stable state to T1 which 

hampers the transition to T2 processing. The basic concept of the RS implies 

two important things. Firstly if T2 is further away from T1 in state-space (e.g. 

different category and colour) then the transition will be more effortful, as in 

this case with a multidimensional switch. Secondly, the T1-mask is not the only 

factor that may induce a robust state in the global workspace that is hard to 

perturb and generates an AB (Kessler et al., 2005a, p. 1038). In agreement with 

the general “over-investment” view (Olivers & Nieuwenhuis, 2006), any factor 

that puts too much emphasis on T1 processing will enhance the AB by making 

the T1-state harder to perturb and, thus, hampering the transition to T2. The 

transition period from T1 to T2 directly depends on the robustness of T1 

processing (i.e. how hard it is to perturb) and the distance between T1 and T2 

in state-space. 

Applying these ideas to the current paradigm, each digit presented in 

succession (1st and 2nd) enters the global workspace, and would lead to a 

progressively more stable state, through excitation of digit and inhibition of 

letter representations; an idea that is generally shared with the BB account 

(Olivers and Meeter, 2008). When top-down expectations for a full T1 are 

especially built up (i.e., when 2 digits have occurred and the global expectation 

for 3 digits is high), there is a strong pre-activation of the digit representations 

in anticipation of the 3rd digit. If the final piece arrives, digit matching can be 

accomplished very quickly, and T1 consolidation begins, while the incoming 
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mask generates only a moderate amount of interference especially with a long 

SOA. It takes time to perturb the stability in the global workspace to switch to 

T2, due to T1 complexity – reflected by the low performance at lag 1 – but all 

aspects of processing can be resolved efficiently when the actual outcome 

matches the expected outcome. This explains why the mask following 3 digits 

did not influence T2 performance: The window of opportunity to interfere with 

a full T1 had already passed; T1 processing was fast as it was primed by the pre-

activation to the previous digits, along with the long SOA. 

Conversely, when a distractor rather than a digit follows 2 digits, there is 

strong competition between the highly enhanced digit representations and the 

suppressed letters. In order for the letters to “win” and the system to switch to 

T2, top-down efforts are required that would take a long “system” time. 

Accordingly, a larger magnitude AB was observed with a 2 digit partial T1 

compared to the 3 digit full T1 whenever there was interference between the 

mask after 2 digits and highly built-up expectations for a 3rd digit. When 

participants globally expected 3 digits as much as 2 digits, the potentially 

lowered expectations for a full T1 resulted in a weaker enhancement of the 2nd 

digit and the resulting competition would be resolved more easily to switch to 

T2. Similarly, omitting the mask after 2 digits could allow expectations to decay 

in the absence of new digit input, while there was no distractor interference. 

I suggest that network dynamics should be taken into consideration for a 

full explanation of the AB (RS hypothesis, Kessler et al., 2005a, e.g. GW model, 

Dehaene et al., 2003a). The RS hypothesis, like the GW model, is envisaged as a 

recurrent spreading activation network (cf. Houghton and Tipper, 1996, 

Rumelhart and McClelland, 1986) and is based on neurophysiological findings 

regarding the dynamics of excitation and suppression within the attentional 

network during the AB (Kessler et al., 2006, Gross et al., 2006, Hommel et al., 

2006, Janson and Kranczioch, 2011). Within the beta-band, phase 

synchronization to targets and desynchronization to distractors was observed on 

trials without a blink (Gross et al., 2004, Kranczioch et al., 2007). The 

desynchronization before T2 was essential for T2 report: It could represent the 

necessary de-coupling of the robust state within the global workspace, enabling 

the transition from T1 to T2 (Fries, 2005, Kessler et al., 2006, Rodriguez et al., 

1999, Varela et al., 2001). Most relevant to my findings, target anticipation was 

reflected by this beta-band oscillatory coupling to the target and de-coupling to 
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the distractor (Gross et al., 2006). Oscillations seem to be enhanced with raised 

expectations, possibly reflecting the build-up of pre-activation within the global 

workspace with increasing expectations. 

As mentioned above, the MEG Experiment 1 findings are in agreement 

with the idea of pre-activation with 2 digits in anticipation of a 3rd digit. In 

particular, the beta band power decrease (0.35 – 0.65 s) is seen with 2 digits 

and 3 digits (but critically not with 1 digit) (Figure 17), and could represent the 

pre-activation of digit representations and the development of a stable 

suppressive state in the global workspace. When expectations are fulfilled (3 

digits), the beta power decrease persists as target processing continues, and the 

pre-activation may aid efficient processing in this case. However, when 

expectations are violated (2 digits), the late anterior beta power increase could 

represent the competition between pre-activated digit representations and the 

incoming distractor. In this single target experiment, there is no impact of a T1 

stable state on switching to a subsequent target as in the AB. But extending 

previous findings, it is possible that oscillatory stability could strongly hinder a 

switch to a subsequent target if T1 expectations are unfulfilled, as the 

transition to T2 would require the global workspace to de-stabilize the 

enhanced synchronization through strong desynchronization (cf. Gross et al., 

2004, Gross et al., 2006, Kessler et al., 2006). My findings suggest that 

incrementally building expectations may alone induce a stable suppressive state 

in the global workspace, without the full target being presented. 

 

Limitations 

The MEG frequency findings, based on power changes between conditions, 

cannot inform us about communication within a network, or concretely show 

the development of a robust state in the global workspace. Power is calculated 

by squaring the amplitude of the oscillation. It gives an indication of the number 

of synchronously active neurons (cf. Hanslmayr et al., 2011). However, 

observing two cortical sources with beta power decreases, for example, does 

not mean that there is communication between these sources. To understand 

network communication, it is necessary to perform coherence or synchronisation 

analysis (Fries, 2005, Rodriguez et al., 1999, Varela et al., 2001, Gross et al., 

2006, Gross et al., 2004). This estimates the phase-coupling relationship 
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between sources or sensors: a consistent phase difference between areas is 

taken to represent functional connectivity. Follow-up analyses with this 

paradigm will investigate this, as I am particularly interested in whether the 

expectation-related beta power changes will translate into enhanced beta 

synchronisation with building expectations for T1 (cf. Gross et al., 2006). 

 

Conclusions 

I have shown that building up expectations about the T1 event within a trial can 

alone induce an AB. Participants seem to implicitly build local expectations 

about what they are likely to see in real-time as they perceive the world. 

Alongside this, participants are strongly influenced by their global expectation 

for events, which they extract from the frequencies or probabilities of these 

events. High expectations are beneficial when they are, in fact, satisfied. 

