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Zusammenfassung (Englisch) 
 

The visual system encompasses about 20% of the cerebral cortex1 and plays a 

pivotal role in higher-order cognitive processes such as attention and working 

memory.2-4 Cognitive impairments constitute a central role in neuropsychiatric 

disorders such as schizophrenia (SZ).5-9 Impairments are described in visual 

perceptual processes including contrast, and emotion discrimination as well as in 

the ability to identify visual irregularities and in higher-order cognition like visual 

attention and working memory.10-18 Furthermore, perceptual and higher-order 

cognitive processes are part of the Research Domain Criteria (RDoC) project that 

aims to develop dimensional and transdiagnostic constructs with defined links to 

specific brain circuits.19, 20 Therefore, the detailed study of the visual system using 

functional magnetic resonance imaging (fMRI) is essential to understand the 

processes in healthy individuals but also in populations with neuropsychiatric 

disorders.  

Visual mapping techniques include functional localizer tasks to map functionally 

defined regions like the fusiform face area (FFA), retinotopic mapping to map 

specific brain regions that are retinotopically organized in full, and visual-field 

localizer paradigms to define circumscribed areas within retinotopically organized 

areas.1, 21-26 Thus, the latter allow studying local information processing in early 

visual areas. Despite advances in neuroimaging techniques, analyses of fMRI 

data at the group-level are impeded by interindividual macroanatomical 

variability. This reduces the reliability to accurately define visual areas particularly 

at the group-level and decreases statistical power.25, 27-34 Single-subject based 

solutions for this problem are not appropriate.35 Analyses after volume-based 

alignment (VBA)27, 36-39 and primary surface-based analyses without 

macroanatomical alignment30, 40-44 do not increase macroanatomical 

correspondence sufficiently. Cortex-based alignment (CBA) approaches are 

recommended as an alternative technique to address this obstacle.41 However, 

CBA has not been evaluated for visual-field localizer paradigms. Therefore, we 

aimed to evaluate potential benefits of CBA for an attention-enhanced visual field 

localizer paradigm that maps circumscribed regions in retinotopically organized 

visual areas. Since previous studies solely compared surface-based data before 

and after CBA,25 we aimed to compare all three techniques: (1) a volume-based 
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alignment (VBA), (2) a surface-based data set without (SBAV) and (3) a surface-

based data set with macroanatomical alignment (CBA). Furthermore, we sought 

to define regions of interest (ROI) that subsequently can be used for the study of 

higher-order cognitive processes. Also, we aimed to investigate whether CBA 

facilitates the study of functional asymmetries in early visual areas as these were 

described in previous studies. Healthy volunteers (n=50) underwent fMRI in a 3-

Tesla Siemens Trio scanner while performing an attention-enhanced visual field 

localizer paradigm. Our task consisted of a series of flickering, black-and white 

colored checkerboard stimuli that randomly appeared at one of four locations 

comprising the participants’ visual quadrants. In 25% of the trials the centrally 

located squares briefly changed their color to yellow (target trial). Participants had 

to indicate detection of a target by button press. Data analysis was conducted 

using Brain Voyager 20.6.45 Our approach for macroanatomical alignment 

included a high-resolution, multiscale curvature driven alignment procedure 

minimizing interindividual macroanatomical variability. Here, each folding pattern 

was aligned to a dynamically updated group average. Thus, we counteracted a 

possible confounding effect of a suboptimal selection of an individual target brain 

with a folding pattern deviating considerably from the cohort average. Group 

ROIs after CBA showed increased spatial consistency, vertical symmetry, and an 

increase of size. This was corroborated by an increase in the probability of 

activation overlap of up to 86%. CBA increased macroanatomical 

correspondence and thus ameliorated results of multi-subject ROI analyses. 

