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"It’s rather unlikely that psychology, on its own,
will arrive at the real, lawful characterization of the structure of the mind,

as long as it neglects the anatomy of the organ of the mind."

(Paul Flechsig, 1896)
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Zusammenfassung

Zusammenfassung

Sprache ist eine komplexe kognitive Leistung des menschlichen Gehirns, die in Netzwerken
ausgefiihrt wird. In der friihen Sprachforschung lag der Fokus auf den klassischen
Spracharealen Broca und Wernicke. Auch heute wird diesen Arealen weiterhin eine
Schliisselrolle zugeschrieben, allerdings weil man inzwischen, dass weitaus mehr
Gehirnareale an der Verarbeitung von Sprache beteiligt sind und es liegt eine Neudefinition
der anterioren Sprachregion vor, die u. a. das frontale Operculum (FOp) in unmittelbarer
Néhe des Broca-Areals umfasst.

In einer ersten Publikation wurden die Areale Op5, Op6 und Op7 im posterioren Bereich
des FOp identifiziert. Zytoarchitektonische Wahrscheinlichkeitskarten wurden berechnet
und in den Julich-Brain Atlas integriert. Im Rahmen einer multimodalen Charakterisierung
des FOp zeigte sich fiir Area Op6 links die stirkste funktionelle Einbindung in Netzwerke
der Musik- und Sprachverarbeitung. Wihrend die Areale Op5-Op7 zunichst mittels eines
etablierten beobachterunabhingigen Ansatzes auf Basis statistischer Bildanalyse
zytoarchitektonisch kartiert wurden, konnte in einer zweiten Publikation ein Deep-
Learning-basierter Mapping-Ansatz auf die Areale Op5-Op7 und Area 44+45 angewendet
werden. In einer dritten Publikation wurden Area 44+45 des Broca-Areals und Area Te3
des Wernicke-Areals hinsichtlich ihrer Genexpression untersucht, wobei der Fokus auf
Genen lag, die mit phonologischer Verarbeitung assoziiert sind.

Die gewonnenen zytoarchitektonischen Karten der FOp-Areale Op5-Op7 konnen zukiinftig
im  klinisch-neurologischen und  klinisch-psychiatrischen =~ Bereich  sowie fiir
neurowissenschaftliche Fragestellungen eingesetzt werden. Die Studie zur Genexpression in
den Arealen 44+45 und Te3 dient als Modell fiir weitere Gehirnareale, die mit sprachlichen
Funktionen assoziiert sind, einschlieBlich Area Op6 links. Der auf Deep Learning basierende
Algorithmus kann ein Impulsgeber zur weiteren Untersuchung relevanter Gehirnareale,
Modalititen oder sprachlicher Faktoren mittels kiinstlicher Intelligenz sein. Insgesamt tragt
das Projekt zur zytoarchitektonischen Analyse von Sprache bei und erweitert das
multimodale Wissen {iber das FOp und die klassischen Sprachareale Broca und Wernicke.
Da die Organisation des Gehirns nicht anhand einer einzelnen Modalitét erfasst werden
kann, sondern auf mehreren organisatorischen Prinzipien und Skalierungen beruht, bietet der
EBRAINS Multilevel Human Brain Atlas eine Plattform zur Integration der gewonnenen

Daten, als Erweiterung des zytoarchitektonischen Mappings.



Summary

Summary

Language is a complex cognitive function of the human brain that is carried out in networks.
Early language research focused on classical language areas Broca’s and Wernicke’s
regions. Today, these areas are still considered key, but it is now known that language
processing involves far more brain areas than the traditional ones and the anterior language
region, including the frontal operculum (FOp) near Broca’s region, could be redefined.

In a first publication, areas Op35, Op6, and Op7 were identified as part of the posterior FOp.
Cytoarchitectonic probability maps were calculated and integrated into the Julich-Brain
Atlas. A multimodal characterization of the FOp revealed the most prominent functional
integration in music and language processing networks for area Op6 left. While areas Op5-
Op7 were initially mapped using a well-established observer-independent cytoarchitectonic
approach based on statistical image analysis, a deep-learning-based mapping approach was
applied to areas Op5-Op7 and areas 44+45 in a second publication. A third publication
analyzed gene expression in areas 44+45 of Broca’s region and area Te3 of Wernicke’s
region, focusing on genes involved in phonological processing.

In the future, the cytoarchitectonic maps of areas Op5-Op7 of the FOp can be used in clinical
neurology and psychiatry as well as for neuroscientific questions. The gene expression study
of areas 44+45 and Te3 serves as a model for other brain areas associated with language
functions, including area Op6 left. The deep learning-based algorithm can be a potential
source of inspiration for further investigation of relevant brain areas, modalities, or linguistic
factors using artificial intelligence. Overall, the project contributes to the cytoarchitectonic
analysis of language and expands the multimodal knowledge of the FOp and the classical
language areas Broca’s and Wernicke’s regions. Since the organization of the brain cannot
be captured by a single modality, but is based on several organizational principles and scales,
the EBRAINS Multilevel Human Brain Atlas provides a platform for integrating acquired

data as an extension of cytoarchitectonic mapping.
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Einleitung

1 Einleitung

Ein wichtiges Ziel der Neurowissenschaften ist die Identifizierung von Gehirnarealen unter
Berticksichtigung ihrer genauen Lokalisation und Ausdehnung. Dies kann auf Basis
zytoarchitektonischer Analysen erfolgen (Amunts et al.,, 2020). Die Bestimmung
sprachrelevanter Areale der menschlichen GroBhirnrinde (Cortex) ist eine notwendige
Voraussetzung fiir die kognitiven Neurowissenschaften und die klinische Sprachforschung

(Amunts & Zilles, 2012).

1.1 Klassische Sprachareale Broca und Wernicke

Das Broca- und das Wernicke-Areal wurden Ende des 19. Jahrhunderts von Paul Broca und
Carl Wernicke beschrieben und benannt. Sie zeigten einen Zusammenhang zwischen
Lasionen in umschriebenen Gehirnregionen und einem durch Aphasie bedingten Verlust von
Sprachfunktionen (Sprachproduktion bzw. Sprachverstindnis) (Amunts & Zilles, 2012;
Zilles & Amunts, 2010). So konnten sie sprachrelevante Areale des Cortex identifizieren
und Argumente fiir eine Spezialisierung der linken Hemisphére fiir Sprache aufzeigen
(Amunts & Zilles, 2012). Wihrend das Broca-Areal den Bereichen des Pars triangularis und
Pars opercularis des posterioren Gyrus frontalis inferior im linken Frontallappen zugeordnet
wurde (Amunts & Zilles, 2006), wurde das Wernicke-Areal im Gyrus temporalis superior
des linken Temporallappens und im angrenzenden Gyrus supramarginalis lokalisiert
(Binder, 2017). Das Broca- und das Wernicke-Areal gelten nach wie vor als ,klassische
Sprachareale* und als Schliisselregionen des Sprachnetzwerks (Friederici, 2017). Anhand
der Kartierung Brodmanns (1909), die noch immer breite Anwendung findet
(Zilles & Amunts, 2010), kann das Broca-Sprachzentrum den Brodmann-Arealen
(BA) 44+45 zugeordnet werden (Amunts & Zilles, 2006; Amunts & Zilles, 2012). Der
Bereich des Wernicke-Sprachzentrums kann dem posterioren Teil des BA 22 zugewiesen
werden (Morosan et al., 2005).

In Bezug auf die Parzellierung Brocas ist kritisch anzumerken, dass eine mikrostrukturelle
Analyse des betrachteten Gehirns nicht durchgefiihrt wurde. Daher konnte die Lokalisation
des Broca-Areals ausschlieBlich anhand des vorliegenden individuellen Lisionsmusters

infolge des Infarktes bestimmt werden (Amunts & Zilles, 2006). Weitere friihe

1



Einleitung

zytoarchitektonische Karten des Broca-Areals, u. a. von Stengel (1930) und Riegele (1931),
wichen bereits von der urspriinglichen Lokalisation ab (Amunts & Zilles, 2012). Parallel
dazu wurde an der zytoarchitektonischen Parzellierung Brodmanns (1909) kritisiert, dass sie
(1) innerhalb von Sulci liegende Anteile des Cortex unberiicksichtigt 1dsst (Zilles & Amunts,
2010), (i) ebenfalls auf der linken Hemisphire eines einzelnen Gehirns basiert
(Amunts & Zilles, 2015) und somit die interindividuellen Unterschiede in der
Zytoarchitektonik keine Beriicksichtigung finden (Lashley & Clark, 1946) sowie (iii) eine
mangelnde Beobachterunabhiingigkeit, Reproduzierbarkeit und Objektivitit aufweist
(Bailey & v. Bonin, 1951; Zilles & Amunts, 2010).

Aktuelles zytoarchitektonisches beobachterunabhidngiges Mapping bezieht sich fiir Broca
auf Area 44+45 (Amunts et al., 1999; Amunts et al., 2004) und fiir Wernicke auf Area Te3
(Morosan et al., 2005). Die Tatsache, dass sich diese mikrostrukturellen Korrelate nicht
ausschlieBlich auf die Oberfliche eines Gehirns beziehen (Amunts & Zilles, 2015),
sondern auch die exakte Lage innerhalb von Gyri und Sulci im Frontal- bzw.
Temporallappen auf Basis mehrerer Gehirne beriicksichtigen (Amunts et al., 1999;
Amunts et al.,, 2004; Morosan et al., 2005), spricht flir eine unscharfe anatomische
Lokalisation der klassischen Sprachareale und der entsprechenden BA (engl., ill-defined)
(u. a. Tremblay & Dick, 2016).

Wihrend das Broca-Areal heute als wesentlicher Teil der anterioren Sprachregion gilt, ist
das Wernicke-Areal wichtiger Bestandteil der posterioren Sprachregion (Amunts & Zilles,
2012). Neben Broca und Wernicke sind weitere Gehirnareale an der Sprachverarbeitung
beteiligt. Dartiber hinaus ist bekannt, dass Sprache in Netzwerken produziert und verarbeitet
wird (Hagoort, 2014). Eine auf Rezeptorarchitektonik beruhende Arbeit (Amunts et al.,
2010) stellte eine Neudefinition der anterioren Sprachregion vor, durch Analyse von
Area 44+45 (Amunts et al.,, 1999; Amunts et al., 2004) und kaudal angrenzender
(prd-)motorischer Areale sowie des ventral angrenzenden frontalen Cortex. Neben dem
klassischen Sprachareal Broca zeigte sich eine Beteiligung des frontalen Operculums (FOp)
und des pradmotorischen Cortex (PMC), welche nicht als klassische Sprachareale gelten.
Verglichen mit dem Mapping von Brodmann (1909) entspricht der Bereich des FOp und des
PMC den BA 43+6.
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1.2 Bisherige Befunde zur Charakterisierung der Mikrostruktur,

Makrostruktur und Funktionen des frontalen Operculums

Mithilfe der quantitativen Autoradiographie sechs ausgewéhlter Neurotransmitterrezeptoren
konnten Amunts et al. (2010) den Bereich des FOp sowie des PMC auf mikrostruktureller
Ebene ndher charakterisieren. Die Modalitdt der Rezeptorarchitektonik beschreibt die
Verteilung verschiedener Rezeptoren fiir Neurotransmitter (engl., ,, receptor fingerprints *),
die die Gehirnaktivitdt modulieren. Thre Profile unterscheiden sich sowohl zwischen den
einzelnen Arealen als auch zwischen den verschiedenen Cortexschichten pro Areal
(Eickhoff et al., 2007; Zachlod et al., 2023; Zilles et al., 2002). Amunts et al. (2010)
identifizierten die Areale Op8 und Op9 des FOp sowie Area 6rl als Teil des PMC anhand
einer abweichenden Rezeptorarchitektonik, die sich wiederum von den klassischen
Spracharealen Area 44+45 unterschied. Dariiber hinaus konnten Area 44+45 jeweils in zwei
Areale und somit feingliedriger als auf Basis der Zytoarchitektonik unterteilt werden
(Amunts et al., 2010; Zilles & Amunts, 2018). In Erginzung dazu zeigten
konnektivititsbasierte Ansitze eine Unterteilung von Area 44+45 sowie des tiefen FOp mit
probabilistischem Fasertracking (Anwander et al., 2007; Jung et al., 2017).
Makroanatomisch ist das FOp ein Teil des Frontallappens, der an den Sulcus lateralis
angrenzt und den insuliren Cortex bedeckt. Es dehnt sich anterior vom
parietalen Operculum (POp; Gyrus subcentralis) zum urspriinglichen Broca-Areal aus
(Mai et al., 2008). Im Gegensatz zu Area 44+45 ist das FOp phylogenetisch élter (Friederici,
2006) und von der Gehirnoberfldche aus nur partiell sichtbar, da es groBitenteils vom Lobus
frontalis liberdeckt wird (Mai et al., 2008). Das FOp grenzt ventral und medial an Area
44+45 (Friederici, 2017). Es ist mit dem vorderen Teil des Gyrus temporalis superior und
dem Sulcus temporalis superior iiber den Fasciculus uncinatus (ventraler Pfad II) verbunden
(Catani et al., 2005; Friederici, 2009; Friederici, 2011).

Frithere Studien zur funktionellen Bildgebung deuteten an, dass das FOp eine breite
Beteiligung an sprachlichen Funktionen zeigt. In Bezug auf phonologische Verarbeitung
wurde bei der Prédsentation gereimter Items ein stdrkerer Blood-Oxygenation-Level
Dependent Effekt im Bereich des FOp festgestellt als bei der Prédsentation sich nicht
reimender Items (Hurschler et al., 2013). Bei der Produktion von Silbensequenzen zeigte das
FOp eine erhohte Aktivierung fiir Sequenzen mit einer hoheren phonologischen Komplexitit
(Bohland & Guenther, 2006). Bei Patient:innen mit Lasionen des FOp links wurde

festgestellt, dass sie beim Lesen von Nicht-Wortern und vergleichbaren phonologischen
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Aufgaben weniger akkurat artikulierten (Fiez et al., 2006). In Bezug auf syntaktische
Verarbeitung ergab eine funktionelle Magnetresonanztomographie (fMRT)-Studie mit
verschiedenen Wortarten, dass die Verarbeitung syntaktisch-relevanter Worter
(Konjunktionen und Adverbien) zu einer erhohten Aktivitét in der unteren Spitze des linken
FOp fiihrte (Friederici et al., 2000). In einem weiteren fMRT-Experiment wurde fiir in der
Finite State-Grammatik angeordnete Silben eine hohere Aktivitdt des FOp nachgewiesen als
fiir Silben entsprechend der Phrasenstrukturgrammatik (Friederici et al., 2006a). Eine
ereigniskorrelierte  fMRT-Studie zeigte, dass die Verarbeitung von Sdtzen mit
ungrammatikalischen Wortfolgen zu einer selektiven Aktivierung des tiefen posterioren
FOp fiihrte (Friederici et al., 2006b). Neben seiner Beteiligung an Sprache zeigte das FOp
eine Assoziation mit der Geschmacksrepriasentation (Chikazoe et al.,, 2019;
Veldhuizen et al., 2011), was sich ebenfalls in Studien mit Makaken zeigte (Rolls et al.,
1989). Dariiber hinaus war das FOp an einigen kognitiven Funktionen, z. B. der
Aufgabenkontrolle (Higo et al., 2011; Quirmbach & Limanowski, 2022), der Wahrnehmung
viszeraler Reize (Eickhoff et al., 2006b) und der exekutiven Kontrolle (Novick et al., 2005;
Thompson-Schill et al., 1997; fiir ein Review siehe Gratton et al., 2018) beteiligt.

Da die mikrostrukturellen Korrelate des FOp noch weitgehend unbekannt sind,
rezeptorarchitektonische (Amunts et al., 2010), konnektivitdtsbezogene (Anwander et al.,
2007; Jung et al., 2017) und funktionelle Daten (u. a. Chikazoe et al., 2019; Friederici et al.,
2000; Hurschler et al., 2013) jedoch auf eine feinere Unterteilung des FOp hindeuten als die
Region der BA 43+6 innerhalb der Karte Brodmanns, wird der posteriore Bereich des FOp
in der ersten Publikation der vorliegenden Arbeit (Unger et al., 2023) zytoarchitektonisch
untersucht. Dariiber hinaus soll der Frage nachgegangen werden, welche Rolle das posteriore
FOp in der anterioren Sprachregion bzw. im Sprachnetzwerk im engeren Sinne spielt und ob

die Region in Génze an sprachlichen Funktionen beteiligt ist.
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1.3 Quantitative zytoarchitektonische Analyse

Im vergangenen Jahrhundert wurden verschiedene kortikale Parzellierungen und Karten
vorgelegt, die sich hinsichtlich ihrer Ontologie, der betrachteten Gehirnorganisation, der
Anzahl von Arealen und weiterer Aspekte unterschieden (Amunts & Zilles, 2012). Im spiten
19. Jahrhundert begann Brodmann mit seiner Arbeit zur Kartierung des Cortex in
43 zytoarchitektonische Areale (Brodmann, 1909) und folgte somit u. a. auf Flechsig (1898),
Campbell (1905) und Smith (1907). V. Economo und Koskinas (1925) sowie Sarkisov et al.

(1949) der russischen Schule schlossen sich mit ihren zytoarchitektonischen Arbeiten an.

1.3.1 Zytoarchitektonik

Der Cortex umfasst die graue Substanz des Gehirns und bedeckt weite Teile des lateralen
und medialen Bereichs der Hirnoberfliche. Der Isocortex ist der phylogenetisch jlingste
Bereich des Cortex (Neocortex; Amunts & Zilles, 2012). Er weist eine Breite von 1,5 bis
4,5 mm auf (v. Economo & Koskinas, 1925) und ist meist sechsschichtig (Amunts & Zilles,
2012; Brodmann, 1909). Die horizontalen Schichten (Laminae) werden von Lamina I im
duBeren Bereich des Cortex bis Lamina VI an der Rinden-Mark-Grenze mit rdmischen
Ziffern  durchnummeriert. Der Neocortex enthdlt die folgenden Schichten:
Molekularschicht (I), d&uBere Kornerschicht (II), duBere Pyramidenzellschicht (III), innere
Kornerschicht (IV), innere Pyramidenzellschicht (V) und multiforme Schicht (VI). Jede
Lamina weist charakteristische Zelltypen und eine spezifische Konnektivitdt mit anderen
kortikalen Schichten und Hirnbereichen auf (Amunts & Zilles, 2012).

Die Zytoarchitektonik stellt ein mikrostrukturelles und organisatorisches Grundprinzip des
Neocortex und subkortikaler Kerngebiete dar (Amunts & Zilles, 2012), das
makroskopischen Landmarken, z. B. in Form von Sulci, nicht zwingend entspricht
(Amunts et al., 2007). Basierend auf dem Wissen bisheriger Arbeiten (u. a. Brodmann, 1909;
Campbell, 1905; Flechsig, 1898; Sarkisov et al., 1949; Smith, 1907;
v. Economo & Koskinas, 1925) existieren mehrere Dutzende bis Hunderte kortikale
Bereiche (Amunts & Zilles, 2012). Grundlage fiir die zytoarchitektonische Analyse sind
zellkorpergefarbte histologische Schnitte (Amunts & Zilles, 2012; Brodmann, 1909;
Zilles & Amunts, 2010). U. a. v. Economo und Koskinas (1925) entwickelten erste klar
definierte quantitative Kriterien zur Unterscheidung kortikaler Areale. Diese

beriicksichtigten neben der Zusammensetzung, Architektur und Organisation des Cortex
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Parameter wie die ZellgroBe und -dichte pro Lamina sowie die Cortexdicke

(v. Economo & Koskinas, 1925).

1.3.2 Beobachterunabhiingige zytoarchitektonische Analyse

Seit Einfiihrung neuer funktioneller und struktureller Bildgebungstechniken in den
1980er-Jahren ergab sich die Anforderung der Registrierung dieser Daten im
dreidimensionalen (3D) Raum (Zilles & Amunts, 2010). Zunéchst diente die Brodmannsche
Karte innerhalb des Talairach-Raumes (Talairach & Tournoux, 1988) als anatomisches
Korrelat; zur umfassenden Interpretation gewonnener Daten bestand jedoch weiterer Bedarf
an hochauflésenden anatomischen Referenzraumen und -atlanten (Zilles & Amunts, 2010).
Im Zuge technischer Weiterentwicklungen entstanden quantitative Methoden zur
zytoarchitektonischen Kartierung (Zilles et al., 1978; Zilles et al., 1980; Zilles et al., 1982).
Hierbei erwies sich die beobachterunabhingige zytoarchitektonische Analyse nach
Schleicher et al. (1999, 2005, 2009) als statistisch valide Methode zur Identifizierung von
Arealgrenzen.

Die Quantifizierung zytoarchitektonischer Unterschiede benachbarter Gehirnareale erfolgt
durch das Mal3 der Mahalanobis-Distanz (MD) (Mahalanobis et al., 1949), indem mittlere
Profile des Grauwert-Indexes (engl., grey level index, GLI) zwischen benachbarten Blocken
(variierende BlockgroBe, bestehend aus 10-24 Profilen pro Block) mittels eines Sliding
Window Ansatzes betrachtet werden (Bludau et al., 2014; Schleicher et al., 1999;
Schleicher et al., 2005). Je groBer der Unterschied in der Form zwischen den Profilen
benachbarter Blocke desto groBer ihre MD (Uberpriifung anhand des Bonferroni-
korrigierten Hotelling’s T2-Tests (p < 0,001)). Der Nachweis einer zytoarchitektonischen
Grenze wird dann akzeptiert, wenn die MD ein signifikantes Maximum fiir verschiedene
Blockgroflen ergibt und die entsprechende Grenze an vergleichbaren Positionen innerhalb
von drei oder mehr benachbarten Hirnschnitten vorliegt (siche erste Publikation,

Unger et al., 2023).

1.3.3 Deep-Learning-basierte zytoarchitektonische Analyse

Die Methode nach Schleicher et al. (1999, 2005, 2009) fiihrt zu detaillierten und
aussagekriftigen Ergebnissen und etablierte sich als Standard zur Identifizierung von

Grenzen zwischen zytoarchitektonischen Arealen innerhalb des Julich-Brain Atlasses
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(Amunts et al., 2020). Aufgrund manueller Anteile bringt sie allerdings Durchsatz-
Beschriankungen mit sich. Die Entwicklung rein automatisierter Verfahren kann zu einer
Erhohung der zeitlichen Effektivitit fithren (Kiwitz et al., 2020; Schiffer et al., 2021). Damit
dhnlich aussagekriftige und prézise Daten wie durch den bisherigen Mapping-Ansatz
(Schleicher et al., 1999; Schleicher et al., 2005; Schleicher et al., 2009) generiert werden
konnen, muss die Methode robust gegeniiber der interindividuellen Variabilitdt des
menschlichen Gehirns sein. Zugleich muss das Verfahren sensitiv auf subtile Unterschiede
in der Zytoarchitektonik der verschiedenen Hirnregionen reagieren (Schiffer et al., 2021;
Spitzer et al., 2017; Spitzer et al., 2018).

Eine automatisierte zytoarchitektonische Analyse zur Parzellierung auf Basis von gefalteten
Neuronalen Netzwerken (engl., Convolutional Neural Networks, CNNs) stellte sich in ersten
Studien unserer Arbeitsgruppe (Spitzer et al., 2017; Spitzer et al., 2018) als eine Moglichkeit
zur Analyse von Serien hochauflosender zellkorpergefarbter histologischer Schnitte im
visuellen Cortex des menschlichen post-mortem Gehirns ,,BigBrain* (Amunts et al., 2013)
heraus. Das BigBrain ist ein ultrahochaufgelostes Modell, das 7.404 gefarbte histologische
und 3D-rekonstruierte Schnitte mit 20 pm zelluldrer Auflésung enthélt. Es dient als
Referenzgehirn, in welches neben neuroanatomischen und mikrostrukturellen Daten auch
multimodale Informationen integriert werden konnen (Amunts et al., 2013).

Die Einsetzbarkeit des Deep-Learning-basierten Ansatzes wurde bislang nicht fiir
umfassendere Schnittserien des Cortex untersucht. Da automatisierte und zeitlich effektive
Mappingverfahren jedoch fiir variable funktionelle Systeme und so auch im Bereich des
sprachlich-assoziierten Cortex von hoher Relevanz sind, evaluiert die zweite Publikation
der vorliegenden Arbeit (Schiffer et al., 2021) einen CNN umfassenden Workflow, u. a.
fiir die sprachlich relevanten Areale 44+45 (Amunts et al., 1999; Amunts et al., 2004) sowie
fiir Areale des FOp (Unger et al., 2023).

1.3.4 Julich-Brain-Atlas

Der Julich-Brain Atlas enthilt histologisch-zytoarchitektonische 3D-Karten von kortikalen
Bereichen und subkortikalen Kerngebieten des menschlichen Gehirns in den Montreal
Neurological Institute (MNI)-Referenzraumen Colin27 (Holmes et al., 1998) und
ICBM152casym (Evans et al., 2012). Bis 2020 wurden durch 41 Projekte Karten

von 248 zytoarchitektonischen Arealen in den Atlas aufgenommen; bestehende Karten
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konnen je nach Bedarf feiner untergliedert werden oder neue Karten konnen ergiinzt werden

(Amunts et al., 2020; siehe online, https://julich-brain-atlas.de/).

Zur Erstellung der enthaltenden zytoarchitektonischen Wahrscheinlichkeitskarten erfolgt
eine Uberlagerung der Kartierung fiir je 10 post-mortem Gehirne im 3D-Raum. Somit
beriicksichtigt der Julich-Brain Atlas die natiirlich vorkommende interindividuelle
Variabilitdt und es ist moglich, zytoarchitektonische und makroanatomische Variationen
hinsichtlich Lokalisation und Ausdehnung einzelner Gehirnregionen -einzubeziehen
(Amunts et al., 2020).

Anhand von Prozentwerten kann angegeben werden, bei welcher Anzahl der 10 Gehirne pro
Voxel ein spezifisches Areal vorliegt (0-100% Uberlappung), wodurch Variationen
zwischen einzelnen Gehirnen im stereotaktischen Raum beriicksichtigt werden konnen
(Amunts et al., 2020). Dartiber hinaus zeigen maximale Wahrscheinlichkeitskarten (engl.,
maximum probability maps, MPMs) fiir jedes spezifische Voxel das Areal an, fiir das die
hochste Wahrscheinlichkeit innerhalb des Voxels besteht (Eickhoff et al., 2005). Nicht
gemappte Gebiete werden derzeit durch Liickenkarten (engl., gap maps) ausgefiillt
(Amunts et al., 2020).

1.4 Multimodale Ansatze

Brodmann (1909) legte durch die zytoarchitektonische Analyse den Grundstein fiir die
Betrachtung des Zusammenhangs zwischen kortikalen Strukturen und Funktionen bzw.
Dysfunktionen (Zilles & Amunts, 2010). Wihrend er Struktur-Funktionsbeziehungen in der
Monographie von 1909 nur kurz thematisierte, veroffentlichte er einige Jahre spiter eine
umfassendere Ubersichtsarbeit (Brodmann, 1914), die Zusammenhinge zwischen
zytoarchitektonischer Parzellierung und Lésionen in menschlichen Gehirnen aufzeigte
(Zilles & Amunts, 2010). Auf diese Weise bekriftigte Brodmann die Annahme einer
Verkniipfung zwischen funktionellen und zytoarchitektonischen Unterschieden innerhalb
des Cortex (Amunts & Zilles, 2015; Zilles & Amunts, 2010). Bei einem ersten Vergleich
zweier Modalititen wichen einige der myeloarchitektonischen Grenzen, die Vogt und Vogt
(1919) identifizierten, von der zytoarchitektonischen Kartierung Brodmanns (1909) ab;
dennoch herrschte im Allgemeinen die Annahme von Kohirenz zwischen

myeloarchitektonischer und zytoarchitektonischer Parzellierung (Zilles & Amunts, 2010).
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Heute wird davon ausgegangen, dass die Gehirnorganisation nicht anhand einer einzelnen
Modalitdt erfassbar ist, sondern dass dieser mehrere organisatorische Prinzipien zugrunde
liegen (Amunts & Zilles, 2015; Eickhoff et al., 2018). Im Gegensatz zu den oft verwendeten
MNI-Referenzraumen Colin27 (Holmes et al., 1998) und MNI ICBM 152 (Evans et al.,
2012), die sich auf die makroskopische Skala beschrinken und fiir sich genommen keine
zusétzlichen funktionellen Informationen liefern, schafft beispielsweise das in Kapitel 1.3.3
thematisierte Referenzgehirn BigBrain einen mikrostrukturellen Rahmen zur Integration
multimodaler Daten und erweitert somit u. a. die Moglichkeiten Brodmanns (Amunts et al.,
2013; Amunts & Zilles, 2015). Die Berlicksichtigung mehrerer Modalitédten ist wesentlich
fiir die Erstellung eines reproduzierbaren Gehirnatlasses und kann zu einem tieferen
Verstindnis von Struktur und Funktion ausgewéhlter Bereiche des Gehirns und ihrer
interindividuellen Variabilitét fiithren (Amunts et al., 2014; Glasser et al., 2016; Toga et al.,
2006).