However, when built-up expectations are violated, there are detrimental 

effects for switching to downstream targets. In this sense, it is harder ‘to let go’ 

when expectations remain unfulfilled. The enhanced top-down target 

expectations can be partially overcome by removing the competition from 

subsequent distracting events (i.e. a mask). Overall, performance is maximal 

when participants are not biased towards expecting any specific event (equal 

digit event frequencies). This gives us insight into the flexibility of top-down 

attentional influences on processing visual stimuli. Furthermore, raised 

expectations regarding T1 seem to be optimally reflected by modulations of 

beta band oscillations, and could represent the pre-activation of digit 

representations in anticipation of the full target. I have shown that target 

expectations clearly influence the processing of visual information at high 

speeds. I envisage this novel aspect of expectations complementing the growing 

knowledge of the AB, and emphasising the importance of network dynamics as a 

metaphor for the parallel distributed processing in the brain. 
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Appendix 

 
A. Trial numbers for each condition and probabilities of digit events in 
Behavioural and MEG Experiments 

Condition 

3 digits  
+ X 

2 digits  
+ X 

1 digit  
+ X 

0 digits  
+ X 

        

 
3 digits 

 
 
 

2 digits 
 
 
 

1 digit 
 
 
 

0 digits 
 
 
 

total n 
 
 
 

Behavioural Experiments 
                    

Exp 1   12 (60) 6 (30) 6 (30) 12 (60) (60) (20) (20) (20) 300 

                      

Exp 2   18 (72) 9 (36) 9 (36) 18 (72) (72) (24) (24) (24) 360 

                      

Exp 3 mask  12 (48) 6 (24) 6 (24) 12 (48) (48) (16) (16) (16) 240 

                      

  unmask 12 (48) 6 (24) 6 (24) 12 (48) (48) (16) (16) (16) 240 

                      

Exp 4 Black 18 (72) 9 (36) 9 (36) 18 (72) (72) (24) (24) (24) 360 

                      

  Blue 18 (72) 9 (36) 9 (36) 18 (72) (72) (24) (24) (24) 360 

                      

Exp 5   18 (72) 9 (36) 9 (36) 18 (72) (72) (24) (24) (24) 360 

                      

Exp 6   12 (48) 12 (48) 12 (48) 12 (48) (48) (48) (48) (48) 384 

                      

Exp 7   9 (36) 18 (72) 9 (36) 18 (72) (24) (72) (24) (24) 360 

                      
MEG Experiments 
                    

Exp 1           (150) (150) (150) (150) 600 

                      

Exp 2           (150) (150) (150) (150) 600 

                      

Table 3 - Number of trials per condition in Behavioural Experiments 1-7 (Chapters 2-7) and 
MEG Experiments 1-2 (Chapters 8-9). The value before the brackets is the number of trials 
per lag (where applicable), while the value in brackets is the total number of trials per 
condition. See footnotes 3 and 8 for details of replications of these experiments with more 
trials per lag. 
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B. MEG Experiment 1 Locations of sources for beta, alpha and theta bands 
Area 
 

Brodmann 
area 

Talairach-MNI 
coordinates 

t-value 
 

3 digits vs. 0 digit     
power decrease    
R Middle Frontal Gyrus* BA46 (54, 46, 8) -2.79 
L Superior Parietal Lobule* BA7 (-38, -66, 56) -2.29 
R Inferior Parietal Lobule* BA40 (70, -30, 24) -1.8 
R Precentral Gyrus – Frontal* BA4 (46, -10, 44) -1.41 

R Precentral Gyrus – Frontal* BA6 
(58, 2, 36),  

(58, -10, 40), 
-1.81,  
-1.48 

L Middle Temporal Gyrus* BA21 (-70, -10, 0) -1.52 
L Inferior Temporal Gyrus* BA37 (-58, -58, -8) -2.35 
L Lingual Gyrus – Occipital* BA18 (-18, -94, -16) -2.76 
L Cuneus – Occipital* BA19 (-30, -86, 32) -1.78 
R Middle Occipital Gyrus* BA18 (22, -98, 24) -1.78 
R Lingual Gyrus – Occipital* BA17 (14, -102, -12) -1.88 
L Cerebellum* none (-62, -66, -16) -2.77 
R Cerebellum* none (2, -42, 0) -1.24 
    
2 digits vs. 0 digit    
power decrease    
L Precentral Gyrus – Frontal* BA4 (-46, -14, 40) -2.42 
R Precentral Gyrus – Frontal* BA6 (70, -6, 28) -2.74 
R Precuneus – Parietal* BA7 (22, -78, 56) -1.18 
L Superior Temporal Gyrus* BA22 (-62, -54, 20) -2.03 
R Lingual Gyrus – Occipital* BA17 (22, -102, -12) -1.73 
R Cerebellum* none (10, -34, -28) -2.43 
    
power increase    
L Medial Frontal Gyrus* BA32 (-2, 10, 44) 1.5 

L Superior Frontal Gyrus* BA6 
(-6, 14, 56),  
(-10, 10, 60) 

1.71,  
1.94 

    
3 digits vs. 2 digit    
power decrease    
L Superior Frontal Gyrus* BA8 (-10, 50, 40) -2.31 
L Medial Frontal Gyrus* BA8 (-6, 50, 40) -1.96 
R Inferior Frontal Gyrus* BA45 (58, 30, 4) -2.30 
R Inferior Frontal Gyrus* BA47 (50, 30, 0) -1.73 
R Middle Frontal Gyrus* BA11 (46, 42, -12) -1.44 

Table 5 - Locations of significant sources for MEG experiment 1 beta (20Hz) source 
analysis. Separate filters were used for source analysis of each digit condition. The time 
window used for source analysis was 0.35:0.85s. Sources relate to Figure 18 in Chapter 8. 
 
Area 
 

Brodmann 
area 

Talairach-MNI 
coordinates 

Relative 
power 

3 digits vs. 0 digit     
power decrease    
    
L Middle Frontal Gyrus* BA6 (-34, 2, 64) -0.083 
L Medial Frontal Gyrus BA6 (-10, -22, 68) -0.147 
L Precentral Gyrus - Frontal* BA6 (-66, -10, 32) -0.111 
L Postcentral Gyrus - Parietal  BA2 (-62, -22, 52) -0.214 
R Paracentral Lobule - Parietal* BA4 (10, -38, 72) -0.089 
L Superior Parietal Lobule* BA7 (-22, -50, 72) -0.092 

R Superior Parietal Lobule* BA7 
(22, -62, 56), 
(34, -74, 56) 

-0.13, 
-0.101 

R Precuneus - Parietal* BA7 (10, -54, 36) -0.13 
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L Inferior Parietal Lobule* BA40 (-50, -42, 56) -0.18 
R Posterior Cingulate* BA30 (10, -46, 24) -0.11 
L Cingulate Gyrus - Limbic* BA31 (-6, -42, 28) -0.125 
R Cingulate Gyrus - Limbic* BA31 (6, -42, 32) -0.126 
L Precuneus - Parietal* BA31 (-2, -66, 24) -0.079 
R Precuneus - Parietal* BA31 (22, -74, 28) -0.138 
R Middle Temporal Gyrus* BA37 (54, -62, 8) -0.106 
R Superior Temporal Gyrus* BA22 (58, -46, 12) -0.129 
R Cuneus - Occipital* BA18 (10, -74, 16) -0.104 
L Cuneus - Occipital* BA18 (-6, -102, 8) -0.123 
    
power increase    
R Superior Frontal Gyrus* BA9 (26, 38, 28) 0.14 
R Middle Frontal Gyrus BA9 (42, 50, 40) 0.21 

L Superior Frontal Gyrus* BA8 
(-10, 42, 56), 
(-10, 54, 44) 

0.15,  
0.19 

L Middle Frontal Gyrus* BA10 (-46, 58, -4) 0.11 
L Cingulate Gyrus - Frontal* BA6 (-14, 26, 36) 0.13 
L Middle Temporal Gyrus BA21 (-54, 2, -36) 0.083 
R Superior Frontal Gyrus BA6 (18, -6, 72 0.094 
R Postcentral Gyrus- Parietal BA5 (38, -42, 64) 0.095 
    
2 digits vs. 0 digit    
power decrease    
L Precentral Gyrus - Frontal* BA4 (-34, -22, 48) -0.15 
L Precentral Gyrus - Frontal* BA6 (-34, -10, 36) -0.128 
L Paracentral lobule* BA2 (-14, -34, 84) -0.111 
L Postcentral Gyrus - Parietal* BA3 (-54, -10, 44) -0.125 
L Superior Parietal Lobule* BA7 (-22, -42, 76) -0.113 

R Superior Parietal Lobule* BA7 
(22, -70, 60), 
(22, -62, 44) 

-0.128,  
-0.111 

L Precuneus - Parietal* BA7 (-18, -62, 36) -0.121 
R Precuneus - Parietal* BA7 (22, -58, 48) -0.104 
L Inferior Parietal Lobule* BA40 (-62, -18, 44) -0.111 
L Angular Gyrus - Parietal* BA39 (-26, -54, 32) -0.103 
L Middle Temporal Gyrus BA21 (-66, -54, 8) -0.125 
R Superior Temporal Gyrus* BA22 (58, -42, 8) -0.073 
R Middle Temporal Gyrus* BA21 (50, -42, 12) -0.068 
R Cerebellum* none (26, -54, -56) -0.1 
    
power increase    
L Middle Frontal Gyrus* BA10 (-50, 54, -12) 0.141 
L Middle Frontal Gyrus* BA47 (-54, 50, -12) 0.134 
L Superior Frontal Gyrus* BA6 (-10, 38, 60) 0.124 
R Middle Frontal Gyrus* BA9 (38, 46, 40) 0.236 
R  Middle Frontal Gyrus BA46 (42, 34, 16) 0.269 
R  Middle Frontal Gyrus BA10 (34, 38, 8) 0.207 
L Superior Temporal Gyrus BA22 (-70, -18, 0) 0.133 
R Inferior Temporal Gyrus BA20 (54, -2, -28) 0.09 
    
3 digits vs. 2 digit    
power decrease    
R  Inferior Frontal Gyrus BA46 (38, 34, 8) -0.175 
R Middle Frontal Gyrus BA46 (46, 26, 24) -0.133 
R Middle Frontal Gyrus BA47 (46, 38, -4) -0.127 
L Inferior Parietal Lobule* BA40 (-58, -42, 52) -0.118 
L Superior Temporal Gyrus BA42 (-66, -22, 8) -0.149 
L Middle Occipital Gyrus BA18 (-10, -90, 12) -0.092 
R Lingual Gyrus - Occipital BA18 (30, -98, -4) -0.106 
R  Cuneus - Occipital BA19 (30, -90, 32) -0.117 
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power increase    
L Middle Frontal Gyrus BA46 (-46, 46, 24) 0.093 
R Medial Frontal Gyrus BA8 (6, 50, 44) 0.082 
R Superior Frontal Gyrus BA6 (14, 2, 68) 0.123 

Table 6 - Locations of significant and peak relative power sources for MEG experiment 1 
beta (20Hz) source analysis. A common filter was used for source analysis, using data from 
3 digit, 2 digit and 0 digit conditions. The time window used for source analysis was 
0.35:0.85s. Relative power was calculated as (3 digit – 0 digit)/0digit for example. Sources 
relate to Figure 18 in Chapter 8. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

t-value 
 

3 digits vs. 0 digit     
power decrease    
L Middle Frontal Gyrus* BA9 (-26, 18, 32): -2.47 
L Middle Frontal Gyrus* BA11 (-38, 54, -12) -3.61 
L Inferior Frontal Gyrus* BA46 (-46, 46, 4) -3.27 
R Superior Frontal Gyrus* BA6 (22, -2, 72) -2.31 
R Inferior Frontal Gyrus* BA47 (30, 10, -20) -2.74 
L Precentral Gyrus – Frontal* BA6 (-26, -10, 48) -2.55 
L Precentral Gyrus – Frontal* BA4 (-26, -22, 64) -2.58 
L Postcentral Gyrus – Parietal* BA2 (-50, -22, 28) -2.44 
L Superior Parietal Lobule* BA7 (-14, -62, 64) -3.22 
L Precuneus – Parietal* BA7 (-10, -62, 32) -3.84 
L Inferior Parietal Lobule* BA40 (-46, -38, 48) -3.56 
R Superior Parietal Lobule* BA7 (34, -50, 60) -2.97 
R Precuneus – Parietal* BA7 (2, -54, 40) -3.07 
R Inferior Parietal Lobule* BA40 (50, -42, 44) -2.66 
L Superior Temporal Gyrus* BA21 (-50, -22, 0) -2.49 
L Middle Temporal Gyrus* BA21 (-50, -10, -12) -2.12 
L Middle Temporal Gyrus* BA37 (-50, -62, 8) -2.13 
R Superior Temporal Gyrus* BA38 (50, 18, -32) -2.79 
L Precuneus – Occipital* BA31 (-14, -58, 24) -3.67 
L Cuneus – Occipital* BA19 (-10, -98, 24) -3.81 
L Lentiform Nucleus, Lateral Globus 
Pallidus* none (-22, -14, -8) -2.26 
R Cerebellum* none (6, -66, -44) -2.07 
    
1 digits vs. 0 digit    
power decrease    
L Precentral Gyrus – Frontal* BA4 (-26, -26, 52) -2.72 
    
3 digits vs. 1 digit    
power decrease    
L Middle Frontal Gyrus* BA10 (-50, 54, -8) -3.39 
R Inferior Frontal Gyrus* BA47 (54, 34, -12): -2.60 
R Medial Frontal Gyrus* BA10 (2, 70, -4) -2.88 
R Precentral Gyrus – Frontal* BA4 (42, -18, 68) -1.16 
L Precentral Gyrus – Frontal* BA6 (-14, -18, 68) -1.92 
L Superior Parietal Lobule* BA7 (-42, -58, 52) -2.72 
L Precuneus – Parietal* BA7 (-22, -82, 52): -3.04 
L Inferior Parietal Lobule* BA40 (-50, -34, 52): -1.81 
R Superior Parietal Lobule* BA7 (38, -54, 56) -3.18 
R Inferior Parietal Lobule* BA40 (50, -54, 52): -2.71 
L Superior Temporal Gyrus* BA22 (-66, -42, 20): -2.49 
L Middle Temporal Gyrus* BA21 (-66, -6, -16): -2.38 
R Superior Temporal Gyrus* BA13 (50, -46, 16) -2.21 
R Middle Temporal Gyrus* BA21 (50, -14, -12) -2.20 
R Fusiform Gyrus – Temporal* BA37 (30, -38, -12) -1.99 
R Posterior Cingulate* BA23 (10, -58, 16) -3.16 
L Parahippocampal Gyrus* BA36 (-38, -22, -12) -2.4 
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L Inferior Occipital Gyrus* BA18 (-38, -90, -8) -3.43 
R Middle Occipital Gyrus* BA18 (10, -98, 16): -2.64 
L Cerebellum* none (-22, -86, -32) -2.41 
R Cerebellum* none (18, -86, -28) -2.07 

Table 7 - Locations of significant sources for MEG experiment 1 alpha (10Hz) source 
analysis. Separate filters were used for source analysis of each digit condition. The time 
window used for source analysis was 0.4:0.9s. Sources relate to Figure 20 in Chapter 8. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

Relative 
power 

3 digits vs. 0 digit     
power decrease    
L Postcentral Gyrus - Parietal* BA5 (-18, -42, 72) -0.102 
L Inferior Parietal Lobule* BA40 (-50, -42, 56) -0.158 
L Superior Parietal Lobule* BA7 (-34, -58, 56) -0.171 
R Superior Parietal Lobule* BA7 (18, -70, 56) -0.278 
L Precuneus - Parietal* BA7 (-14, -54, 40) -0.104 
L Middle Temporal Gyrus BA37 (-54, -62, 4) -0.250 
L Precuneus - Occipital* BA31 (-14, -58, 28) -0.115 
L Cuneus - Occipital* BA19 (-34, -90, 32) -0.138 
L Cingulate Gyrus - Limbic* BA31 (-2, -54, 28) -0.114 
L Posterior Cingulate* BA23 (-2, -42, 24) -0.075 
    
power increase    
L Middle Frontal Gyrus* BA10 (-34, 66, 12) 0.089 
R Superior Frontal Gyrus* BA9 (14, 62, 32) 0.067 
    
1 digit vs. 0 digit    
power decrease    
L Precentral Gyrus - Frontal* BA4 (-30, -22, 56) -0.096 
L Postcentral Gyrus - Parietal* BA3 (-22, -30, 56) -0.094 
R Precuneus - Parietal BA7 (10, -74, 56) -0.131 
    
power increase    
L Middle Frontal Gyrus* BA10 (-46, 50, -8) 0.098 
L Inferior Frontal Gyrus* BA44 (-62, 18, 16) 0.066 
L Middle Frontal Gyrus BA6 (-34, 10, 60) 0.119 
R Precentral Gyrus - Frontal BA6 (42, -14, 64) 0.211 
L Inferior Temporal Gyrus* BA20 (-66, -30, -20) 0.155 
R Superior Temporal Gyrus BA41 (58, -26, 8) 0.087 
R Fusiform Gyrus - Temporal BA19 (50, -66, -12) 0.129 
R Cerebellum  (38, -70, -28) 0.130 
    
3 digits vs. 1 digit    
power decrease    

L Superior Parietal Lobule* BA7 
(-38, -54, 60),  
(-26, -54, 60) 

-0.136,  
-0.071 

R Superior Parietal Lobule* BA7 
(30, -62, 64),  
(10, -58, 80) 

-0.181,  
-0.157 

L Precuneus - Parietal* BA7 (-14, -78, 52) -0.147 
L Superior Temporal Gyrus* BA41 (-54, -26, 8) -0.145 
L Inferior Temporal Gyrus* BA20 (-54, -30, -16) -0.174 
L Parahippocampal Gyrus - Limbic* BA36 (-34, -30, -12) -0.142 
L Fusiform Gyrus - Temporal* BA20 (-50, -38, -20) -0.184 
R Middle Temporal Gyrus* BA22 (50, -38, 0) -0.197 
R Superior Temporal Gyrus* BA41 (50, -30, 12) -0.185 
R Inferior Temporal Gyrus* BA37 (50, -38, -16) -0.144 
R Fusiform Gyrus - Temporal* BA20 (50, -18, -20) -0.125 
R Middle Temporal Gyrus* BA21 (66, -42, -12) -0.135 
L Cuneus - Occipital*  BA19 (-14, -82, 36) -0.163 
L Middle Occipital Gyrus* BA18 (-26, -86, 0) -0.168 
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L Cerebellum*  (-26, -54, -16) -0.142 
    
power increase    
L Superior Frontal Gyrus BA9 (-14, 62, 28) 0.056 
R Superior Frontal Gyrus BA9 (10, 62, 28) 0.065 
L Precentral Gyrus - Frontal BA6 (-62, -10, 28) 0.042 
L Postcentral Gyrus - Parietal BA1 (-38, -38, 72) 0.084 

Table 8 - Locations of significant and peak relative power sources for MEG experiment 1 
alpha (10Hz) source analysis. A common filter was used for source analysis, using data 
from 3 digit, 1 digit and 0 digit conditions. The time window used for source analysis was 
0.4:0.9s. Relative power was calculated as (3 digit – 0 digit)/0digit for example. Sources 
relate to Figure 20 in Chapter 8. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

Relative 
power 

321 digits vs. 0 digit     
power increase    
R Superior Frontal Gyrus BA8 (18, 46, 40) 0.1 
R Middle Frontal Gyrus BA10 (46, 58, -8) 0.1 
R Middle Frontal Gyrus* BA46 (46, 46, 24) 0.1 
R Middle Frontal Gyrus* BA8 (50, 30, 44) 0.12 
L Middle Frontal Gyrus BA8 (-34, 38, 40) 0.08 
L Middle Frontal Gyrus BA10 (-42, 54, 4) 0.09 
L Precentral Gyrus - frontal BA44 (-66, 14, 4) 0.14 
L Inferior Frontal Gyrus* BA45 (-62, 26, 20) 0.09 
L Supramarginal Gyrus - parietal BA40 (-66, -46, 28) 0.06 
R Inferior Parietal Lobule* BA40 (50, -62, 48) 0.08 
R Superior Parietal Lobule BA7 (22, -62, 64) 0.07 
L Superior temporal gyrus BA38 (-62, 14, -8) 0.11 
L Fusiform Gyrus - temporal BA20 (-50, -2, -24) 0.06 
R Fusiform Gyrus - temporal BA37 (46, -46, -16) 0.07 
R Parahippocampal Gyrus* BA37 (34, -42, -8) 0.06 
R Superior Frontal Gyrus BA8 (18, 46, 40) 0.1 
    
power decrease    
L Middle Occipital Gyrus* BA19 (-42, -90, 20) -0.02 
R Lingual Gyrus - Occipital* BA18 (6, -98, -8) -0.05 

Table 9 - Locations of significant and peak relative power sources for MEG experiment 1 
theta (6Hz) source analysis. A common filter was used for source analysis, using data from 
3 digit, 2digit, 1 digit and 0 digit conditions. Data for 3 digit, 2 digit and 1 digit were merged, 
and compared to 0 digits. Relative power was calculated as (321 digit – 0 digit)/0digit. The 
time window used for source analysis was 0.05:0.55s. Sources relate to Figure 22 in Chapter 
8. 
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C. MEG Experiment 2 Locations of sources for beta, alpha and theta bands 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

t-value 
 

3 digits vs. 0 digit     
power decrease    
L Superior Frontal Gyrus* BA8 (-14, 50, 44) -2.92 
R Superior Frontal Gyrus* BA8 (18, 38, 44) -3.82 
L Middle Occipital Gyrus* BA37 (-50, -66, -8) -2.13 
L Superior Parietal Lobule* BA7 (-22, -54, 64) -1.56 
L Precuneus – Parietal* BA7 (-2, -78, 52) -2.01 
L Postcentral Gyrus – Parietal* BA7 (-18, -58, 68) -2.13 
L Inferior Parietal Lobule* BA40 (-46, -46, 60) -2.42 
R Precuneus – Parietal* BA7 (10, -78, 52) -3.13 
R Inferior Parietal Lobule* BA40 (50, -66, 52) -2.94 
L Cerebellum*  (-58, -66, -16) -2.73 
    
2 digits vs. 0 digit    
power decrease    
L Superior Frontal Gyrus* BA11 (-26, 46, -24) -2.65 
L Precentral Gyrus – Frontal* BA4 (-50, -10, 36) -2.81 

L Precentral Gyrus – Frontal* BA6 
(-58, -10, 40),  

(-66, 6, 12) -2.73, -2.49 

R Postcentral Gyrus – Parietal* BA1, BA2 
(66, -18, 24),  
(70, -18, 24) -2.25, -2.24 

L Uncus - Limbic Lobe* BA38 (-26, 2, -40) -3.55 
L Inferior Temporal Gyrus* BA37 (-62, -58, -4) -1.02 
L Thalamus*  (-2, -22, 8) -1.90 
    
power increase    
R Medial Frontal Gyrus* BA9 (6, 58, 40) 1.54 
    
1 digit vs. 0 digit    
power decrease    
R Postcentral Gyrus – Parietal* BA1 (54, -22, 56) -2.00 
R Postcentral Gyrus – Parietal* BA40 (62, -22, 56) -2.06 
L Precuneus – Parietal* BA19 (-34, -86, 44) -2.62 
L Middle Temporal Gyrus* BA19 (-38, -78, 24) -1.94 
L Cerebellum*   -2.45 
    
power increase    
R Superior Frontal Gyrus* BA9 (30, 46, 28) 2.52 
R Superior Frontal Gyrus* BA10 (26, 54, 24) 3.38 

Table 10 - Locations of significant sources for MEG experiment 2 beta (20Hz) source 
analysis. Separate filters were used for source analysis of each digit condition. The time 
window used for source analysis was 0.35:0.85s. Sources relate to Figure 28 in Chapter 9. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

Relative 
power 

3 digits vs. 0 digit     
power decrease    
L Precentral Gyrus - Frontal* BA6 (-34, -14, 56) -0.217 
L Postcentral Gyrus - Parietal* BA2 (-54, -22, 48) -0.216 
L Superior Parietal Lobule* BA7 (-18, -62, 64) -0.242 
L Inferior Parietal Lobule* BA40 (-46, -50, 60) -0.228 
L Supramarginal Gyrus - Temporal* BA40 (-66, -50, 28) -0.114 
R Superior Parietal Lobule* BA7 (30, -66, 56) -0.109 
R Precuneus - Parietal* BA7 (26, -62, 36) -0.080 
R Precuneus - Parietal* BA19 (30, -82, 36) -0.106 
L Superior Temporal Gyrus BA22 (-58, -54, 8) -0.157 
L Middle Temporal Gyrus* BA19 (-50, -62, 16) -0.151 
L Middle Occipital Gyrus* BA18 (-42, -86, 12) -0.127 
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L Cuneus - Occipital* BA19 (-10, -98, 24) -0.091 
L Cingulate Gyrus - Limbic* BA31 (-14, -22, 44) -0.114 
L Cerebellum* none (-26, -62, -36) -0.092 
    
power increase    
R Middle Frontal Gyrus BA8 (30, 26, 40) 0.179 
R Middle Frontal Gyrus BA9 (30, 38, 32) 0.129 
R Inferior Frontal Gyrus BA47 (50, 38, -16) 0.084 
R Inferior Temporal Gyrus BA20 (50, -2, -36) 0.076 
R Inferior Parietal Lobule BA40 (50, -54, 40) 0.117 
R Angular Gyrus - Parietal BA39 (58, -62, 40) 0.201 
    
2 digits vs. 0 digit    
power decrease    
L Middle Frontal Gyrus* BA6 (-26, 6, 40) -0.147 
R Postcentral Gyrus - Parietal* BA2 (42, -34, 60) -0.080 
L Postcentral Gyrus - Parietal* BA5 (-22, -38, 72) -0.140 
L Superior Parietal Lobule* BA7 (-34, -50, 64) -0.225 
L Precuneus - Parietal* BA7 (-14, -50, 48) -0.151 
L Inferior Parietal Lobule* BA40 (-50, -42, 60) -0.231 
L Superior Temporal Gyrus* BA22 (-46, -22, 4) -0.118 
L Superior Temporal Gyrus* BA38 (-30, 6, -32): -0.094 
L Fusiform Gyrus - Temporal* BA20 (-38, -10, -24) -0.113 
L Superior Occipital Gyrus* BA19 (-34, -86, 24) -0.072 
L Inferior Occipital Gyrus* BA18 (-46, -86, 0) -0.114 
L Cerebellum* none (-46, -74, -28) -0.073 
    
power increase    
R Superior Frontal Gyrus* BA9 (10, 58, 24) 0.056 
R Middle Frontal Gyrus BA8 (26, 30, 44) 0.122 
R Inferior Frontal Gyrus BA47 (50, 30, -12) 0.075 
R Inferior Temporal Gyrus* BA20 (58, -30, -20) 0.130 
R  Inferior Parietal Lobule BA40 (54, -54, 44) 0.128 
R Angular Gyrus - Parietal BA39 (58, -62, 40) 0.142 
R Fusiform Gyrus - Occipital* BA18 (30, -90, -16) 0.106 
R Inferior Occipital Gyrus* BA18 (30, -94, -4) 0.100 
R Cerebellum* none (30, -34, -28) 0.123 
    