Functional differences in the form of a downward bias in visual hemifields were 

measured with increased reliability. In summary, our findings provide clear 

evidence for the superiority of CBA for the study of local information processing 

in early visual cortex at the group-level. This approach is of relevance for the 

study of visual dysfunction in neuropsychiatric disorders including schizophrenia 

as they show impaired visual processing that in turn impacts higher-order 

cognitive processes and in consequence functional outcome.46, 47 In addition, our 

attention-enhanced visual field localizer paradigm will be useful for machine 

learning approaches such as multivariate pattern analysis decoding local 

information processes and connectivity patterns. 
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Zusammenfassung (Deutsch) 
 

Das visuelle System umfasst ca. 20% des zerebralen Kortex1 und spielt eine 

bedeutende Rolle in Aufmerksamkeits- sowie Arbeitsgedächtnisprozessen.2-4 

Kognitive Defizite und Defizite im visuellen System sind zudem zentraler 

Bestandteil neuropsychiatrischer Erkrankungen wie der Schizophrenie.5-9 Bei 

Patienten mit Schizophrenie werden z.B. Einschränkungen in der selektiven 

Aufmerksamkeit sowie in der Fähigkeit Unregelmäßigkeiten, Farben und 

Kontraste adäquat zu erkennen, beschrieben.10-17 Diese Beispiele heben die 

Relevanz eines funktionierenden visuellen Systems sowie die Untersuchung der 

neurophysiologischen Grundlagen hervor. Befürwortet wird dies auch durch das 

RDoC-Projekt, welches das Ziel hat, neuropsychiatrische Erkrankungen auf 

Basis von Defiziten in kognitiven Domänen und neuronalen Netzwerken zu 

beschreiben.19, 20 Hierbei wird auch empfohlen, Wahrnehmungsprozesse zu 

berücksichtigen. Zusammenfassend ist somit die detaillierte Untersuchung des 

visuellen Systems mittels funktioneller Magnetresonanztomographie (fMRT) 

essenziell, um die Abläufe in gesunden Personen aber auch in Populationen mit 

einer neuropsychiatrischen Erkrankung zu verstehen. Im Rahmen solcher 

Untersuchungen gibt es verschiedene Methoden, die genutzt werden können: die 

Untersuchung funktionell definierter visueller Areale anhand einer sog. 

functional-localizer Aufgabe, retinotope Kartierung der visuellen Areale, sowie 

die Untersuchung umschriebener visueller Regionen innerhalb dieser retinotop 

organisierten Systeme mittels visual-field-localizer Aufgaben.1, 21-26 Letztere 

ermöglichen insbesondere die Untersuchung lokaler Informationsverarbeitung 

einfacher visueller Stimuli in frühen visuellen Arealen. All diese Ansätze haben 

eine limitierende Gemeinsamkeit, und zwar interindividuelle, makroanatomische 

Unterschiede, die die Analysen auf Gruppenebene erschweren und die 

statistische Aussagekraft minimieren.25, 27-34 Als Alternative kann die Anwendung 

eines kortexbasierten Angleichungsverfahrens (CBA) dienen.41 Für visual-field-

localizer Aufgaben ist CBA jedoch noch nicht untersucht. Darüber hinaus 

beschränkten sich die Untersuchungen bislang primär auf oberflächenbasierte 

Datenanalysen.25 Hierbei wurde postuliert, dass oberflächenbasierte Methoden 

ohne CBA vergleichbar mit strikt volumen-basierten Analysen sind. Ziel unserer 

Studie war es, Effekte der CBA auf visual-field-localizer Aufgaben zu evaluieren 
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und ROIs zu definieren, die auch für die Untersuchung höherer kognitiver 

Prozesse genutzt werden können. Darüber hinaus beabsichtigten wir, alle drei 

Methoden miteinander zu vergleichen: (1) volumenbasierte Angleichung (VBA), 

(2) oberflächenbasierte Angleichung ohne makroanatomische (SBAV) und (3) mit 

makroanatomischer Angleichung (CBA). Gesunde Kontrollprobanden (n = 50) 

ohne neuropsychiatrische Erkrankung bearbeiteten im 3-Tesla-fMRT eine visual-

field-localizer Aufgabe, bestehend aus einer Serie blinkender, runder, schwarz-

weiß-gefärbter Schachbrettmuster. Die Muster erschienen zufällig in vier 

verschiedenen Gesichtsfeldarealen. In 25 % der Fälle änderte sich die Farbe der 

zwei zentral gelegenen Quadrate kurzzeitig in Gelb (target trial). Das Bemerken 

der Änderung sollte mittels Tastendrucks zurückgemeldet werden. Alle drei 

Analyseverfahren (VBA, SBAV, CBA) wurden mit Brain Voyager 20.6 

durchgeführt.45 Grundlage der CBA-Methode sind kortikale Faltungsmuster mit 

der Besonderheit, dass die Datensätze an ein dynamisch aktualisiertes 

Zielgehirn angeglichen werden. Hierdurch vermeidet man, ein Zielgehirn mit 

ausgeprägter Abweichung vom Gruppendurchschnitt auszuwählen. Wir 

definierten vier ROIs für alle drei Methoden (VBA, SBAV, CBA), um diese 

miteinander zu vergleichen. CBA verbesserte die räumliche Präzision der 

Gruppenaktivitätskarten und führte zu deutlich symmetrischer und fokussierter 

Verteilung der Aktivitätscluster. Bestätigt wurde dies durch eine Zunahme der 

Überlappungswahrscheinlichkeit der Aktivitätscluster um bis zu 86%. Es zeigte 

sich somit eine deutliche Verbesserung der Ergebnisse der Gruppenanalyse. 

Funktionelle Unterschiede in Form von Asymmetrien, die in 

elektrophysiologischen Untersuchungen beschrieben wurden, konnten hierdurch 

reliabler dargestellt werden. CBA-basierte Analyseverfahren sind somit für die 

Untersuchung früher visueller Areale einer volumen-basierten aber auch einer 

rein oberflächen-basierten Analyse ohne makroanatomische Angleichung 

überlegen und können daher in Patientengruppen, die eine erhöhte 

interindividuelle makroanatomische Variabilität aufweisen wie der Schizophrenie, 

genutzt werden. 
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Abkürzungsverzeichnis 
 
AC Anterior commissure 

AI Asymmetry index 

BOLD Blood-oxygenation-level-dependent   

CBA Cortex-based alignment, kortex-basierte Angleichung 

FFA Fusiform face area 

fMRI Functional magnetic resonance imaging 

fMRT Funktionelle Magnetresonanztomographie 

ITI Intertrial interval 

MNI space Montreal Neurological Institute space 

MVPA  Multivariate pattern analysis 

PC Posterior commissure 

PDM Probability difference map 

PM Probability map 

RDoC project Research Domain Criteria project 

ROI Region of interest 

SBAV Surface-based analysis using VBA 

SNR Signal-to-noise-ratio 

SZ Schizophrenia 

VBA Volume-based alignment 

WM Working memory 
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Übergreifende Zusammenfassung 
 
The visual system 
 
The visual system occupies about 20% of the human cerebral cortex1 and is 

characterized by a complex and hierarchical organization.48 It can broadly be 

divided into two parts consisting of an ophthalmic and neurological. The latter 

encompasses the occipital cortex containing the primary (V1) and secondary 

visual areas (V2-V5) and subsequently extends to temporo-parietal regions.49, 50 

Importantly, it shows close interconnections with regions involved in higher-order 

cognition like visual selective attention and visual working memory (WM).2-4, 49, 51 

Its interaction with areas involved in visual WM processes is also reflected by the 

sensory recruitment hypothesis52-55 which proposes neural populations in early 

visual regions to be involved in the maintenance of visual information via 

representations in the same early visual area that initially encoded the presented 

visual information.53, 54, 56 Such recruitment is commonly initiated by regions 

involved in higher-order cognition like frontoparietal regions.53, 54, 56 Importantly, 

several findings indicate that such recruitment might also account for an 

increased precision of memory storage.53 

 