1.4.1 Multilevel Human Brain Atlas

Der Julich-Brain Atlas ist Teil des Multilevel Human Brain Atlasses, abrufbar iiber die
Plattform European Brain Research Infrastructures (EBRAINS) des Human Brain Projects
und nutzbar  mithilfe des  Software-Toolpaketes  siibra  (sieche  online,

https://atlases.ebrains.eu/viewer/). Die enthaltenden Karten, die sich mit der

Zytoarchitektonik auf die Mikroarchitektur bzw. zelluldre Architektur des Cortex beziehen
und die die exakte Lokalisation der Areale aufzeigen (siche Kapitel 1.3.1), stellen das
Kernstiick des Atlasses dar (Amunts et al., 2020). Ein gemeinsamer Referenzraum innerhalb
des Multilevel Human Brain Atlasses ermdglicht die Kombination von Daten aus
verschiedenen Modalitdten in verschiedenen Mallstiben darzustellen (Amunts et al., 2014;
Zachlod et al.,, 2023). Somit werden die Karten durch multimodale und multiskale
Informationen pro Areal ergénzt (Amunts et al., 2013), z. B. durch konnektivitatsbasierte
und genomische Fremddaten (siehe folgende Kapitel 1.4.2 und 1.4.3). Dies ermoglicht die
Gewinnung umfassender neurowissenschaftlicher Erkenntnisse (Amunts et al., 2013).

Der Multilevel Human Brain Atlas kann kontinuierlich an die fortschreitende Kartierung
angepasst werden, um neu verfiigbare Daten zu integrieren und den Atlas mit umfassenden
semantischen Informationen anzureichern. Er ist mit weiteren Atlanten verkniipfbar und

steht der wissenschaftlichen Community frei zur Verfiigung (Amunts et al., 2020).
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1.4.2 Konnektivitatsdaten

Die in Kapitel 1.2 thematisierte Verteilung der Neurotransmitterrezeptoren hdngt eng mit
Konnektivitdtsmustern zusammen, die fiir die Rolle eines Areals in grofleren Netzwerken
relevant sind (Zachlod et al., 2023) und die eine weitere zu betrachtende Modalitdt darstellen
(Anwander et al., 2007; Jung et al., 2017). Es kann zwischen struktureller und funktioneller
Konnektivitdit bzw. Kommunikation im Gehirn unterschieden werden. Wéahrend die
strukturelle Konnektivitit sich auf die Anatomie der Faserbahnen bezieht, handelt es sich
bei der funktionellen Konnektivitdt um die zeitliche Korrelation neuronaler Aktivitit von
Hirnregionen bei spezifischen Aufgaben bzw. Funktionen (Julich-Brain Atlas, 2023b;
Zachlod et al., 2023).

Die fiir die erste Publikation (Unger et al., 2023) betrachteten Daten zur funktionellen
Konnektivitidt des FOp basieren auf einer meta-analytischen Konnektivitdtsmodellierung
(MACM) (Laird et al., 2009; Robinson et al., 2010). Die Daten zur strukturellen
Konnektivitdt innerhalb des Multilevel Human Brain Atlasses stammen aus der
1000BRAINS-Studie (Caspers et al., 2014) und ermoglichen spezifische Aussagen zur

Konnektivitit zytoarchitektonischer Areale.

1.4.3 Allen Human Brain Atlas-Daten

Eine weitere Modalitdit zur Charakterisierung zytoarchitektonischer Areale ist die
differentielle Genexpression (Bludau et al., 2018). In einer ersten Studie wurde der
Frontalpol (Areale Fpl+Fp2; Bludau et al., 2014) unter diesem Gesichtspunkt untersucht.
Es zeigte sich eine signifikante Hochregulierung der Gene MAOA und TAC! in Area Fp2,
verglichen mit Area Fpl (Bludau et al., 2018). Zum Einsatz kam hierbei das Tool Julich
Gene Expression Analysis (JuGEx; Bludau et al., 2018), das Genexpressionsdaten des Allen
Human Brain Atlasses (Atlas des Transkriptoms des erwachsenen menschlichen Gehirns;
Hawrylycz et al., 2012; Hawrylycz et al., 2015) mit Lokalisationsdaten in Form der
zytoarchitektonischen Wahrscheinlichkeitskarten des Julich-Brain Atlasses verkniipft
(Bludau et al., 2018). Es ist bekannt, dass der Neocortex ein relativ homogenes
Transkriptionsmuster aufweist, jedoch mit deutlichen Merkmalsausprigungen in den
primdren sensomotorischen Cortices und im Bereich des Frontallappens (Hawrylycz et al.,

2012).
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Seitens des Allen Institutes war initial vor allem die Korrelation funktioneller und
genetischer Gehirndaten angedacht (Hawrylycz et al., 2012). In der Studie von Bludau et al.
(2018) wurden kognitive Funktionen untersucht, jedoch nicht speziell Sprachfunktionen.
Inwieweit sich z. B. die zytoarchitektonisch distinkten klassischen Sprachareale Broca und
Wernicke in Form von Area 44+45 und Area Te3 (Amunts et al., 1999; Amunts et al., 2004;
Morosan et al., 2005) hinsichtlich ihrer Expression sprachbezogener Gene unterscheiden,
wurde beim Erwachsenen bisher nicht systematisch untersucht. Fiir das sich entwickelnde
Gehirn menschlicher Foten liegen nur wenige Studien vor (Johnson et al., 2009;
Lambert et al., 2011). Um die Forschungsliicke zu schlieBen und eine erste sprachrelatierte
Studie mit dem Tool JuGEXx zu erstellen, betrachtet die dritte Publikation der vorliegenden
Arbeit (Unger et al., 2021d) die differentielle Expression phonologierelevanter Gene in den

zytoarchitektonischen Arealen 44+45 (entspricht Broca) versus Te3 (entspricht Wernicke).

1.5 Ziele der Arbeit

Ziel der ersten Publikation (Unger et al, 2023) ist es, das posteriore FOp
zytoarchitektonisch zu analysieren und zu segregieren. Hierbei wird die Frage betrachtet, ob
der Bereich aus mehreren heterogenen Arealen oder aus einer zusammenhédngenden Region
besteht. Es folgt die Erstellung von 3D-Karten auf Grundlage der zytoarchitektonischen
Kartierung innerhalb von 10 menschlichen post-mortem Gehirnen, um anatomische
Unterschiede zwischen den Gehirnen zu beriicksichtigen (Amunts et al., 2020). In einem
nidchsten Schritt sollen, wie in der Studie von Amunts et al. (2004), potenzielle
interhemisphédrische und geschlechtsspezifische Unterschiede der identifizierten Areale
bewertet werden. Um Informationen zu Funktionen der Areale zu gewinnen, erfolgt darauf
eine meta-analytische Konnektivititsmodellierung (MACM) unter Verwendung der
BrainMap-Datenbank (Laird et al., 2009; Robinson et al., 2010) und eine Betrachtung
ergidnzender struktureller Konnektivitidtsdaten (1000BRAINS-Studie; Caspers et al., 2014).
Dariiber hinaus soll gekliart werden, inwieweit das posteriore FOp Teil der anterioren
Sprachregion bzw. des Sprachnetzwerks im engeren Sinne ist und ob das vollstandige FOp
an sprachlichen Funktionen beteiligt ist.

Ziel der zweiten Publikation (Schiffer et al., 2021) ist die Erprobung eines neuen
Verfahrens zur Deep-Learning-basierten zytoarchitektonischen Analyse in groen Serien

histologischer menschlicher post-mortem Gehirnschnitte im BigBrain (Amunts et al., 2013).
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Ahnlich wie in Spitzer et al. (2017, 2018) sollen CNNs bereits annotierte Hirnregionen als
Trainingsdaten nutzen und die entsprechenden Areale auf weitere Schnitte {ibertragen. Es
sollen mehrere funktionelle Systeme integriert werden, u. a. die neu identifizierten
Areale Op5-Op7 (posteriores FOp) sowie Area 44+45 (Broca). In einem néchsten Schritt
soll die Evaluation der vorgenommenen automatisierten Kartierung hinsichtlich Qualitit und
anatomischer Plausibilitdt erfolgen, um die Anwendbarkeit fiir die unterschiedlichen
kartierten Areale in den histologisch aufbereiteten post-mortem Gehirnen bewerten zu
konnen.

Die dritte Publikation (Unger et al., 2021d) nutzt die zytoarchitektonischen
Wahrscheinlichkeitskarten der Sprachareale Broca (Area 44+45; Amunts et al., 1999;
Amunts et al., 2004) und Wernicke (Area Te3; Morosan et al., 2005). Initiales Ziel ist die
Identifizierung von Genen, die laut der Literatur von 2010-2021 bei mehr als einer der
Storungen Dyslexie, Dyskalkulie, Sprachentwicklungsstorung und der logopenischen
Variante der Primér Progressiven Aphasie (IvPPA) oder bei all diesen Storungen beteiligt
sind (definiert als ,,phonologie-relatierte Gene®). In Bezug auf identifizierte mit
phonologischer Verarbeitung assoziierte Gene soll eine Anreicherungsanalyse (engl.,
enrichment analysis) der Genfunktionen erfolgen. AnschlieBend wird im Rahmen des
Hauptvergleichs mit dem Tool JuGEx (Bludau et al., 2018) eine Genexpressionsanalyse fiir
Area 44+45 im Gegensatz zu Area Te3 durchgefiihrt.

Ubergeordnete Zielsetzung der vorliegenden Arbeit ist es, an der Sprachverarbeitung
beteiligte Areale mit mikrostruktureller Genauigkeit zu lokalisieren sowie diese multimodal
zu charakterisieren. Langfristig sollen die entstethenden und betrachteten
zytoarchitektonischen Wahrscheinlichkeitskarten einen Beitrag zum Wissen bzgl. der
Funktionalitit des Sprachnetzwerkes leisten und in der klinischen Forschung bzw.
Versorgung Anwendung finden. Ein positives Votum der FEthikkommission der
Medizinischen Fakultdt der Heinrich-Heine-Universitit Diisseldorf mit der Nr. 4863 zur

Durchfiihrung der Studien liegt vor.
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The human frontal operculum (FOp) is a brain region that covers parts of the
ventral frontal cortex next to the insula. Functional imaging studies showed
activations in this region in tasks related to language, somatosensory, and
cognitive functions. While the precise cytoarchitectonic areas that correlate
to these processes have not yet been revealed, earlier receptorarchitectonic
analysis resulted in a detailed parcellation of the FOp. We complemented this
analysis by a cytoarchitectonic study of a sample of ten postmortem brains and
mapped the posterior FOp in serial, cell-body stained histological sections using
image analysis and muiltivariate statistics. Three new areas were identified: Op5
represents the most posterior area, followed by Op6 and the most anterior region
Op7. Areas Op5-Op7 approach the insula, up to the circular sulcus. Area 44 of
Broca's region, the most ventral part of premotor area 6, and parts of the parietal
operculum are dorso-laterally adjacent to Op5-Op7. The areas did not show any
interhemispheric or sex differences. Three-dimensional probability maps and a
maximum probability map were generated in stereotaxic space, and then used, in
a first proof-of-concept-study, for functional decoding and analysis of structural
and functional connectivity. Functional decoding revealed different profiles of
cytoarchitectonically identified Op5-Op7. While left Op6 was active in music
cognition, right Op5 was involved in chewing/swallowing and sexual processing.
Both areas showed activation during the exercise of isometric force in muscles.
An involvement in the coordination of flexion/extension could be shown for
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the right Op6. Meta-analytic connectivity modeling revealed various functional
connections of the FOp areas within motor and somatosensory networks, with
the most evident connection with the music/language network for Op6 left.
The new cytoarchitectonic maps are part of Julich-Brain, and publicly available
to serve as a basis for future analyses of structural-functional relationships in

this region.

KEYWORDS

Julich-Brain Atlas, BigBrain, cerebral cortex, cytoarchitecture, language, music, frontal
operculum, probability maps

1. Introduction

Broca’s and Wernicke's regions are considered to be key
regions of language processing (Grodzinsky and Friederici,
2006; Grodzinsky and Santi, 2008; Friederici, 2011; DeWitt and
Rauschecker, 2013; Binder, 2017; Friederici, 2017). Broca’s region
with areas 44 and 45 (Amunts et al., 1999, 2004) can be found
in the left inferior frontal gyrus (IFG) and is part of the anterior
language region. Wernicke's region (including posterior part of area
22) (Morosan et al,, 2005) is located in the left superior temporal
gyrus and is part of the posterior language region (Amunts and
Zilles, 2012), Broca's and Wernicke's regions are connected through
the arcuate fascicle and the left superior longitudinal fascicle (dorsal
pathway II) as well as through the extreme capsule fiber system
(ventral pathway I) [Catani et al., 2005; Friederici, 2009, 2011, 2012;
Ferndndez-Miranda et al., 2015, for reviews see Bernal and Ardila
(2009) and Bernard et al. (2019)].

Language networks comprise a large number of brain regions
[for a review see Hagoort, 2014], It has been emphasized
that Broca’s region is heterogeneous and consists of multiple,
functionally distinct components (Hagoort, 2019; Fedorenko and
Blank, 2020). The hypothesis was formulated that the dorsal
language system, which includes area 44 and the posterior part
of the superior temporal gyrus is complemented by the ventral
language system, consisting of area 45 and the anterior part
of the superior temporal gyrus (Skeide et al., 2016). Moreover,
the anterior language region does not only consist of Broca’s
region in a narrow sense, but may include neighboring areas
of the ventral frontal cortex (Hagoort, 2014). These findings
can be interpreted in the sense that the classical Broca and
Wernicke regions might be anatomically ill-defined and should
be replaced by more accurate descriptions (Tremblay and
Dick, 2016). This also implies, however, a need to study the
anatomical neighbors of classically defined Broca’s and Wernicke’s
regions with respect to their structure and putative function in
language processing.

Research from our own group has proposed a new segregation
of the broader anterior language region that goes beyond classical
areas 44 and 45 (Amunts et al, 2010). Using quantitative
receptor autoradiography of major neurotransmitter receptors,
areas 44 and 45 and neighboring areas including caudally adjacent
motor/premotor areas and ventrally adjacent ventral frontal cortex
have been analyzed. Areas 44 and 45 have been further subdivided
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(each into two areas), and new areas in the frontal operculum
(FOp) and premotor cortex have been identified (Amunts et al,
2010; Zilles and Amunts, 2018), Recent maps of areas Op8 and
Op9 of the FOp (Saal et al,, 2021a,b), which are located rostro-
ventrally to areas 44 and 45 have confirmed this concept. These
areas show a specific receptor architecture, distinct from classical
language areas 44 and 45. Along the same line, connectivity-
based analysis and probabilistic fiber tracking showed a subdivision
of areas 44 and 45, and the deep FOp (Anwander et al., 2007;
Jung et al,, 2017). The FOp is connected with the anterior part
of the superior temporal gyrus and the superior temporal sulcus
via the uncinate fascicle (ventral pathway II) (Catani et al,, 2005;
Friederici, 2009, 2011). Furthermore, areas of the FOp seem to
be phylogenetically older than areas 44 and 45 (Friederici, 2006),
which is also in line with the assumption that the FOp region is
functionally distinct.

The FOp has been discussed in the context of language: Tt
seems to be mainly involved in the processing of phonological and
syntactical information, both in healthy subjects and in patients
with language disorders. For phonological processing, a stronger
blood-oxygen-level-dependent response in the FOp was reported
during auditory rhyme processing (rhymed trials) compared to
non-rhymed trials (Huschler et al, 2013). In case of syllable
sequence production, the FOp showed an increased activation
for stimuli with a higher phonological complexity (Bohland and
Guenther, 2006). Patients with left FOp lesions were found to
perform less accurately in reading non-words and comparable
phonological tasks (Fiez et al, 2006). A functional magnetic
resonance imaging (fMRI) study (Friederici et al., 2000) reported
an increased activity in the lower tip of the left FOp during
a syntactic judgment task (deciding whether a stimulus belongs
to nouns or to function words, e.g., conjunction or preposition)
compared with a semantic judgment task (deciding whether a
stimulus belongs to concrete or abstract words). Here, non-
prototypical members of word types (concrete function words,
e.g., because or if as well as abstract nouns, e.g., pain) were
reported to show higher activation and neural resources compared
with prototypical word type members (concrete nouns, e.g.,
house as well as abstract function words, e.g, on or above)
(Friederici et al, 2000). Another fMRI experiment on syntax
reported local specific activations in the left FOp during a task of
transition processing, i.e., the evaluation concerning transitional
dependencies (Friederici et al., 2006a). An event-related fMRI study
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demonstrated that processing of sentences with ungrammatical
word orders lead to a selective engagement of the more
posterior deep FOp (Friederici et al, 2006b). In addition to its
involvement in language, the FOp seems to play a role for
gustatory representation, task control, and the perception of
visceral stimuli (Eickhoft et al, 2006b; Higo et al, 2011;
Veldhuizen et al., 2011; Chikazoe et al,, 2019; Quirmbach and
Limanowski, 2022) as well as executive control [(Thompson-
Schill et al,, 1997; Novick et al., 2005), for a review see Gratton
et al. (2018)], according to activation patterns reported for this
region. It would be plausible to assume that such diversity
of function is not supported by a single brain region, but
by several,

Some language processing functions have been shown to differ
between genders. For example, in terms of rhyming, an echo-
planar fMRI study showed a lateralized activity in the left IFG
in male participants, but not females. In contrast, the pattern
of activation in females showed more diffuse involvement of
the left and right IFG, which was interpreted by the authors
as evidence for organizational differences between genders in
phonological processing (Shaywitz et al., 1995). To our knowledge,
existing studies on gender differences in language mostly consider
Broca’s region, while neighboring regions, e.g., FOp, have not been
addressed. However, the structural correlates of the differences and
whether they also affect the FOp are largely unknown.

The FOp and its cytoarchitectonic parcellation have not been
addressed so far. The map of Brodmann (1909} showed Brodmann’s
area (BA) 43 as the posterior neighbor of Broca's region; it is located

10.3389/fnhum.2023.1087026

at the inferior edge of the postcental gyrus and superior to the
lateral fissure as well as in the cingulate region of the cortex (see
Figure 1A). The Brodmann map, however, does not show any
details of the cortex within the sulci or any parcellation details
ventrally to BA 44, BA 45, and BA 47. The cytoarchitectonic map
of von Economo and Koskinas (1925) described the subcentral
area PFD, area FBop of the frontal lobe, the opercular intermediate
frontal area FCDgy, and area FDgyp as possible anatomical correlates
for the posterior part of the FOp (Figure 1D). Nevertheless,
both maps share the problem that they represent 2D schematic
drawings of the lateral surface of the brain, but do not well
disclose cortical areas that are obscured by the bulging cortex
of the (lateral) frontal cortex. More recent maps of Petrides and
Pandya (1994), designated the area anterior to the central sulcus
asarea 6 (6VR and 6VC). Ongiir et al. (2003) described a precentral
opercular area (PrCO) adjacent to the insular cortex and located
in the inside of the lateral fissure representing parts of the FOp.
A more detailed view into the complex 3D geometry of the FOp
is necessary to study the spatial relationships of the IFG, the FOp,
and the neighboring insula. This became possible in the BigBrain
model, a histological representation of cell body stained sections
at 20 pm isotropic spatial resolution (Amunts et al, 2013; see
Figures 1B, C, E, F).

Because of these open questions and the lack of precise
microstructural maps that would be instrumental in further
developing the concept of an anterior language region, the aim of
the study was (a) to analyze the posterior part of the FOp and its
segregation, (b) to generate 3D maps based on cytoarchitectonic

FIGURE 1

(A) Medified cytoarchitectonic map of Brodmann (1909), including BA 43 iblue highlighted). Details of the cortex within the sulci or areas ventrally to
areas 44, 45, and 47 were not shown by Brodmann, Area 43 (highlighted in blue) is located slightly posterior to the referred area, (B} Coronal section
of the BigBrain (Amunts et al., 2013). The blue arrow paints to the macroanatomic location of lefthemispheric FOp. POp, parietal operculum

(C) Sagittal section of the BigBrain with annctations of the FOp and the insula. (D) Madified cytoarchitectonic mapping of ven Economo and
Koskinas (1925) with highlighted areas FDgp, FCDgp, FBop, and PFD, localized at the ventral end of the frontal lobe. (E) Axial section of the BigBrain
with annotations of the FOp and the insula. (F) View of the left surface of the BigBrain. The blue arrows show that the FOp is also found below the
brain surface. POp, parietal operculum; Ptri, triangular part of the inferior frontal gyrus; SF, Silvian fissure. Physical coordinates (cursor] for panels
(B,C,EF): =38.637 mm/22.526 mm/0.444 mm (https://atlases.ebrains.eu/viewer)
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mapping in a sample of ten brains to take into account variations
in anatomy between brains (Amunts and Zilles, 2015), (c) to
evaluate potential interhemispheric and gender differences, and (d)
to perform meta-analytic connectivity modeling (MACM) using
the BrainMap database (Laird et al., 2009; Robinson et al., 2010),
considering complementary connectivity data, to gain further
insights into the functions of the areas.

2. Materials and methods

2.1. Histological and image processing

Ten human postmortem brains were analyzed (five females
and five males; Supplementary Table 1), which were obtained
via the body donor program of the Anatomical Institute of the
Heinrich Heine University Diisseldorf. Written informed consent
from body donors was obtained. The donors had no clinical
history of neurological or psychiatric diseases. The study was
performed according to the guidelines of the Ethics Committee of
the University of Diisseldorf (#4863).

The brains were extracted within less than 24 h after death and
fixed in 4% formalin or in Bodian’s fixative for at least 6 months,

10.3389/fnhum.2023.1087026

and further processed. A MRI scan of each brain was obtained
using a 1.5-T Siemens scanner (Erlangen, Germany) using a T1-
weighted 3D FLASH sequence (flip angle: 40°, repetition time:
40 ms, time echo: 5 ms). The scans served as undistorted references
for subsequent 3D reconstruction. The brains were then embedded
in paraffin and serially sectioned in the coronal plane (Polycut E,
Reichert-Jung, Germany; thickness = 20 um). Each 15th section
(distance between mounted sections: 300 jum) was stained for
cell bodies (Merker, 1983). The whole procedure and subsequent
mapping, cytoarchitectonic analysis, and the computation of
cytoarchitectonic probability maps (see sections 2.1-2.5) is in detail
described in Amunts et al. (2020).

2.2. Observer-independent identification
of cytoarchitectonic borders based on
the gray level index (GLI)

Cytoarchitectonic borders between areas of the FOp were
identified using image analysis and statistical tools (Schleicher
et al,, 1999, 2005, 2009). Hereby, rectangular regions of interest
(ROIs) (Figure 2A) were identified in the images of the histological
sections, and scanned in a mosaic like pattern. For this purpose, a
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FIGURE 2

Analysis of a cytoarchitectonic border between Op5 and Opé, right hemisphere using an abserver-independent mapping approach (Schieicher

Ops

Op6

profile index

et al, 1999). (A) A region of interest (ROI) was identified {black box), which covered the whole extent of the FOp including the circular sulcus of the
insula (CSI). It was scanned in a mosaic like pattern. Measurements were transformed into a gray level index (GLI) image that showed the volume
fraction of cell bodies. (B) Equidistant traverses perpendicular to the outer and inner contour line were calculated (pink and yellow lines, changing
after every 10th traverse). GLI profiles along these traverses displayed laminar changes in cytoarchitecture. CS, circular sulcus of the insula. (C) The
Mahalanobis distance (MD) (Mahalanobis et al., 1949) was used as a measure to quantify dissimilarity in shape of GLI profiles between neighboring
areas (see upper blue curve; lower green curve: Euclidean distance function) (Schleicher et al., 2000). By means of a sliding window technique,
profiles with different block sizes were moved along the cortical ribbon. For the specific block size 16, MD reaches a significant local maximum at
the border between areas Op5 and Op6, at profile position 97. (D} Resulting significant maxima of the MD function showed profile positions with
potential cytoarchitectonic borders (in the example, at profile position 97). In case MD resulted in significant maxima for different block sizes at
similar profile positions [Blue marked block size: Block size 16 from panel {C)] and in case this border was found in three comparable positions in a
minimum of three adjacent brain sections, a peak was accepted as a cytoarchitectonical border.
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high-resolution CCD-Camera (Axiocam MRm, ZEISS, Germany)
was used, combined with an optical light microscope (Axioplan 2
imaging, ZEISS, Germany). ROIs of every 60" histological section
were digitized with an in-plane resolution of 1.02 m per pixel in
both hemispheres with ZEISS image analysis software Axiovision
(Version 4.6, ZEISS, Germany). Digitized ROIs were transformed
into gray level index (GLI) images using an in-house software
written in Matlab (The MathWorks, Inc., Natick, MA, USA)
(Schleicher et al., 2005, 2009; Bludau et al,, 2014). The intensities
of the pixels of a GLI image correspond to the volume fraction of
stained cell bodies, ranging from 0% to 100% (Wree et al,, 1982;
Schleicher et al., 2000).

Outer (border between layers I and II) and inner contour
lines (border between layer VI and the white matter) were
drawn manually in each GLI image using Matlab scripts.
Equidistant traverses were generated perpendicular to the two
contour lines (Figure 2B; Schleicher et al., 1999, 2000, 2009).
GLI profiles running along these curvilinear traverses quantified
laminar changes in the volume fraction of cell bodies, ie.,
the regional cytoarchitecture (Schleicher et al., 2009). A feature
vector with ten elements was calculated including the mean
GLI, center of gravity, standard deviation, skewness, and kurtosis
of the original profile, and the same features of its first
derivative. Individual and local variations of cortical thickness were
normalized by length normalization to compensate for differences
in thickness of the cortex between brains, areas, and geometry
(Schleicher et al., 1999).

The Mahalanobis distance (MD) (Mahalanobis et al.,, 1949)
was used to quantify dissimilarities in the shape of mean GLI
profiles between neighboring blocks of profiles as measures of
cytoarchitectonic differences between brain areas (Schleicher et al,,
2005). To increase the robustness of the MD calculation, a
number of profiles (range: 10-24 profiles) was grouped into
blocks of profiles. Afterward, the MD between adjacent blocks was
calculated. A sliding window technique was used to systematically
move the different blocks along the cortical ribbon of the ROI The
profile blocks were shifted by one profile at a time (Schleicher et al.,
1999, 2005). The larger the difference in shape between profiles of
adjacent blocks, the larger was their MD.

A significant maximum of the Mahalanobis distance
(Bonferroni-corrected  Hotellings T2 test)
cytoarchitectonic border between two adjacent cortical areas
(Figure 2C). A border was accepted if the MD resulted in a
significant maximum for different block sizes (Figure 2D) and
the border was found at comparable positions in three or more
adjacent brain sections. Subsequently, each border passed a quality
control to exclude “artificial borders,” e.g., due to blood vessels,
wrinkles, or other artifacts (Schleicher et al., 1999).

indicated a

2.3. Hierarchical cluster analysis of
area-specific cytoarchitecture

By performing a Matlab-based hierarchical cluster analysis, we
aimed to determine the degree of cytoarchitectonic similarities
and/or dissimilarities between FOp areas compared with areas
44 and 45 (Amunts et al, 1999, 2004). For each area, 10—
15 consecutive GLI profiles were selected, coming from three
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sections per hemisphere and brain. Profiles from the left and
right hemispheres of Op5-Op7 were merged in the present
study, since no volumetric differences between left and right
hemispheres were found (see section 3.4). For each profile, a
ten-element feature vector was calculated to enable quantification
of similarity/dissimilarity between the different areas (Schleicher
et al, 2005). Hierarchical clustering of these feature vectors
was performed using the Euclidean distance and the Ward
linkage method (Ward, 1963). Cytoarchitectonic similarity between
two areas was reflected by a low FEuclidean distance, whereas
cytoarchitectonic dissimilarity was associated with a higher
Euclidean distance. The results were visualized in a hierarchical
dendrogram (Figure 5).

2.4. 3D cytoarchitectonic probability
maps in stereotaxic reference space and
maximum probability maps (MPMs)

Delineations of FOp areas were manually transferred onto
corresponding digitized sections (1,200 dpi high-resolution).
Afterward, they were 3D reconstructed in each of the 10
postmortem brains. Images of the brains and their areas were then
registered to the T1-weighted single-subject brain Colin27 of the
MNI reference space and the ICBM152casym space (Holmes et al.,
1998; Evans et al., 2012). The identified areas were superimposed
in the two reference spaces, and 3D continuous probabilistic maps
were generated (Amunts et al., 2020). Briefly, after calculating
a linear affine transformation [7 degrees of freedom (DOF): 3
translations, 3 rotations, 1 isotropic scaling] as well as a non-
linear transformation vector field (3 translations for every voxel
of the data set) with optimized parameters for the MRI signal of
the in vivo reference data set and the 3D reconstructed histologic
postmortem brain data, the transformations of histological data
sets were stored and then applied to the mapped cytoarchitectonic
regions per set of reconstructed postmortem data. For this purpose,
the calculated transformations for the whole brain were applied to
all regions mapped in the 10 postmortem brains and superimposed
in the reference space. Volume files were used to store the
resulting probabilistic cytoarchitectonic maps. In the next step,
the probabilistic values were projected onto a cortical surface
model of the reference brain, computed with FreeSurfer, and a
surface-based representation of the cytoarchitectonic maps was
computed (Amunts et al, 2020). The maps showed, for each
voxel of the reference brain, the probability that a cortical area
was located at a given position of the reference space. Thereby,
intersubject anatomical variability of cortical areas was quantified.
Subsequently, a maximum probability map (MPM) was calculated
(Eickhoff et al., 2005), which assigned each voxel of the reference
brain to the cortical area with the highest probability in the
respective voxel.

2.5. Volumetric analysis
The volumes of each FOp area were calculated per hemisphere

and brain, considering the individual shrinkage-corrected volume
for each brain and area. Beforehand, shrinkage factors were
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calculated as the ratio between the brain volume before and
after the histological processing procedure (Amunts et al,
2020). In order to compare volumes of areas from brains
with different size, the volume of each area was additionally
normalized using the individual total brain volume (normalized
volume = shrinkage-corrected individual area volume/shrinkage-
corrected individual whole-brain volume). Thus, relative volume
ratios were used for volume calculation to allow comparability
between different brains.