1 digit vs. 0 digit    
power decrease    
L Inferior Frontal Gyrus* BA10 (-34, 42, 0) -0.075 
L Middle Temporal Gyrus* BA38 (-42, 2, -44) -0.138 
L Precentral Gyrus - Frontal* BA6 (-42, -14, 64) -0.283 
L Postcentral Gyrus - Parietal* BA5 (-42, -50, 64) -0.219 
L Postcentral Gyrus - Parietal* BA2 (-66, -22, 32) -0.137 
R Postcentral Gyrus - Parietal* BA2 (58, -22, 56) -0.084 
L Superior Parietal Lobule* BA7 (-34, -50, 64) -0.202 
L Precuneus - Parietal* BA7 (-2, -74, 56) -0.113 
R Superior Parietal Lobule* BA7 (38, -62, 56) -0.068 

L Inferior Parietal Lobule* BA40 
(-42, -54, 52),  
(-50, -34, 52) 

-0.194,  
-0.294 

L Supramarginal Gyrus - Parietal* BA40 (-66, -46, 28) -0.156 
L Superior Temporal Gyrus BA39 (-54, -54, 8) -0.125 
    
power increase    
R Middle Frontal Gyrus BA8 (22, 30, 36) 0.119 
R Superior Frontal Gyrus BA9 (34, 34, 32) 0.073 
R Superior Frontal Gyrus BA11 (14, 58, -16) 0.083 
R Inferior Parietal Lobule BA40 (54, -54, 36) 0.138 
R Angular Gyrus - Parietal  BA39 (54, -66, 32) 0.095 
R Fusiform Gyrus - Occipital* BA19 (30, -66, -8) 0.081 
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R Inferior Occipital Gyrus* BA18 (46, -86, -8) 0.080 
R Cerebellum* none (22, -66, -16) 0.102 

Table 11 - Locations of significant and peak relative power sources for MEG experiment 2 
beta (20Hz) source analysis. A common filter was used for source analysis, using data from 
3 digit, 2 digit, 1 digit and 0 digit conditions. The time window used for source analysis was 
0.35:0.85s. Relative power was calculated as (3 digit – 0 digit)/0digit for example. Sources 
relate to Figure 28 in Chapter 9. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

t-value 
 

Relative 
power 

3 digits vs. 0 digit      
power decrease     
L Middle Frontal Gyrus* BA10 (-38, 46, 12) -3.01 -0.370 
L Precentral Gyrus - Frontal* BA6 (-58, -14, 40) -2.63 -0.427 
L Middle Frontal Gyrus* BA6 (-22, 10, 60) -3.44 -0.401 
R Precentral Gyrus - Frontal* BA6 (18, -14, 60) -3.51 -0.412 
L Superior Parietal Lobule* BA7 (-22, -70, 60) -2.70 -0.521 
L Inferior Parietal Lobule* BA40 (-34, -46, 44) -2.87 -0.475 
L Precuneus - Parietal* BA19 (-34, -70, 40) -2.69 -0.446 
L Precuneus - Parietal* BA7 (-22, -66, 52) -2.77 -0.525 
R Superior Parietal Lobule* BA7 (26, -58, 44) -2.66 -0.438 
R Inferior Parietal Lobule* BA40 (34, -42, 44) -2.56 -0.406 
L Supramarginal Gyrus - Temporal* BA40 (-58, -46, 20) -3.02 -0.444 
L Inferior Temporal Gyrus* BA37 (-58, -66, 0) -3.07 -0.435 
L Inferior Temporal Gyrus* BA37 (-54, -66, 0) -2.96 -0.451 
L Superior Temporal Gyrus* BA22 (-58, -42, 12) -2.97 -0.419 
R Middle Temporal Gyrus* BA39 (46, -74, 12) -2.73 -0.455 
R Middle Occipital Gyrus* BA37 (42, -66, 4) -2.66 -0.439 
L Cuneus - Occipital* BA19 (-22, -90, 28) -2.54 -0.489 
L Cerebellum*  (-26, -26, -36) -2.77 -0.420 
R Cerebellum*  (34, -54, -24) -3.08 -0.403 
     
2 digits vs. 0 digit     
power decrease     
L Superior Frontal Gyrus* BA9 (-14, 58, 36) -3.99  
L Middle Frontal Gyrus* BA46 (-50, 50, 16) -4.14  
L Superior Frontal Gyrus* BA10 (-26, 58, 24) -4.25  
L Middle Frontal Gyrus* BA10 (-22, 70, 8) -2.44  
R Superior Frontal Gyrus* BA10 (26, 70, -12) -2.78  
L Superior Frontal Gyrus* BA6 (-6, 10, 68) -3.42  
R Medial Frontal Gyrus* BA6 (18, 6, 48) -3.02  
L Postcentral Gyrus - Parietal* BA3 (-18, -34, 64) -3.38  
R Postcentral Gyrus - Parietal* BA5 (18, -42, 64) -2.62  
L Superior Parietal Lobule* BA7 (-38, -62, 56) -2.71  
L Precuneus - Parietal* BA7 (-18, -50, 56) -3.13  
L Inferior Parietal Lobule* BA40 (-46, -38, 48) -3.02  
R Superior Parietal Lobule* BA7 (34, -58, 56) -2.16  
R Precuneus - Parietal* BA7 (18, -54, 52) -2.58  
R Inferior Parietal Lobule* BA40 (54, -34, 44) -3.04  
L Inferior Temporal Gyrus* BA37 (-62, -62, -12) -2.52  
L Middle Temporal Gyrus* BA37 (-50, -62, 4) -2.50  
L Middle Temporal Gyrus* BA37 (-46, -58, 4) -2.79  
L Inferior Temporal Gyrus* BA20 (-38, -14, -40) -2.68  
L Middle Occipital Gyrus* BA18 (-34, -94, 4) -2.81  
R Middle Occipital Gyrus* BA19 (54, -78, 8) -2.35  
L Thalamus - Sub-lobar*  (-2, -30, 4) -3.09  
L Cerebellum*  (-38, -46, -36) -2.85  
R Cerebellum*  (42, -70, -36) -2.91  
     
1 digit vs. 0 digit     
power decrease     
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L Middle Frontal Gyrus* BA46 (-50, 54, 8) -3.93  
L Inferior Frontal Gyrus* BA47 (-58, 26, -4) -3.00  
R Superior Frontal Gyrus* BA6 (18, -10, 64) -3.05  
L Precentral Gyrus - Frontal* BA6 (-62, 2, 40) -2.47  
L Precentral Gyrus - Frontal* BA4 (-38, -26, 72) -2.84  
R Precentral Gyrus - Frontal* BA4 (22, -22, 60) -3.12  
R Paracentral Lobule - Frontal* BA31 (10, -30, 44) -3.69  
R Cingulate Gyrus - Limbic* BA31 (10, -30, 36) -4.10  
L Postcentral Gyrus - Parietal* BA2 (-46, -22, 44) -3.51  
R Postcentral Gyrus - Parietal* BA2 (50, -26, 60) -2.78  
L Superior Parietal Lobule* BA7 (-22, -58, 64) -3.15  
L Inferior Parietal Lobule* BA40 (-54, -38, 48) -3.07  
L Precuneus - Parietal* BA7 (-26, -74, 52) -2.63  
R Superior Parietal Lobule* BA7 (22, -66, 60) -2.49  
R Inferior Parietal Lobule* BA40 (50, -66, 48) -2.82  
R Angular Gyrus - Parietal* BA39 (58, -66, 36) -2.67  
L Superior Temporal Gyrus* BA22 (-70, -42, 12) -2.72  
L Superior Temporal Gyrus* BA13 (-42, -46, 24) -4.10  
L Middle Temporal Gyrus* BA39 (-46, -62, 24) -3.12  
L Middle Occipital Gyrus* BA19 (-26, -86, 20) -2.37  
L Thalamus - Sub-lobar*  (-2, -10, 0) -3.15  
L Cerebellum*  (-18, -34, -44) -2.80  
R Cerebellum*  (22, -66, -44) -3.08  
     
power increase     
R Middle Temporal Gyrus BA21 (62, -18, -8) ns 0.099 
R Superior Temporal Gyrus BA22 (62, -18, 0) ns 0.099 
L Lingual Gyrus - Occipital BA18 (-6, -102, -8) ns 0.147 
R Cuneus - Occipital BA18 (14, -102, 8) ns 0.108 

Table 12 - Locations of significant and peak relative power sources for MEG experiment 2 
alpha (10Hz) source analysis. Separate filters were used for source analysis of each digit 
condition. Much of the brain was significantly different in the 3 digit vs. 0 digit comparison, 
so only the sources with the peak negative relative power (< -0.35) are included in the table. 
The time window used for source analysis was 0.4:0.9s. Sources relate to Figure 30 in 
Chapter 9. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

Relative 
power 

3 digits vs. 0 digit     
power decrease    
L Precentral Gyrus - Frontal* BA6 (-58, -2, 48) -0.179 
L Postcentral Gyrus - Parietal* BA2 (-58, -18, 28) -0.180 
L Superior Parietal Lobule* BA7 (-30, -62, 56) -0.393 
L Inferior Parietal Lobule* BA40 (-46, -62, 48) -0.299 
R Superior Parietal Lobule* BA7 (34, -66, 56) -0.204 
R Inferior Parietal Lobule* BA40 (54, -34, 24) -0.122 
L Precuneus - Parietal* BA7 (-18, -46, 44) -0.223 
L Precuneus - Parietal* BA31 (-18, -74, 24) -0.163 
L Precuneus - Occipital* BA31 (-14, -62, 24) -0.153 
R Precuneus - Parietal* BA7 (22, -74, 44) -0.161 
L Superior Temporal Gyrus* BA41 (-42, -34, 16) -0.190 
L Cuneus - Occipital* BA19 (-14, -86, 32) -0.212 
L Middle Occipital Gyrus* BA19 (-38, -86, 8) -0.150 
R Middle Occipital Gyrus* BA19 (42, -86, 16) -0.108 
R Lingual Gyrus - Occipital* BA18 (6, -86, -8) -0.120 
L Thalamus - Sub-lobar*  (-2, -18, 12) -0.139 
L Insula - Sub-lobar* BA13 (-34, -30, 24) -0.186 
    
power increase    
L Superior Frontal Gyrus BA10 (-10, 66, 20) 0.066 
R Superior Frontal Gyrus BA11 (10, 66, -16) 0.071 
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R Superior Frontal Gyrus BA9 (10, 62, 28) 0.100 
R Middle Frontal Gyrus BA46 (46, 30, 24) 0.110 
    
2 digits vs. 0 digit    
power decrease    
L Superior Frontal Gyrus* BA6 (-26, -2, 72) -0.115 
R Superior Frontal Gyrus* BA6 (2, 2, 72) -0.096 
L Postcentral Gyrus - Parietal* BA5 (-26, -38, 64) -0.204 
L Postcentral Gyrus - Parietal* BA7 (-26, -50, 72) -0.237 
L Superior Parietal Lobule* BA7 (-30, -50, 64) -0.287 
L Precuneus - Parietal* BA7 (-14, -78, 48) -0.214 
L Inferior Parietal Lobule* BA40 (-42, -38, 56) -0.273 
R Superior Parietal Lobule* BA7 (2, -66, 56) -0.178 
L Precuneus - Parietal* BA31 (-14, -46, 36) -0.176 
R Precuneus - Parietal* BA7 (10, -66, 48) -0.130 
R Precuneus - Parietal* BA31 (10, -46, 28) -0.135 
L Fusiform Gyrus - Temporal* BA37 (-50, -62, -16) -0.227 
L Middle Temporal Gyrus* BA37 (-42, -54, 0) -0.259 
L Middle Occipital Gyrus* BA18 (-34, -82, 0) -0.135 
R Anterior Cingulate - Limbic* BA25 (2, 10, -8) -0.111 
R Cingulate Gyrus - Limbic* BA24 (2, -2, 36) -0.120 
L Parahippocampal Gyrus* BA19 (-42, -46, 0) -0.233 
L Thalamus - Sub-lobar*  (-2, -10, 12) -0.094 
    
power increase    
L Middle Frontal Gyrus BA11 (-34, 38, -12) 0.065 
L Medial Frontal Gyrus BA10 (-2, 66, 16) 0.050 
R Middle Frontal Gyrus BA9 (34, 46, 36) 0.069 
R Middle Frontal Gyrus BA46 (54, 34, 24) 0.078 
    
1 digit vs. 0 digit    
power decrease    
L Superior Frontal Gyrus* BA6 (-10, 14, 72) -0.070 
R Precentral Gyrus - Frontal* BA6 (18, -18, 68) -0.081 
R Precentral Gyrus - Frontal* BA4 (18, -22, 56) -0.108 
L Postcentral Gyrus - Parietal* BA1 (-58, -18, 52) -0.292 
L Postcentral Gyrus - Parietal* BA3 (-30, -22, 44) -0.186 
L Postcentral Gyrus - Parietal* BA5 (-38, -46, 64) -0.301 
L Postcentral Gyrus - Parietal* BA40 (-58, -26, 56) -0.331 
R Postcentral Gyrus - Parietal* BA2 (54, -26, 56) -0.205 
R Postcentral Gyrus - Parietal* BA5 (18, -42, 64) -0.096 
R Postcentral Gyrus - Parietal* BA7 (14, -50, 68) -0.115 
L Superior Parietal Lobule* BA7 (-38, -62, 56) -0.296 
L Inferior Parietal Lobule* BA40 (-58, -38, 48) -0.314 
R Inferior Parietal Lobule* BA40 (54, -38, 48) -0.189 
L Middle Temporal Gyrus* BA19 (-38, -58, 12) -0.165 
L Middle Temporal Gyrus* BA37 (-42, -58, 4) -0.193 
L Superior Temporal Gyrus* BA41 (-42, -42, 12) -0.175 
L Superior Temporal Gyrus* BA22 (-66, -42, 20) -0.168 
L Cingulate Gyrus - Limbic* BA23 (-10, -14, 32) -0.124 
R Cingulate Gyrus - Limbic* BA31 (18, -26, 40) -0.112 
L Thalamus - Sub-lobar*  (-10, -18, 12) -0.110 
    
power increase    
R Superior Frontal Gyrus BA9 (34, 46, 28) 0.109 
R Middle Frontal Gyrus BA46 (42, 46, 16) 0.086 
R Middle Temporal Gyrus BA21 (70, -18, -4) 0.145 
R Superior Temporal Gyrus BA41 (54, -18, 4) 0.086 
R Cuneus - Occipital BA17 (18, -90, 4) 0.092 
L Cuneus - Occipital BA17 (-10, -98, 4) 0.057 
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Table 13 - Locations of significant and peak relative power sources for MEG experiment 2 
alpha (10Hz) source analysis. A common filter was used for source analysis, using data 
from 3 digit, 2 digit, 1 digit and 0 digit conditions. The time window used for source analysis 
was 0.4:0.9s. Relative power was calculated as (3 digit – 0 digit)/0digit for example. Sources 
relate to Figure 30 in Chapter 9. 
 
Area  
 

Brodmann 
area 

Talairach-MNI 
coordinates 

Relative 
power 

321 digits vs. 0 digit     
power increase    
R Superior Frontal Gyrus* BA6 (18, 10, 72) 0.04 
L Middle Frontal Gyrus BA6 (-58, 6, 40) 0.15 
L Middle Frontal Gyrus BA47 (-42, 38, -8) 0.09 
L Middle Frontal Gyrus BA11 (-38, 42, -16) 0.1 
R Inferior Frontal Gyrus BA46 (50, 38, 8) 0.09 
R Superior Temporal Gyrus BA39 (54, -54, 8) 0.1 
R Fusiform Gyrus - Temporal BA20 (38, -30, -16) 0.08 
R Inferior Temporal Gyrus BA20 (54, -34, -16) 0.07 
R Parahippocampal Gyrus BA35 (22, -30, -12) 0.07 
L Parahippocampal Gyrus - 
Hippocampus none (-26, -14, -16) 0.06 
L Inferior Parietal Lobule* BA40 (-54, -54, 52) 0.05 
L Inferior Parietal Lobule BA39 (-50, -70, 44) 0.06 
    
power decrease    
L Cuneus* BA18 (-14, -94, 20) -0.06 
L Middle Occipital Gyrus* BA18 (-30, -94, 4) -0.06 
L Uvula - Cerebellum*  (-6, -94, -28) -0.1 

Table 14 - Locations of significant and peak relative power sources for MEG experiment 2 
theta (6Hz) source analysis. A common filter was used for source analysis, using data from 
3 digit, 2digit, 1 digit and 0 digit conditions. Data for 3 digit, 2 digit and 1 digit were merged, 
and compared to 0 digits. Relative power was calculated as (321 digit – 0 digit)/0digit. The 
time window used for source analysis was 0.05:0.55s. Sources relate to Figure 32 in Chapter 
9. 
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D. Alpha band differences in power between conditions in MEG Experiment 2 
are revealed in the separate filter statistics 
The maximum absolute power for 10Hz separate filter analysis was in a similar 

range for 0, 1, 2 and 3 digits (Table 15). However, the minimum absolute power 

was much stronger for 3 digits than the other digit levels. This could account for 

why most of brain was statistically significant for the 3 digit vs. 0 digit 

comparison (Figure 34). Differences in absolute power between conditions 

affect the outcome of significant sources only when using separate filter. The 

common filter analysis seems to average out strong power differences between 

conditions (as seen in Figure 30 (1st) in the Chapter 9), so that only peak 

differences are seen. 

Digit Min absolute power Max absolute power 
3 digit 8.7*10-28 4.3*10-26 
2 digit 1.1*10-27 5.2*10-26 
1 digit 1.1*10-27 5.8*10-26 
0 digit 1.2*10-27 6.9*10-26 

Table 15 - Absolute minimum and maximum alpha power for separate filter source analysis. 
 

 
Figure 34 - Group alpha band sources for the separate filter statistics for experiment 2. The 
3 vs. 0 digit (top row), 2 vs. 0 digit (middle row) and 1 vs. 0 digit (bottom row) comparisons 
are shown. These figures relate to Figure 30 in the text. Sources are projected onto a 
surface plot of the brain. From left to right of the page, the views of the brain are: left, right, 
top and front. 
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E: Effect of practice on AB performance with partial targets (1 digit and 2 
digits) in long experiments 
In most behavioural experiments there was a main effect of practice on the AB 

magnitude but no interaction of practice with digit condition: i.e. the pattern of 

relative blink magnitudes did not change between the first and second halves of 

the experiment. This suggests that participants quickly learnt the global 

probabilities of the digit events, since there was a robust effect of global target 

expectations on the AB within the first half (150 – 192 trials) of the experiments. 

In two longer AB experiments, there was an interaction of practice with digit 

condition (statistical trend only for Experiment 4). The AB performance 

improved with practice for partial targets (1 digit and 2 digits) but not for the 

full target (3 digits) in the masking (Behavioural Experiment 3; 240 trials in each 

half) (Figure 35A and B) and the colour experiments (Behavioural Experiment 4; 

360 trials in each half) (Figure 36A and B). 
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Figure 35 - Experiment 3: The digit-event mask. T2│T1 performance at various levels of T1 
compositionality for masked and unmasked conditions during A) the first half and B) the 
second half of the experiment. Error bars +/- 1 standard error of the mean. 
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Figure 36 - Experiment 4: Colour marking final digit. T2│T1 performance at various levels of 
T1 compositionality for black and blue conditions during A) the first half and B) the second 
half of the experiment. Error bars +/- 1 standard error of the mean. 
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