Visual mapping techniques 
 

Using fMRI is a common approach to study the visual system with its 

topographical representations and connectivity patterns to higher-order cognitive 

areas. Visual mapping techniques include retinotopic mapping and population 

receptive field mapping,1, 21, 22 functional localizer paradigms,1, 22, 57, 58 and finally 

visual-field localizer paradigms.26, 59, 60 Functional localizer paradigms allow to 

map higher-order visual areas like the FFA, extrastriate body area and 

parahippocampal place area that are specialized in processing complex visual 

information.1, 24, 25, 57, 58 In contrast, retinotopic mapping and population receptive 

field mapping allow delineating early visual areas in full.1, 21, 22 Finally, visual-field 

localizer tasks are utilized to define circumscribed regions within a retinotopically 

organized brain region, thus delineating task-relevant positions in early visual 

cortex in isolation.59, 60 To summarize, visual-field localizer paradigms allow 

studying local information processing within a visual area. For this purpose, the 
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use of flashing checkerboard stimuli are proposed, as these stimuli cover the 

exact area of interest within the visual field and lead to strong blood-oxygenation-

level-dependent (BOLD) signal increases in early visual areas (V1-V3).59 Trials 

with a sudden change of the actual stimulus – that was initially used to map a 

specific brain region (“non-target”) – are characterized as target trials. Due to its 

salience, a target stimulus requires the subject to attend to that mismatch, thus 

enhancing stimulus processing via bottom-up attention,60-62 and increasing the 

signal-to-noise-ratio (SNR).63 Overall, these target trials can induce attentional 

modulation by task demands which amplifies the BOLD-response26, 63 and in 

consequence the reliability of the resulting localizer maps.63 We refer to these 

tasks as attention-enhanced visual field localizer paradigms. 

 

Interindividual macroanatomical variability 
 

Despite advances in neuroimaging and the application of the aforementioned 

procedures, interindividual macroanatomical variability impedes analysis of fMRI 

data at the group-level. In particular, specific brain regions can differ both in size 

and location impairing group-based analyses.25, 27-34 This variability is the result 

of divergent cortical folding patterns between individuals. Notably, interindividual 

macroanatomical variability is evident in V129, 64 as well as in extrastriate visual 

regions.34 For example, V1 surface area can differ about twofold in size between 

individuals.29, 64-67 Importantly, findings from postmortem studies also imply 

interhemispheric variability of Brodmann areas 17 and 18 within the same 

individual.65, 68 In addition, they reported inter- and intraindividual variabilities in 

sulcal patterns.65, 68 Additionally, the location of V5 – the visual motion area – can 

differ about 20 mm between individuals.68 Consequently, such variability might 

account for individual differences in visual information processing.29, 64, 69, 70 For 

example, previous findings in healthy populations using volume-based fMRI 

described a downward bias with higher BOLD-response amplitudes to tasks in 

the lower visual hemifield.71, 72 Such differences might result from true group 

differences and true functional variability but also from a biased analysis due to 

interindividual macroanatomical variability. All in all, this variability limits the 

reliability to accurately identify specific brain regions like visual areas at the 

group-level.25 
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Approaches to address interindividual macroanatomical variability 
 

Group-based analyses necessitate spatial normalization to a standardized three-

dimensional (Cartesian) coordinate system like Talairach-space39 and MNI-

space36 aiming to create a common space for group-based analysis. Talairach 

transformations employ anatomical landmarks, namely the anterior (AC) and 

posterior commissure (PC) aiming to create a horizontal plane (AC-PC plane).39 

Based on this plane three axes are defined: x, y, and z running from left-to-right 

through the AC (x-axis), anterior-to-posterior (y-axis, AC-PC) and superior-to-

inferior through the AC (z-axis). These are subsequently utilized to manually 

outline the outer cortical boundaries by determining the most extreme points of 

the brain, thus creating a bounding box that runs parallel to the aforementioned 

axes and specifies the borders of the cerebrum.39, 73 Alternatively, one can 

employ a fully data-driven registration of structural images to an average template 

brain for transformation as implemented for MNI space.36, 73 Such transformation 

techniques facilitate comparing signal locations across subjects and studies.27 

However, these traditional stereotactic MRI coordinate systems do not correct 

interindividual macroanatomical variability.25 Consequently, specific landmarks 

can still differ in location across subjects, e.g. the precentral and postcentral 

gyrus.25 Pooled single-subject ROIs combined with the overall group-based 

probability for that ROI at each point in a Cartesian coordinate system can 

increase functional resolution and sensitivity and is therefore proposed as an 

alternative approach.35 However, such an approach is not suitable for studying 

interactions between visual areas and higher-order cognitive areas at the group-

level using whole-brain analyses and it does not reduce macroanatomical 

variability sufficiently. To summarize, these approaches are referred to as 

volume-based alignment (VBA) and allow comparing brains across individuals to 

a certain degree.36-39 However, they do not take into account topological 

properties of the cortex and geometric features like sulci and gyri, thus continuing 

to lack sufficient macroanatomical correspondence.37, 74 Surface-based 

techniques on the other hand, allow the use of a geodesic coordinate system with 

a two-dimensional representation of the cerebral cortex.30, 40-44 Compared to 

VBA, surface-based approaches increase the SNR by reducing contamination 

caused by white matter and cerebrospinal fluid. In addition, these techniques 
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mostly preclude contamination resulting from cortical regions adjacent in volume 

space but notably more distant in surface space.75, 76 Overall, such approaches 

allow constraining critical data preprocessing steps including spatial smoothing 

to cortical tissue, thus increasing the SNR by avoiding the above-mentioned 

contamination.75 Hence, surface-based methods constitute an important 

alternative approach. For further improvement of macroanatomical 

correspondence, information about individual cortical folding patterns can be 

used to apply a mostly or fully data-driven macroanatomical alignment of the 

cortex respecting the topography of the cortex to a much larger degree.30, 40, 42-44, 

77 This method is generally categorized as cortex-based alignment (CBA). Hence, 

CBA is recommended as an alternative alignment technique to mitigate 

macroanatomical variability.41 To date, the benefits of CBA have been evaluated 

for retinotopic mapping40, 78 and for functional localizer paradigms24, 25, 79, 80 but 

not yet for attention-enhanced visual-field localizer paradigms. Additionally, thus 

far these studies have constrained the comparison of alignment approaches to 

only surface-based analyses before and after CBA treating the former as a proxy 

for VBA.25 However, this might underestimate the full effects of CBA as the 

differences are limited to macroanatomical alignment while both datasets share 

the same advantage of an increased SNR. An intermediate approach, that we 

categorize as “surface-based analysis using VBA” (SBAV), allows evaluating the 

impact of surface-based analyses in isolation.  

 

The present research project 
 

Aims: The objective of our study was to evaluate potential benefits of CBA for an 

attention-enhanced visual field localizer paradigm that maps a circumscribed 

region in retinotopically organized visual areas. As previous studies primarily 

compared solely surface-based data before and after CBA, we aimed to compare 

all three techniques. Moreover, we aimed to define ROIs that are subsequently 

useful for the study of higher-order cognitive processes. Finally, we sought to 

investigate whether CBA facilitates the study of functional asymmetries in early 

visual areas. Methods: Healthy, non-smoking volunteers (n=50) underwent fMRI 

in a 3T MAGNETOM Trio scanner while performing an attention-enhanced visual 

field localizer paradigm. The task consisted of a series of flickering, round-
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shaped, black-and-white colored checkerboard stimuli (flicker frequency = 7.5 

Hz). These stimuli appeared randomly at homologous positions of the 

participants’ visual quadrants for 2000 ms reflecting standard trials. The regular 

inter-trial-interval (ITI) was 0 ms. However, every 10 to 14 trials, the ITI increased 

to 2000 ms. For attentional modulation, during 25% of the trials the two centrally 

located squares turned their color to yellow for 133 ms, thus representing target 

trials. Participants were required to indicate by button-press the detection of the 

target while continuously fixating a black, x-shaped fixation cross displayed at the 

center of the screen. For fMRI data analysis we used Brain Voyager 20.645, the 

NeuroElf toolbox (www.neuroelf.net), R 4.1.2 (www.r-project.org) and custom 

software written in Matlab 9.10 (www.mathworks.com). Data analyses comprised 

structural and functional image pre-processing steps. Structural data pre-

processing included background cleaning, brain extraction, bias field correction 

and transformation into Talairach coordinate space. Subsequently, we employed 

a segmentation step along the white-and-gray matter boundary as a prerequisite 

for surface-based analysis steps with and without CBA. This step included the 

reconstruction of cortical hemispheres into mesh representations that were then 

transformed into spherical representations. For CBA, we used these spherical 

representations to apply a high-resolution, multiscale cortex-based alignment 

procedure based on the individual curvature maps of all participants. This step 

comprised a rigid and a subsequent non-rigid alignment step.25, 45 During non-

rigid CBA each cortical hemisphere is aligned repetitiously to a dynamically 

updated group-average following a coarse-to-fine matching strategy to eliminate 

the possible confound of a static target brain based on an individual brain, whose 

cortical folding pattern might deviate considerably from the group average.25 To 

circumvent a further potential confounding effect of a randomly drawn brain for 

the initial rigid alignment, we first conducted a preliminary CBA that included both 

steps. The average brain emerging from this preliminary CBA was then utilized 

for a second final CBA, again comprising rigid and non-rigid CBA. Functional data 

pre-processing started in volume space and included slice timing correction, 

motion correction and echo-planar imaging distortion correction before 

coregistration to the structural data. Next, we transformed the functional data 

(VBA, SBAV, CBA) into Talairach coordinate space. For VBA, we continued pre-

processing in volume space which included spatial smoothing, linear trend 

http://www.neuroelf.net/
http://www.r-project.org/
http://www.mathworks.com/
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removal and temporal high-pass filtering. For SBAV and CBA, we continued pre-

processing in surface space which included spatial smoothing, linear trend 

removal and temporal high-pass filtering. Overall, we generated three different 

functional data sets, i.e., a volume-based data set (VBA), a surface-based data 

set without (SBAV) and a surface-based data set with macroanatomical 

alignment (CBA). These datasets were directly compared to one another. For 

data comparison we identified four ROIs for each dataset while focusing on 

mapping the areas that were preferentially activated by our attention-enhanced 

visual field localizer paradigm. Subsequently, using these ROIs we calculated the 

horizontal and vertical symmetry (also known as asymmetry index, (AI)) for each 

dataset. In addition, we generated probability maps (PM) and probability 

difference maps (PDM) for each dataset. The PMs reflect the relative number of 

subjects showing significant task-related activity in our single-subject analysis, 

thus allowing the quantification and visualization of the spatial consistency of 

activation patterns.81, 82 The calculated PDMs allow to quantify alterations in 

spatial consistency of these position selective activation patterns. Finally, for CBA 

and SBAV we determined the peak vertices for each single-subject full ROI and 

computed the vertex-wise number of peak vertices to estimate the degree of 

overlap between subjects. This analysis allowed a more direct assessment and 

visualization of the effects of macroanatomical alignment on the spatial 

correspondence of single-subject ROIs. Results: CBA led to a considerable 

improvement of group ROI analyses compared to SBAV and VBA. Overall, in two 

out of four ROIs we observed a pattern of increasing cluster size. The 

corresponding average time-courses of each ROI showed clear position 

selectivity independent of alignment technique. The calculated AIs revealed 

greater vertical symmetry of both upper and lower visual hemifield ROIs for CBA 

and VBA compared to SBAV. Regarding horizontal symmetry, the calculated AIs 

revealed greater horizontal symmetry of both upper and lower visual hemifield 

ROIs only for CBA. Maximum probability of activation overlap (PM) was located 

at the center of the defined ROIs for all datasets. For CBA, maximum probability 

of activation overlap was up to 86% (VBA 55 %, SBAV 66%). Compared to VBA 

and SBAV datasets, this was accompanied by a decrease in the spread of 

functional activation around the core ROIs. In the PDMs for CBA minus SBAV, 

we observed a maximum increase in the probability of activation overlap of 44% 
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in the central ROIs. This was paralleled by a decrease in the probability of 

activation overlap of 32% in further peripheral occipital areas. In the PDMs for 

CBA minus VBA, we observed a maximum increase in the probability of activation 

overlap of 52%. This was paralleled by a decrease in the probability of activation 

overlap of 36% in further peripheral areas. Finally, the peak vertex distribution 

maps and the calculation of the vertex-wise number of peak vertices showed an 

increase in the number of overlapping peak vertices per vertex for each visual 

quadrant for CBA compared to SBAV, thus leading to a less spatial variability. 

 

Discussion 
 

Compared to VBA and SBAV, CBA constitutes a promising approach for 

facilitating and improving the study of local information processing in early visual 

areas at the group-level. This was evident in the considerable improvement of 

our group ROI analyses indicating an enhanced power for CBA to detect 

subregions of early visual areas. Moreover, our PMs and PDMs illustrated the 

reduction of spurious activation after CBA. This implies that in contrast to CBA-

based group analyses, SBAV and VBA misrepresent the size of visual ROIs, a 

finding that is also mirrored by changes of the center of gravity of group ROIs 

between SBAV and CBA. The decrease of variability of single-subject ROI peak 

vertex locations for each visual quadrant implies the mitigation of 

macroanatomical and functional inter-subject variability after CBA to be the 

reason for the improved results at the group-level. Our findings corroborate that 

SBAV approaches already improve the SNR, but only the CBA technique shows 

advantages of both an improved SNR and increased macroanatomical 

correspondence. In addition, this indicates that using SBAV as a proxy for VBA 

would underestimate the actual benefits of CBA. 

Previous findings using volume-based strategies described lateralized effects on 

neurophysiological parameters in early visual areas.83, 84 Since the lateralization 

we first observed for SBAV did not persist after CBA, this raises the question of 

whether such a lateralization might result partly from poor macroanatomical 

correspondence rather than actual functional differences.  

Moreover, we observed persisting larger group ROIs for the lower visual 

hemifield. The following explanations are possible regarding these differences 
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between the upper and lower visual hemifield. On the one hand, higher residual 

anatomical variability in ventral occipital cortex, representing the upper visual 

hemifield, might have elicited these findings. This is in line with previous 

observations of a CBA-based probabilistic atlas of the visual system that showed 

larger probabilistic ROIs for dorsal V1 and dorsal V2 than for ventral V1 and 

ventral V2.24 On the other hand, previous findings also showed differences in 

receptor densities with higher cone density in the superior parts of the retina 

processing visual information from lower visual hemifields and higher rod density 

in the inferior parts of the retina processing visual information from upper visual 

hemifields.85, 86 Additionally, dorso-ventral asymmetries in receptor densities in 

V2 and V3, as well as higher GABA-A and muscarinic M3-receptor density in 

ventral parts of V2 and V3 have been reported.86, 87 In sum, these findings might 

also account for our observed results. Moreover, several reports indicate 

behavioral advantages in the lower visual hemifield for shape discrimination,71, 72, 

88-90 reflecting differences in the functional architecture of early visual regions. 

These reports have been attributed to the fact that regions processing visual 

information from the lower visual hemifield are more closely tied to the dorsal 

visual pathway, thus indicating that the lower visual hemifields might be more 

specialized for the localization and representation of space. All in all, these 

observations illustrate actual differences in functional architecture of early visual 

areas representing the upper and lower visual hemifield respectively.90, 91  

The reduction of interindividual macroanatomical variability increases statistical 

power when studying visual areas at the group-level. This in turn can be utilized 

in studies focusing on functional and effective connectivity analyses.92, 93 

Moreover, our attention-enhanced visual field localizer paradigm and our ROIs 

can be used as a basis for multivariate pattern analysis (MVPA).94, 95 Here, in a 

first step our ROIs can be utilized to accurately decode activity patterns, i.e., to 

use information derived from activity patterns to determine which task-related 

stimulus (“standard stimulus” vs. “target stimulus”) is processed at a specific time-

point. Moreover, our findings raise the question of whether MVPA might benefit 

from CBA when using multi-subject based ROIs. Here, we expect to observe an 

improved power to accurately decode information due to the increase of the SNR 

and macroanatomical correspondence. Also, classifiers acquired after MVPA 
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might serve as functional biomarkers to assess symptom severity,96 to delineate 

subgroups of patients,97 or to assist in the diagnosis of psychiatric disorders.98  

Importantly, CBA approaches are limited by the imperfect correlation between 

brain function and brain structure.40, 43 Regarding this, other researchers have 

proposed the concurrent application of functional activation and connectivity 

patterns to improve macroanatomical alignment across the whole brain.99-101 

These methods combine curvature-based macroanatomical alignment 

procedures with an alignment based on functional information in order to further 

reduce residual interindividual macroanatomical variability. Such variability 

results from a restricted degree of structural-functional correspondence at some 

regions due the fact that primarily defined functional loci like V5 and FFA can also 

vary in size, shape, and anatomical location across subjects.25, 68, 99-103 An even 

more complex approach employs “areal features” such as maps of relative myelin 

content and functional resting state networks to align cortical data.104 Compared 

to cortical folding patterns these “areal features” are closer tied to cortical regions 

thus improving interindividual macroanatomical correspondence to a much larger 

degree. Nonetheless, to date studies evaluating the potential advantages of 

these methods for visual field localizer paradigms are lacking.  

CBA will be particularly relevant to mitigate the confound of increased 

macroanatomical variability in neuropsychiatric disorders like SZ to detect true 

group differences.44, 105 Such studies are of particular clinical importance since 

impairments in both the visual system and higher-order cognition are core 

features of several neuropsychiatric disorders14, 15, 18, 106-112 including SZ.5-9 Here, 

disturbances are described at multiple processing levels6, 16 including 

impairments in visual acuity and perceptual organization like deficits in figure-

ground segmentation, contour integration, shape completion and detection of 

coherent motion.10-15, 17, 18 Several studies imply disturbances in both the ventral 

and dorsal visual stream to be the cause for the above-mentioned impairments.17, 

18, 113-115 Importantly, these streams show subsequent projections to regions 

involved in higher-order cognition. Furthermore, neuroplastic alterations in the 

ventral visual stream have recently been implicated in schizophrenia resilience 

mechanisms.116 Importantly, the RDoC project recommends including perceptual 

and higher-order cognitive processes to establish psychiatric nosology 
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depending on cognitive dimensions that originate from brain networks rather than 

from categorical-based classification schemes.19, 20  

To summarize, our findings provide clear evidence for the superiority of CBA for 

the study of local visual information processing in early visual areas – particularly 

at the group-level. Therefore, our paradigm and method are promising to reliably 

study local information processing in healthy population and its involvement in 

higher-order cognition including visual selective attention and visual working 

memory. Also, our paradigm and method can be utilized to reliably study 

impairments of local visual information processing and disturbances in the 

interplay between early visual areas and brain regions supporting higher-order 

cognitive processes in neuropsychiatric disorders. Hence, studying the visual 

system using reliable methods is of particular importance to increase our 

understanding of the neurophysiological correlates not only of visual information 

processing and its interactions with higher-order cognition in health but also of 

perceptual and cognitive impairments associated with SZ and other 

neuropsychiatric disorders. 
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