The shrinkage corrected and normalized mean volumes for the
different areas were tested for hemisphere and gender differences
using a non-parametric pair-wise permutation test. The null
distribution was evaluated with Monte Carlo simulation (1,000,000
iterations). Differences were considered to be significant if they
were larger than 95% of values under the null-hypothesis [p < 0.05,
false discovery rate (FDR) corrected for multiple comparisons]
(Eickhoff et al., 2007; Bludau et al., 2014),

2.6. Functional decoding of areas Op5,
Op6, and Op7

To functionally characterize areas Op5-Op7, we used a MACM
based analysis on the BrainMap database! (Fox and Lancaster, 2002;
Laird et al., 2005). MPMs of left and right areas Op5, Opé, and
Op7 in MNI ICBM 152 reference space were defined as volumes of
interest (VOIs). The BrainMap database contains 3D coordinates
as results from published task-related neuroimaging experiments
combined with meta-data describing "behavioral domains” and
"paradigm classes" (Laird et al., 2009).

The following BrainMap Sleuth search criteria were used
to filter for matching functional imaging studies with 3D
peak coordinates: At the level of imaging modality, fMRI and
positron emission tomography data of healthy subjects were
considered, with at least one activation focus. Deactivations were
excluded. Only normal mapping studies (no interventions and
no group comparison) were considered (Laird et al., 2011).
The search criteria led to a total number of 2,620 matching
functional neuroimaging experiments at the time of analysis
for further evaluation. No preselection of taxonomic categories
was applied.

Analysis of meta-data involved the acquisition of all detectable
functions by the over-representation of behavioral domains and
paradigm classes in the experiments activating each VOI relative
to the BrainMap database (Eickhoff et al, 2011). Whereas
behavioral domains refer to mental processes of six neural
main categories and related subcategories (cognition, action,
perception, emotion, interoception, pharmacology), paradigm
classes refer to single experimental tasks [(Laird et al., 2009),
available online, http://www.brainmap.org/taxonomy/]. Bar charts
visualized activated behavioral domains and paradigm classes for
each examined VOI with its respective probability likelihood ratio.
For this, forward and reverse inference were applied. Forward
inference describes the probability of observing activity in a
brain region, taking into account knowledge of a predefined

1 http://brainmap.org
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behavioral domain or paradigm class. Reverse inference describes
the probability of a particular behavioral domain or paradigm
class, given activation in a VOI. Significance was established with
a binomial test [p < 0.05, FDR corrected for multiple comparisons]
(Laird et al., 2009; Eickhoff et al., 2011).

2.7. Functional and structural
connectivity of areas Op5, Op6, and Op7

In a first step, we integrated functional connectivity using
MACM, and aimed to analyze whole-brain co-activation patterns
of Op5-0p7 left/right. Therefore, MACM analyses were performed
using the activation likelihood estimation algorithm. To analyze
the functional connectivity (co-activation) of each FOp area,
concordant activation foci were determined per area from reported
neuroimaging activation data obtained from BrainMap (Eickhoff
et al, 2011). Due to spatial uncertainty of neuroimaging data,
we modeled the foci as probability distributions. As a result,
MACM generated coincided whole-brain co-activation maps for
each FOp area (peak x-y-z coordinates in stereotaxic reference
space). They were displayed on the MNI ICBM 152 brain template.
To define a null-distribution reflecting a random spatial assignment
of experiments, a permutation test with 10,000 repetitions was used
(p < 0.05, FDR corrected) (Eickhoff et al,, 2016). To analyze equal
and differing co-activation patterns of Op5-Op7, we carried out a
conjunction analysis and a contrast analysis (Nichols et al., 2005).
The conjunction analysis is based on identifying brain areas that are
activated by task A and task B or combined tasks (Price and Friston,
1997; Nichols et al., 2005). In further application, it included
overlap of the six single MACM co-activation maps and enabled
us to investigate which brain regions demonstrated co-activation
with all three opercular areas Op5, Op6, and Op7, or combinations
of the areas. The contrast analysis was performed by voxel-wise
calculation of differences between co-activation maps of individual
MACM analyses. The analysis was conducted to demonstrate
differing functional connectivity between two respective VOIs as
well as to highlight unique functions for each area per hemisphere
(Eickhoff et al., 2011).

In a second step, we studied the structural connectivity of
bilateral areas Op5, Op6, and Op7 using connectivity data of
the population-based German cohort study 1000BRAINS (Caspers
et al, 2014). Connectivity data can be accessed online via
3D atlas viewer “siibra-explorer” of the Human Brain Project’s
EBRAINS research infrastructure.? In the 1000BRAINS study,
structural connectivity was analyzed on the basis of diffusion-
weighted MRI obtained in a 3T MR scanner (sequence parameters
of two datasets: b = 1,000 s/mm? and 60 diffusion-weighted
volumes; b = 2700 s/mm? and 120 diffusion-weighted volumes,
both at an isotropic resolution of 2.4 mm) (Caspers and
Schreiber, 2021). Whole-brain connectivity matrices based on
brain regions included in the Julich-Brain cytoarchitectonic maps
were used as representations of the variability of fiber tracts, i.e.,
structural connectivity, in the 1000BRAINS population sample
(Caspers et al., 2014).

2 https.//atlases ebrains.eufviewer
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3. Results

3.1. Cytoarchitecture of areas Op5-Op7
and distinction from neighboring areas

Three new cytoarchitectonic areas were identified, which
differed in their microstructure. Op5 showed a prominent internal
granular layer IV. Layer IV was thinner in areas Op6 and Op7. Le.,
area Op5 is a granular area, while Op6 and Op7 are dysgranular.
Details about cytoarchitectonic criteria for Op5, Op6, and Op7 can
be found in Table 1.

Area Op5 showed a rather prominent laminar pattern
(Figure 3A). Layer III revealed a gradient in pyramidal cell size
from superficial (smaller cells) to deep parts (larger cells), with
largest cell size in the lower layer I11. In addition, Op5 showed large
pyramidal cells in layer V. Layer IV was broad and densely packed,
with a higher cell density than in layer V. The borders of layer IV to
layers 11 and V were well defined.

Area Op6 was distinct from Op5 and Op7 by a somewhat lower
overall cell density (Figure 3B). Op6 showed more pronounced
vertical columns than the other two areas. Layer II showed a high
cell density, and its border to layer III was clearly visible. Layer
IV was intermingled by pyramidal cells from layers III and V.
Prominent and elongated pyramidal cells were found in layer V.
Layers IIlc and IV had a higher cell density than layer V. Layer VI
was broad, with numerous small cells.

Area Op7 differed from Op5 and Opé6 by its densely packed
layers ITlc, IV, and the upper layer V (Figure 3C). In contrast, layers
IITa+b and lower layer V of Op7 showed a lower cell density. Large
pyramidal cells were found in lower layer III and layer V. The
transition to the white matter was blurred, mainly because of the
low cell density in the lower portion of layer VI

The cytoarchitectonic differences between the three Op-
areas and neighboring areas were captured by the observer-
independent mapping procedure, and the localization of borders
were proven by multivariate statistics (see section 2). Exemplary
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cytoarchitectonic borders between areas Op5 and Opé6 are
shown in Figures 4A, B, and between Op6 and Op7 in
Figures 4C, D.

A cluster analysis (Figure 5) further quantified similarities and
dissimilarities between the areas. It showed that areas Op6 and
Op?7 as the two dysgranular areas were most similar to each other,
while area Op5 as granular area was distinct. In the diagrarn, areas
44 and 45 were separated from the three FOp areas, and located
on another branch of the hierarchical cluster tree. This indicates a
greater cytoarchitectonic difference between areas 44 and 45 to the
FOp than within Op5-Op?7.

In comparison, the neighboring parietal, opercular area OP4
(dysgranular) (Eickhoff et al, 2006c) showed a smaller size of
pyramidal cells in the lower layer III and a lower cell density in
layers 11T and V (Figure 6A). The main difference between area
Op5 and the insular area 1d4 (dysgranular) (Quabs et al., 2021a)
was that layer IIT of 1d4 was more sparsely populated with cells
than layer I1T of Op5 (Figure 6B). The comparison of areas Op6 and
premotor cortex revealed a weak laminar differentiation of area 6rl,
i.e., all cortical layers from layer II to VI showed an approximately
similar cell packing density (Amunts et al., 2010; Figure 6C). Like
area 44, both areas Op6 and Op7 contained large pyramidal cells
in layer III. However, they did not reach the size of pyramidal cells
of area 44 (deep layer III and layer V) (Figures 6D, E). Compared
with area Op7, area Op8 (Saal et al,, 2021a) revealed a faint but
recognizable layer IV in comparison with the prominent horizontal
stripes of Op7 consisting of layers Illc, IV, and Va, In adjacent
layers, Op7 showed a lower cell density, and Op8 a higher cell
density (especially in the lower layer III and in the upper layer V)
(Figure 6F). The comparison of areas Op7 and Id6 (dysgranular)
(Quabs et al,, 2021b) revealed that pyramidal cells of layer TITc had
a higher dispersion, while the horizontal stripe in area Id6é appeared
broader than in Op7 (Quabs et al., 2022; Figure 6G). In contrast to
area [d7, Op7 showed a higher density of pyramidal cells in deep
layer I11 and a higher packing of layer VI (Grodzinsky et al., 20205
Figure 6H).

TABLE1 Cytoarchitectonic characteristics of opercular areas Op5, Op6, and Op7.

Cytoarchitectonic characteristics

Op5 « Rather granular cytoarchitectonic area
« Distinct horizontal lamination
 Gradient in pyramidal cell size of layer IIT
o Large pyramids in layers I and V

« Broad layer IV with a high cell density and well defined barders to layers 11l and V

o Large-sized pyramidal cells in layers llc and V adjusting directly to layer IV

o High cell density in layer VI

Op6 » Dysgranular cytoarchitectonic area
o Lower overall cell density compared with areas Op5 and Op7
 Poor cell density apart from layers I1lc and IV

o Arrangement of cells mainly in columns

+ Border between layer Il and layer [1] clear cut due to a high amount of cells in layer [1

o Layer IV not clearly visible due to intermingling with pyramidal cells from layers IIT and V

s Prominent large sized and elongated pyramidal cells in layer V'
o Thick layer VI with numerous small cells

Op7  Dysgranular cytoarchitectonic area
o High cell density of layer Illc, layer IV and the upper layer V
 Lower cell density of layers ITla + b and the lower layer V of Op7
® Large-sized pyramidal cells within the lower layer [Tl and layer V

® Blurred transition with the white matter, mainly because of the low cell density in the lower portion of layer VI
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FIGURE 3

Cytoarchitecture of areas Qp5 (A), Op6 (B), and Op7 (C) (Op5 and Op6 taken from brain BC20, right hemisphere; Op7 taken from brain BC21, right
hemisphere). The colored lines indicate the mean gray level index (GLI) profiles of areas Op5 (orange line), Op6 (green line), and Op7 (blue line) for a
range from 0% (outer contour line, border between layers | and |} and 100% (inner contour line, border between layer VI and the white matter)

Roman numbers indicate the cortical layers. Scale bars = 200 um

3.2. Topography of areas Op5, Op6, and
Op7

Areas Op5-Op7 occupied the posterior part of the FOp, and
approached the insula, up to the circular sulcus of the insula (CSI).
The borders between Op5 and Opé6 as well as between Op6 and Op7
were always located lateral to the CSI, and never reached the medial
wall (Figure 7 for the location of areas Op5-Op7 on consecutive
sections).

Main parts of the three FOp-areas were located in the depths
of the lateral fissure. In six of the 20 hemispheres, Op5 extended
a few millimeters to the free brain surface (subcentral gyrus;
two left hemispheres, four right hemispheres). In all hemispheres,
Op5 reached the CSI and was located medially and anterior to
area OP4. The border between Op5 and Op6 was in the ventral
wall of the FOp.

In all 20 hemispheres, Op6 extended a few millimeters to
the free brain surface (precentral gyrus/IFG). Op6 adjoined Op5
anteriorly and Op7 posteriorly. Lateral neighbors of Op6 were
premotor area 6rl and area 44 in caudo-rostral direction. Op7
reached the free brain surface in none of the hemispheres, but
always was buried in the sulcus. Op7 was laterally adjacent to
the insular cortex. Furthermore, Op7 was medially and posteriorly
adjacent to area 44 and to the anterior part of the FOp (mainly Op8,
more rarely Op9) (Saal etal., 2021a,b). Like the border between Op5
and Opo, the border between Op6 and Op7 was located in the depth
of the fissure.

The medial neighbor of areas Op5, Op6, and Op7 was the
anterior insula (Op5/Op6: 1d4, 1d6; Op7: 1d6, 1d7) (Grodzinsky
et al, 2020; Quabs et al, 2021a,b). In some hemispheres, the
posterior part of area Op5 was located medially to OP3 (Eickhoff
et al., 2006c). Areas Op5-Op7 were mainly arranged in anterior-
posterior direction. This localization did not differ between male
and female brains.

Frontiers in Human Neuroscience

3.3. Cytoarchitectonic 3D maps and
intersubject variability

Intersubject variability in extent and location of areas Op5,
Op6, and Op7 was quantified in the probability maps (Figure 8).
The superimposition of all ten brains resulted in probabilistic
maps, whereby the color coding from dark blue to red corresponds
to an increasing overlap, or decreasing intersubject variability.
Centers of gravity in 3D space for the left and right hemispheres
are listed in Table 2; they did not differ between male and
female brains.

The MPM reveals small parts of Op5 at the subcentral gyrus,
while Opé occupied parts of the precentral gyrus (Figure 8C). Op7
remained consistently within the lateral fissure. Cytoarchitectonic
maps are shown also as surface representations in the reference
brain Colin27 (Evans et al., 2012), to give a better impression of
the extent of the areas in the depth of the brain. All data are part of
the Julich-Brain Atlas (Amunts et al., 2020), and publicly available
via the Human Brain Atlas of the EBRAINS research infrastructure
of the Human Brain Project®.

3.4. Volumes of areas Op5, Op6, and Op7

Areas Op5 and Op6 were about the same size, while area
Op7 was the smallest area among the three. The intersubject
variability of volume was most prominent for area Op6 and least
prominent for area Op7 (see Table 3 for individual volumes per
hemisphere). The shrinkage-corrected volumes did neither differ
between hemispheres or sexes (all p > 0.05; see Table 4 and
Figure 9).

3 https://www.humanbrainproject.eufen/explore-the-brain
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FIGURE 4

bar = 1000 pm

(A) Cytoarchitectonic border (dashed line) between the areas Op5 and Op&. Roman numbers indicate cortical layers. CS| = circular sulcus of the
insula. Scale bar = 1000 pm. (B) Localization of the brain section in panel (A). (C} Localization of the brain section in panel (D). (D) Cytcarchitectonic
border (dashed line) between the areas Op6 and Op7. Roman numbers indicate the cortical layers. CS|, circular sulcus of the insula. Scale

3.5. Functional profiles of Op5, Op#6, and
Op7

Based on the BrainMap database, area-specific functions of
Op5, Op6, and Op7 were analyzed. Related Sleuth search results
from the BrainMap database can be found in Supplementary
Table 2. All results of the behavioral domain category as well as of
the paradigm class category can be found in Table 5.

The following functional profiles were found: Opé left was
involved in music cognition, whereas Op5 right was active in
chewing/swallowing and sexual processing. Both areas together
showed an activation in isometric force of muscles. Op6 right
showed an activation in flexion/extension.

Frontiers in Human Neuroscience

3.6. Functional and structural
connectivity on areas Op5, Op6, and Op7

The conjunction analysis of MACM revealed that areas Op5-
Op7 showed co-activational connectivity with area 44 (Broca’s
region), with the parietal operculum (POp), with areas of the
temporal lobe as well as with parts of the somatosensory cortex
(Figure 10A). The contrast analysis of MACM showed differences
in co-activation by comparing two of the new opercular maps. An
overview of all MACM results is summarized in Supplementary
Table 3. Areas of co-activational clustering were connected with
the cytoarchitectonically defined areas of the Julich-Brain Atlas 2.9
(Amunts et al., 2020; Supplementary Tables 3-4).
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FIGURE 5

Hierarchical cluster analysis of areas Op5, Op6, Op7, and areas 44
and 45. Op6 and Op7 are similar to each other and form a cluster,
distinct from Op5. Areas 44 and 45 form a distinct cluster.

Op5 left showed co-activations with area 1 (Geyer et al., 1999,
2000), area 2 (Grefkes et al., 2001), area 3b (Geyer et al., 1999, 2000),
area [d4 (Quabs et al., 2022), and area OP3 (Eickhoff et al., 2006a,c)
in the left hemisphere as well as with area 1d6 (Quabs et al,, 2022)
in the right hemisphere. Op5 right showed co-activations with
areas 3a (Geyer et al.,, 1999, 2000), 3b, 4a (Geyer et al., 1996), 4p
(Geyer et al,, 1996), and OP1 (Eickhoff et al., 2006a,c) in the left
hemisphere and with areas OP3 and OP4 (Eickhoff et al., 2006a,c)
in the right hemisphere. Additional co-activations were detected

FIGURE &

Cytoarchitectonic borders between areas Op5 and OP4 (Eickhoff et al., 2006a,c) (A), between area Op5 and insular area |d4 (Quabs et al., 2021a) {(B),
between area Op6 and premotor area 6r1, which is not yet mapped (C). between area Op6 and area 44 (Amunts et al, 1999, 2004) (D), between
area Op7 and area 44 (E), between areas Op7 and Op8 (Saal et al,, 2021a) (F), between areas Op7 and Id6 (Quabs et al., 2021b) (G), and between area
Op7 and Id7 (Grodzinsky et al., 2020) (H). CS|, circular sulcus of the insula. Scale bars = 1,000 pm.

10.3389/fnhum.2023.1087026

for Op5 right with éma (Ruan et al, 2018), 6mp (Ruan et al,
2018), the medial geniculate body (Kiwitz et al., 2022}, and 1d4 in
both hemispheres.

Op6 left showed co-activations with area 44 (Amunts et al,
1999, 2004), area Id6, area FG1 (Caspers et al.,, 2013), and area
FG2 (Caspers et al,, 2013), in the left hemisphere as well as with
areas hIP1 (Choi et al,, 2006), hIP3 (Scheperjans et al.,, 2008a,b),
and PFm (inferior parietal lobule, IPL) (Caspers et al., 2006,
2008) in the right hemisphere. Further co-activations existed with
areas 6ma and FG4 (Lorenz et al, 2017) in both hemispheres.
For Op6 right, co-activations with areas 6mp, OP1, OP4, PF
(IPL) (Caspers et al., 2006, 2008) and PFcm (IPL) (Caspers
et al.,, 2006, 2008) right as well as with bilateral area 6ma could
be observed.

Op7 left showed co-activations with areas 33 (Palomero-
Gallagher et al., 2015) and 1d7 (Grodzinsky et al., 2020) in the right
hemisphere as well as with area [d6 in both hemispheres. Further
co-activations could be observed for Op7 right with OP1 right as
well as with bilateral areas Id6 and Id7.

In comparison to the MACM results, the structural connectivity
analysis based on the 1000BRAINS study (results in alphabetical
order) revealed structural connectivity of Op5 left with Id4, 1d6,
Ig3 (Quabs et al,, 2022), OP1, OP3, and OP4 in the left hemisphere.
For Op5 right, there was structural connectivity with areas 3b,
4a, 6d1 (Sigl et al., 2021a), 6d2 (Sigl et al., 2021b), 6ma, Id4, Id5
(Quabs et al., 2022), 1d6, 1d7, OP1-OP4, PE, PFem, PFm, PFop (1PL)
(Caspers et al., 2006, 2008), and PFt (IPL) (Caspers et al., 2006,
2008) in the right hemisphere. For Opé left, structural connectivity
could be observed with areas 1, 4a, 44, 45 (Amunts et al., 1999,
2004), 1d2 (Quabs et al., 2022), 1d5-1d7, Ig3, Op8 (Saal et al., 2021a),
Op9 (Saal et al., 2021b), PE, PFem, PFm, PFop, PFt, and TE 2.2
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TABLE 2 Coordinates of the centers of gravity for FOp areas Op5, Op6, and Op7 in MNI ICBM 152 space (upper table section) and anatomical MNI
Colin27 space (lower table section) separated for the left and right hemisphere.

Center of gravity coordinates in MNI ICBM 152 space

Area Left hemisphere Right hemisphere
X Y z X Y
Sagittal Coronal Horizontal Sagittal Coronal
Ops —47 -5 13 45 -1 12
Op6 —52 5 6 52 8 5
Op7 —40 10 9 37 14 10

Center of gravity coordinates in anatomical MNI Colin 27 space of continuous probability maps

Area Left hemisphere Right hemisphere
X Y 4 X Y z
Sagittal Coronal Horizontal Sagittal Coronal Horizontal
Op5 -47 -4 13 16 -2 12
Op6 —52 5 7 54 6 5
Op7 -39 10 11 39 12 10

TABLE 3 Size of Op5, Op6, and Op7 in both hemispheres.

Vimean [Mm3] £ SD [mm?3]

Left Right

hemisphere hemisphere

Op5 1,059.98 & 305.97 1,142.91 £ 453.18
Op6 1,281.77 £ 545.07 1,139.33 4+ 415.07
0p7 525.32 + 190.34 509.79 + 313.81

Mean values (Vyeans ) of the corrected volumes with associated standard deviations (SD) for
Op5, Op6, and Op7, separated for the left and right hemispheres. Histologic volumes were
corrected using the individual shrinkage factor of each individual brain.

(Morosan et al,, 2005) in the left hemisphere as well as with 6d1
and 6d2 in both hemispheres. For Opé right, there was structural
connectivity with areas 6d1, 6d2, 6d3 (Sigl et al., 2021¢), 6ma, Id4,
OP4, PFm, PFop, PFt, and PGa (Caspers et al., 2006, 2008) right,
For Op7 left remained structural connectivity with Id6 left. For
Op7 right, there was structural connectivity with Id5 and Id6 right.

Selected functional and structural connectivity results, specifically
for area Op6 left, can be found in Figures 10B, C.

4. Discussion

The present study revealed a new microstructural parcellation
of the posterior FOp in the human brain based on cytoarchitectonic
differences and introduced 3D maps of the three new areas Op5,
Op6, and Op7. Cytoarchitectonic borders were identified using
image analysis and statistical criteria, to make them reproducible.
The new areas were cytoarchitectonically distinct from the adjacent
insula and other surrounding areas. The varying location and
extent of the FOp-areas were reflected in cytoarchitectonic
probabilistic maps in the MNI-Colin27 and the MNI ICBM
152 space, which enable analyses and comparisons with in vivo
neuroimaging data serving as anatomical reference. No significant
differences in the volumes, localization of areas Op5-Op7 in space,

TABLE 4 Volume of areas Op5-0p7 of the human FOp in each hemisphere of the 10 postmortem brains.

Areal volume [mm?3]

OpS5 left Op5right Opé6 left Op6right Op7 left Op7right
BC4 880.64 673.62 862.81 582.65 337.48 280.21 3,617.41
BCS 918.83 362.48 1,084.69 1,488.09 181.44 671.16 4,706.69
BCs 1,129.95 . 1,032.09 1,530.89 1,039.16 681.33 564.37 5,977.80
BC7 905.44 1,745.84 2,324.69 1.842.41 413.13 1.254.46 8,485.98
BC8 1,185.68 1,052.69 1,236,78 701,92 487.63 233.74 4898.44
BC9 404.81 1,038.41 77447 781.92 438.48 177.97 3,616.06
BCI10 1,087.60 1,234.67 2,061.01 1,204.37 578.37 661.69 6,827,71
BCI2 1,195.72 1,029.52 700.63 1,013.90 616.89 43058 4,987.24
BC20 1,453.47 1,376.31 957.07 1,078.14 704.52 499.13 6,068.64
BC21 1,437.65 1,883.46 1,284.70 1,660.74 813.97 324.63 7,405.14
Mean 1,059.98 1,142.91 1,281.77 1,139.33 525.32 509.79 5,659.11
SD 305971 453,18 545.07 415.07 190.34 313.81 222343
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FIGURE 9
Volume of areas Op5-0p7 of the human FOp in each hemisphere of the ten postmortem brains sorted by female (A,B) and male brains (C,D), each
by left and right hemisphere. Analyses revealed no significant volume difference between sexes nor between hemispheres (all p = 0.05)

TABLES Behavioral domains and paradigm classes of Op5, Op6, and Op7 left and right (p < 0.05, FDR corrected) represented by colored boxes per

hemisphere.

Behavioral domain

Cognition.Music

Interoception sexuality

Perception somesthesis.Pain

Paradigm class

Music comprehension

Flexion/Extension

Chewing/Swallowing

Sexual arousal/Gratification

Isometric force

Pain monitor/Discrimination

LH, left hemisphere; RH. right hemisphere,
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or with respect to their relationship to sulci and gyri were found
between male and female brains.

The present study confirmed our hypothesis that the FOp
is composed of several cytoarchitectonic areas that are distinct
in microstructure and connectivity (Anwander et al, 2007;
Amunts et al., 2010; Friederici, 2017). By evaluating MACM and
structural connectivity results and by comparing co-activations
and functional specifics of the co-activated areas, we identified
distinct functions, with Op6 left being involved in music cognition
and wider music/language-relevant networks. Combined with Op5
right, Op6 left was also active in a task of isometric force of muscles.
Op5 right showed involvement in chewing/swallowing and sexual
processing, while Op6 right was active in flexion/extension.

4.1. Comparison of new maps of
Op5-0p7 with other maps of the FOp

The present results supplement earlier findings of our group
based on receptorarchitectonic analyses (Amunts et al., 2010), and
go beyond the parcellation of the FOp in historical maps, proposed,
for example, by Brodmann (1909) and von Economo and Koskinas
(1925). Brodmann described BA 43 and BA 6 near the central sulcus
as two homogeneous areas, but his drawing only shows the brain
surface. The new Op5 of the present study most likely corresponds
to the rostral part of BA 43 (Brodmann, 1909). Areas Op6 and Op7
seemed to correspond to the caudal part of BA 6, partially adjacent
to BA 43 (Brodmann, 1909). The putative anatomical correlates for
Op5-0p7 in the maps of von Economo and Koskinas (1925) are
most probably areas PFD, FBgp, FCDOP, and FDyp. However, the
pattern of segregation is not the same. While Op5 may mainly be
assigned to the rostral part of PFD and to the caudal part of FBop,
areas Op6 and Op7 seem to correspond to the rostral part of FBop,
to area FCDyp, and to the most caudal part of FDgp, (von Economo
and Koskinas, 1925). Clearly, a more thorough comparison with
previous maps would require aligning them to the same reference
space, which is not an option.

More recent maps of the human prefrontal cortex of Petrides
and Pandya (1994) showed an extended area 6 in the peri-Sylvian
region, adjacent to the central sulcus. Area 6 of Petrides and Pandya
(1994) consisted of the areas 6VR and 6VC (in anterior-posterior
direction). Area PrCO of Ongiir et al. (2003) most probably
corresponds to areas Op6 and Op7, based on their description of
an area anterior to the central sulcus within the lateral fissure.

In accordance to previous findings (e.g., Keller et al., 2009}, no
anatomical asymmetry or lateralization of the FOp in favor of the
left hemisphere could be found for Op5-Op7. This is different from
the finding of an anatomical asymmetry of area 44. In area 44, a left-
hemispheric asymmetry in volume could be observed providing a
putative structural correlate for lateralization of speech (Amunts
etal., 1999).

4.2. Functional decoding of areas Op5,
Opé6, and Op7

The MACM analyses revealed a contribution of left Opé to
music cognition. This is in correspondence with earlier studies
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showing an association of the entire FOp with rhythm perception
(Limb et al, 2006), musical priming (intonation judgments)
(Tillmann et al,, 2003), and song complexity (Brown et al., 2004).
The present analysis also showed a co-activation of Opé left with
area 44 in the left hemisphere. 1000BRAINS data confirmed this
by showing structural connectivity of Op6 left with left area 44 and
additionally, with left area 45. As for the FOp, there was evidence
for Broca’s region being involved in music processing (Levitin and
Menon, 2003), which fits in that music and language are both based
on syntactic rules that are complex, hierarchically-structured, and
based on implicitly existing structural norms (Kunert et al,, 2015).

For right area Op5, the MACM analysis indicated a connection
to interoception of sexuality. A perfusion fMRI investigation about
male sexual activity showed that the whole FOp is a brain region
correlated with measures of sexual behavior (Georgiadis et al.,
2010). The FOp was also mentioned as neuroanatomical correlate
of penile erection when viewing photographic stimuli (Moulier
et al, 2006). MACM revealed co-activations between area Op5
right and areas 3a, 3b, 4a, 4p, the medial geniculate body, 1d4,
OP1, and OP3, which corresponds largely (except the precentral
gyrus) to the areas that have been associated with sexual behavioral
measures (Georgiadis et al., 2010). Blood oxygen level-dependent
effects described by Moulier et al. (2006), however, confirmed also
the precentral co-activations for the FOp shown by MACM, and
were also reflected in the structural connectivity data considered.
At the same time, the underlying cytoarchitecture did not differ
between male and female brains. A larger sample size might be
necessary to reveal such differences, which would go beyond the
scope of the present study.

For right area Op5, functional decoding with MACM revealed
an association with chewing/swallowing, This is in agreement to
a study of Lowell et al. (2009), where an involvement of the FOp
in overt swallowing was revealed. The POp, the supplementary
motor area, and several parts of the thalamus also showed activation
for the swallowing task in the study, which fits to the co-
activations of the right Op5 with the medial geniculate body as
well as with areas OP1, OP3, and OP4 in MACM. Further co-
activations for right Op5 could be observed with motor areas
4a, 4p, 6ma, 6mp, and Id4. The relationship to motor areas
was further confirmed by the analysis of structural connectivity,
which was demonstrated for area OP2, motor areas 6d1, 6d2, and
parts of the inferior parietal lobule (PF, PFem, PFm, PFop, and
PFt).

For Op6 left as well as for Op5 right, the MACM analysis
revealed a functional involvement in studies of isometric force
of muscles. A study by Ward and Frackewiak (2003) about
age-dependent changes in neural correlates during an isometric
hand grip task showed age-varying activations in the FOp. For
Op6 left, the MACM analysis showed also correlations with
other areas involved in the “grasping circuit” as described by
Ward and Frackowiak (2003), including area 44 left as well
as areas hIP1 and hIP3 of the intraparietal sulcus. Structural
connectivity data affirmed connections of left Op6 to left area
44. Furthermore, it showed structural connections to areas
1 and 4a in combination with parts of area 6 and the
IPL, being relevant for motor functions (Caspers et al, 2006,
2008).

For right area Op6, the MACM analysis indicated activation
during flexion/extension. In a study in which older participants
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had to perform a bimanual flexion/extension task, the FOp was
one of the activated areas (Goble et al, 2010). The fact that
MACM showed co-activation for Op6 right with areas 6ma,
6mp, OP1, and OP4 fits to activations of motor area and SIT
region that were additionally mentioned by Goble et al. (2010).
In addition to motor area 6 and the POp, by including structural
connectivity, connections to the area Id4 and IPL areas were
found.

4.3. Specificity of areas Op5-Op7 in
music/language versus other functions

The analyses with BrainMap suggested that left area Op6 is
involved in music-related functions, which has also been reported
for Brocas region (Chiang et al., 2018). Opé6, in particular, shows
cytoarchitectonic similarities with neighboring area 44: Both are
dysgranular, with large pyramidal cells in layers IIT and V (although
a bit smaller in Op6 than in BA 44). Furthermore, both areas
showed functional co-activations with each other according to
the present MACM. The analysis of the structural connectivity
of left Op6 based on the 1000BRAINS study indicated that it is
connected with left areas 44 and 45. Similarities in music perception
and syntactic processing of language have been discussed (Kunert
et al, 2015), and one might argue that Op6 is also involved in
both. Similar to connections of Brocas region with the superior
temporal gyrus [(Catani et al., 2005; Friederici, 2009, 2011, 2012;
Fernindez-Miranda et al, 2015), for reviews see Bernal and
Ardila (2009) and Bernard et al. (2019)], the connection of Op6
left with left area TE 2.2 of the extended Wernickes region
could indicate a supporting role of Op6 left in the language
network.

Although both FOp and Brocas region support music and
language functions (e.g., Golestani and Zatorre, 2004; Friederici
et al., 2006a; Grodzinsky and Friederici, 2006; Zysset et al., 2007;
Ventura-Campos et al., 2013; Chai et al., 2016), left Opé6 is also
functionally distinct from Broca’s region. In terms of syntactic
processing, for example, studies by Friederici and colleagues
showed that the left FOp is involved in building local phrase
structures (noun phrases, verb phrases as well as prepositional
phrases), while Brocas region has been shown to support the
computation of dependency relation between constituents of
a sentence and to play a crucial role in the processing of
syntactically complex sentence hierarchies (Grodzinsky, 2000;
Friederici et al., 2003, 2006a; Friederici, 2006; Grodzinsky and
Friederici, 2006).

Previously reported differences on functional and connectivity-
based heterogeneity between the genders regarding phonology
(Shaywitz et al., 1995) could not be verified on a microstructural
level, neither by the hierarchical cluster analysis nor by the volume
analysis. Again, the relatively small sample size in this mapping
study represents a limitation for such type of analysis.

Interestingly, the study confirmed an involvement of the
identified opercular areas in functional networks different from
language and music processing. Area Op5 right was associated
with sexual processing based on functional decoding and multiple
connections have been found with the POp. This finding may
indicate a role of Op5 right in the cortical somatosensory networks.
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Eickhoff et al. (2006b) discussed that the parietal opercular cortex
receives various sensory information and integrates them into an
interoceptive perception of the body’s condition (Eickhoff et al.,
2006b). In addition, areas Op5 and Op6 seem to be part of motor
control networks. Functional integration of chewing/swallowing,
isometric force of muscles, and flexion/extension was reflected
by structural connections of area Op5 right to areas 6d1, 6d2,
and 6ma as well as of area Op6 left to areas 6d1 and 6d2. In
terms of swallowing, also connections to the POp (areas OPI
OP3, and OP4) were relevant (Lowell et al,, 2009). Area Op5
is a (rostral) direct neighbor of the POp, which is associated
with somesthesis, while Opé6 is a direct (ventral) neighbor of area
44 linked to music and language and area 6 linked to motor
functions. Thus, it could be hypothesized that the posterior part
of the FOp could also serve a kind of transition zone between
these areas,

4.4. Data availability

The new maps of areas Op5, Op6, and Op7 are openly
available in different reference spaces (MNI-Colin27 and MNI
ICBM 152 reference spaces) and as surface representation. The
maps are part of the Julich-Brain Atlas* and can be explored
using the 3D atlas viewer “siibra-explorer” and other tools
of the siibra toolsuite of the EBRAINS research infrastructure
(see footnote 2) of the Human Brain Project. They can be
downloaded as part of the Julich-Brain 2.9 cytoarchitectonic maps,®
or as individual datasets [Op5° (Unger et al, 2021a); Op6,”
(Unger et al., 2021b); Op7,% (Unger et al,, 2021c)]. Areas Op5-
Op7 were also mapped in the BigBrain (brain BC20) (Amunts
et al, 2013), and maps are also available in the BigBrain
space. For each map, region-specific datasets are linked via the
EBRAINS Knowledge Graph® and the siibra toolsuite (siibra-
explorer hosted at https://atlases.ebrains.eu/viewer; siibra-python
client: https://siibra- python.readthedocs.io).

4.5, Conclusion

The present study provided a comprehensive cytoarchitectonic
description and maps of the posterior part of the FOp consisting
of areas Op5, Op6, and Op7. The areas not only proved to be
different in terms of cytoarchitecture, but also showed functional
differences, which corresponds to prior receptor studies, Op6 left
was shown to play a role in music processing, and a role in
the broader language networks could be assumed. While sexual
sensations could be assigned to Op5 right, motor connections
could be found for Op5 and Op6. Thus, the present study
was able to characterize the posterior part of the FOp more

https://julich-brain-atlas.de/
https://doi.org/10.25493/VSMK- H34
https://doi.org/10.25493/KN1A-YX4
https://doi.org/10.25493/RAGKR-WE4
8 https://doi.org/10.25493/W2D1-DJF
9 https://kg.ebrains.eu/search
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precisely, both structurally and functionally. The openly available
maps will serve as a tool to decode the function of this
region in more detail.
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Human brain atlases provide spatial reference systems for data characterizing brain organization at different
levels, coming from different brains. Cytoarchitecture is a basic principle of the microstructural organization
of the brain, as regional differences in the arrangement and composition of neuronal cells are indicators of
changes in connectivity and function. Automated scanning procedures and observer-independent methods are
prerequisites to reliably identify cytoarchitectonic areas, and to achieve reproducible models of brain segregation.
Time becomes a key factor when moving from the analysis of single regions of interest towards high-throughput
scanning of large series of whole-brain sections. Here we present a new workflow for mapping cytoarchitectonic
areas in large series of cell-body stained histological sections of human postmortem brains. It is based on a Deep
Convolutional Neural Network (CNN), which is trained on a pair of section images with annotations, with a
large number of un-annotated sections in between. The model learns to create all missing annotations in between
with high accuracy, and faster than our previous workflow based on observer-independent mapping. The new
workflow does not require preceding 3D-reconstruction of sections, and is robust against histological artefacts.
It processes large data sets with sizes in the order of multiple Terabytes efficiently. The workflow was integrated
into a web interface, to allow access without expertise in deep learning and batch computing. Applying deep
neural networks for cytoarchitectonic mapping opens new perspectives to enable high-resolution models of brain
areas, introducing CNNs to identify borders of brain areas.

1. Introduction

Human brain atlases provide a spatial framework for localizing in-
formation retrieved from neuroscientific studies of different brains, ad-
dressing brain organization from different angles and including different
data modalities. The cerebral cortex of the brain is organized into corti-
cal areas, which each have a specific functional role. They can be iden-
tified in cell body stained sections based on cytoarchitecture. Regional
differences in the spatial arrangement and composition of the cells co-
vary with changes in connectivity and function Goulas et al. (2018).
Cytoarchitectonic borders can be identified in microscopic scans of his-
tological brain sections, based on the analysis of the arrangement and
distribution of cells, their different morphology and size, as well as
differences in the appearance and relative thickness of cortical lay-

ers. Such criteria have been formulated for the first time more than a
century ago to map the cerebral cortex, and still serve as guidelines
for cytoarchitectonic analysis Amunts and Zilles (2015). Different ap-
proaches have been proposed in the past to identify positions of bor-
ders in a reliable manner Annese et al. (2004); Schleicher et al. (1999);
Sehmitt and Béhme (2002). The de-facto standard for identifying bor-
ders of cytoarchitectonic areas in the human cerebral cortex is a method
based on multivariate statistical image analysis Schleicher et al. (1999),
which has been applied for the identification of more than 200 areas to
date Amunts et al. (2020). To map the whole extent of an area in both
hemispheres, and to capture its intersubject variability through stud-
ies in large samples, however, is extremely time- and labor-intensive:
Cytoarchitectonic maps need to aggregate properties across many histo-
logical sections and multiple brains. To address this challenge, mapping
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includes a subset of histological sections (every 15-60ths section, i.e.
0.3 mm to 1.2 mm distance between sections) of ten human postmortem
brains resulting in analyses of several hundred sections per area, which
corresponds to 8 workload in the order of one or even several person
years per area Amunts et al. (2020).

Recent high-throughput seanning devices and powerful compute re-
sources enable a much higher degree of automation in digitalization
and analysis of whole human brain sections at microscopical resolution.
Technological progress has made it possible (o 3D-reconstruct a com-
plete postmortem brain at 20 micron spatial reselution with mere than
7000 sections - the BigBrain Amunts et al, (2012), This high-resolution
brain model opens the possibility w produce complete maps of cytoar-
chitectonic areas at full microscopic resolution, and to cover large image
stacks with brain arcas extending across thousands of sections, Hereby,
cach section image has up to 120,000 = 80,000 pixels image size cach.
In order to address these challenges, & method is required, which

1. automatically classifies brain areas based on cytoarchitectonic crite-

ria,

2. handles series with thousands of 2D images of histological sections
with data in the Giga- to Terabyte range,

. is robust against histological artefacts, which are inevitable in large
section series,

. provides stable resulis independently of the cutting plane, e.g, when
changes in the cutting direction relative to the brain tissue prevenis
analysis of the &-layered structure of the cerebral cortex (in the fol-
lowing referred to as ebligue cues), and

. can be operated and supervised by neuroscience experts without re-
quiring advanced computer science skills,

w

FS

&

Previous experience in cvtoarchitectonic mapping has shown that
the identification of brain areas considers multiple parameters, This is
truc for traditional visual inspection using a light microscope, as well
as for automated mapping approaches. It involves complex multi-scale
texture patterns, from the level of newrons up to a level of cortical layers
and areas. However, several parameters that can be used for identifica-
tion of cortical areas heavily depend on the cutting plane of the histo-
logical sections with respect to the orientation of cortical columns, The
highly folded cerebral cortex of the human brain hereby poses particu-
lar challenges, since brain areas may appear in a very different way in
dependence on the cutting angle, Thus, braln mapping needs to operate
in a variable data space, where no restrietlons should be made on the
orientation of the cutting plane relative 1o the course of cortical layers
and the brain surface. In addition, automated brain mapping needs to
consider variation in tissue quality and staining, as well as histological
artefacts, Finally, automated mapping methods must take into account
variations in cytoarchitecture between different brains and lead to iden-
tical parcellations, even if interindividual differences in cytoarchitecture
are large.

Previous work on automated cytoarchitectonic area segmenta-
tion (Spitzer et al,, 2017; 2018) proposes to use Convolutional Neural
Metworkss (CNNss) for automatic segmentation of multiple cytoarchi-
tectonic areas acrass multiple human brains. This is a remarkably chal-
lenging rask, as the model needs to be robust against the considerable
imterindividual variability of the human brain, inevitable histological
artefacts, variations in staining, and oblique cuts, to name only a few of
the constraints. Al the same time, it has to be highly sensitive 1o varia-
tions of cytoarchitecture in different brain areas, which may be subtle.
This may result in a need for large amounts of training data, which is
difficult to cover. Consequently, such generalized segmentation models
are still subject to active research.

We here propose a new workflow for cytoarchitectonic mapping of
a target area across large or complete series of histological human brain
sections with a high degree of automation. The workflow is illustrated
in Fig. 1. Following a “divide & conquer™ approach, the full extent of a
target brain area o is subdivided into intervals of sections, which are en-
closed by annotations created at approximately regular section intervals.

Neurofmage 240 (2021} 1183727

Separate CNNss are then trained for each interval, using the enclosing
annotations as training data. This results in a set of local segmentation
maodels, each specialized to automatically map only the tissue sections
which fall into the corresponding interval. By training local models for
each interval of target area o, an interactive workflow is obtained that
allows an expert to label eytoarchitectonic areas in full stacks of histo-
logical sections with minimal manual annotation, aided by Deep Learn-
ing, and ar a speed that matches high throughput image acquisitien.
In this work, we

-

. introduce a method to automatically map cytoarchitectonic brain
areas across large series of histological human brain sections
[Section 2),

. evaluate its precision on 18 cytoarchitectonic areas from the Big-
Brain dataset Amunts et al, (2003} to investigate its applicability to
a wide range of different brain areas,

3. assess its precision for two areas in three brains with variable stain-
ing protocols Amunts et al, (2013, 2000); Ding et al. (2016} to in-
vestigate robustness against interindividual differences and different
staining procedures, and

. create highly detailed and complete 3D maps of four areas in the
BigBrain dataset' and evaluate their anatomical plausibility.”

)

B

2. Materials and methods

2.1, GLI-based mapping of cytoarchitectonic areas for training and
validation

Our proposed method reguires annotations of the target area at
roughly regular intervals in approximately 1% of sections in the stack.
Such annotations consist of localizations of areal borders in the section,
and are defined using the well-established GLI-based mapping proce-
dure described in Schleicher et al. (1999}, This approach staris by scan-
ning the histological images and by building a Gray Level Index (GLI)
image Schleicher et al. (1999), The GLI is a measure of the volume frac-
ton of cell bodies Wree et al, (1952), In a next step, profiles extending
from the cortical surface to the white matter border are extracted along
Laplacians, which reflect laminar changes in the volume fraction of cell
bodies, and thus encode cytoarchitecture. These Laplacians reflect an
important feature of cortical cytoarchitecture, Le. its columnar strue-
ture Schleicher et al. (2000). The cortical surface and the white mat-
ter border are manually identified. Using a sliding window procedure
across the cortical ribbon, the similarity of blocks of profiles is being es-
timated by the Mahalanobis distance, a multi-variate distance measure,
at each position, that is combined with a Hotelling’s r-test for checking
significance. Borders between areas are indicated by significant peaks
in the Mahalanobis distance function. The positions of borders are then
labeled in the image. These borders are then used as a basis for the
network training and validation.

2.2, Datasets

The datasets used in this study comprise image series of histological
sections of three human brains, which have been stained for neuronal
cell bodies Amunts et al. {2020); Ding et al. (2016). The brains vary in
terms of cytoarchitecture and folding pattern, as well as staining proper-
ries, presence of histological artifacts and other features (Fig, 2), Areas
have been mapped in the past (cf, Section 2,1) using ar least every 60th
section of the series. These maps provide the basis 1o rain the neural
network models and o perform aulomatic segmentation in previously
unseen, close by sections,

! hiy www. bighrainproject. org
2 The maps are released in the public domain as part of the multilevel human
brain atlas in the EBRAINS platformbieps: /e ebraine eu
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Fig. 1. Setup of our workflow. Images of histological sections are depicted as thin vertieal bars, neural network models are depicted as colored boxes. The full exient
of dections containing a target beain area o (3ections m 1o, bottom row) is subdivided inmo section intervals, which are defined by annotations at regular intervals
(blue squares, m.n. k. ... One local segmentation madel 7, (s trained for each interval enclosed by a pair of annotations [m. e]. After training, each maodel is applied
1o autopkatically map sections falling into the corresponding Interval. (For interpretation of the references to eolog in this Agure legend, the reades (s referred 1o the

weh wersion of this article.)

[

Fig. 2. Example images of eell bady stained histological human brain sections
taken from datasets B2IKA), BOT(B) and AAHB (C). All sections wese sampled
from a comparable reglon of the occipital lobe. Differences arise from inter-
subject variabllity and varlations in staining and histological processing protwo-
cols. Locations of detail views (2 2 mm) are marked with red squares. For
Bland B0, only the right hemisphere is shown. AAHE only includes & sin-
gle hemisphere, Cerebellum was removed from B20and AAHB for visualization.
Scale bar: 1cm (same for all three sections). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article,)

The first dataset - dencied as B20- s based on the original his-
wlogical sections of the publicly available microscopic 30 model
BigBrain (Amunts et al, 2003} The dataset consists of images of
7404 coronal sections with a thickness of 20 pm, A modified Merker
stain Merker (1983) was oused o stain cell bodies. A subset of see-
tions was scanned at 1 pm resolution using a high-throughput light-
microscopic scanner (TissueScope HS, Huron Digital Pathology Inc.).
Annotations based on the GLI-based method {Section 2.1) at an interval
of approximately 60 sections [= 1.2 mm]} were cbtained for 18 cortical
areas, belonging to different functional systems:

1. Visual areas AhOcl, kel (Amunts et al, 20000,
hOc3p (Reatschy e al, 2000) and kOS5 (Mallkowvic et al, 2007
Addittonal annotations at an interval of approximately 30 (0.6 mm)
sections were created for kOeS, as well as on a small set of sections
containing f0c3e (Kiwitz et al., 2019a; 2019b; 2020a; 2020b),

. Areas of the frontal operculum @p5, Opb and Op7 Unger et al
(2020, 2020k, 2020c).

3. Arcas 44 and 45 of Broca's region (Amunts et al., 1999; 2004} in the
inferior frontal gyrus.

. Areas Wi PS5 0P !PT and kI P8 (Richter et gl., 2019) in the in-
traparietal sulcus,

B2

s

3. Supplementary motor area 5 A and pre-supplementary motor area
preS M A Rian et al, (2078),

6. Premotor areas 641, 6d2 and 643 Sigl (2018); Sigh et al, (201%a,
2019b, 2019c).

The BigBrain dataset has  been  fully  reconstructed  at
20 wm Amunts et al. (2003) and therefore opens the possibility to
investigate the 3D consistency of the computed maps after transforma-
tion into the reconstructed space.

Brain areas differ in cytoarchitecture, as well as in size and in how
much the morphology of an area changes across & series of consecutive
brain sections. This has implications for the amount of annotations re-
quired to capiure the relevant properties of certain areas. For example,
Ridel is large and shows only moderate changes across consecufive sec-
tions, In comparison, fheS is considerably smaller, and filde 30 changes
considerably across consecutive sections (see Fig. 11, C-F), resulting in
a need for moere annotations o caprure their siructure,

The second dataset - BO1- has also been used for mapping in the
past, whereby every 15th section of the whole series of sections was
stained and digitized. This brain was 3D reconstructed with a spatial
resolution of | mm isotropic Amunts et al. (2020), Annotations for vi-
sual areas ;Oe] and /02 at an interval of approximately every 60th
section {Amunts et al., 20040) in a subset of sections have been used.
This dataset serves to investigate robustness against intersubject vari-
ability, while the lab protocol is similar to the one used for B20.

The third detaset - AAHB-, comes from the Allen Adult Human Brain
Atlas Ding et al. (2016]). It includes 106 unevenly spaced, publicly avail-
able sections. In contrast to the first fwo series of images, it differs in
thickness (50 pm), and the staining method (Miss] staining). Annota-
tions are provided for cortical and subcortical gray matter according to a
maodified Brodmann scheme on one hemisphere (ef. [Ding etal., 2006)),
This dataset is used o investigate robusiness of the proposed method
against variable lab protocols and delineation criteria with respect to
areas il | and hoe2, which correspond to “primary visual cortex (strinte
cortex, area V1/17)" (identifier 10269) and “parastriote cortex (area V2,
area 18} (identifier 10271), respectively, in the Allen ontology.

2.3. Local segmentation models

Annotations of cytoarchitectonic aveas based on GLI mapping
(Section 2.1) were used to train CNNss, which we refer to as local seg-
merarion models, Each local segmentation model "Tn--:J was trained on
two sections &, and s, (the froining sections) with available annotations
for a target area a. Trained local segmentation models were then applied
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Fig. 3. Training and test sections from available annotations across stacks of histological sections, Consecutive pairs of training sections (blue squares) induce one
local segmentation model. For example, model _,"'I‘,’"'“"" wag trained on sections 181 and 301 of dataser B20, segments area hdel in the full interval [182, 300],

1.3

and was tested on Section 2.1, W, denotes the number of trained local segmentation models. + marks experiments performed with a smaller training interval. (For
interpretation of the references to color in this fgure legend, the reader is referred w0 the web version of this article.}

o “fill the gaps", i.e. to autemarically segment the target area in sections
enclosed by the respective training sections =, and 5, (Fig, 1) The focus
on a single target area and a spatially restricted stack of consecutive sec-
tions reduces cytoarchitectonic and morphological variations that need
to be captured by the respective models, which we expect to result in
improved performance compared to training models for multiple areas
or a wider range of seetions as proposed in Spitzer ot al. (2017),

We trained local segmentation models for 18 cytoarchitectonic arcas
in B20and two arcas in each of BOland AAHB. Fig. 3 gives an overview
of sections used for the individual areas. Most local segmentation mod-
els were trained on two training sections with annotations at ~ 2.4 mm
distance, corresponding to ~ 120 sections for B20 and BO1 and 458 sec-
tions for AAHB. Additional local segmentation models with a reduced
interval size of 60 sections (1,2 mm) were trained for areas Ae3e and
B0k to account for highly varlable morphology (hh3e, see Fig. 10,
C-F) and small area size (hde5), For BOland AAHR, local segmentation
models were trained only for ranges of sections where annotations were
available at the required interval. Segmentations of the outer most parts
of eyvtoarchitectonic areas which were not enclosed by training sections
(i Sections 1 to 181 for A0c] in B20) were processed using the closest

available local segmentation model, For example, model 920000 wag

[181,301]
also applied to the section interval [1.181]).

2.4, Neural network architecture

For local segmentation models, the modified U-Net architec-
ture (Ronneberger et al., 2015) proposed by Spitzer et al. (2017) was
extended inte a multi-scale neural network model (Fig. 5, C). U-Nets
have proven to be very powerful for many applications in biomedical
image segmentation (e.g. (Cicek et al., 2016; Milletari et al., 2006)),
They consist of an encoder and decoder branch, which are linked
by skip-connections between layers of correspending spatial resolu-
tion to allow recovery of fine-grained details during upsampling. Com-
pared to the U-Net (Renneberger o al., 2015), the modified architec-
ture (Spitzer et al., 2017) employs additional encoder layers and a dif-
ferent number of filters to make processing of large image patches com-
putationally ractable. To show the benefit of using a multi-scale variant
of U-Nets, three network variants were used: A high-resolution encoder
network (HR), a low-resolution network (LR}, and a combined multi-
scale architecture (MS).
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Fig. 4. Typical input patches for the proposed MSarchitecture. & high-
resclution image patch (A, 2 pm per pixel) resolves ne-grained microstructural
texture, while a lower resolution image patch (B, 16 pm per pixel) provides
maore information on macroanatomical context. The black rectangle indicares
the position of parch (A) inside parch (B). Expert annotations of area hc2 are
overlayed in blue, (For Interpretation of the references to color in this Agure
legend, the reader Is referred to the web version of this aricle.)

High-resolution encoder architecture { HR )

The architecture proposed in Spitzer et al. [(20017) was used as base
architecture {Fig. 5, A). A high-resolution encoder E ., receives high-
resolution input patches with a size of 2025 x 2025 pixels at 2 pm pixel
resolution (4,05 x 4,05 mm?, Fig. 4. A) and enables recognition of fine-
grained microstructural textures, [t consisis of six convolutional blocks,
with the number of filters set to | 16, 22, 64, 64, 123, 128 respectively. All
but the last block are followed by a max-pooling operation with pool
size 2 and stride 2. The frst layer of the first block in Ey, uses a fil-
ter size of 5 and a stride of 4, which increases the receptive field while
keeping memory consumption and computational effort tangible, All re-
maining convolutional layers of Ey p use a kernel size of 3 and stride 1.
Following (Spitzer et al., 2018), we initialize £, from a network that
has been pre-trained on a self-supervised task, specifically on predicting
the geodesic distance along the brain surface between image patches
from the BigBrain dataset. This auxiliary task has been shown to pro-
mote extraction of distinetive cytoarchitectonic features. The decoder
consists of four convolutional blocks with the number of filters set to
[128,64,64,32] respectively. Each block is preceded by an upsampling
Mock, which consists of a nearest neighbor upsampling with kernel size
2 and stride 2, followed by a zero-padded convolutional layer with ker-
nel size 2 and stride 1. All convelutional operations in the network are
followed by batch normalization [offe and Szegedy (2015) and Rectified
Linear Unit (ReLU) non-linearity,

Multi-scale neework architecture ( MS )

The multi-scale network architecture was obtained by attaching a
low-resplution encoder £,z as a second branch o HR, which receives
lower resolution image patches with a size of 682 » 682 pixels at 16 pm
pixel resolution (10,912 x (0,912 mm”), centered at the same location as
Eji g patches (Fig. 4). This branch allows to learn features at the scale
of local cortical folding patterns. Although such macroscopic features
are not generally representative of cytoarchitecture in human brains, as
they vary largely between individuals (Amunts and Zilles, 2013), they
are appropriate in the present serting due to the locality of the netwaork
maodels. E, g is based on £, 5, and composed of six convelutional blocks
with the same number of filters as £, 5. All convolutional flters use a
filter size of 3 and a steide of 1. Convolutional layers in the first block
use a dilation rate of 1, while all other convolutional layers within £,
use a dilation rate of 2 to enlarge the receptive field.

Lows-resolution encoeder architecture { LR )

The third architecture is based on HR, but replaces the encoder £ 5
with E, g (Fig. 5, B). By design, this model can only recognize macro-
scopic tissue features, and no detailed cytoarchitectonic properties at
the level of cell bodies.
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2.5, Training strategy

Stochastic  gradient  descent  with  Mesterov  momen-
mm (Sutskever et al, 2013) was used as optimizer for training
the neural network models. Training was performed for 3000 iter-
ations. The leamning rate was initially set to 0.01 and decreased by
a factor of 0.5 after 1000, 1400, 1800, 2200 and 2600 irerations,
Momentum was set 1o 0.9, Categorical cross-entropy with a weight
decay of 0.0001 was used as loss function.

Backgrourd class labels

Spitzer et al, (2017) reported convergence problems when training
madels with a single background class that includes both white and gray
matter components, resulting in a mix of tissue parts with very high
and very low similarity to the target arca under the same classification
label. Thus, the general background class was split into separate labels
for gray matter (cor) and white matter (ww), resulting in a semantic
segmentation problem with the four classes bg, wm, cor, and the targer
area a. For splitting the background class into we and cer, different
strategies were used for each dataser:

1. For B20, a volumetric tissue classification  presented
in Lewis et al. (2014} was projected onto the 2D histolog-
ical sections using transformations provided by the authors
of Amunis et al. (2013).

2. For BO1, the gray white matter segmentation described in
Spitzer et al. (2017) was used,

. For AAHB, the respective delineations available from the Allen on-
tology Ding et al. (2016) were used,

L

Patchwise training

The full resolution scans of the whole-brain sections are by far too
large to be used for training. Thus, a patchwise training procedure
as also proposed in Ronneberger et al. (2015), Spitzer et al. (2017,
2018) was employed, However, due to the locality of local segmenta-
ton maodels, patches were sampled only in the direct proximity of the
target brain area a, 1o effectively teach the models to distinguish o from
its immediate surroundings. Only pixels with a distance of 5 mm or less
ta any pixel annotated as o were considered as potential center points
for training patches,

Dato mugmenimion

The following data augmentations were employed to simulate most
frequently observed variations in the data: Both at test and training time,
images were rotated by multiples of 90 degrees so that the v axis of
coronal sections matches approximately the cranial direction. Random
rotation by an angle sampled from a uniform distribution with support
[—45.45) were applied to account for small differences in rotation angle.
Intensity variations were addressed by random pixel intensity augmen-
wation with the function fix) = ax’ + §. The same intensity transforma-
ton is applied o all pixels of a training patch. Parameters were chosen
from uniform distributions with o ~ 09, L1, §~ U[=ik2, +0.2] and
r o~ UJ08, 1.214]. The range of each parameter was empirically chesen
o reflect natural variations ceeurring in the data,

Implementotion

Training was performed on the supercomputer JURECA® at
the Jilich Supercomputing Centre at Research Centre Jiilich
(JSC) Krause and Thérnig (2018). Each compute node was equipped
with four NVidia K80 GPUs with 12 Gigabyte of VRAM, 2 Intel Xeon
E5-2680 v3 Haswell CPUs (12 2.5 GHz cores with hyperthreading
each) and 128 Gigabyte of RAM (Krause and Tharnig, 20058). Training
of one model occupied one GPU node, using all 4 GPFUs and all 48
threads. OF the available 48 threads, 4 were assigned o one GPU each
o coordinate the training process, while the remaining 44 threads
read training patches from disk in a streaming fashion, applied data

3 bigpsswwiw Fe-juelich.de/ias jee/ EN/Expertise, Supereomputers, TURECA,/
JURECA nosdehiml
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Fig. 5. lllustration of investigated neural network architectures. A High-resolution architecture (HR) from (Spitzer e al., 2007), which can capture fine-grained
microstructural textures, B: Low-resolution architecture (LR), which can capture macroscopic tissue features. C; Proposed multi-scale architecture {MS]) to capture
both fine and coarse grained tissue features. £y, is pre-initinlized with weights of the self-supervised network proposed in Spitzer e al, (2018), Numbers at the top
of each Block denote the number of filters wsed in the convoletional Tayers of this block, Mumbers at the bottom denote the physical output spacing in pm per pixel

for layers which change the physical spacing of the features,

augmentation and sent data to the training threads. Inter-process
communication was implemented based on Message Passing Interface
(MPI) using mpidpy (Dalcin ot al,, 2011} Training was implemented
using TensorFlow (Abadi et al., 2016). Distributed training was per-
formed using Horovod (Sergeey and Del Balso, 2018) and synchronous
distributed stochastic gradient descent. Batch size was set to 16 image
patches per GPU, resulting in a total effective batch size of 64 patches
per iteration. The linear leaming rate scaling rule for distributed
training proposed in Goyal et al. (20017) was employed, scaling the
learning rate by the number of GPUs," Batch normalization statistics
were computed independently for each GPU and not averaged during
training, Software code is publicly available ©,

2.6, Web-based interactive workfTow for efficient cytoarchitectonic
mapping

The proposed workflow was implemented as an interactive web ap-
plication (Fig, 6] to provide direct user control over the segmentation
workflow through a web browser.® The application allows entering an-
notations in a sparse set of reference sections, controlling the taining
workflow on a remote cluster, and efficiently inspecting predicted seg-
mentations in the complete stack of histological sections. It does not re-
quire in-depth expertise in Deep Learning and/or batch computations.

* Since we uwse a relatively small number of employed GPUs how-
ever, we do not apply the initial learning rate warm up phase described
in Goval et al. (20017,

% Code available at hitps: Gugit.fe-juelich,

% Code available at hups:/ jugit.fz-juelich.de/cschiffe

< schiffe

(web browser )

-

Quality check
Correction

Annotation

Task definition
Result export

Job configuration

Training .
Data preparation
Prediction P
onitaring
5 0
LHFli: cluster backend service

Fig. 6. Owerview of the mapping workflow., The user starts by creating anmo-
tations (1} of a brain aren @ using the web.based annotation tosl microdrow,
and defines training tasks by specifying which annotations should be used o
train local segmentation madels {Section 25). A and task o

are then submitted to a backend web service (2) which prepares the data for
rraining and submits a job o a HPC cluster. Training and subsequent prediction
are performed on the HPC system (3). Obtained resulis can be viewed divectly
i microdrow for quality contral (4). The user may decide to export results of
sufficient quality for subsequent processing steps (e.g. 30 reconstruction], man-
ually refine the predictions directly in microdraw, or repeat the warkflow with
additional annotatons to Improve performance.
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Technically, it is designed as an extension of the web based annotation
tool microdraw 7, combined with a novel backend service that controls
data exchange and job supervision on an ssh-accessible compute clus-
ter. We used the workflow on the JURECA supercomputer at the Jiilich
Supercomputing Center (JSC). It uses commaon and freely available soft-
ware components, and is portable to other sites, potentially requiring
site-specific adjustments o account for differences in the software stack,
scheduling system and data access,
The workilow typically iterates through the following steps:

1. The user enters annotations for a target brain area o in two tisue
sections 5| and s, enclosing a local stack interval of = 110 sections
using nricrodraw, and this way defines a local segmentation model
_f[‘“ ol (Section 2,3),
A tlrmnin,g task for the local segmentation model is submitted as a
Jjob to a GPU cluster at the push of a button, using default parameters
(Section 2.5), It does not require any further configuration. Training
typically takes 70 min on one compute node of the JURECA super-
computer. Multiple jobs can be submitted in parallel, if the cluster
allows,
After training, predictions for all sections in the interval are automat-
izally generated. For a large area like ke |, this takes approximately
30 min for 120 sections. Computed segmentations are automatically
displayed in the web frontend once they become available. Data syn-
chronization between the web server and compute nodes is handled
by the backend service.
4. After inspecting the segmentation guality, the user can choose to
enter additional training data, either reducing the size of the current
interval or initiating the next interval in the stack.

w2

Lo

2.7. Validation framework and sirategy

Additional sections with annotations in between the fraining sections
were used for validating performance of loeal segmentation models on
sections that were not seen during training (orange diamonds in Fig. 1).
Segmentations of these test sections were quantitatively evaluated using
the F1 score (also known as Dice score or Serensen-Dice index), com-
puted as the harmonic mean of precision of recall. Auxiliary labels added
to ensure convergence (Section 2.5) were excluded from F1 score cal-
culation, as the focus lies on segmentation performance for trget area
.

Similar to the proximity sampling strategy employed for training
(Section 2.5), segmentations on sections not seen during training were
only created and evaluated in the approximate region containing « on
the respective sections. These approximate regions were determined by
projection of the closest reference annotations for o to the image in ques-
tion using conventional linear image registration based on robust image
features as in Dickscheid er al. (2019).

The benefit of a multi-seale architecture was investigared by train-
ing separate local segmentation models with neural network architec-
mres HR, LR and MS for all areas in B20. For HRand M5, the high-
resolution encoder £y, was initialized with the weights of the network
from Spiteer e al, (2018), Furthermore, the performance of multiple lo-
cal segmentation models, each trained on a local subset of sections as
deseribed in Section 2.3, was compared to the performance of one sin-
gle model trained on all annotations available for a target area « in the
following way: For each target area in the B20 dataset, one model was
trained using the union of all training sections of the local segmentation
models {blue squares in Fig. 1), using the same training strategy as for
local segmentation models. We conducted these experiments using HR,
LR and M3 architectures, and denote models trained on the whole stack
as HR {aLL), LR (ati)and MS (aLL), respectively, again pre-initializing
the high-resolution encoder £, with weights from Spiteer et al. (2018)

¥ huepe//microdraw.pasteur. fr
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The robustness of the proposed method against intersubject variabil-
ity in brain structure and differences in staining protocols was investi-
gated by training local segmentations models (with MS architecture) for
areas kel and 02 in datasets BO1 and AAHB. To better understand
the roles of the low and high-resolution branches (£, , and £y ,) in
the MSarchitecture, an experiment similar to occlusion sensitivity anal-
vsis [Zeiler and Fergus, 2004) was performed: Using model ,r":.:-i‘{‘-;"‘_”
which implements the MSarchitecture, we investigated how predictions
change when we set the input patch for either £ g or Eyg to zero, ef-
fectively preventing information extraction using the respective branch.

2.8, Grenerating high-resolurion 30 cytoarchitectonic maps in the Bighrain
dataser

Mon-lnear transformations desceibed in Amunts e al. (2013);
Omidyeganeh et al. (2020} from 2D histological  sections
inte 3D recomstructed  space  available for  the  BigBrain
dataset Amunts ef al. (2013) were used to generate 3D maps for
areas hidel, he2, hdede and hOe3 from 20 segmentations produced
by our method. Segmentations were cbiained using the workflow
deseribed in Section 2.3 and checked for quality by an expert [e.g.
plausibility and consistency across consecutive sections). For areas
Fee3e and hikes, results of segmentation models trained with a training
interval size of 1.2nmm were used for reconstruction (marked with =
in Fig. 3). Between 8% (hOe3e) and 23% (hOe1) of sections contain-
ing the investigated areas were nof used for reconstruction due to
histelogical artifacts (e.g. resulting from long-term sterage or staining
inhomogeneities). Segmentations that passed the quality check were
wransformed into the 3D reconstructed space. Excluded sections were
replaced by interpolations from neighboring sections, using Laplacian
fields as propesed in Schober et al. (2016),

Resulting 30 maps were smoothed using a median filter with ker-
nel size 11x 11 % 11 pixel to compensate for small artefacts. The size
of the filter was chosen to match the expected precision of annotations
at boundaries (not higher than 100 pm), translating to 5 voxels at the
target resolution of 20 pm. Furthermore, connected component analy-
sis on the smoothed volume was performed to determine and remove
spurious false pasitive predictions outside the target area, relying on
the assumption that cytoarchitectonic areas are continuous in 30. Only
components with a minimum volume of 2Tt (3 mim o 3 mm % 3 mim)
were kept. Effects of median filtering and connected component filtering
are illustrated in Fig, 7.

To assess the improvement in 3D consistency and anatomical plau-
sibility gained by the proposed workflow, a reference reconstruction of
area fidel was computed, which performs a direct 30 interpolation be-
wween reference annotations obtained by GLI mapping. This reference
recanstruction does not use the loral segmentation models, and relies
only on reference annotations and 3D reconstruction. It was computed
by transforming the annotations of the training sections (blue squares in
Fig. 3} into the 3D reconstructed space, and filling the gaps by Laplacian
field interpalation (Schober et al., 2016).

The anatomical consistency of 3D reconstructed maps was further
evaluated by computing their volume and surface ares, which were then
compared to reference values from Amunts et al. (2000). The volume of
each area was computed by counting the total number of labeled voxels
amd multiplying the result by the physical size of each voxel,

The surface area was computed by frst extracting a closed
surface mesh of each area wsing the marching cubes algo-
rithm Lewiner et al. (2003), The subset of mesh vertices lying on
the pial surface was then determined by including all triangles where
the cortical depth Bok (1929) was smaller than 0.25. To obtain
the cortical depth of each mesh vertex, the procedure described
in Leprinee et al. (2015) was applied to the cortical ribbon defined by
the gray and white matter segmentation provided with the BigBrain
model (Lewis et al., 2014). The result was a volumetric dataset with
voxels in the white matter labelled 1, voxels outside the brain labelled
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0, and voxels inside the isocortex labelled with values between 0 and
1, representing their cortical depth according to the equivolumetric
miende] Cortical depths of mesh vertices were then looked
up in this volume. Finally, the surface area of the pial surface for each
cytoarchitectonic area was compiited by summing up the area of all
triangles associated 1o the pial surface,

Both volume and surface area measurements were corrected for tis-
sue shrinkage Am 1. The volume-based shrinkage factor
for B20has been determined in Amunts et al. (2005) based on the fresh
weight and the volume after histological processing as /. = 1.931. From
this, an area-based {2D) shrinkage factor of f, = = 1.551 was de-
rived.

setal (2

3. Results

Differences in performance were observed depending on the netwark
architecture (HR, LR, MS), the training setting (global vs. local segmen-
tation models), the considered brain area, as well as the distance be-
tween annotated brain sections.

All architectures except for LR (aLL) show comparably good per-
formance for hdcl. For most areas however, LE and M35 achieved
higher performance than other investigated models. For areas frchde
and FOcs, where additional models were tmained with reduced distance
between training sections (indicated by « in Fig. 8), performance of
LRand Msincreased when reducing the distance between training sec-
tions, while only minor improvements were ohserved for the remaining
architectures,

Representative image patches segmented by the MSarchitecture for
cach investigated arca extracted from test sections of B20are shown in
Fig. 9. True positive, false positive and false negative predictions are in-
dicated in green, red and blue, respectively. A large share of incorrectly
claszified pixels belonged to cortical regions with highly oblique cut-
ting angles (Fig. 10 B, C). While large rifts tended to be excluded from
the prediction (Fig. 10, A), smaller rifts or tissue foldings were correctly
segmented as surrounding area (F 1, A, I, E, G, 0.

Scores obtained for areas foel and f0e2 were overall consistent
across different brain samples (Fig. 11). In all three cases, scores ob
tained for e were lower compared to hOe 1. Lowest median F1 score
for Ride2 was obtained for B20, aleng with an increased variance, Ex-
ample patches showing the border between htrel and hide2? on test sec-
tions extracted from dppruxlm.m_]y identical brain regions in the three
datasets are shown in |

Models trained on all sections (HR {ALL), LR {ALL), M5 (ALL)}) ob-
tained lower mean and median Fl scores than their lecally trained coun-
terparts HR, LR, and MS (Table 1). LR (ALL) and HR (ALL) showed com-
parable performance, MS (ALL) performed slightly better. The lowest

Table 1
F1 score statistics computed across all ar-
eas amd test sections in the BX0datmset
ned by the different network ar-
wwes HRE, TRand MS(trained on
local intervalsh, as well as HR (aLL),
LR (arp)amd M5 (aLL)
annotated sections per area).
mean/median values and lowe

«dd on all

Higher
tandard
deviation mean better performance.

made] median  mean st

HRLall) 5319 05680 0.2075
LR(all]  (.5648 05533 01723
MS(all)  0SBAS  DAD20 01573
HIR 06294 06130 0.2105
LR 07439 706 01865
M5 LTAGG 0 01825

scoring local mode]l HR performs berter than the highest scoring global
maodel MS (aLL). Both LR and MS resulted in higher mean and median
F1 scores than HR, with lower standard deviations. Highp.sr mean and
median performance was obtalned by M3 (1 1 5. B

Setting the input patch of either £, g or Ey o zero provides indica
tion on the influence of different scales in the proposed MSarchitecture
(Fig, 13} Having access to only low-resclution image information, the
madel still identifies the approximate location of area hoc2, but with
poorly defined borders. Using only high-resolution information, the
maodel captures finer details, but has difficulties localizing the area cor-
rectly. When the model has access to both high- and low-resolution in-
formation, this results in better agreement with the reference annota-
tions.

Locations, orientations and shapes of reconstructed 30D maps (com-
puted using steps described in Section 2.8) were anatomically plausible
and consistent 14). The 3D map of hOcS showed partially missing
extremal ends along the posterior anterlor axis. Volume and surface esti-
mates from the 30 maps repor I'Pl‘| inl 2 correspanded well with the
numbers reported In Amun (20001, Surface areas of Mdcl, hided
and hocs were largely nunfmntd wl'lh the reference values, as well as
the volumes derived from autematic segmentations of areas h0c] and
Rride2, The reconstricted volume of area hide5 stood out by being con-
siderably smaller than the reference volume,

Comparison of corresponding 3D reconstructions of area Adel
(Fig. 14 E vs. F) showed that the proposed approach provided anatom-
ically more consistent results than direct spatial interpolation of GLI-
based annotations, while both build on the same annotation effort. 3D
interpolation produced abrupt transitions in anterior-posterior direction

il removed small errors
% of falee positives from
re specified in
angles. (For interpretation of
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Fig. B. Median F1 scores for HR [(ALL), LR (ALL), MS {ALL), HR, LRand MS per investigated brain aren in dataset B20. N, denotes the number of test sections for
which F1 scores were computed for o particular ares, + indicates where training of local segmentation models was performed with reduced distance betwesn training

sections. Higher values denote better pecformance.

H True positives
BN False positives
BN False negatives

r i)

Fig. 9. Example image patches and corresponding mode] predictions extracted from test sections of B20segmented using the proposed MSarchitecture. One image
patch is shown for each investigated cytoarchitectonic area, Colors green, red and blue indicate true positive, false positive and false negative predictions, respectively.
(Far interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Fig. 14, F, 1) and only captured structures already contained in the
reference annotations, leading to inconsistencies near fine-grained mor-
phological structures {e.g. Fig. 14 F, 2 and 3). The proposed method
often produced reasonable segmentations for sections outside the train-
ing interval (Fig. 14, E, 1), which interpolation cannot provide by
definition.

4. Discussion

In this work, we proposed a novel Deep Learning based workflow to
create segmentations of cytoarchitectonic areas in large series of histo-
logical human brain sections using only a limited set of manually cre-
ated annotations. We evaluated this approach across different cytoar-
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Fig. 10. Image patches extracted from
B20showing common challenges encoun-
tered during manual and sutomated cytoar-
chitectonic mapping. A: Mechanical dam-
ages resulting from hisplogical process-
ing. Predictlon for mocl shown in yellow
demonstrate handling of larger mechanl-
cal damages. B Heglon where the cutting
angle is highly oblique, leading to partal
ar full occlusion of cortical layer struc-
ture {obligue curs). O Mechanically dam-
aged and cbliquely cut tissue, C-Fr Exam-
ple illustrating highly variable morphology
of arca fede Chighlighted in red) across
120 histological sections in B20, {For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article,)
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Fig. 11. F1 scores for segmentations of &k | and A2 obtained by the MSarchitecture on test sections of datasets B20, B01 and AAHB, &, denotes the number of

test sections for which F1 scores were compated For a particular area,

Fig. 12, Example patches and typical segmentation results extracted from test sections in datasets B20 (A), BO1 (B) and AAHE (C). All three paiches show the
segmentation of 102 obtained by a local segmentation model with MSarchitecture, Patches were extracted at the border between 0| and #10c2 and in comparable
regions of the respective brain, Colors green, red and blue indicate trus positive, false positive and false negative predictions, respectively (see also legend in Fig, 9).
(For interpretation of the references te color in this figure legend, the resder is referred to the web version of this article. )

chitectonic areas, brain samples and staining protocols, As a conerete
use case, we then applied it to create high-resolution 30 maps of areas
fGel, hOe2, hOe3e and ACeS in the BigBrain Amunts et al, {2013),

4.1. Quality of derived 30 maps in the Bighrain

The proposed method produced 3D maps with a high degree of
anatomical consistency and identified cytoarchitectonic areas precisely
in the histological brain sections. Partially missing extremal ends re-

main a challenge, as seen in anterior-posterior direction of ko3, Such
parts are often difficult to identify even using manual methods, There-
fore, training data for such extremal ends is difficult to obain. The seg-
mentation of extremal ends could potentially be addressed by providing
additional GLI-based mappings (at the cost of additional annotation ef-
fort], or by an explicit shape-based inference step on top of the pixel
segmentation. The 3D map of /¢l created with the proposed method
is superior to the map obtained by direct spatial interpolation between
GlI-based annotations. Methods based on 3D interpolation inherit any
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Talble 2

Estimated volumes (in mm*) and surface aress (in mm®) of brain
areas derived from the full 30 magps in the 30 reconstructed space
of the B20 dataser. Reference mean w and standard deviation
o were computed based on male subjects from [Amune e al.,
20000, Shrinkage corrected of volumes and surface areas was per-
formed wsing correction factors £, = 1930 and f, = 1.551 respec-
tively (Amunts et al., 2005).
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error in the alignment of consecutive sections, making them inappro-
priate for stacks with only linear or no 3D reconstruction. The proposed
method does not assume any prior 30 reconstruction - in fact its cutputs
might be used to guide image registration with landmarks,

4.2, Practical usefulness of the implemented workflow

The presented method showed goed robusiness against intersubject
vartability and different histological processing protocols. Thus it largely
overcomes the need for brain or area specific parameter adjustments,
which makes it well suited to be used as a self-contained tool for newro-
scientists, Consequently, it was possible to implement it into a web ap-
plication that provides a practical mapping workflow for end users from
different disciplines. The web application is currently used by five new-
roscientists in our institute for their research projects, without requiring
support from a computer scientist. The interactive workflow enables effi-
cient mapping of brain areas across full series of histological sections, en
par with high throughput microscopy. Such efficiency of mapping was
previously impossible in our experience. To give a concrete example, we
consider that a trained expert fypically needs 30-60 min to identify cy-
toarchitectonic borders for one cortical area on a single tissue section.
Using the established GLI-based mapping approach (see Section 2.1),
this would translate to an approximate effort of 150 work days (8 h
per day) to map ikl across the whole stack of 2461 sections, In com-
parison, the proposed method required annotation of only 18 sections
to generate precise segmentations of the complete stack, corresponding
to approximately 9 working hours, Altogether, including quality checks
and computations, the presented workflow allows precise mapping of a
large brain area in the order of 1-2 weeks - a task that would require
almost a year of work with previously established methods.

Although the workflow provides a high degree of automation, we
still recommend final inspection of results by an expert to ensure optimal
quality. The interactive web application presented in Section 2.6 assists
ugers with such quality control, by displaying predictions and allowing
immediate correction of remaining errors with significantly less effort
than annotating images from scratch, OF eourse, the typleal amount of
necessary manual corrections s an Important indleator for the useful-
ness of the ool in practice. In our experience from mapping a whole
range of different human brain regions, quality centrol and manual cor-
rections typically take in the order of few hours per brain area, which
may include several thousand sections.

Nevertheless, the need for manual supervision could be further re-
duced by investigating into methods for identifying prediction errors.
Such methods could directly inform the user where additional anno-
tations could help to further optimize the results, thereby realizing an
active learning {Settles, 2009) scheme.

Neurodmage 240 (2021} 118727
4.3, Ability to distinguish higher associative areas

In contrast to primary areas such as the primary visual cortex el
so called higher associative areas have a less distinct cytoarchitecture,
and less prominently differ from their neighbouring areas. Such obser-
vation lead Eailey and von Eenin to the conclusion that it is almast
impossible o reliably distinguish such areas from each other, and 1o
define borders between them (Bailey and von Bonin, 1951). This view
is not supported any more due to the possibility 1o identify cytoarchi-
tectonic borders in a reliable and reproducible way (for an overview
see (Zilles and Amunts, 2010)). However, the fact that intersubject dif-
ferences between identical areas of different brains may exceed cytoar-
chitectonic differences between two neighboring areas in one and the
same brain creates challenges for modern brain mapping (Amunts ot al,,
1999).

Atzeni et al. (2018) also addressed automated mapping of his-
tology. They segmented brain structures in a serial stack of human
brain zections from the Allen Human Brain Atlas (Ding et al., 2016)
(dataset AAHB vsed in our experiments). They used annotations from
Ding et al. (2016) on a small set of sections at regular intervals, in or-
der to train a probabilistic model that combines multi-atlas segmenta-
ton with a CNNs to segment the remalning sections, Compared to the
present work however, thelr approach Is restricted to braln structures
that can be recognized at a resolution of 250 pm, The authors confirm
in their paper that more subtle classes, in particular subdivisions of the
isocortex, introduce excessive noise with their approach. The method
presented here segmented both el and 7062 in the same dataset with
high accuracy by including more fine-grained texture features into the
models, thus going elearly beyond this restriction.

4.4, Effect of the local segmentation mdels

Previous work on automatic cytoarchitectonic  brain - mapping
using machine learning emphasized the importance of strategies
for efficient exploitation of available training data and prior in-
formation. This includes incorporating probabilistic priors from
brain atlases Spitzer et al. (2017) and selfsupervised learn-
ing Spitzer et al. (2018). The key idea of the present paper is to
use multiple local segmentation models, each of which focuses on a
spatially restricted subset of sections in one specific brain area. In order
to maximize practical benefit, we make an explicit design decision not
o aim for a general classification model of multiple brain areas and
brains. The benefit of such local segmentations models is confirmed by
our experiments, which showed significantly improved performance of
HR, LR, and M5 compared to their globally trained counterparts HE
(aLL}, LR (ALL)and M5 [ALL).

A major advantage of the local segmentation models is the ability
o flexibly adjust the distance between training sections to account for
regions with particularly simple or complex properties. This has been
demonstrated for the challenging areas #0c5 and hdc3ie, where a re-
duction of the distance between training sections from 120 (2.4 mm) to
60 (1.2 mm) improved precision to a satisfactory level while keeping the
annotation effort tractable.

Distance reduction results in major performance gains when using
local segmentation models LRor M5, but only minor gains when using
alobally rained models LR (aLL) or MS (aLL). This suggests that local
segmentation models make more efficlent use of the additonal tralning
data.

In a similar faghion, larger areas or areas with distinet eytoarchitee-
tonic features (e.g. e 1) can be segmented with a coarser set of training
sections, in this case reducing annotation effort.

The availability of expert annotations limits our ability to evaluate
the effect of reducing distance between annotated sections. The results
of our experiments for areas hc3r and hile5 suggest, that the optimal
distance between annotated sections depends on the cytoarchitectural
and morphelogical complexity of a brain area. The proposed interactive
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workflow allows users to add annotations inerementally until satisfied
with the segmentation.

On the downside of local models, hyperparameter assessment {e.g.
for learning rate or model architecture) is not straightforward when
training multiple models on different training sets and evaluating them
on individual test sets. Model performance needs to be evaluated across
several areas, sections and brains, which can be computationally expen-
sive and lead to a slow development process.

4.5. Effect of the multi-scale model architecture

Mactescopic features of the cerebral cortex (e.g. folding patterns)
vary between individual brains, While the location of gyri amd sulei
can provide guidance for localizing brain areas, such coarse landmarks
cannot generally be used to precisely predict cytoarchitectonic bor-
ders {(Amunts and Zilles, 2015; Fischl et al., 2008; Im and Grant, 201%;
Lebenberg ot al., 2018). Consequently, established methods for identi-
fying cytoarchitectonic areas rely on high-resolution microscopic infor-
mation Schleicher et al. (1999); Spitzer et al. (2017, 2018). In contrast,
the proposed local segmentation models are able to exploit mecroscopic
features for improving segmentation performance, thanks to their spe-
cialization on enly a part of a specific brain area from one individual
brain. This can be seen from the higher scores produced by the LR and
MS architectures for local segmentations models (Table 1), and by the
lack of such an effect for models trained on all sections of a brain area
(HR (aLL), LR [ALL), MS (ALL)). Microscopic resolution feamures fur-
ther contribute o the performance of the local segmentation models,
as verified by a Wilcoxon signed-rank test (Wilcoxon, 1945) (p = J011)
which confirms that the multi-scale approach of MS further improves the
performance compared to LR, However, this is a relatively small effect
compared to the improvement between HR and MS. We can therefore
assume that macroscopic information is more relevant than microscopic
information in the strictly local setting.

For further understanding the influence of the two scales in the
model, it is helpful to compare predictions obtained when occluding
(i.e. sefting to zero) either the microscopic or macroscopic inputs in a
MS model: Using only low-reselution inputs, the model is still able o ap-
proximately locate the area, but fails to capiure the fine details, On the
other hand, a model resiricted to see only high-resolution inputs strug-
gles to correctly locate the area. This confirms our assumption that the
MS model mostly wses low-reselution inputs for localization and high-
resolution inputs for local refinement, While the results of this experi-
ment cover only a specific setting (e.g. model, area and input location),
they give us some confidence that the model works as expected.

4.6, Failure mode analysis

The predictions produced by the proposed model typically include
some remaining errors (Figs. 9, 12), which require careful interpreta-
tion.

Close to brain region boundaries, it must be noted that the GLI-based
reference annotations enforce straight lines to model the border, which
reflects the vertical arrangement of newrons in columns as & major prin-
clple in cortical organization (Schleicher et al,, 2000; 1999), This may
lead to discrepancies with the present segmentations, that do not en-
feree such constralnts (see for example Fig 12} In fact the location of
the boundary s not determined down 1o the single pixel, and as a conse-
quence, pixel-level metrics have a somewhat limited significance there.

Many of the remaining classification ermors further coincide
with highly oblique cutting angles of the tissue. As also reported
in (Schleicher et al., 199%; Spitzer et al., 2017; 2018), identification
of cortical areas is almost impossible at such angles, because the lami-
nar compaosition of the cortex is then almaost invisible in the 2D section.
In such cases, experts would consult adjecent sections to identify ar-
eas, which the proposed method cannot do. An extension of the method
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considering multiple adjacent sections for classification might be able
to overcome this issue.

Whether or not remaining segmentation errors are critical in prac-
tice depends on the availability of postprocessing methods for correcting
them. In the experiments that we carried out, the precise 30 reconstruc-
tion of the Bighrain dataset could be used for removing spurious errors
(Section 2.8). However, if no precise 3D reconstruction is available, the
manual effort for quality control of predictions and any necessary error
corrections increases. For such settings, it would be beneficial 1o develop
additional heuristics to identify errors, e.g. for detecting inter-section in-
consistencies from only approximate section alignments,

5. Conclusion

A novel method based on Convelutional Neural Networks (CNNss)
was introduced for automated mapping of eytoarchitectonic areas In
large series of histological human brain sections. Segmentation mod-
els were trained for segmentation of different cytoarchitectonic areas in
histological stacks obtained from three different brain samples, A key
idea is to train separate local segmentation models based on annota-
tions of one specific target area in only two training sections, to focus
the learning process on microscopic and macroscopic tissue features
close to the training sections. Local segmentation models enable ex-
ploitation of low-resolution macroscopic information and significantly
improve performance over globally trained models, After training, local
segmentation models were able fo accurately segment sections in be-
tween their respective training sections. By concatenating results from
muliiple local segmentation madels, segmentations for complete brain
areas can be obtained. The proposed method opens up new possibil-
ities o map complete stacks of histological human brain sections in
a highly automated fashion, and thus provides an important basis for
building high-reselution human brain maps for datasets like BigBrain,
To the best of our knowledge, the maps of areas kQel, h0c2, hDe3e
and #0e3 computed for the BigBrain model using this method are the
first high-resolution 3D maps of human cytearchitectonic areas created
from full stacks of histological sections at eellular resolution. These maps.
enable precise studies of area-specific morphological and columnar fea-
tures at microscopic resolution, and in combination with existing corti-
cal layer maps (Wagsiyl et al., 2020} an investigation into layer-specific
aspects of each region. Dense maps further enable straightforward map-
ping from the volume to the whele brain mesh surface, which in turn
facilitates comparison with other modalities, especially in-vivo imag-
ing. They represent an important contribution for using BigBrain as a
microscopic resolution reference space, since they provide direct links
1o probabilistic cylearchitectonic reference parcellations at the macro-
seopic scale (Amunts et al, 2020) that are widely wsed in neuroimaging
studies, As such, our work makes an important contribution to linking
neurcscientific findings across spatial scales,
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Impaired phonological processing is a leading symptom of multifactorial language and
learning disorders suggesting a common biological basis. Here we evaluated studies
of dyslexia, dyscalculia, specific language impairment (SLI), and the logopenic variant
of primary progressive aphasia (WPPA) seeking for shared risk genes in Broca's and
Wernicke's regions, being key for phonological processing within the complex language
network. The identified “phonology-related genes” from literature were functionally
characterized using Atlas-based expression mapping (JUGEX) and gene set enrichment.
Out of 643 publications from the last decade until now, we extracted 21 candidate
genes of which 13 overlapped with dyslexia and SLI, six with dyslexia and dyscalculia,
and two with dyslexia, dyscalculia, and SLI. No overlap was observed between the
childhood disorders and the late-onset WPPA often showing symptoms of learning
disorders earlier in life. Multiple genes were enriched in Gene Ontology terms of
the topics leaming (CNTNAP2, CYFIPT, DCDC2, DNAAF4, FOXPZ2) and neuronal
development (CCDC136, CNTNAPZ2, CYFIP1, DCDC2, KIAA0319, RBFOX2, ROBO1).
Twelve genes showed above-average expression across both regions indicating
moderate-to-high gene activity in the investigated cortical part of the language network.
Of these, three genes were differentially expressed suggesting potential regional
specializations: ATP2C2 was upregulated in Broca's region, while DNAAF4 and FOXP2
were upregulated in Wernicke's region. ATP2C2 encodes a magnesium-dependent
calcium transporter which fits with reports about disturbed calcium and magnesium
levels for dyslexia and other communication disorders. DNAAF4 (formerly known as
DYX1C1) is involved in neuronal migration supporting the hypothesis of disturbed
migration in dyslexia. FOXPZ is a transcription factor that regulates a number of genes
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involved in development of speech and language. Overall, our interdisciplinary and multi-
tiered approach provided evidence that genetic and transcriptional variation of ATP2C2,
DNAAF4, and FOXP2 may play a role in physiological and pathological aspects of

phonological processing.

Y logy, gene exp

INTRODUCTION

Developmental language and learning disorders severely impair
children’s abilities in speaking, reading, writing, calculating,
and combinations thereof (American Psychiatric Association,
2013). One cognitive domain commonly involved in the majority
of these disorders is phonological processing which refers to
the analysis and synthesis of the sound structure of spoken
and written language (phonological awareness), phonological
representations and the rapid access (rapid automatized naming)
or memorizing (phonological working memory) thereof. The
different phonological domains are highly inter-correlated and
part of the shared construct of phonological processing.

At the behavioral level, patients with dyslexia, dyscalculia,
or specific language impairment (SLI) show deficits in key
domains of phonological processing such as phonological
awareness, phonological working memory, and/or speeded access
to phonological codes during rapid automatized naming, as
summarized in Supplementary Table 1. Dyslexia is primarily
associated with impaired phonological awareness (Steinbrink
et al., 2008; Pennington and Bishop, 2009; Hasselhorn et al,
2010; Child et al,, 2019). This, like rapid automatized naming,
may be considered as a predictive factor for early-onset dyslexia
(Thompson et al., 2015). In addition, dyslexia patients perform
poorly on phonological working memory (De Carvalho et al,
2014; Child et al, 2019) and show deficits in phonological
representations leading to difficulties in phoneme awareness
and phonological coding (Pennington and Bishop, 2009). In
dyscalculia, connections between phonological processing and
arithmetic abilities can be observed (De Smedt and Boets,
2010; Raghubar et al., 2010; De Smedt, 2018). The phonological
working memory was identified to serve as a short-time buffer
for mathematical operations based on the triple code model
which codes numbers as numerals, number words, and abstract
numerosities (Dehaene, 1992; Dehaene et al, 2003; Triff and
Passolunghi, 2015; Pollack and Ashby, 2018). Patients with SLI,
especially with a speech sound disorder, exhibit an inadequate
phonological realization and use of particular phonemes in
spontaneous speech due to impaired phonological awareness
abilities and a lower quality of phonological representations
(Lewis et al, 2011; Claessen and Leitdo, 2012; American
Psychiatric Association, 2013). Some studies also showed lower
scores in SLI in phonological working memory increasing the
language difficulties (Torrens and Yaglie, 2016).

In addition to impaired phonological processing with effects
on language, reading, and mathematical abilities early in life,
phonological deficits may have an onset late in life, eg.,
in patients with primary progressive aphasia, a progressive
neurodegenerative disease (Magnin et al, 2016). The logopenic

, Broca's area, Wernicke’s area

variant of primary progressive aphasia (IvPPA) was included in
this research for this reason and due to high comorbidity with
developmental learning disorders meaning that IvPPA patients
have a higher probability for these disorders in childhood
(Rogalski et al,, 2008). Like children with SLI, adults with IvPPA
exhibit phonological paraphasias, i.e., errors in the phonological
realization of a word, in spontaneous speech as well as in naming
(Gorno-Tempini et al., 2011). One central mechanism for these
IVPPA symptoms is a deficit of phonological working memory.
In addition, alterations in phonological representations may be
observable (Gorno-Tempini et al., 2008; Henry et al., 2016).
Phonological processing is related to the language areas of the
fronto-temporal network, in particular Broca's region (opercular
and triangular parts of the left inferior frontal gyrus) and
Wernicke's region (left inferior parietal lobule and posterior
superior temporal gyrus; Miller and Knight, 2006; Rogalsky
and Hickok, 2011; Hartwigsen, 2015, 2016; Binder, 2017; Klaus
and Hartwigsen, 2019 Yi et al, 2019 Hartwigsen et al,
2020). Broca’s and Wernickes regions represent central nodes
of the phonological processing network, which are integrated
into phonological processes in phonological production as well
as in phonological perception (Heim et al, 2003; Indefrey
and Levelt, 2004; Friederici, 2011; Indefrey, 2011; Hagoort
and Indefrey, 2014). While Brocas region is associated with
phonological word fluency, phonological decisions, and the
phonological loop (Heim et al, 2008, 2009a,b; Aboitiz et al.,
2010; Liakakis et al., 2011; Katzev et al, 2013; Wagner et al,
2014; Klaus and Hartwigsen, 2019), Wernicke's region is involved
in phonological speech perception and auditory word-form
recognition (Buchsbaum et al., 2001; DeWitt and Rauschecker,
2013). Both regions are connected by the language-relevant
pathways, arcuate fasciculus and superior longitudinal fasciculus
(Catani et al., 2005; Friederici, 2009, 2011, 2012; Friederici and
Gierhan, 2013). Both fasciculi are associated with the transport of
order information as a part of the phonological loop (Papagno
et al, 2017) and the arcuate fasciculus is also involved in
automatic repetition (Catani et al., 2005; Berthier et al., 2012;
Papagno etal,, 2017). Furthermore, a high functional connectivity
between Broca’s and Wernicke's regions based on the arcuate
fasciculus leads to a higher linguistic performance, eg. in
phonological word learning (Lépez-Barroso et al, 2013).
Functional resonance imaging and diffusion tensor imaging
studies suggested that Broca’s and Wernicke’s regions are affected
in patients with SLI, dyslexia, dyscalculia, and also the IvPPA
(McCrone, 2002; Sonty et al., 2007; Heim et al,, 2010; Verhoeven
etal, 2012; Dinkel et al., 2013). In children with SLI, an abnormal
connection between both regions was reported in contrast to age-
matched controls, i.e., a significantly reduced mean fractional
anisotropy was shown in the superior longitudinal fasciculus
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(Verhoeven et al, 2012). Dyslexia patients showed lower
activations in Broca’s region during phonological decision tasks
as well as in Wernickes region during auditory discrimination
tasks (Heim et al., 2010). In dyscaleulia patients, both regions
are the common regions for the interaction of phonological
processing and mathematical abilities (Pollack and Ashby, 2018).
Additionally, reduced connectivity between Wernickes region
and the intraparietal sulcus was found in dyscalculia patients
(McCrone, 2002). Moreover, Brocas region was excessively
activated in dyscalculia patients during a calculation task (Dinkel
et al, 2013). In IWPPA patients, Sonty et al. (2007) reported a
lower effective connectivity (dysfunctional network interaction)
between Broca’s and Wernicke's regions.

Twin studies suggest that reading and language skills
are heritable, with influences from both genetic factors and
environmental factors (Hensler et al., 2010; Wadsworth et al.,
2010; Tosto et al, 2017; Rice et al, 2020). Similar to
developmental disorders, primary progressive aphasia also has a
genetic component (Henry and Gorno-Tempini, 2010; Kim et al,,
2016). Yet, there are no systematic approaches published that
relate genes to the domains of phonological processing, but rather
only to isolated phonological features within language and/or
learning disorders or the physiological language. Furthermore,
there is no study about a specific expression analysis of language-
related genes in Broca’s and Wernickes regions of the adult
human brain. However, two studies investigated the developing
brain using data-driven, whole-transcriptome approaches to
identify profiles of regionally co- or differentially expressed
genes. Johnson et al. (2009) screened different brain regions
in human fetuses including the perisylvian cortex (ventrolateral
prefrontal, motor-somatosensory, parietal association, temporal
auditory), where FOXP2 showed a modest upregulation. Lambert
et al. (2011) directly screened precursor structures of Brocas
and Wernicke’s regions in the fetal brain and found several
FOXP2 regulated genes among the differentially expressed
genes. An overview of the other recent studies on Broca’s and
Wernicke's regions in humans and model erganisms is provided
by Supplementary Table 2.

Given that the named language and/or learning disorders
in childhood and late adulthood have commonalities in (a)
phonological processing deficits as one cognitive signature, (b)
repercussions in the neural processing circuits for phonology,
and (c) genetic predispositions, we wanted to investigate
whether there is a specific genetic contribution to general
phonological processing principles for dyslexia, dyscalculia,
SLI, and WPPA. For this purpose, we developed a workflow
to integrate clinical, neuroanatomical, and genetic knowledge
about phonological processing abilities in these disorders
(Figure 1). First, we performed a screening of the literature
for potentially candidate genes for phonological processing
(“phonology-related genes”) shared between the disorders. We
then characterized these genes by enrichment analysis of gene
functions and expression analysis in the two key regions involved
in phonological processing (Broca’s and Wernicke's regions)
using a new computational tool (JuGEx, Bludau et al., 2018) for
the joint statistical analysis of microstructural variability (Julich-
Brain Atlas; Amunts et al., 2020) and transcriptional variability

(Hawrylycz et al., 2012, 2015; Allen Human Brain Atlas, 2013)
in adult human brains.

MATERIALS AND METHODS

Literature Evaluation Process

The following criteria were used to screen the literature and
had to be fulfilled: (a) Publication date between 01/01/2010 and
23/05/2021, (b) investigation of at least one of the disorders
dyslexia, dyscalculia, SLI, and IWPPA, (c) report of at least one
human gene as significant original/replicated result (p < 0.05),
(d) report of at least one gene as a risk factor for a disorder or
trait/phenotype related with the disorder, (¢) sample containing
more than one individual (no single-case study), (f) sample of
European origin to reduce a potential influence of population
stratification on our results, (g) study either a linkage analysis,
a genome-wide association study (GWAS), or a candidate gene
association study.

Criterion (b) was not met if a disorder was named as an
attendant symptom of another disorder, e.g., dyslexia as an
attendant symptom of tuberous sclerosis. In contrast, articles
primarily dealing with specific language and/or learning
disorders with additional comorbidities were included, e.g.,
dyslexia with comorbid attention-deficit hyperactivity disorder.
Our criteria referred to the terminology defined by the two
maost recent Diagnostic and Statistical Manuals of the American
Psychiatric  Association [DSM-IV  (American Psychiatric
Association, 1994); DSM-5 (American Psychiatric Association,
2013)] and exact synonyms. Studies investigating the normal
variability of a trait in a population sample, e.g, reading skills
in a cohort of healthy children, were only included if a direct
relation to a corresponding pathology was reported, e.g., in terms
of the analysis of risk genes for that pathology.

We performed eleven single searches fully covering the
potential combinations of language and/or learning disorders
(Supplementary Table 3) using PubMed Advanced Search' with
our search string, composed of clinical categories and genetic
terms as described in Supplementary Table 4. Each search
consisted of two analytical steps: First, a computational text
mining of the abstracts and titles from all identified articles using
PubTator® (Wei et al, 2013). Second, a manual text mining of
the full text was performed. Articles were selected for inclusion
if they fulfilled all criteria a) to g). Clinical categories found
in these articles were summarized in Supplementary Table 5.
Candidate genes were extracted from research articles, while
review articles were excluded from evaluation results because
they did not represent original research results. Symbols and
names of genes were checked and edited, if necessary, in order
to match definitions by the Human Genome Nomenclature
Committee’. To identify phonology-related genes, we looked for
genes that were reported for more than one of the disorders

https:// pubmed.nebi.nlm.nih gov/advanced
https://www.ncbi.nlm.nih.gov/research/pubtator
*https://wiw.genenames.org
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FIGURE 1 | Design of the present studly,

using a Venn diagram tool": A phonology-related gene had to be
involved in at least two of the four disorders (overlaps).

Functional Enrichment Analysis

Genes were annotated by gene ontology (GO; Gene Ontology
Consortium, 2021) using ToppFun, a tool of the ToppGene
Suite’ (Chen et al, 2009). ToppFun was used to find out
which GO terms and identifiers (as of 12/03/2021) from
the categories “Biological Process” “Molecular Function,” or
“Cellular Component” were over-represented (enriched) in
the list of phonology-related genes from the Venn diagram
intersections. The following analytical parameters were chosen:
hypergeometric probability mass function as p-value method,
Bonferroni corrected g-value < 0.05, gene limits 1 < »n = 2000,
2 as minimum feature count in the test set. To interpret the
relationships of the identified GO terms, we used ancestor charts
from QuickGo®. These charts are conceptual figures to represent
a tree of hierarchically linked GO terms (parental and child
terms). Under the same parameters, an enrichment analysis with
different pathway annotations was performed with ToppFun
which did not yield biologically meaningful significant results
possibly due to the small number of candidate genes and/or
limited functional annotations for these genes.

Gene Expression Analysis in
Cytoarchitectonically Defined

Brain Areas

Gene expression differences between pairs of brain regions,
technically referred to as volumes of interest (VOIs), were
analyzed using the workflow and graphical user interfaces (GUIs)

*http://bioinformatics.psb.ugent. befwebtools/ Venn/
*https://toppgene.cchmc org/enrichment.jsp
Chttps:l fwww.ebi acuk/Quick GO/

of JuGEx (Bludau et al, 2018). The tool is based on scripts
coded in MATLAB (version R2018b, 64 bit; The MathWorks)
which are freely accessible (available online’). JuGEx integrates
regional RNA data from the Allen Human Brain Atlas from
three right-handed, two left-handed, and one ambidextrous
donors (Hawrylycz et al, 2012) with the three-dimensional
cytoarchitectonic probability maps from the Julich-Brain Atlas
(Amunts et al., 2020) which are based on observer-independent
mapping of cytoarchitectonic areas in ten postmortem brains.
Allen Human Brain Atlas and Julich-Brain data are based on
brain tissue from deceased adult donors without a psychiatric
or neurological diagnosis; the brains did not overlap between
both atlas systems (Bludau et al, 2018). The expression data
derived from anisotropically distributed tissue samples of Allen
Human Brain Atlas and cytoarchitectonic maps from Julich-
Brain were registered to the reference space of the Montreal
Neuroscience Institute 152 (MNI;52) reference brain (Evans et al ,
2012). To enable a comparison of gene expression between VOIs
in different brains, JuGEx uses relative expression values that
were normalized across all regions and six brains from Allen
Human Brain Atlas using z-scores (Hawrylycz et al,, 2015).

A gene was investigated using the “all-probes mode” which
calculates a winsorized mean based on the microarray probes
for each gene (Bludau et al, 2018). We considered a p-value
smaller than 0.05 as a significant difference between the z-scores
of tissue samples in the compared VOIs. The nominal p-values
from the permuted n-way analysis of variance (ANOVA) were
corrected for multiple comparisons by applying a family-wise
error (FWE) correction with the number of analyzed genes
(n = 21, ppwe < 0.05). The permuted n-way ANOVA was
repeated 10,000 times with randomly shuffled labels of the
analyzed VOIs under the assumption of label exchangeability.

https:iwww.fz- juelich.definm/inm- 1/jugex

Frontiers in Neuroscience | www.frontiersin.org

Septermber 2021 | Volume 15 | Article B807E2

54



Publizierte Originalarbeiten

Unger et al.

Phonology Genes in Broca and Wermnicke

The regional specificity of a gene was defined as significantly
higher expression (z-score) in that area (first VOI) compared to
another area (second VOI}.

Main analysis: In order to define “Broca’s region”
anatomically, the maps of areas 44 and 45, both
cytoarchitectonically described by Amunts et al. (1999, 2004),
were merged using JuGEx. We decided to merge both areas
considering the spatial resolution of gene expression data in
Allen Human Brain Atlas with rather large intervals between
sections in relation to the size of the areas. The Te3 map of the
Julich-Brain Atlas was used as a proxy for “Wernicke’s region,” a
cytoarchitectonically defined area located in the lateral bulge of
the superior temporal gyrus (Morosan et al., 2005). Te3 overlaps
in parts with Brodmann’s area 22 as defined by Brodmann (1909},
Since the left hemisphere is dominant for language in most right-
and left-handers (Branch et al., 1964; Mazoyer et al., 2014), we
investigated the activity (expression) of potentially functionally
relevant candidate genes in the left hemispheres.

Regional specification analysis: To characterize the regional
specificity in the frontal lobe, the Julich-Brain maps of premotor
areas 6d1, 6d2, and 6d3 were combined and compared with
Broca’s region. The same was done in the temporal lobe by
merging the maps Fgl, Fg2, Fg3, and Fgd of the fusiform gyrus
and by comparing them with Wernicke's region. We considered
support for regional specificity if the candidate gene was not
significantly upregulated in the non-language areas.

Control analysis: To further evaluate the main analysis,
another comparison between Broca’s and Wernickes regions
was performed with two additional gene sets. The first set was
chosen from the Allen Human Brain Atlas genes and comprised
25 genes, hereafter called “random genes” (Supplementary
Table 6A). The second set was intentionally taken from the
Allen Human Brain Atlas genes and included 14 genes from
GWAS of eye, hair, and skin coloration, hereafter called “color
genes” (Supplementary Table 6B). Both random and color genes
were assembled and considered as biological negative controls as
described by Bludau et al. (2018).

The following numbers of tissue samples were identified
through the aforementioned VOIs in the six brains from
Allen Human Brain Atlas using a Julich-Brain map threshold
of 20% (this means that only tissue samples were included
with a probability of 20% or higher belonging to the
corresponding VOIs): left areas 44 and 45 (Mygsue samples = 25)
left area Te3 (Misoue samples = 17), left areas 6dl, 6d2, and
6d3 (Missue samples = 30), left areas Fgl, Fg2, Fg3, and Fgd
(Mfissue samples = 57). Before statistical analyses, the spatial
assignment of tissue samples to maps was manually checked
using the “3D visualization” GUI of JuGEx.

The full data of the used maps are provided by the Julich-Brain
Atlas via the Human Brain Project (available online®): Areas
44 (doi: 10.25493/N13Y-Y3F), 45 (doi: 10.25493/K06P-R25), Te3
(doi: 10.25493/ZZQH-932), 6d1 (doi: 10.25493/KSY8-H3F), 6d2
(doi: 10.25493/W]JQ5-HWC), 6d3 (doi: 10.25493/D415-AG7),
Fgl (doi: 10.25493/RTDM-GK4), Fg2 (doi: 10.25493/N7ZP-

“https:i/search.kg.chrains.eu/

17X), Fg3 (doi: 10.25493/F87E-JRA), and Fgd (doi: 10.25493/
MTWEF-X4V).

RESULTS

Phonology-Related Genes From

Literature

The literature evaluation process comprised two main steps,
a computational text mining of titles, abstracts, and key
words, followed by a manual text mining of the whole text
body and supplement, to find original research articles and
genes (Figure 2). The computational text mining of dyslexia,
dyscalculia, SLI, and IvPPA literature from the last 11 years
using search strings of clinical categories and genetic terms
(Supplementary Table 4) revealed 643 journal articles. Of these,
98 articles were found more than once, and additional 36
articles were excluded since they were reviews (Supplementary
Table 7A). Thus, 509 unique research articles provided the basis
for further manual text mining which led to the exclusion of
another 438 articles that were filtered out with PubTator or did
not meet the above mentioned inclusion criteria at whole-text
screening. Eventually, 71 research articles remained reporting
77 potential candidate genes (Supplementary Tables 7B,C). For
the final selection, we put the information of Supplementary
Table 7C forward to a Venn diagram to seek for overlapping
candidate genes from the different disorders (Figure 3).

For dyslexia/SLI, we found ATP2C2 (Newbury et al., 2011;
Miiller et al., 2017; Martinelli et al., 2021), CCDCI136 (Gialluisi
et al.,, 2014; Adams et al.,, 2017), CMAHP (Eicher et al., 2014),
CMIP (Newbury et al,, 2011; Scerri et al,, 2011; Luciano et al,,
2018), CNTNAPZ (Newbury et al,, 2011; Peter et al., 2011; Eicher
et al,, 2013; Luciano et al., 2018), COL4A2 (Eicher et al,, 2013),
FLNC (Gialluisi et al., 2014; Adams et al., 2017), FOXP2 (Peter
et al., 2011; Wilcke et al., 2012; Eicher et al., 2013; Mozzi et al.,
2017; Sinchez-Morin et al., 2018; Doust et al., 2020), KIAA0319
(Couto et al,, 2010; Czamara et al,, 2011; Elbert et al,, 2011; Kénig
et al., 2011; Newbury et al., 2011; Scerri et al., 2011; Cope et al.,
2012; Zou et al., 2012; Eicher et al., 2013, 2014; Powers et al,, 2013,
2016; Mascheretti et al,, 2015; Adams et al., 2017; Carrion-Castillo
etal., 2017; Neef et al., 2017; Centanni et al., 2018; Luciano et al.,
2018; Sanchez-Mordn et al., 2018), NOP3 (Pettigrew et al., 2016),
RBFOX2 (Gialluisi et al., 2014), RIPOR2 (Ficher et al, 2014),
and ZNF385D (Eicher et al., 2013). For dyslexia/dyscalculia, we
aobserved CYFIP! (Ulfarsson et al., 2017), DNAAF4 (Bates et al.,
2010; Marino et al., 2011; Paracchini et al, 2011; Mascheretti
et al, 2013, 2015 Miiller et al, 2017; Luciano et al, 2018),
MYOI8B (Ludwig et al., 2013), NIPAI (Ulfarsson et al., 2017),
NIPA2 (Ulfarsson et al., 2017), and TUBGCPS5 (Ulfarsson et al.,
2017). For dyslexia/dyscalculia/SLI, we found DCDC2 (Lind et al.,
2010; Czamara et al, 2011; Kénig et al., 2011; Marino et al.,
2011, 2012, 2014; Newbury et al,, 2011; Scerri et al,, 2011; Cope
et al,, 2012; Eicher et al.,, 2013, 2014, 2015; Powers et al., 2013,
20163 Cicchini et al., 2015; Gori et al., 2015; Matsson et al., 2015;
Adams et al., 2017; Neef et al., 2017; Luciano et al., 2018; Riva
et al,, 2019) and ROBOI (Bates et al., 2011; Mascheretti et al,,
2014; Tran et al., 2014; Luciano et al., 2018). From the final
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selection of phonology-related candidate genes (Supplementary
Table 7D), the most significant genetic markers of each gene
reported by the original study were extracted and summarized
in Supplementary Table 7E.

Enrichment Analysis of

Phonology-Related Genes

All candidate genes were analyzed for statistical over-
representation in GO using ToppFun and the original ancestor
charts from GO (Methods section “Functional Enrichment
Analysis”). Eleven GO terms showed significant enrichments
of phonology-related gene sets that withstood a correction for
multiple comparisons (Table 1). Total results of this analysis
including terms that did not withstand correction are described
in Supplementary Table 8. The most significant result of the
enrichment analysis was the “Biological Process™ term “response
to auditory stimulus” from the topic learning, where we found
an enrichment of CNTNAP2, FOXP2, and KIAA0319 out of 28
genes from this term (GO:0010996). In hierarchical relationships
to this were the child terms “vocal learning” and “response to
auditory behavior,” where the genes CNTNAP2 and FOXP2 were
enriched. Within the top eleven results were three additional
GO terms which support learning. They form a group of terms
(cluster), where the neighboring cluster starts at the parent term
“cognition” (GO:0050890; enriched genes CNTNAP2, CYFIPI,
DCDC2, DNAAF4, FOXP2), went over “observational learning”
(GO:0098597) and “imitative learning” (GO:0098596) and finally
ended this GO term path in “vocal learning.”

The second and third most significant GO terms were
“dendrite development” (GO:0016358), enriched by CYFIPI,
DCDC2, KIAA0319, RBFOX2, and ROBOI, and “cellular
component morphogenesis” (GO:0032989), enriched by
CCDCI136, CNTNAP2, CYFIPI, DCDC2, KIAA0319, RBFOX2,
and ROBOI, both pointing to neuronal development as the
second big topic of the enrichment analysis. This finding was
complemented by the two terms from the GO category “Cellular
Component” “neuron projection membrane” (GO:0032589) and
“axolemma” (GO:0030673) and the “Biological Process™ category

FIGURE 3 | Venn diagram used to determine phonclogy-related genes from
candidate genes overlapping between language and/or learning disorders.
The three black frames indicate overaps of genes associated with at least two
disorders. DysL, dyslexia; DysC, dyscalculia; SLI, specific language
impairmeant; MPPA, logopenic variant of primary progressive aphasia.

term “cell morphogenesis involved in neuron differentiation™
(GO:0048667). The only GO term from the “Molecular Function™
category among our significant results was “magnesium ion
transmembrane transporter activity” (GO:0015095).

Expression of Phonology-Related Genes

in Broca’s and Wernicke’s Regions

In the main analysis, eighteen candidate genes showed similar
expression levels in Brocas and Wernicke’s regions (p = 0.05;
Table 2). To allow an exploratory classification of these
candidates in above-average and below-average expression, we
calculated a mean value over all genes using their z-scores from
Broca's and Wernickes regions (£ = 0.125) and found twelve
genes expressed above-average (overall mean > 0.125): ATP2C2,
CMAHE CMIBE CNTNAP2, CYFIPL, DCDC2, DNAAF4, FOXP2,
NIPA2, RBFOX2, RIPOR2, and TUBGCPS5, while DCDC2
showed the highest expression (overall mean = 0.573; Table 2).
Three genes were differentially expressed between both regions:
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ATP2C2 showed a higher expression level in Brocas region
as compared to Wernickes region (p = 0.0291). DNAAF4
(p = 0.0001) and FOXP2 (p = 0.0006) showed higher expression
levels in Wernickes region, both were stable against correction
for multiple comparisons (ppwe < 0.05). The fine-mapped
expression patterns of the three differentially expressed genes are
shown in Figure 4.

Two types of follow-up analyses were performed. The regional
specificity analysis in the frontal lobe found significantly higher
expression levels in Broca’s region for CNTNAP2 (p = 0.001)
and DCDC2 (p = 0.002), both ppywg < 0.05, compared
with the language unspecific premotor area (areas 6d1-6d3;
Supplementary Table 9A); in the temporal lobe, Wernickes
region vs. fusiform gyrus (areas Fgl-Fg4) yielded no significant
differential expression (p > 0.05; Supplementary Table 9B).
The control analysis tested random and color genes, each, in
Broca’s versus Wernicke's regions. Neither of the two analyses
demonstrated a differential expression stable against correction
(both ppwg > 0.05; Supplementary Tables 9C,D).

DISCUSSION

Prior studies have been looking for links between risk genes
and phonological aspects in individual disorders. Here we
went beyond this point and addressed a more fundamental
question, i.e., to identify cross-disease candidate phonological
genes whose activity (expression level) we wanted to characterize
in key regions of the language network using brain atlas-guided
expression mapping. To achieve this, our approach comprised

three steps. A systematic literature review that identified 21
phonology-related genes for developmental language and/or
learning disorders. An expression analysis found that 12 of
these genes were active in Broca’s and Wernicke's regions, with
two genes being more active in Wernicke and one gene being
more active in Broca suggesting functional specialization. An
enrichment analysis that found out that nine of these genes may
contribute to processes of learning and neuronal development.

Literature Evaluation Identified

Candidate Genes for Three Disorders

Our literature evaluation was designed on the assumption that
phonological processing may have a common biological basis
in the selected disorders, ie., the “gene overlap hypothesis.”
At the behavioral level, for example, impairments in working
memory (Attout and Majerus, 2015; Gray et al., 2019; Johnson
et al., 2020) and in learning ability (Rogalski et al., 2008; Bishop,
2009; Lander] et al, 2009) are evident in dyslexia, dyscalculia,
SLIL and IWPPA, in addition to phonological impairment. These
aspects are closely linked to phonology. However, since mainly
linguistic variables of these disorders were investigated in the
underlying studies, there is evidence that all genes can be assigned
as phonology-related, although it cannot be assumed that this
would be exclusively the case.

Because we based our candidate gene search on findings in
cohorts of European ancestry, we had to ignore some potentially
interesting candidates from the recent literature. One example
was a GWAS of rapid automatized naming and rapid alternating
stimulus conducted in Hispanic American and African American

TABLE 1 | Results of the functional enrichment analysis of phonology-related genes.

Term name Term identifier GO Category Hit count query, Ph logy-related genes in p-value®
term genes

Responsa to audtory GO0010996 Biological Process 3/28 CNTNARZ, FOXPZ, KIAAQZ19 2.6TE-06

stimulus

Dendrite development GO0016358 Biological Process 5310 CYFRIPT, DCDC2, KIAADSTS, 1.05E-05
RBFOXZ, ROBOT

Cellular component GO:0032989 Biological Process Tro14 CCDC136, CNTNAFPZ, CYFIPT, 1.75E-05

morphogenasis DCDC2, KIAAQZTS, REBFOXZ,
ROBOT

Yocal learning GO0042297 Biological Process 27 CNTMAPZ, FOXP2 1.95E-05

Imitative learning GO0098536 Biological Process 27 CNTNAFZ, FOXPZ 1.95E-05

Cognition GOn0050830 Biological Process 5/375 CNTNAPZ, CYFIPT, DCDC2, 2.64E-05
DNAAFS, FOXPZ

Observational kearning GOO0A855ST Biological Process ] CNTMNAREZ, FOXP2 3.34E-05

Cell morphogenssis GO0048667 Biological Process G715 CYFAPT, DCDCZ, KIAAOSTS, 4.86E-05

involved in neuron REFOXZ, RIPORZ, ROBOT

differentiation

Meuron projection GO0032588 Cellular Campanent 373 CNTNARPZ, RIPORZ, ROBOT 5.69E-05

membrane

Magresiurm ion GO:0015085 Molecular Function 216 MIRAT, NIFAZ 1.33E-04

transmembrane transporter

activity

Axolemma GO:00G0673 Cellular Companent 2/21 CNTNAFZ, ROBOT 2.12E-04

¥ Povalue of the underlying hypergecmetric probability mass function.

Bold: p-value stable against comaction for multiole comparisons [Bonferroni adjusted g-value < 0.05).
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cohorts (Troung et al., 2019). Both parameters are considered
as predictors for reading disability and may be relevant for
investigating phonological processing. However, we could not
consider the genes RPL7P34 and RNLS from this study. The
reason is that genomic and transcriptomic variability (in normal
and diseased individuals) may be influenced by population
stratification, especially common variation is sensible to this,
e.g., SNPs mapping to genes or influencing expression. To avoid
this bias, we wanted to keep the data sources (study cohorts) as
homogenous as possible.

The gene extractions from the consecutive computational
and manual text mining were put forward to the overlap
analysis (Figure 3 and Supplementary Table 7C) which
revealed that the number of common phonology-related genes
was 13 for dyslexia/SLIL, six for dyslexia/dyscalculia, and two
for dyslexia/dyscalculia/SLI, resulting in 21 genes in total
(Supplementary Table 7D). Hence, three disorders contributed
to this result, wherein dyslexia was connected to each phonology-
related gene. The fourth language disorder, IWPPA, did not
share any of its four genes (APOE, APE GRN, MAPT) with
the other disorders. LvPPA is a rare disease in the population
and only a small number of putative risk genes are known
yet (Gorno-Tempini et al, 2004, 2008). This is an important
result and does not contradict our initial hypothesis. We
consider it rather informative that the genuine developmental
disorders with phonological core aspects cluster together and

are somewhat distinct from a neurodegenerative disorder with
acute phonological but developmentally more general learning
deficits (Gorno-Tempini et al., 2008). We have examined IvPPA
with the other disorders because there are two arguments from
a clinical point of view: First, IWPPA shows clear phonological
symptoms, which is why it belongs to the logopedic disorders.
Second, Rogalski et al. (2008), for example, showed that patients
with PPA are often affected by learning disorders earlier in
life before the late-onset of PPA. The chance of a gene
overlap with the more polygenic developmental disorders was
therefore smaller. Overall, our evaluation supports the view of
different molecular processes underlying IvPPA compared to the
investigated developmental disorders.

Gene Enrichment Analysis Implicated

Learning and Neuronal Development

Besides the fact that phonological processing is affected in
developmental language and/or learning disorders, phonology
is the motor for various language learning processes including
writing (Treiman, 2017). To explore if phonology-related genes
expressed in Brocas and Wernicke's regions acting together
in the same Biological Processes, Molecular Functions, and
Cellular Components, we performed an enrichment analysis
using annotations of gene functions (GO terms). The overall
results highlight relationships that can be summarized under
the topics learning and neuronal development. Our findings may

TABLE 2 | Besults of the maln expression analysis of phonology-related genes.

Gene Expression levels (mean z-score and standard deviation) p-value
Broca's region (Mssue samples = 25) Wernicke's region (Nseue samples = 17) Overall mean

DMAAFA! —0.024 £ 0.183 0.353 + 0.262 0.129 & 0.290 0.0001*
FOXPZ2 0.270 + 0.321 0.528 £0.254 0.375 £ 0.322 0.0006"
ATP2C2 0.501 £ 0.242 0.182 £ 0.337 0.372 £ 0.325 0.0291

ZNF3850 0.076 4+ 0.137 0.012 + 0.320 0.050 4+ 0.231 01048
noPg2 0.237 + 0.683 0,082 + 0732 0174 4+ 0.707 01533
IYO188 —0.263 + 0.464 -0.071 £ 0.657 —0.185 + 0.558 01907
RBFOX2% 0.272 + 0,356 0.139 + 0.509 0.218 & 0.430 0.2055
MIPAT —0.437 + 0.494 —0.292 + 0.459 —0.378 £ 0.478 0.2261

CMAHP 0,469 + 0,241 0.346 £ 0.9 0,419 + 0.280 0.2643
ococ2 0.593 + 0.624 0.543 £ 0.563 0,573 4 0.601 0.2655
RIPORZ® 0,335 + 0.240 0.433 £ 0,350 0,375+ 0.293 0.2812
MipAZ 0.444 & 0,405 0.300 + 0.303 0,386 & 0.374 0.2856
CYFPT 0.222 + 0.366 0.402 £ 0477 0,284 & 0.424 04179
CMIE? 0.065 &+ 0.479 0.126 £ 0.432 0.080 & 0.461 0.4207
ROBOT —0.409 £ 0.331 —0.373 £ 0.400 —0.394 £ 0.3681 0.4532
CCOC136 —0.309 £ 0.384 —0.368 £ 0.574 —0.332 £ 0478 0.5643
CNTMARPZ 0.507 £ 0.241 0.411 £ 0.305 0.468 £ 0.273 0.6852
COL4A2 0.088 + 0.563 0.222 + 0.384 0.142 4+ 0.503 O.BEES
FING —0.281 + 0.536 —0.298 + 0.667 —0.288 + 0.592 0.7665
TUBGCFS 0.500 + 0.328 0.493 + 0.422 0,497 + 0.369 0.827

KIAADZ 19 —0.041 + 0.266 —0.079 + 0.259 —0.056 £ 0.264 0.8784

Bold: significant p-value funcorrected).
*P-value stable against correction for multiple compansans using FUVE.

Previcus and alias symbols: DYX1CT; 2C140r21; SRBMS; FCMAH; SFAMBSE; STCMIP and KIAATES4,
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strengthen the links between phonology and behavioral and/or
clinical aspects of the three investigated disorders.

Regarding learning, the most significant GO term was
“response to auditory stimulus” referring to a process that
results in a change in state or activity of a cell or an
organism, e.g., gene expression, as a result of an auditory
stimulus pointing to the aspect of hearing. In general, auditory
processing forms the basis for phonological processing. In case
of decreasing auditory performance caused by acquired hearing
impairment, studies report a negative influence on phonological
representations, for instance, a high working memory capacity
was a compensating factor for negative impact of auditory
deprivation on phonological processing abilities (Classon
2013). Similar results were found for dyslexia and SLI In
fact, both disorders showed a substantial overlap concerning
auditory processing and phonological skills (Fraser et al 0)
For dyslexia, a link between hearing and reading abilities is

known, i.e., changes in brain networks involved in phonological
processing lead to deficits in matching speech sounds to their
corresponding visual representations (Wallace, 2009},

Another finding of the topic learning provides a link between
the term “vocal learning,” the transcription factor gene FOXP2,

and one of its prominent transcriptional targets, the cell adhesion
and receptor gene CNTNAP2, both contributing to all GO
terms of the topic learning. Since the genes occur in five of
eight outcomes, it can be concluded that both genes exert

some dominance on result generation. A reason could be that
there is plenty of experimental data on both in the literature
and databases compared to other genes of our investigation.
As FOXP2 is important in human language development
and its disorders, its avian homolog FoxP2 is thought to
play a crucial role in vocal learning and possible deficits in
song-learning birds (Jarvis, 2019). CNTNAPZ was associated
with neurodevelopmental disorders including language deficits
{Vernes et al., 2008) and variation in language development in
the general population (Whitchouse et al.,, 2011). Recent results
suggested that CNTNAP2 is involved in a developmental cascade
of effects in infants where it controls rapid auditory processing

leading to early expressive language (I A

When comparing the two above-mentioned terms “response
to auditory stimulus™ and “vocal learning,” one gene (KIAA0319)
only occurred in the term “response to auditory stimulus™ and
hence was probably the gene that distinguishes both findings.
This observation may be interesting since a knock down of
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Kina0319 expression in a rat model altered cortical responses
and sound processing in the auditory cortex which was taken as
an analogy for phoneme processing in humans (Centanni et al,,
2014). KIAA0319 encodes a cell adhesion molecule involved in
development of the cerebral cortex. In fact, the gene mediates
adhesion between migrating neurons and radial glial fibers as well
as it regulates the morphology of dendrites (Peschansky et al,
2010). On the question of KIAA0319 being tunctionally related
to FOXP2, there is little literature. In a fMRI study by Pinel
et al. (2012) in a reading task in healthy subjects, they found
evidence that common genetic variations (SNPs) in both genes
may play an important role in language development and in
normally developed language networks, but in different cerebral
pathways: two FOXP2 SNPs were associated with variations of
activation in the left frontal cortex, while one KIAA0319 SNP
was associated with asymmetry in functional activation of the
superior temporal sulcus.

The GO term “dendrite development” was the second most
significant enrichment result and addresses the progression of
dendrites, from its formation to a mature structure. Five of our
candidate genes contributed to this term (CYFIPI, DCDC2,
KIAA0319, RBFOX2, ROBO1). Dendritic extensions propagate
electrochemical signals received from other neural cells to the
cell body of the neuron. These issues are important constituents
of learning and behavior, including synaptic plasticity, and
therefore build a strong content-related connection to our
first topic (learning). CYFIPI coordinates the translation of
messenger RNA at dendrites (Crespi, 2017). High expression
of CYFIPI due to gene duplication has been associated with
autism (Oguro-Ando et al, 2015). Conversely, low expression
by gene deletion was associated with risk of schizophrenia and
impaired cognition among otherwise-neurotypical individuals
(Stefansson et al,, 2008, 2014; Tam et al, 2010). The deletion
also affects cognitive, structural, and functional correlates of
dyslexia as well as dyscalculia and mediates the strongest risk
to the combined disorders (Ulfarsson et al., 2017). A GWAS
found association between reading and language skills and
SNP 155995177 in RBFOX2 (Gialluisi et al., 2014). It encodes
an alternative splicing regulator (RNA binding fox-1 homolog
2) involved in brain development (Gehman et al, 2012).
A follow-up candidate gene study found a generalized effect of
the SNP on cortical thickness in reading- and language-related
brain regions of healthy adults (Gialluisi et al, 2017). The
rodent homolog of ROBO! (Robol) encodes the roundabout
guidance receptor 1 which is known for regulating the midline
crossing of commissural nerve tracts, a process essential for
mammalian brain formation. In family pedigrees from Finland,
a rare ROBOI haplotype was identified which dominantly
co-segregates with the dyslexia diagnosis (Hannula-Jouppi et al,,
2005). Individuals who carried this ROBOI variant showed
dose-dependent impaired interaural interaction suggesting
that crossing of the auditory pathways requires an adequate
ROBOI expression during development (Lamminmiki et al,
2012). DCDC2 and KIAA0319 provide experimental evidence
for a dual role in both topics. In neuronal development, DCDC2
(doublecortin domain-containing protein 2) is involved in
regulating neuronal migration, especially for the cerebral cortex
(Galaburda et al,, 2006). In learning, DCDC2 was associated

with phonological awareness and auditory phonological
representations (Goswami, 2011; Eicher et al., 2015). KIAA0319
(neuronal migration) mediates axon guidance as well as dendrite
formation. In this respect, DCDC2 and KIAA0319 are among the
most studied genes in language and/or learning disorders and
future studies of phonological processing that aggregate variation
of all five genes seem to be worthwhile.

Expression Analysis Revealed Putative
Roles of ATP2C2, DNAAF4, and FOXP2
Expression differences of a gene in two language network regions
are not direct evidence for a functional involvement of this
gene in phonological processing. However, this arises from
combining expression mapping and gene function associated
with phonology determined in previous studies. The same is
true for associations with disorders, because the expression data
from the Allen Human Brain Atlas and mapping data from
the Julich-Brain Atlas were collected in brains of people who
had no history for neurological or psychiatric disease. Since the
Allen expression data do not provide additional genotype data,
we cannot directly examine the relationship between genome
(genotype), transcriptome (RNA), and phenotype (disease or
imaging trait like gray matter volume).

Regarding the main analysis, we found evidence for a
significant differential expression of three phonology-related
genes. In fact, expression of ATP2C2 was upregulated in Broca's
region, while expression of DNAAF4 and FOXP2 was upregulated
in Wernicke’s region. The regional specification analyses for the
frontal and the temporal lobes showed that almost all phonology-
related genes, including our top findings, were not differentially
expressed between Brocas region and premotor region (6d1-
6d3) in the frontal lobe, and between Wernicke’s region and
fusiform gyrus (Fgl-Fg4) in the temporal lobe (Supplementary
Tables 9A,B). The only follow-up analysis showing a significant
and FWE correction-stable expression difference, was the frontal
lobe comparison, revealing a higher expression of CNTNAP2
and DCDC2 in Broca suggesting their activity in this part of
the language network. Because none of our candidate genes was
significantly upregulated after correction in the non-language
areas, we hypothesize that ATP2C2, DNAAF4, and FOXP2
were specifically expressed in cortical regions being language
and/or phonology relevant. To further evaluate the biological
specificity of these results, we performed two additional control
analyses. Neither the genes of a random selection from the whole
transcriptome nor the genes of human body coloration achieved
a correction stable result. Both negative results, together with
knowledge about the disorders, brain regions, and gene functions,
supported the specificity of regional expressions of ATP2C2,
DNAAF4, and FOXP2,

The literature analysis suggested an overlap between dyslexia
and SLI for ATP2C2 (Newbury et al., 2011; Miiller et al., 2017;
Martinelli et al,, 2021). In the enrichment analysis, it did not show
up among our top findings but provided nominal significance
in a gene set with ROBOI for a non-brain related biological
process (Supplementary Table 8). Different studies provided
evidence that ATP2C2 is involved in phonological processing,
for instance, regarding a modulation of phonological working
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memory in language impairment (Newbury et al., 2009; Smith
et al., 2015). ATP2C2 encodes a magnesium-dependent calcium
transporter. Regarding a translation of our ATP2C2 finding to
a clinical level, it seems to be important that imbalances of
magnesium and calcium ions in blood serum were reported
in patients with dyslexia and other communication disorders
(Kurup and Kurup, 2003).

For DNAAF4, the literature analysis provided a link between
dyscalculia and dyslexia. In the enrichment analysis, the gene was
part of the GO term “cognition” highlighting the topic learning.
DNAAF4, formerly known as DYXICI (dyslexia susceptibility
1 candidate 1), was described as axonemal dynein assembly
factor required for ciliary motility (Tarkar et al., 2013). More
relevant for our study was a previous finding of a protein-
protein interaction with estrogen receptors possibly linking
its well-known role in neuronal migration during cortical
development to an involvement of hormonal pathways in the
development of dyslexia (Wang et al., 2006; Massinen et al,
2009). In this line, DNAAF4 was found to be associated with
phonological memory in dyslexia (Lim et al, 2014) as well
as with phonological working memory in healthy participants
(Marino et al., 2007). Of note, knockdown of Dnaafd in rat
embryos demonstrated effects on auditory processing, visual
attention as well as cortical and thalamic anatomy (Szalkowski
et al., 2013). In humans, two SNPs, rs17819126 in DNAAF4
and rs8053211 in ATP2C2, represented the only correction
stable results in an association screen of ten candidate genes
tagged by 23 independent SNPs for event-related potential
mismatch response, an indicator for auditory discrimination
capabilities in dyslexia patients (Miller et al, 2017). Miiller
et al. (2017) provided evidence that genetic variation in
ATP2C2 and DNAAF4 may be a putative modulator of
mismatch response in dyslexia. This aspect is highly interesting
since auditory discrimination is an essential prerequisite for
phonological processing and should be investigated in a future
study, especially in context with disease-dependent changes
of structural and functional connectivity between Broca’s and
Wernicke's regions.

FOXP2? is considered to be one of the most important
genes for speech development and disorder. Its relevance
was hypothesized when rare variation (a missense mutation)
was discovered in members of a British family with frequent
problems in articulating, formulating, and understanding of
speech (Lai et al, 2001). Subsequently, common variation
(SNPs) was investigated at this gene locus and associations
between SNPs and dyslexia as well as other language and/or
learning disorders were identified (Mascheretti et al., 2017).
FOXP2 expression is relevant during brain development, when
the transcription factor controls the transcriptional activity of
different target genes, e.g., CNTNAP2 (Castro Martinez et al,
2019). Our literature evaluation provided a link between FOXP2
and dyslexia and SLI (Eicher et al, 2013; Doust et al,, 2020).
In our enrichment analysis, the gene contributed to the best
findings of the topic learning. The significantly higher expression
of FOXP2 in Wernickes region may fit to a finding of a
study by Wilcke et al. (2012). The authors report that the
dyslexia-associated SNP rs12533005 in FOXP2 was associated

with grapheme-phoneme correspondence abilities (linking letters
to speech sounds) in written language in an inferior parietal
area near Wernicke’s region involved in phonological processing
(Wilcke et al., 2012), We speculate whether the higher activity
of FOXP2 in Wernicke’s region could support the concept of
regional specificity. Currently, FOXP2 is mainly known as a
gene linked to childhood apraxia of speech and speech motor
planning deficits (Morgan et al., 2016). The possible link between
FOXP2 and phonology could be a new aspect to investigate
turther in the future.

Limitations

The search criteria (“clinical categories”) of the literature
evaluation were rather broad to cover the terminological
variability between published studies of the four different
disorders as much as possible. Consequently, we had to make
the compromise of obtaining results at the genomic level that
contained broader findings in addition to the desired disorders,
e.g., genes for arithmetical weakness in case of dyscalculia.
Basically, we only extracted markers and genes from a study
that were self-reported as best findings by the study authors.
We specified p < 0.05 for criterion (c) as a general threshold
for significance; for GWAS, we tried to stick to genome-wide
significant findings (p < 5 x 107%) if reported. Thus, we always
stayed within the logic of the respective study and did not
make an arbitrary decision for or against a selection. This is
the reason why we did not consider negative findings in our
study. Many phonology-related genes have been selected from
traditional candidate gene studies rather than large studies such
as GWAS. The main reason is that we studied four disorders for
which the literature is very diverse. Some disorder phenotypes
already have GWAS, while others do not yet. Therefore, we did
not prioritize study types in the design (GWAS, candidate gene
study, linkage study). This may be a limitation, but in practice it
was not feasible otherwise. Therefore, our gene selection may be
interpreted with caution. To minimize the risk of unrecognized
studies and genes, we performed a supporting search in the
GWAS Catalog database for common genetic variants and their
mapped genes across the four disorders during the period of the
primary literature search (2010-2021). Despite thorough mining,
we could not prevent the selection of gene markers with weak
replication evidence in independent studies, e.g., REFOX2. Again,
we urge caution in interpreting the results. Ultimately, only meta-
analyses will help to separate the robust associations from the
false positives.

The assumption of the enrichment analysis was that the
phonology-related genes we have yet to find will be consistent
with what is already known about phonelogical processing
and/or its genetic basis which may not always be true. The
enrichment analysis can only be as accurate as the underlying
annotations (GO categories) since not all genes, especially in
humans, have phenotype annotations and there are many genes
whose functions are not defined yet. As a result of these
limitations, enrichments may arise in GO terms where certain
genes show noticeable dominance that may bias interpretation,
e.g, CNTNAP2 and FOXP2 in the terms of the topic “learning.”
This is a caveat to keep in mind when interpreting results,
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In the expression analysis, we focused on Brocas and
Wernicke’s regions. This does not mean that we ignore the
broader network including the subcortical regions from which
we did not include basal ganglia and striatum because these
structures are associated with speech motor processes rather
than phonology (Eickhoff et al, 2009). A similar reason
applies for the cerebellum which is mainly responsible for
speech motor control (Houde and Nagarajan, 2011). Because
of the left hemispheric dominance for language for left- and
right-handed people (Branch et al, 1964; Mazoyer et al,
2014), and the fact that there is more data for the left
hemisphere in the Allen Human Brain Atlas expression data,
only data from the left hemisphere were analyzed. Although
the exclusive use of left hemispheric data is based on a strong
biological assumption, this should still be considered as a
possible limitation and taken into account when interpreting
the data. Areas 44 and 45 were combined into one single
VOI, considering the spatial constraints of availability of
gene expression data, which did not allow searching in a
more detailed way. At the same time, differences between
both areas at the level of cyto- and receptorarchitecture
(Amunts et al, 2010) as well as connectivity and function
(Anwander et al, 2007; Friederici and Gierhan, 2013) have
been described in the past, and the functional specialization
of both areas undergoes changes during ontogeny until it is
finally differentiated (Amunts et al., 2003; Skeide and Friederici,
2016). Therefore, it can be hypothesized that both areas may
also differentially contribute to the findings of the present
study. In addition, it cannot be excluded that the detected
expression difterences between Brocas and Wernickes regions
were influenced, to a certain degree, by differences in their
normal cell type proportions of the bulk tissue used by Allen
Brain. Further studies will be necessary to more precisely
elucidate the role of the different cortical areas underlying
Broca’s and Wernicke’s regions. The strength of the dataset
used is the dense spatial coverage of the tissue samples whose
gene expressions were analyzed. Together with the probability-
based location information contained in the Julich-Brain maps,
a meaningful differential gene expression analysis can be
calculated. However, the relatively small number of six donors is
also a statistical limitation that would suggest further molecular
genetic analyses.

Conclusion

In the present study, we gathered previously published evidence
for genetic factors underlying phonological processing symptoms
of the language and learning disorders dyslexia, dyscalculia,
and SLI and performed expression fine-mapping in two key
regions of the language network. While most previous studies
sought to link candidate genes and phonological aspects of
a single disorder, we focused on a more general aim, to
understand whether a symptom, ie., phonological processing,
may have a common genetic regulation in different disorders.
Overall, the identified regional expression of ATP2C2, DNAAF4,
and FOXP2 together with markers from the literature provide
evidence of a putative role not only in impaired phonological
processing but also for the healthy subjects. In this regard,

our study may be a use-case for larger studies on the genetics
of phonological processing in the future. To investigate new
hypotheses for such gene-phenotype correlates in vive, one
option would be to test for association between DNA variation
(SNPs, copy-number variants) at candidate gene loci and effects
on phonological processing in cortical areas like Broca’s and
Wernicke's regions, and also in subcortical areas of the language
network using large samples of the three disorders and beyond
at different ages.
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3 Diskussion

Die vorliegende Arbeit trigt zur Parzellierung des posterioren FOp und weiterer
sprachverarbeitender Cortexabschnitte bei. Im Zuge dessen wurden die Areale Op5, Op6
und Op7 identifiziert und zytoarchitektonische Wahrscheinlichkeitskarten berechnet
(Unger et al., 2021a; Unger et al., 2021b; Unger et al., 2021c). Es schloss sich eine
multimodale Charakterisierung des FOp an, innerhalb welcher sich Area Op6 links als
funktionell am stérksten von den drei betrachteten Arealen in Netzwerke der Musik- und
Sprachverarbeitung eingebunden zeigte (Unger et al., 2023). Wihrend Area Op5-Op7
innerhalb von Unger et al. (2023) zunédchst nach Schleicher et al. (1999, 2005, 2009) kartiert
wurden, konnte zusétzlich ein automatisierter auf Deep-Learning mit CNNs basierender
Mapping-Ansatz fiir die Areale Op5-Op7 und Area 44+45 angewendet werden
(Schiffer et al., 2021). Area 44+45 sowie Area Te3 wurden hinsichtlich ihrer Genexpression
untersucht; hierbei standen mit phonologischer Verarbeitung assoziierte Gene im Fokus
(Unger et al., 2021d). Insgesamt tragt das Projekt zur zytoarchitektonischen Analyse von
Sprache sowie zur Erweiterung multimodaler Informationen des FOp und der klassischen
Sprachareale Broca und Wernicke im Rahmen des Julich-Brain Atlasses sowie des

Multilevel Human Brain Atlasses bei.

3.1 Multimodale Abgrenzung der FOp-Areale zu anderen Spracharealen

In fritheren Studien konnten das FOp und das klassische Sprachareal Broca auf Basis der
Rezeptorarchitektonik (Amunts et al., 2010) und der Konnektivitdt (Anwander et al., 2007;
Jung et al., 2017) voneinander abgegrenzt werden. Dies wurde in der vorliegenden Arbeit
durch die zytoarchitektonische Unterteilung des posterioren FOp in die Areale Op5-Op7
bestétigt; Area 44+45 (Amunts et al., 1999; Amunts et al., 2004) sowie das anteriore FOp
(Area Op8 und Op9; Saal et al., 2021a; Saal et al., 2021b) stellten sich als Nachbarareale
von Op6 und Op7 heraus (Unger et al., 2023). Somit konnten durch die von unserer
Arbeitsgruppe betrachteten Modalititen Rezeptorarchitektonik und Zytoarchitektonik
innerhalb des Areals FOp konzeptionelle Verdnderungen auf zwei Ebenen innerhalb des

Cortex aufgezeigt werden (Amunts et al., 2010; Unger et al., 2023). Zusitzlich wurden
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Area 44+45 genetisch abgegrenzt und charakterisiert (Unger et al., 2021d), was auf
abweichende zugrundeliegende organisatorische Prinzipien hindeutet.

Mikrostrukturell betrachtet zeigte Area Op6 die groBte Ahnlichkeit mit der
makroanatomisch benachbarten und ebenso dysgranulidren Area 44 durch sehr grofle Zellen
in den Laminae III und V (Amunts et al., 1999; Amunts et al., 2004; Unger et al., 2023). Fiir
Area Op6 links konnte innerhalb von Unger et al. (2023) die stérkste funktionelle und
strukturelle Einbindung in Musik- und Sprachnetzwerke gefunden werden. Analysierte
Konnektivititsdaten umfassten dariiber hinaus Verbindungen zwischen Area 44 und dem
Areal Op6 links (Unger et al.,, 2023), ggf. als Teil der anterioren Sprachregion
(Amunts et al., 2010). Eine Positronen-Emissions-Tomographie (PET)-Studie bestitigte dies
durch eine parallele Aktivitit im linken FOp und in den BA 44+45 bei der Generierung von
Sédtzen sowie im rechten FOp, im BA 44 rechts und im BA 45 links bei der Verarbeitung
von Ténen (Brown et al., 2006). Auch eine Reihe fMRT-basierter Sprachexperimente zeigte
Co-Aktivierungen des FOp mit Broca (u. a. Friederici et al., 2000), sodass wiederholt der
Eindruck eines engen inhaltlichen Zusammenhangs der Areale als reine Erweiterung des
klassischen Sprachareals Broca entstand.

Basierend auf zytoarchitektonischen Kriterien wies Area 44 im Vergleich zu Area Op6
deutlich groBere Pyramidenzellen mit einer héheren Zelldichte auf (Amunts et al., 1999;
Amunts et al., 2004). Eine weitere Abweichung bestand darin, dass fiir die sprachlich
relevante Area 44 links ein signifikant hoheres Volumen festgestellt wurde (Amunts et al.,
2004), wihrend fiir Area Op6 links keine signifikante Lateralisierung zugunsten der linken
Hemisphére vorlag (Unger et al., 2023). Dariiber hinaus zeigte das Areal Op6 links neben
der Assoziation mit Musikverarbeitung eine zusétzliche funktionelle Spezialisierung in
Form der Muskelkontraktion (Unger et al., 2023), aufgrund derer derzeit nicht davon
ausgegangen werden kann, dass es sich bei dem posterioren FOp um eine reine strukturelle
und funktionelle Erweiterung des Broca-Areals handelt.

Die Annahme wird bekréftigt durch feine differentielle sprachbezogene Aussagen zwischen
dem FOp und dem klassischen Broca-Areal. Fiir den Bereich Syntax zeigte sich dies durch
eine Beteiligung des linken FOp an der Bildung lokaler Phrasenstrukturen (Nominal-,
Verbal- und Pripositionalphrasen), wéhrend sich Broca in Abhéngigkeitsbeziehungen
zwischen den Konstituenten eines Satzes involviert zeigte und eine entscheidende Rolle bei
der Verarbeitung von syntaktisch komplexen Satzhierarchien spielte (Friederici et al., 2003;
Friederici, 2006; Friederici et al., 2006a; Grodzinsky, 2000; Grodzinsky & Friederici, 2006).

Im Bereich Phonologie stellte sich Broca als an phonologischen Wortproduktionsaufgaben
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(z. B. fiir phonologische Wortfliissigkeitsparadigmen) beteiligt heraus, wiahrend das FOp
u. a. in phonologische Entscheidungsaufgaben involviert war (Friederici et al., 2000). In
einer Studie zur strukturellen Konnektivitét zeigten Friederici et al. (2006a) unterschiedliche
Konnektivitdtssignaturen fiir das FOp und das Broca-Areal im linken inferioren frontalen
Cortex, was zusétzlich fiir eine Segregation spricht.

Zusammenfassend deuten die Ergebnisse darauf hin, dass Broca und das FOp bei komplexen
sprachlichen Funktionen wie Syntax zusammenarbeiten (Friederici et al., 2000) und fiir die
Ausfiihrung verschiedener Teilfunktionen verantwortlich sind (Friederici et al., 2006a;
Friederici et al., 2006b). Assoziativen Arealen kann oft keine eindeutige funktionelle
Einbindung zugeordnet werden (Draguhn, 2019). Da das FOp dem prifrontalen
Assoziationscortex (Birbaumer & Schmidt, 2019) zugeschrieben werden kann und dartiber
hinaus phylogenetisch dlter ist als das Broca-Areal (Friederici, 2006), kann angenommen
werden, dass die funktionelle Spezialisierung weniger stark ausgeprégt ist als die des Broca-
Areals.

Nach einer Vielzahl von Studien, die eine sprachbasierte Co-Aktivierung zwischen dem FOp
und der anterioren Insula zeigten (u. a. Hurschler et al., 2013), konnten innerhalb von
Unger et al. (2023) die operculdren Areale Op5-Op7 neben der Abgrenzung zu Broca auch
klar von Arealen der anterioren Insula unterschieden werden. Die zytoarchitektonische
Grenze zum FOp konnte jeweils im Sulcus circularis insulae identifiziert werden und das
FOp ging medial in keiner der betrachteten Hemisphiren {liber den Sulcus hinaus
(Unger et al., 2023). Innerhalb der Brodmannschen Karte (1909) konnte der Bereich der
Insula nicht préizise dargestellt werden (Zilles & Amunts, 2010); Quabs et al. (2022)
kartierten die anteriore Insula kiirzlich in sieben Areale (Ig3, lal und Id2-Id6). Da sich mit
Area 1d7 insbesondere eines der Areale durch Beteiligung an der Funktion der lokalen
Negation als zustdndig zeigte (Grodzinsky et al., 2020), und dies ohne weitere Beteiligung
sowie in Abgrenzung zum FOp, wird zwischen der Insula und dem FOp ebenfalls eine
Grenze gezogen und das FOp nicht als reine Erweiterung der (anterioren) Insula angesehen.
Eine 4&hnliche Annahme kann fiir den Bereich des PMC getroffen werden.
Rezeptorarchitektonisch konnte Area 6rl bereits vom FOp abgegrenzt werden
(Amunts et al., 2010); zytoarchitektonisch konnte dieser Aspekt bestitigt werden
(Unger et al., 2023). Das Areal 6r] wurde als Teil der anterioren Sprachregion identifiziert.
Dariiber hinaus ist der PMC auch in motorische Prozesse und weitere kognitive Funktionen

involviert (fiir ein Review siehe Fine & Hayden, 2022).
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3.2 Rolle des FOp als funktionelles Ubergangsareal

Da in mehreren Modalititen deutliche Unterschiede zwischen den Arealen Op5-Op7 und
ihrer unmittelbaren Umgebung festgestellt wurden, konnte der posteriore Teil des FOp als
Ubergangszone fungieren. Dies wird durch die regional unterschiedlichen Ergebnisse zur
Funktion und Konnektivitit belegt, die diese Annahme unterstiitzen (Unger et al., 2023).
So grenzt das Areal Op6 ventral an Area 44; beide Areale sind in Musik- bzw.
Sprachnetzwerke eingebunden (Chiang et al., 2018; Unger et al., 2023). In Bezug auf die
funktionelle Konnektivitét zeigten sich insbesondere Verbindungen zu Area 44 der linken
Hemisphédre (Unger et al., 2023). Die strukturellen Konnektivititsdaten aus der
1000BRAINS-Studie bestitigten dies, indem sie in der Literatur (Catani et al., 2005;
Friederici, 2009; Friederici, 2011) bereits beschriebene Verbindungen von Area Op6 links
zu Area 44 links und Area 45 links und somit in das Musik- bzw. Sprachnetzwerk aufzeigten.
Demnach ist das Areal Op6 links qualitativ eher der anterioren Sprachregion zuzuordnen als
das Areal Op5, das funktionell eher der somatosensorischen Region des POp zugeschrieben
werden kann (Unger et al., 2023).

Das Areal Op6 befindet sich lateral angrenzend an Area 6 des PMC. Linkshemisphérisch
sind die Areale Op6 links und Op5 rechts laut BrainMap mit isometrischer Muskelkraft
verbunden (Unger et al., 2023), wihrend der PMC motorische Funktionen {ibernimmt
(Fine & Hayden, 2022). Durch eine auf MACM basierende funktionelle Konnektivitit zu
Area 44 links sowie zu den Arealen hIP1 (Choi et al., 2006) und hIP3 (Scheperjans et al.,
2008a; Scheperjans et al., 2008b) des Sulcus intraparietalis (Ward & Frackowiak, 2003)
konnten motorische Verbindungen belegt werden (Unger et al., 2023). Die Ergebnisse der
strukturellen Konnektivitit bestdtigten dies zwischen dem linken Areal Op6 zur linken
Area 44. Weitere strukturelle Verbindungen konnten zu den Arealen 1 (Geyer et al., 1999;
Geyer et al., 2000) und 4a (Geyer et al., 1996) in Kombination mit Teilen des Areals 6
(Sigletal., 2021a; Sigl et al., 2021b) und des Lobus parietalis inferior nachgewiesen werden,
die ebenfalls fiir motorische Funktionen relevant sind (Caspers et al., 2006; Caspers et al.,
2008). Aufgrund dieser Einbettung kann Area OpS5 rechts zusammen mit dem Areal Op6
links motorischen Funktionen zugeordnet werden (Unger et al., 2023).

Area Op5 grenzt hingegen rostral an die Areale OP1 und OP4 des POp. Rechtshemisphirisch
ist Area Op5 laut BrainMap mit sexueller Verarbeitung assoziiert (Unger et al., 2023),
wiéhrend Area OP1 (Eickhoff et al., 2006a; Eickhoff et al., 2006c) und OP4 (Eickhoff et al.,
2006a; Eickhoff et al., 2006¢) somatosensorische Funktionen aufweisen (Eickhoff et al.,
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2010). Fiir Area OpS5 rechts zeigte sich der Zusammenhang insbesondere durch die
funktionellen Verbindungen auf Basis von MACM (Unger et al., 2023) zu den Arealen 3a
(Geyer et al., 1999; Geyer et al., 2000), 3b (Geyer et al., 1999; Geyer et al., 2000), 4a,
4p (Geyer et al., 1996), 1d4 (Quabs et al., 2022), OP1 und OP3 (Eickhoff et al., 2006a;
Eickhoff et al., 2006c) sowie zum Corpus geniculatum mediale des Metathalamus
(Kiwitz et al., 2022) und prizentralen Bereichen (Georgiadis et al., 2010; Moulier et al.,
2006).

3.3 Einsatzmoglichkeiten zytoarchitektonischer Wahrscheinlichkeitskarten

Im klinischen Kontext der Neurologie und Psychiatrie bieten sich vielfdltige
Einsatzmdglichkeiten fiir die zytoarchitektonischen Wahrscheinlichkeitskarten, u. a.
hinsichtlich sprachbezogener Fragestellungen. Das vorhandene neuroanatomische Wissen
aus der Grundlagenforschung kann so aktiv genutzt werden (Zachlod et al., 2023). Dariiber
hinaus konnen, dhnlich wie von Palomero-Gallagher et al. (2020) fiir den Bereich des
Hippocampus vorgeschlagen, Vergleiche der molekularen Organisation von
physiologischem und pathologischem Gewebe aus dem neurologischen und psychiatrischen
Bereich zu translationalen neurowissenschaftlichen Strategien und zur Entwicklung von
Medikamenten beitragen. Da die Karten eine préazise Lokalisation der jeweiligen Hirnregion
ermdglichen, erlauben sie bei Area Op5-Op7 eine klare Unterscheidung zwischen dem FOp

und benachbarten Arealen.

3.3.1 Klinisch-neurologischer Bereich

Durch die Einbindung in den MNI-Referenzraum sind die Julich-Brain Atlas-Karten
interoperabel und konnten u. a. zur Beschreibung neuronaler Aktivierungsmuster
(Amunts et al., 2020) innerhalb von fMRT-Sprachexperimenten herangezogen werden. Da
Area Op6 links aufgrund ihrer strukturellen und funktionellen Konnektivitit mit der
Verarbeitung von Musik in Verbindung gebracht wurde und sich als unterstiitzend fiir
sprachliche Funktionen herausstellte (Unger et al., 2023), konnte diese Annahme durch

weitere Studien im Bereich der Sprachverarbeitung mithilfe der auf mikrostrukturellem
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Detailgrad basierenden Karte untersucht werden, um die sprachliche Rolle genauer zu
definieren.

Erginzend konnte durch die schwerpunktmiflige Assoziation des Areals Op6 links mit der
Musikverarbeitung (Unger et al., 2023) die Frage nach morphologischen Charakteristika des
FOp bei musikalisch begabten Personen gestellt werden. Abdul-Kareem et al. (2011) zeigten
u. a. ein hoheres Volumen der grauen Substanz innerhalb des linken Pars opercularis als
Teilbereich des Broca-Areals bei midnnlichen Orchestermusikern, positiv korreliert mit den
Jahren der musikalischen Erfahrung. Da Broca und das FOp in der Musik- und
Sprachverarbeitung zusammenwirken (Levitin & Menon, 2003), konnte ein weiterer
Anwendungskontext fiir die Karte von Op6 links im Bereich des Cortexvolumens von
Musiker:innen innerhalb des FOp liegen. Zudem konnte der Schwerpunkt auf eine voxel-
basierte Morphometrie gesetzt werden, um die Dichte der grauen Substanz zu messen, die
sich im Broca-Areal bei ménnlichen Symphonieorchestermusikern erhoht zeigte
(Sluming et al., 2002).

Eine weitere Einsatzmoglichkeit zytoarchitektonischer Wahrscheinlichkeitskarten wurde in
einer einjdhrigen fMRT-Longitudinalstudie durch Heim et al. (2014) aufgezeigt. Die Studie
untersuchte die Entwicklung der lexikalischen Verarbeitung auf neuronaler Basis bei vier
Patient:innen mit der neurodegenerativen Sprachstorung PPA. Dazu wurde eine Worter und
Pseudowdorter umfassende Entscheidungsaufgabe in Verbindung mit einer Betrachtung von
Atrophiemustern durchgefiihrt. Mithilfe von fMRT- und Blood-Oxygenation-Level
Dependent-Messungen wurden Gruppenunterschiede bzgl. des Lexikalititseffekts
untersucht. Zur Erfassung von Gehirnatrophien wurde eine hochauflésende 3D-T1-
gewichtete MRT-Aufnahme mittels Magnetization Prepared Rapid Acquisition with
Gradient Echoes durchgefithrt und anhand der deformations-basierten Morphometrie
ausgewertet. Eines der Hauptergebnisse war eine erhohte Aktivitit im linken Gyrus
temporalis medius sowie im Ubergang vom Sulcus frontalis inferior zum Sulcus
praecentralis inferior bei zunehmender Atrophie in diesen Bereichen. Die lexikalische
Performanz war etwa gleichbleibend (Heim et al., 2014). Bei Ausweitung der Studie
hinsichtlich phonologischer Symptome, welche sich insbesondere bei der IvPPA zeigen
(Gorno-Tempini et al., 2011), konnte in einem &hnlichen Studiendesign der spezifische
Bereich des FOp betrachtet werden.

Durch eine Léngsschnittanalyse (Pieperhoff et al., 2022) auf Grundlage -einer
deformationsbasierten Morphometrie, erhoben im MRT, wurden fiir die Erkrankung Morbus

Parkinson durch den Einsatz zytoarchitektonischer Karten aus dem Julich-Brain Atlas
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regionale Verdnderungen nachgewiesen. Diese zeigten sich in Form signifikant
beschleunigter Volumenabnahmen im Lobus occipitalis, Lobus temporalis, Lobus parietalis
inferior sowie in der Insula, dem Putamen und dem Nucleus basalis im Gegensatz zur
Kontrollgruppe. Baseline-Gruppenvergleiche betrafen auch das anteriore FOp
(Pieperhoff et al., 2022). Im Bereich der Bewegungsstorungen bei Parkinson konnten in
weiteren Untersuchungen gezielt Aktivierungen in den u. a. mit Bewegung assoziierten
Arealen Op5 und Op6 (Unger et al., 2023) betrachtet werden.

Neben ihrem Finsatz in MRT-Experimenten konnten die zytoarchitektonischen
Wabhrscheinlichkeitskarten auch zur Analyse schlaganfallbedingter Lésionsmuster
(Zhao et al., 2020) oder zur Lokalisation von Lisionen bei taktilen Agnosien (Homke et al.,
2009) angewendet werden. Im weiteren Verlauf konnten die Karten des FOp in der
Neurochirurgie fiir die Lokalisation und Operation von Hirntumoren, einschlieBlich
Wachoperationen mit Sprachmonitoring, eingesetzt werden. Hier konnten sie bei der
Abgrenzung benachbarter sprachlich relevanter und nicht relevanter Areale behilflich sein.
Damit zusammenhéngend befasste sich eine Studie von Duong et al. (2023) mit einer
umfassenden Dekodierung der funktionellen Organisation der Insula mittels intrakranieller
elektrischer Stimulation und aufgabenbezogener intrakranieller EEG-Aufzeichnungen, was
eine weitere Anwendungsmoglichkeit darstellt. Durch den Einsatz probabilistischer
zytoarchitektonischer Wahrscheinlichkeitskarten der Insula konnten den Arealen 1g2/1d2,
1d3, Id6 und 1d7 spezifische Funktionen im viszeralen bzw. autonomen Bereich sowie in den
Doménen Angst, Geschmack bzw. Olfaktorik, Schmerz bzw. Temperatur und
Somatosensorik auf Basis von 17 neurochirurgischen Patient:innen zugeordnet werden. Ein
vergleichbarer Ansatz konnte fiir die Areale des FOp angewandt werden, u. a. um die
Spezialisierung hinsichtlich Musik bzw. Sprache fiir nur eines der Areale zu {iberpriifen und
ggf. zu verifizieren.

Ein weiteres neurologisch relevantes Anwendungsgebiet konnte die nichtinvasive
Hirnstimulation sein. Dies umfasst die transkranielle Gleichstromstimulation (tDCS) und die
transkranielle Magnetstimulation (TMS), welche u. a. zur sprachlichen Rehabilitation bei
Aphasie nach Schlaganfall in Verbindung mit Benenntherapie und somit im neurologisch-
sprachtherapeutischen Bereich eingesetzt werden konnen (u. a. Meinzer et al., 2016;
Naeser et al., 2011). Als Maske =zur Platzierung der Elektroden bzw. des
Stimulationsaustrittsortes wird haufig das Elektroenzephalographie (EEG)-System
(10-20-System) eingesetzt (Antal et al., 2017). Die Nutzung von MRT-unterstiitzter

Neuronavigation kann Lokalisationsungenauigkeiten verringern (De Witte et al., 2018;
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Sack et al., 2009). Um neue Methoden zur Platzierung der Elektroden bzw. TMS mit
bestmoglichem Ergebnis zu entwickeln, wére es wiinschenswert, das neuroanatomische
Wissen der neu gewonnenen zytoarchitektonischen Wahrscheinlichkeitskarten zu nutzen.

Nicht nur bei Patient:innen mit Aphasie nach Schlaganfall, sondern auch bei einer Vielzahl
neurologischer Erkrankungen wie z. B. der PPA (Nissim et al., 2020) konnte gezeigt werden,
dass nichtinvasive Hirnstimulation beitragen kann, sprachliche Symptome zu lindern. Das
Prinzip der tDCS zielt auf die Stimulation funktioneller Netzwerkanteile ab, z. B. zur
Unterstlitzung sprachlicher Funktionen (u. a. Meinzer et al., 2016). Die Identifizierung neuer
sprachlicher Areale basierend auf zytoarchitektonischen Kriterien, die u. a. fiir Phonologie
und Syntax relevant sind, konnte dazu beitragen, relevante Netzwerke zu identifizieren und
potentiell zu stimulieren. Dariiber hinaus konnte das Einbeziehen des neuroanatomischen
Wissens je nach Storungsbild und medizinisch-therapeutischer Zielsetzung Aufschluss
dariiber geben, welche im Netzwerk zur Stimulation geeigneten Areale in welchem Umfang

intakt oder betroffen sind.

3.3.2 Klinisch-psychiatrischer Bereich

Eine MRT-Studie im klinisch-psychiatrischen Bereich, die sowohl eine voxel-basierte
Morphometrie als auch eine regionenbasierte Morphometrie umfasste (Bludau et al., 2016),
untersuchte die zytoarchitektonisch definierten Areale Fpl und Fp2 genetisch, da der
menschliche Frontalpol in der Vergangenheit als Knotenpunkt im dysfunktionalen Netzwerk
der Major Depression identifiziert wurde. In die Studie wurden insgesamt 73 Menschen mit
schwerer Depression und 73 gesunde Kontrollpersonen eingeschlossen. In der
Patient:innengruppe zeigten sich morphologische Verdnderungen in Form eines signifikant
kleineren medialen Frontalpols (Fp2, linke Hemisphire), dariiber hinaus war eine negative
Korrelation zwischen Krankheitsschwere und -dauer zu beobachten.

In einer Arbeit zur Schizophrenie untersuchten Zimmermann et al. (2024) insgesamt
478 Patient:innen und 236 Kontrollpersonen. Es konnte ein Zusammenhang zwischen
reduzierten Asymmetrien der bilateralen zytoarchitektonisch definierten Areale 44+45 und
dem Grad der individuellen Psychopathologie, z. B. in Form von Psychosen, gezeigt werden.
Dariiber hinaus wurden spezifische Reduktionen der grauen Substanz innerhalb der Areale
mit einem kognitiven und negativen Subtyp der Schizophrenie assoziiert. Eine
Genexpressionsanalyse ergab eine Hochregulierung des Gens MET in den betrachteten

Bereichen, woraus die Autor:innen einen Zusammenhang zwischen sich unterscheidenden
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Genvarianten, strukturellen Verdnderungen innerhalb von Area 44+45 und einer
spezifischen Psychopathologie bei Schizophrenie folgerten. Ausgehend von dieser Studie
konnten die zytoarchitektonischen Wahrscheinlichkeitskarten des FOp als Maske zur
Untersuchung weiterer Symptome der Schizophrenie herangezogen werden. Da eine Studie
des auditiven Arbeitsgeddchtnisses im fMRT bei Schizophrenie von Menon et al. (2001)
signifikante auf die weille Substanz zurlickzufiihrende Aktivierungsdefizite im bilateralen
FOp zeigte, konnte die Forschung in diesem Bereich fortgesetzt werden.

Ein ergidnzendes psychiatrisches Anwendungsfeld konnte die Weiterfiihrung von Studien
wie der von Kaulen et al. (2022) sein. Die Autor:innen stellten einen PET-Atlas vor, der die
Verteilung von Glutamat und GABAa in vivo zeigt, mit potenziellem Nutzen fiir
psychiatrische Erkrankungen. Die Verkniipfung der rezeptorspezifischen Erkenntnissen mit
den mikrostrukturellen Karten des Julich-Brain Atlasses oder Genexpressionsdaten des
Allen Human Brain Atlasses, wie in den Limitationen der Arbeit erwadhnt, konnte zur

weiteren Validierung der Informationen beitragen (Kaulen et al., 2022).

3.4 Offene Fragen und Ausblick

Neben Einsatzmoglichkeiten der zytoarchitektonischen Wahrscheinlichkeitskarten im
klinischen Bereich ergeben sich aus der hier vorgestellten Arbeit konkrete
neurowissenschaftliche Fragestellungen. Diese betreffen insbesondere die multimodale
Perspektive, neurobiologische Grundlagenforschung sowie den Bereich der kiinstlichen

Intelligenz.

3.4.1 Neurowissenschaftliche Fragestellungen

Mithilfe der zytoarchitektonischen Wahrscheinlichkeitskarten von Op5-Op7, die die
interindividuelle Variabilitdt des menschlichen Gehirns beriicksichtigen, kdnnten weitere
multimodale Analysen zur strukturellen und funktionellen Charakterisierung der Areale
durchgefiihrt werden (Unger et al., 2023). Neben Aussagen zur Zytoarchitektonik
(Unger et al., 2023) und Rezeptorarchitektonik (Amunts et al., 2010) zum FOp konnten
gezielt genetische und funktionelle Analysen fiir die spédtere Aufnahme in den EBRAINS
Multilevel Human Brain Atlas ergéinzt werden. Auch eine Unterteilung hinsichtlich weiterer

Modalititen, u. a. Myeloarchitektonik, Rezeptorarchitektonik und Genexpression sowie eine
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Betrachtung ihrer Kohdrenz sind von hoher Relevanz. So konnte das FOp in einem noch
umfangreicheren multimodalen Kontext diskutiert werden.

Weiterhin wiére es interessant, welche strukturellen Verbindungen sich auf konnektiver
Ebene fiir die bisherigen identifizierten Areale des gesamten Operculums ergeben. Auf diese
Weise konnten Verbindungen im nédchsten Schritt funktionell eingeordnet und interpretiert
werden, beispielsweise 1im anterior-posterior-Vergleich. Zur Sichtbarmachung von
Faserorientierungen konnte u. a. die Methode des Polarized Light Imaging (Axer & Amunts,
2022) eingesetzt werden.

In Bezug auf die Idee des posterioren FOp als funktionelle Ubergangsregion zwischen
Sprache (Broca), Motorik (PMC) und somatosensorischen Funktionen (POp) (siehe
Kapitel 3.2), wire es interessant, JuGEx-Analysen mithilfe von Karten des FOp
durchzufithren und das strukturelle Wissen so zu erweitern. Genetische Profile kdnnten
weiteren Aufschluss iiber die Verbindungen zwischen den Hirnregionen geben.
Hinsichtlich der Genexpression, dquivalent zu der Analyse von Area 44+45 und Te3
(Unger et al., 2021d), ergibt sich dariiber hinaus die Frage, wie sich die Expression
sprachrelevanter Gene innerhalb des FOp im Vergleich zu den bereits untersuchten Arealen
Broca und Wernicke darstellt. Hierbei konnte aufgrund der Zuordnung des FOp zu
phonologischer Verarbeitung (Bohland & Guenther, 2006; Fiez et al., 2006; Hurschler et al.,
2013) der Schwerpunkt aus Unger et al. (2021d) beibehalten werden und z. B. um
Area Op6 links (Unger et al., 2023) erweitert werden. Ein genetischer Vergleich zwischen
den benachbarten Arealen Op6 und Area 44 links wire aufgrund der zytoarchitektonischen
Ahnlichkeit relevant. Da sich die rdumliche Topographie des Neocortex in seiner
molekularen Topographie widerspiegelt (Hawrylycz et al., 2012), ist anzunehmen, dass
kortikale Regionen, die dhnlich nah beieinander liegen wie Area Op6 und Area 44,
vergleichbare Transkriptome aufweisen; aufgrund des in Kapitel 1.2 thematisierten
phylogenetischen Unterschieds zwischen den Gebieten ist der Vergleich dennoch besonders
interessant.

Neben der Betrachtung von Daten gesunder Proband:innen konnte als erweiterter Schritt die
multimodale Betrachtung der Areale Op5-Op7 im erkrankten Gehirn in Erwédgung gezogen
werden. In diesem Zuge konnte z. B. das linke Areal Op6 bei Proband:innen mit einer
syntaktischen bzw. phonologischen Storung strukturell untersucht werden, um
Abweichungen von der zuvor untersuchten Physiologie aufzuzeigen.

Dariiber hinaus konnten mdogliche zukiinftige Forschungsaktivititen anterior zu

Area Op8+Op9 gelegene Bereiche untersuchen, um herauszufinden, ob das FOp aus
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weiteren Arealen besteht als dem in Unger et al. (2023) beschriebenen posterioren Teil
(Op5-Op7) und dem anterioren Teil (Op8+Op9). Im Zuge der Arbeit von Saal et al.
(2021a, 2021b) wurden Hinweise auf bislang unerforschte Areale im FOp gefunden.
Langfristig wére dieser Aspekt fiir die GesamtgroBe und Lokalisation des FOp entscheidend.
Zudem konnte dies Aufschluss zu strukturellen und funktionellen Charakteristika des
gesamten FOp bzw. Operculums im Vergleich zur Umgebung geben.

Fiir das FOp (Op5-Op7) befinden sich im EBRAINS Multilevel Human Brain Atlas neben
der zytoarchitektonischen Wabhrscheinlichkeitskarten und Konnektivititsdaten pro
Hemisphdre (Unger et al., 2023) u. a. strukturelle Daten zur 3D-Rekonstruktion von
Pyramidenzellen, Nervenfaserrekonstruktionen in Mikrometer-Auflésung sowie eine
Segmentierung des Gehirnvolumens auf Basis eines 7-Tesla-MRT-Scans. Bzgl.
funktioneller Messungen liegen u. a. im Schlaf erhobene EEG-Daten mit intermittierendem
Aufwachen sowie EEG-Daten fiir Schlafentzug vor (Julich-Brain Atlas, 2023a). All diese
Daten konnten Ansatzpunkte liefern fiir strukturelle und funktionelle Folgeanalysen mit dem
kompletten FOp, mit dem vollstindigen posterioren FOp oder mit einzelnen Arealen anhand

zytoarchitektonischer Wahrscheinlichkeitskarten.

3.4.2 Deep Learning im multimodalen Kontext

Derzeit existiert ein Zuwachs von Methoden, die auf Deep-Learning-Algorithmen basieren,
u. a. CNNs (Schiffer et al., 2021; Spitzer et al., 2017; Spitzer et al., 2018). Vorhandene
Ergebnisse zum automatisierten zytoarchitektonischen Mapping miissen in diesem Zuge
erweitert und prézisiert werden, fiir zuverldssige und mit dem bisherigen Ansatz
vergleichbare Aussagen (Schiffer et al., 2021). Es wire interessant, dieses CNN-basierte
Wissen in Zukunft auch auf andere Modalititen anzuwenden, die eine bildbasierte Methode
nutzen konnen. Das BigBrain stellt mit seiner hohen Auflésung und durch das enthaltende
dichte Mapping ein geeignetes 3D-Modell dar, um Analysen im Mikrometerbereich der
kortikalen Schichten durchzufiihren. AuBlerdem fungiert es als Referenzsystem zur
Integration multimodaler Daten sowie fiir Modellierungen und Simulationen, welche die
regionale Heterogenitdt der Organisation des menschlichen Gehirns miteinbeziehen
(Amunts et al., 2013).

Das Thema des automatisierten Mappings mittels eines Algorithmus bringt Vor- und

Nachteile mit sich. Vorteile sind automatisierte Prozesse, Zeitersparnis durch hohere
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Produktivitit sowie zeitliche Effizienz (Schiffer et al., 2021). Nachteilig kann eine
mangelnde Transparenz bzgl. der Arbeitsweise von Algorithmen sein (Kiwitz et al., 2020).
Bzgl. ultrahochaufgeldster Gehirnmodelle wie z. B. dem BigBrain und dem automatisierten
Mapping von Schnitten innerhalb dieser Modelle ist zu beachten, dass aufgrund der hohen
Auflosung groBle Datenmengen entstehen. Die Disziplinen Big Data und Supercomputing
sind hier von grof3er Bedeutung, da die Daten ansonsten schwer speicher- und nutzbar sind
(Amunts et al., 2013; Amunts & Lippert, 2021).

Langfristig konnten Deep-Learning-basierte Methoden, die sich auf Sprachfunktionen und
Sprachstérungen beziehen, deutlich erweitert werden, z. B. im Hinblick auf genetische
Analysen. Es wire wiinschenswert, Methoden zu entwickeln, die eine Vorhersage der
physiologischen Expression von sprachrelevanten Genen und ihren Abweichungen in
spezifischen Gehirnregionen ermoglichen. Auf der Grundlage identifizierter Profile von
Personen mit Sprach- und Lernstorungen konnten genetische Profile fiir die Diagnose von
Sprachstérungen verwendet werden.

Es konnten aulerdem Modelle entwickelt werden, um die Auswirkungen von Lisionen
innerhalb von Spracharealen auf die Sprachleistung abzuschéitzen, z. B. bei Auftreten einer
Aphasie. Hierbei konnte beispielsweise das ,,Virtual Brain“ als Teil von EBRAINS genutzt
werden, das eine Moglichkeit zur Konstruktion, Simulation und Analyse von
Gehirnnetzwerkmodellen bietet (Schirner et al., 2022). Die Sprachtherapie als fiir die
Behandlung von Sprachstorungen verantwortliche Disziplin kdnnte von diesem Wissen

profitieren und die Behandlung individuell auf die Lésion der Patient:innen ausrichten.

3.5 Schlussfolgerungen

Durch die zytoarchitektonische Kartierung von Area OpS, Op6 und Op7 konnte die
vorliegende Arbeit zur Identifizierung der Areale im posterioren Teil des FOp auf
mikrostruktureller Ebene beitragen. Es zeigte sich ein breites Spektrum an assoziierten
Funktionen von Area Op5-Op7. Daher kann das posteriore FOp derzeit nicht als reine
Erweiterung des klassischen Sprachareals Broca, das zusédtzlich anhand der Genexpression
definiert werden konnte, angesehen werden. Die deutlichsten Hinweise auf eine Einbindung
des posterioren FOp in das Musik- bzw. Sprachnetzwerk ergaben sich fiir Area Op6 links.
In Folgestudien wird es aufgrund der nun vorliegenden zytoarchitektonischen

Wabhrscheinlichkeitskarte fiir das Areal Op6 links mdglich sein, dies klinisch weiter zu
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untersuchen und die Sprachfunktion in Abgrenzung zu benachbarten Arealen weiter zu
prazisieren. Weitere Anwendungsfelder im neurologischen, psychiatrischen und
neurowissenschaftlichen Bereich ergeben sich aus der Verfligbarkeit der mikrostrukturellen
Karten.

Die Zusammenfassung multimodalen Wissens innerhalb des EBRAINS Multilevel Human
Brain Atlasses bietet iibersichtlich strukturiertes, umfassendes und multimodales Wissen pro
zytoarchitektonisch definiertem Bereich. Es handelt sich dabei um einen integrativen Ansatz
sowie eine innovative Infrastruktur, die sich in den kommenden Jahren und Jahrzehnten
erheblich erweitern wird und die die traditionelle Kartierung ergidnzen wird. Durch den
Einsatz von auf Deep Learning basierenden Verfahren konnen zukiinftig sowohl die

Grundlagenforschung als auch die translationale und klinische Forschung profitieren.
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