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Summary

The present study identifies and provides an analysis of two new areas, OP8
and OP9, in the frontal operculum. For cortical mapping, a well-established
observer-independent cytoarchitectonic mapping approach was used. Serial,
cell body stained sections of ten post mortem brains were evaluated using light
microscopy, image analysis and statistical tools to determine the areal
cytoarchitectonic characteristics, their differences to adjacent areas and to
identify their localisation in the cortical ribbon. Based on the resulting individual
maps of OP8 and OP9 in each examined brain, probability maps were
calculated, which provide measures of interindividual variability in stereotaxic
MNI reference space.

OP8 and OP9 are located in the depth of the lateral fissure, laterally from the
circular insular sulcus. Area OP8 is positioned more caudally than OP9. The
“classical Broca's areas” BA44 and BA45 are directly latero-dorsally adjoining
for both areas. Furthermore areas OP6 and OP7 border OP8 in caudal
direction, while area OP10 borders OP9, representing the rostrally neighbouring
area in the frontal operculum. Both areas do not reach to the free lateral brain
surface, but are located in the depths of the lateral fissure. Approximate
anatomical landmarks are the inferior precentral sulcus as a caudal and the
ascending branch of the lateral fissure as a rostral limitation for OP8, while OP9
reaches from the ascending branch of the lateral fissure to the rostral ending of
the horizontal branch of the lateral fissure.

Applying these cytoarchitectonic results to functional studies especially
constitutes language functions to OP8 and OP9. Due to their small volume and
limitations in MRI resolution, a decided functional segregation was not possible
yet. They were examined as part of a bunch of areas forming the frontal
operculum.

The new cytoarchitectonic maps of areas OP8 and OP9 will serve as a basis for
more detailed neuroimaging studies to decipher the specific functions of this
circumscribed part of the frontal operculum as well as its functional connectivity,
especially with respect to their role in the language networks. According to our
meta-analysis this might verify the frontal operculum as component of an
“extended Broca area”.



Zusammenfassung

Die vorliegende Studie beschreibt zwei neue Areale, OP8 und OP9, im
frontalen Operculum. Die Grenzen wurden unter Verwendung eines etablierten,
Untersucher-unabhangigen Verfahrens zur zytoarchitektonischen Kartierung
identifiziert. Serielle, Zellkorper-gefarbte Schnitte von zehn post mortem
Gehirnen wurden mittels Lichtmikroskopie, Bildanalyse und statistischer
Verfahren analysiert, um die zytoarchitektonischen Charakteristika der Areale,
ihre Unterschiede zu angrenzenden Arealen, sowie ihre Lage im Kortex zu
bestimmen. Basierend auf den daraus resultierenden Karten von OP8 und OP9
in jedem der untersuchten Gehirne, wurden Wahrscheinlichkeits-Karten
berechnet, welche die interindividuelle Variabilitdt im stereotaxischen MNI-
Raum quantifizieren.

OP8 und OP9 befinden sich in der Tiefe der lateralen Fissur, lateral des
zirkularen insuldren Sulcus. Area OP8 ist weiter kaudal als OP9 gelegen. Die
,Klassischen Broca-Areale“ BA44 und BA45 grenzen direkt latero-dorsal an
beide Areale an. OP6 und OP7 grenzen von kaudal an OP8, wahrend OP9
rostral an OP8 anschlief3t. Die rostrale Begrenzung von OP9 wiederum wird
vom bisher noch nicht néher kartierten Areal OP10 gebildet. Sowohl OP8, als
auch OP9, erreichen nicht die freie laterale Hirnoberflache, sondern befinden
sich in der Tiefe der lateralen Fissur. Ungefédhre makroanatomische
Landmarken sind der inferiore Anteil des Sulcus praecentralis als kaudale und
der Ramus ascendens der Fissura lateralis als rostrale Grenze fur OPS,
wahrend OP9 vom Ramus ascendens der Fissura lateralis bis zum rostralen
Ende des Ramus horizontalis der Fissura lateralis reicht.

Wendet man diese zytoarchitektonischen Ergebnisse auf funktionelle Studien
an, ergeben sich fur OP8 und OP9 insbesondere Sprachfunktionen. Aufgrund
ihres  kleinen  Volumens und der limitierten  Auflésung  von
Magnetresonanztomographien, war eine dezidierte funktionelle Auftrennung
bislang nicht méglich. Sie wurden daher als Anteil mehrerer Areale untersucht,
welche insgesamt das frontale Operculum bilden.

Die neuen zytoarchitektonischen Karten der Areale OP8 und OP9 kdénnen als
Grundlage fur neue bildgebende Studien dienen, um die spezifischen
Funktionen dieser neuen Areale im frontalen Operculum zu entschlisseln,
ebenso wie deren funktionelle Verbindungen, vor allem hinsichtlich ihrer Rolle in
sprachverarbeitenden Netzwerken. Entsprechend unserer Meta-Analyse kénnte
dies die Annahme, dass das frontale Operculum unter anderem Teil eines
,erweiterten Broca Areals® ist, bekraftigen.
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Introduction

Korbinian Brodmann has established a brain map describing the segregation of
the cerebral cortex based on cytoarchitecture, i.e. on regional differences in the
shape, size and arrangement of cell bodies (Brodmann, 1909). This map
became one of the most cited reference for cortical areas (for an overview, see
Amunts and Zilles, 2015). It represents the view of a lateral surface of a single
human brain hemisphere, and does not provide details about borders between
areas within the sulci including the frontal operculum. Though about 60% of the
cerebral cortex are not on the free surface, but are located in the depths of the
sulci (Zilles et al., 1988). Later in the 20™ century, von Economo & Koskinas
realized that an areal classification solely based on descriptive aspects is
exposed to subjective criteria as well as experience and anticipation — they
therefore introduced quantitative indicators of cortical areas including measures
of cortical thickness, layer thickness or cell size, which also included the depths

of sulci (Economo and Koskinas, 1925).

Several brain maps using different methods of investigation with a differing
number of brain areas and classification schemes have been published, despite
the relatively young history of brain mapping (Bailey and Bonin, 1951; Campbell
and Schlesinger, 1905; Economo and Koskinas, 1925; Flechsig, 1920; Sarkisov
et al., 1949; Vogt and Vogt, 1919), some of them specialising on a certain brain
region (Ongur et al., 2003; Sanides, 1962). Brodmann as well as Economo &
Koskinas mentioned that, in addition to sharp, doubtlessly well distinguishable
inter-areal borders, there are also complex transitions between areas. For
example, differences between areas may evolve in the different laminae at
slightly different positions of the cortical ribbon (Amunts et al., 1999; Amunts et
al., 2000; Bludau et al., 2014; Caspers et al., 2006; Choi et al., 2006; Eickhoff,
Schleicher et al., 2006; Geyer et al., 1999; Henssen et al., 2016). Furthermore,
macroanatomical features of the brain do not always co-vary with the
cytoarchitecture and inter-individual differences have been reported for both
aspects of brain organisation (Amunts and Zilles, 2015; Duvernoy and
Bourgouin, 1999; Economo and Koskinas, 1925; Ono et al., 1990; Petrides and
Pandya, 2012; Roland et al., 1997; Zilles and Amunts, 2013).



In order to reliably identify and analyse cytoarchitectonic areas, an observer-
independent delineation of brain areas is mandatory, which in this study is
based on the statistical determination of borders by maximum differences in
feature vectors of the cytoarchitecture of individual areas in a representative

sample of post-mortem brains (Schleicher et al., 1999).

This approach was applied, for example, in the parietal operculum (Eickhoff,
Schleicher et al., 2006). It identified, for the first time, four unique areas located
in the depths of the lateral fissure (areas OP1-4). This new subdivision was
subsequently correlated with results from functional magnetic resonance
imaging (fMRI) studies of the secondary somatosensory cortex (Sll) to elucidate

the functional role of these areas (Eickhoff, Amunts et al., 2006).

The new parcellation of the parietal operculum raised the question of whether
there are additional, unknown areas located more rostral to the parietal
operculum, in the frontal operculum. This hypothesis was supported by
evidence coming from a study of our lab investigating the molecular architecture
of the frontal operculum by analysing the receptor architecture of
neurotransmitter of Broca’s region and surrounding cortices (Amunts et al.,
2010). That study proposed a first cytoarchitectonic footprint of two new areas,

OP8 and OP9, and described their receptor architecture and localisation.

In addition, there are several studies reporting different activation patterns in the
frontal operculum by fMRI and other in vivo imaging methods. Due to the spatial
resolution of fMRI studies, many of such studies refer to the frontal operculum
(FOP) as a whole, but do not distinguish between the specific involvement of
separate areas. OP8 and OP9 seem to be part of the FOP and thus inter alia
integrated in language processing (Anwander et al., 2007; Friederici, Fiebach et
al., 2006; Riés et al., 2013; Stromswold et al., 1996). The FOP could be seen as
a part of a "functionally extended Broca's area” together with the obligatory
BA44 and BA45, as well as BA47 and the ventral premotor cortex (Hagoort,
2005).

The FOP - together with the left anterior superior temporal gyrus (STG)
(Friederici, 2002; Meyer, E. et al., 2000) and the left putamen (Friederici et al.,

2003) - showed to be responsible for on-line syntactic structure building
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(Rolston et al, 2015) and speech processing (Friederici et al., 2000).
Contrariwise neighbouring BA44 and BA45 as well as BA47 are involved in
more complex syntactic processing (Dapretto and Bookheimer, 1999; Just et
al., 1994; Rolston et al.; Stromswold et al., 1996). The connection to the basal
ganglia may be key in explaining the FOP as part of a procedural memory
circuit for syntactic processing (Stromswold et al., 1996; Ullman et al., 1997;
Ullman, 2001). Regarding lateralization, the right FOP seems to be more
activated by auditory stimulus than sentence reading, as well as the processing
of prosody / intonation (Friederici et al., 2000, pp. 297-298; Meyer, M. et al.,
2000). By meta-analysis using activation likelihood estimation (ALE) based
meta-analytic connectivity modelling (MACM) (Eickhoff et al., 2010; Laird et al.,
2005; Turkeltaub et al., 2002) based on the maximum probability maps now
established, we will link the results of previous functional studies with possible

areal connections and functional networks.

Thus, based on these findings from neuroimaging and our own study regarding
the molecular architecture of the FOP, the present study aims to define the
cytoarchitectonic characteristics of OP8 and OP9 in a comprehensive manner,
and to determine their borders based on cytoarchitectonic, yet observer-
independent methods. Such approach results in probabilistic 3D maps and is
then used as a tool to correlate the cytoarchitectonic segregation with
functional, fMRI-based data to analyse the functional relevance of areas OP8

and OP9 and their role in different neuronal networks using MACM.



Material and Methods

Brain preparation

We analysed histological sections of 10 post mortem brains from body donors
of the Anatomical Institute of the University of Disseldorf. The body donors
gave written informed consent. The study was approved by the local ethics
committee. The brains were removed from the scull after a maximum of 24
hours post mortem. There were no relevant pre-existing neurological or
psychiatric diseases (brain number 3 and 9 with documented small cerebral

infarction, but not in the region of interest) (see Table 1).

brain code age (years) sex medical history
1 79 w bladder carcinoma
2 56 m rectum carcinoma
3 69 m vertebrobasilar aneurysm, multiple cerebral infarctions
4 75 m rapidly progressive glomerulonephritis
5 59 w cardiorespiratory insufficiency
6 54 m coronary heart disease, myocardial infarction, colitis
ulcerosa
7 37 m acute right heart failure, hepatic coma
8 72 w renal failure
9 79 W atherosclerosis, aortic stenqsi_s, left heart insufficiency,
basal ganglia infarction
10 85 w small bowel obstruction, mesenterical infarction

Table 1: Post mortem brains and their characteristics used for cytoarchitectonic analysis
Median age 66,5 years. Equal distribution between sexes. Handedness unknown (right handed
subjects 90% incidence in population (Annett 1973). Language dominance unknown. All cutting

planes coronal. w, female; m, male

The brains were fixed for at least 6 months using 4% formalin or Bodian’s
solution, hanging up on the arteria basilaris or vertebralis to avoid deformation.
After fixation the brains were scanned by MRT (1.5 Tesla Siemens Magnetom
SP Scanner, 3D FLASH pulse sequence, flip angle 40°, repetition time 40 ms,
echo time 5 ms, voxel size 1.17x1x1 mm). After gradual dehydration by ethanol,
repeated washing in chloroform and embedment in paraffin, they were cut in
coronal plane using a microtome (Polycut E, Reichert-dung, Deutschland)

resulting in a thickness of 20 ym per section. By that, up to 7600 slices per brain
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were produced according to the different brain sizes. For microscopical analysis
each 15" section was stained with a modified silver staining (Merker, 1983;
Uylings et al., 1999) of the perikaryon, resulting in darkly stained cell bodies in
cortex and white matter. For the final mapping, each 60™ section of the total
number (i.e. each 4™ stained section) was used, resulting in a distance of 1.2
mm between sections. Where damage or artefacts due to the prior preparation
procedure or unfavourable course of the cortex made investigation impossible
or uncertain, the nearest suitable stained section was used. The whole
procedure has been described elaborately in the past (Amunts et al., 1999). The
sections were scanned by a flatbed scanner in 1200 dpi 8-bit grey scale
resolution, resulting in 20 um/pixel. This was important for the following digital
3D reconstruction, as comparing to the MRI scan of the intact brain allowed
mathematical compensation of procedure inherent bias like shrinking (Amunts
et al., 2004; Henn et al., 1997; Mohlberg et al., 2003).

Digital observer-independent border detection

The examination of cytoarchitectonic cortical borders was based on the grey
level index (GLI) for observer-independent, objectively reproducible results
(Amunts and Zilles, 2001; Schleicher et al., 1999; Schleicher et al., 2005;
Schleicher et al., 2009; Zilles, Schleicher et al., 2002). The region of interest
(ROI) was defined as a rectangular area containing the rostral part of the lateral
fissure (If) forming the ventral limit of BA44 and BA45. The ROl were marked on
every examined section and scanned by a CCD camera (Axiocam MRm,
ZEISS, Germany) mounted on a light-optical microscope (Axioplan 2 Imaging,
ZEISS, Germany; 10x magnification). The sections were moved in a meander
like pattern by a motor controlled microscope stage. Camera and stage were
controlled by an image analysing software (KS400, version 3.0, ZEISS,
Germany; