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Figure 11: A: The winning models (linear or quadratic, assessed with BIC) calculated 

across cortical regions (FDR adjusted and threshold at p<0.1); highlighting the regions 

showing linear modulation (red/orange- i.e. increased visual or somatosensory domain 

attention) and quadratic modulation (blue - i.e. “n”-shape task difficulty). B: Inflated 

views of the data shown in A. C: selected region of interest (V3) with group conjunction 

of response to task (akin to Fig. 10A). D: An example of a model fit (top panel) to the 

top 5% of b values from region V3, and the BIC calculated for the three candidate 

models, showing a linear fit clearly “winning” in this region. 

 

Standard group analysis 

Figure 12 shows standard mixed effects group analysis results for the attention task, 

highlighting that standard methods do not readily reveal the modulations of the 

functional responses to this cognitive task even when using a relatively lenient 

threshold of p<0.001, uncorrected. Focusing on the right hemisphere responses, as 

stimuli were presented to the left; we observed that, whilst some areas showed the 

response to task regardless of the attentional cue (Fig. 11, dark blue), only very small 

disparate areas showed activation to the task difficulty (quadratic, shown in pale blue) 

or attention to a modality (linear, positive – shown in red, negative – shown in green) 

across the conditions. This lack of response was due to lack of spatial agreement 

across subjects (see Figs. 7, 9 and 10) and highlights the need for optimal analysis 

pipelines to investigate such responses in high spatial resolution fMRI data. Additional 

activations observed in the left hemisphere are likely to be related to the button press 

response and the response to the task, rather than the direction of attention and 

therefore were not the focus of this study. 
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Figure 12: 2nd level GLM analyses of the volume normalised, smoothed attention data. 

Mixed effects analysis (p<0.001, uncorrected) activation maps (see Figure S3 for fixed 

effects analysis). Colours denote regions where the t-statistics for each of the 

contrasts exceeded the stated threshold, and were classified as “activated” regions to 

that contrast, with different contrast and associated colours shown in right hand panel. 

 

Discussion: 

We explored the feasibility of using high spatial resolution UHF fMRI to interrogate the 

BOLD response to a cognitive task across the whole brain. First, we investigated the 

magnetic field inhomogeneity (DB0) and the temporal SNR of the data, showing high 

quality whole brain data was achieved. We then explored the inter-subject differences 

in brain structure in both primary visual areas and higher-order cortical regions and its 

likely contribution to inter-subject differences in the spatial location of functional 

responses. We showed that considerable differences in anatomy are present in higher 

order cortical areas, whilst primary visual regions showed good anatomical 

agreement, as published  previously (Fischl, Rajendran et al. 2008).  

 

Given the observed inter-subject structural and functional differences, we investigated 

the effect of normalisation and smoothing procedures on the spatial agreement of the 
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functional response to the cognitive task, in particular in higher order areas. We show 

that the choice of normalisation and smoothing procedures employed is critical when 

the fMRI response of interest is focal and/or in higher-order cortical regions. We 

demonstrate a novel group fMRI analysis for assessing attentional modulation to the 

cognitive task, by fitting b weights derived from 1st level GLM analysis to different 

models within each parcellated region. We reveal areas which show quadratic and 

linear modulations of BOLD signal in response to the attention conditions of the task, 

findings which are not clearly observed using standard 2nd level mixed effects GLM 

analysis due to the large inter-subject spatial variability and difference in amplitude of 

functional response modulations.  

 

Data quality, anatomical variability and parcellation of brain regions 

When considering whole brain functional responses, it is important to first consider the 

GE-EPI data quality. We used IB-shimming and B0 mapping to provide in good global 

B0 homogeneity for the attention fMRI data acquisition, this ensured a subvoxel shift 

of pixels in the GE-EPI data in the phase encode direction compared to the anatomical 

data. In future we will improve this further with the use of dynamic distortion correction 

techniques (Visser, Poser et al. 2012). tSNR was also relatively  homogeneous over 

the cortex, though there was a noticeable reduction in the temporal lobes, regions 

known to be most greatly affected by physiological noise (Hutton, Josephs et al. 2011), 

and the central gyrus, driven by a reduced mean signal caused by heavy myelination 

in this region (Glasser and Van Essen 2011).  

 

Group analysis of fMRI data typically requires data normalisation to interrogate all 

subjects’ data in the “same space” and to allow the study of responses in equivalent 
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regions. Given the known anatomical variability between subjects (Geyer, Weiss et al. 

2011), it is questionable whether normalisation of data to a standard template is 

appropriate using any transformation (i.e. volume or surface normalisation). However, 

a method of parcellating the brain, or defining anatomical structures, is necessary to 

form group comparisons. In the absence of individual subject sub-millimetre 

anatomical scans of multiple MR contrasts for parcellation of brain structures (Tardif, 

Schafer et al. 2015), surface normalisation with a detailed anatomical atlas, such as 

the Glasser atlas (Glasser, Coalson et al. 2016), may be the best approach.  

 

Surface normalisation approaches match the curvature of the sulci and gyri of 

individual subjects to a template. In a recent study, Tardif et al demonstrate that 

surface based methods can be refined to improve spatial normalisation based on such 

curvature (Tardif, Schafer et al. 2015). However, they also highlight that it may not be 

beneficial to maximise normalisation based on curvature and cortical folds, since in 

higher cortical areas, the curvature may not reflect the functional boundaries of regions 

(Tardif, Schafer et al. 2015). Instead, they suggest information is required to allow 

alignment of individual brains based on functional boundaries. These functional 

boundaries are commonly believed to be reflected by cytoarchitecture, but it is not 

possible to interrogate cytoarchitecture directly in vivo. Instead, T1 maps may provide 

additional information on myelination, which is believed to closely relate to 

cytoarchitecture, to inform group normalisation (Turner and Geyer 2014, Tardif, 

Schafer et al. 2015) or allow parcellation of individual brain regions (Geyer, Weiss et 

al. 2011, Turner and Geyer 2014). However, the success of this form of normalisation 

has primarily been assessed on myelin rich primary sensory cortices. Whilst some 

gains have been highlighted in higher order regions, FEF and ventral intra-parietal 
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area [VIP] (Tardif, Schafer et al. 2015), it remains to be assessed as to how useful this 

normalisation is for other higher cortical regions, where myelination is generally lower 

with less contrast between regions. Indeed, it is unclear whether whole brain 

normalisation based on T1 maps may bias warping of the brain to correctly align 

regions of high myelin at the expense of functional areas with low myelin. Our data 

highlights the importance of future developments to map functional boundaries in 

individual subjects in vivo, to enable subject-specific structural and functional 

parcellation (Geyer, Weiss et al. 2011, Robinson, Garcia et al. 2017). Such boundary 

alignment may also take account of boundaries identified from robust fMRI tasks, such 

as individual subject resting state and visuotopic maps, as employed by Glasser et al 

(Glasser, Coalson et al. 2016). With such subject specific parcellations, b weights 

could be extracted from individual subject anatomical/functional regions and fed into 

a fitting process as used here (Turner and Geyer 2014). Alternatively, the landmarks 

of individual subject borders may be used to provide a more accurate normalisation, 

as suggested by Tardiff et al  (Tardif, Schafer et al. 2015), subsequently allowing more 

standard GLM approaches to be employed. However, it should be noted that such 

additional measures to define structural or functional boundaries in an individual 

subject come at the expense of considerable addition scan time. 

 

Spatial smoothing  

Spatial smoothing of fMRI data is widely adopted at lower field strength to blur inter-

subject structural differences in brain anatomy for group analyses, increase statistical 

power (Turner and Geyer 2014), and ensure data meets Gaussian Random Field 

theory assumptions for statistical analysis (Worsley and Friston 1995). Until recently, 

many UHF whole brain studies have employed considerable spatial smoothing 
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(Boyacioglu, Schulz et al. 2014, Goodman, Wang et al. 2017, Mestres-Misse, Trampel 

et al. 2017). 

 

However, recent papers (e.g. (Stelzer, Lohmann et al. 2014, Turner and Geyer 2014, 

Turner 2016)) highlight that the use of large smoothing kernels negates the benefits 

of the high spatial resolution of fMRI achievable at UHF. In addition, they highlight that 

smoothing is not required for False Discovery Rate correction (Turner and Geyer 

2014) due to the inherent smoothness of fMRI data due to the point-spread function 

of the BOLD response (Stelzer, Lohmann et al. 2014) (Polimeni, Renvall et al. 2017). 

Turner (Turner and Geyer 2014) provides a detailed critique of the problems 

associated with spatial smoothing (Stelzer, Lohmann et al. 2014, Turner and Geyer 

2014, Turner 2016). Here, we show the limitations of spatially smoothing high 

resolution fMRI data, highlighting that focal responses in higher-order areas can be 

diluted by smoothing to the point that these responses no longer survive statistical 

analyses, resulting in reduced overlap of activations across subjects (compare Fig. 9H 

and Fig. 9I).  

 

Without spatial smoothing, methods to best deal with differences in brain anatomy 

become vital to minimise inter-subject spatial variability, especially for higher-order 

cognitive areas for which anatomical variability is greater than for primary sensory 

areas (Turner and Geyer 2014). Minimal anatomical variability in primary sensory 

cortex may, in part, explain the successes of UHF high spatial resolution studies of 

sensorimotor and visual cortex (Sanchez-Panchuelo, Besle et al. 2012, Goncalves, 

Ban et al. 2015, Sanchez Panchuelo, Schluppeck et al. 2015, Sanchez Panchuelo, 

Ackerley et al. 2016, Kemper, De Martino et al. 2017, Poltoratski, Ling et al. 2017, 
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Rua, Costagli et al. 2017). Indeed, our data confirmed this observation, showing good 

inter-subject correspondence of V1 (Fig 7B) and excellent correspondence of the 

anatomical and functional boundaries of V1- V3 (Fig 7C). However, anatomical 

agreement of higher-order areas, such as the IPS, was much poorer, with 

considerable variability across subjects observed even with the use of surface 

normalisation (Fig 7A).  

 

Limitations of group GLM analyses for cognitive tasks 

Stelzer et al (Stelzer, Lohmann et al. 2014) have previously highlighted conceptually 

that fundamental differences in spatio-temporal representations of brain function leads 

to potential pitfalls when using a mixed effects GLM group analysis. They highlight that 

if the spatio-temporal pattern of response does not overlap completely across 

subjects, only a subset of the true activation for each individual will be present in the 

group analysis, i.e. the region where there is spatial agreement over subjects. This is 

due to both inter-subject anatomical differences and differences in functional brain 

activity due to the subjects’ response to the task (i.e. relationship to the canonically 

modelled response) which is likely to be particularly prevalent in cognitive tasks where 

individual subject strategy may differ. As such, a standard 2nd level mixed effects GLM 

can only ever provide a partial picture of the true functional response to a cognitive 

task, as has also previously been shown from ICA and MVPA analysis (Etzel, Zacks 

et al. 2013, Xu, Potenza et al. 2013).  

 

Our results (Fig. 12) corroborate the concerns raised in Stelzer’s thought experiment, 

demonstrating that a standard 2nd level GLM analysis results in little common 

activation observed to any contrast (response to task, attention to visual stimuli, 
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attention to somatosensory stimuli or task difficulty). This is due to the lack of precise 

spatial agreement between subjects (Figs 9, 10 & S1), despite use of a liberal p<0.001 

uncorrected threshold and spatial smoothing. Whilst the extent of responses are 

increased using a fixed effects analysis (Fig S3), with a response to both the task 

contrast and task difficulty contrast observed (dark blue and pale blue), no linear 

modulations are seen. Therefore we propose that standard GLM approaches are not 

best suited to studies where functional responses are likely to vary across subjects 

due to task complexity and different task completion strategies. 

 

Functional interpretation of responses to attention paradigm 

Tasks focussed on the direction of spatial attention to somatosensory stimuli have 

previously elicited responses in the inferior parietal lobe (IPL), FEF and SII (Wu, Li et 

al. 2014). Similarly the FEF and IPS, as well as posterior parietal cortex, cingulate, 

striate and extrastriate cortex (Martinez, Anllo-Vento et al. 1999, Corbetta, Kincade et 

al. 2000) have been shown to be active in response to visual spatial attention 

(Martinez, Anllo-Vento et al. 1999, Corbetta, Kincade et al. 2000). The attention related 

activations in the parietal and DLPFC regions (Fig 12) to sensory modality that we 

report using our optimised analysis pipeline are in line with previous observations. 

Here, we advance previous studies by varying the relative direction of attention 

between the visual and somatosensory domain, creating four conditions, whereas 

previous fMRI work has only directed attention solely from one location to another 

(spatial or modality). Such BOLD signal modulations between graded levels of 

attention are more subtle, requiring the higher CNR afforded by UHF fMRI.  
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We show that in parietal and DLPFC regions (Fig 12) the modulation related to 

attention level is quadratic, such that the fMRI BOLD response during the attention 

period is larger when attention is split between the two modalities (40/60 conditions) 

than when the attention is directed purely to one modality (0/100 conditions). This 

suggests that this attention effect is independent of the modality to which attention is 

to be directed and is instead related to task difficulty. This concept agrees with 

Macalauso et al (Macaluso, Eimer et al. 2003), who report modality independent 

modulations in superior premotor areas, left inferior parietal lobule, posterior parietal 

and prefrontal cortices, and (Corbetta, Kincade et al. 2000) which attributes activity in 

the IPS to be purely related to the top-down process of attention, rather than the 

response to a stimulus. 

 

Our paradigm also allows us to differentiate regions that are independent of the 

modality to which attention is directed, from those regions where the modulation of the 

BOLD response is dependent on the modality that attention is directed to. We observe 

a linear modulation, increasing BOLD fMRI signal with increasing visual attention, 

within extrastriate visual cortex areas of V3, V4, V3b, area Parietalis (temporo-

occipital) Basalis (PH, (von Economo and Koskinas 1925, Triarhou 2007, Glasser and 

Van Essen 2011)), Fusiform face complex (FFC) and VIP. Previously, analogous 

linear modulations of brain activity with attention have been reported in EEG data 

where alpha power has been shown to linearly decrease in the occipital/parietal 

regions of the hemisphere to which increasing spatial visual attention has been paid 

(Gould, Rushworth et al. 2011). However, EEG does not have the spatial resolution to 

identify the precise anatomical region in which the alpha power modulation is 

observed.  
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Of the lower order visual areas (V1-V4), V4 showed the most robust linear modulation 

with attention. Invasive animal electrophysiology recordings provide compelling 

supporting evidence that our analyses are identifying neuronal modulation by 

attention, since in these studies spike-spike coherence in the alpha and gamma bands 

has been shown to be significantly modulated by directed spatial attention in V4, but 

not in V1 (Buffalo, Fries et al. 2011). These invasive recordings showed that alpha 

power decreased when attention was directed to the visual area from which neuronal 

responses are measured. This report of a reduction in alpha power (Buffalo, Fries et 

al. 2011), negatively correlates with the observed increase in V4 BOLD response with 

increasing visual attention that was observed in this study, a finding supported by 

many previous electrophysiology reports of anti-correlation between alpha power and 

BOLD signals (e.g. (Goldman, Stern et al. 2002, Laufs, Holt et al. 2006, Mayhew, 

Ostwald et al. 2013, Mullinger, Mayhew et al. 2014)). It should be noted that the 

invasive recordings (Buffalo, Fries et al. 2011) also showed a concordant increase in 

gamma power in V4 but no significant gamma power change in V1. Previous reports 

show that gamma oscillations are generally thought to be most closely coupled to the 

BOLD response (Logothetis, Pauls et al. 2001, Magri, Schridde et al. 2012), 

suggesting that gamma changes could be driving the observed BOLD modulations we 

report. To our knowledge there are only reports of linear modulation of alpha with the 

graded manipulation of attention during a pre-stimulus cue period (e.g. (Gould, 

Rushworth et al. 2011)) but equivalent studies of gamma responses have not yet been 

performed. 
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Interestingly, we observed no negative linear modulations of BOLD responses across 

conditions (reflecting increased attention to the somatosensory domain), contrary to 

what might have been expected in the secondary somatosensory system (Wu, Li et 

al. 2014). Modulations in reaction time for attending 100% compared with 60% were 

larger when subjects attended to the somatosensory domain, than when attention was 

directed to the visual domain. Furthermore, the modulation of the accuracy measure 

between 100% and 60% was similar for both domains (no significant cue × modality 

interaction). Therefore the behavioural results strongly suggest it is unlikely that the 

subjects’ attention to the somatosensory domain was not modulated by this task, 

despite the lack of BOLD response in the somatosensory brain area. Modulation of 

modality specific alpha power with spatial attention have previously been reported for 

both the visual and somatosensory system (e.g. (Gould, Rushworth et al. 2011, 

Haegens, Handel et al. 2011, Haegens, Luther et al. 2012, Zumer, Scheeringa et al. 

2014)), suggesting the processes behind directing spatial attention are not different 

for the two systems (visual and somatosensory). Further investigation is required to 

clarify the lack of responses in the somatosensory system to this type of attention 

paradigm where attention is divided between two modalities, rather than spatially.  

 

Future studies may also benefit from the use of multi-variate pattern analysis (MVPA), 

which, by using spatial pattern recognition, has the potential to overcome some of the 

limitations of group GLM analyses (Turner and Geyer 2014). The optimal strategies 

presented here, i.e. surface normalisation and no spatial smoothing, should be 

considered to be complementary, providing an initial method to identify regions of 

interest on which MVPA can be performed. Furthermore, the methods presented in 

this study allow analyses on a smaller data set without the requirement for training and 
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subsequent test data sets which can be challenging to obtain for complex cognitive 

tasks. 

 

Conclusion: 

This study shows the potential of 7T to study whole brain individual subject BOLD fMRI 

responses to a cognitive task. The optimal strategy of surface normalisation, no spatial 

smoothing and the analysis of responses within defined parcellations is demonstrated 

to assess cognitive processing involved in directing attention between sensory 

domains. 
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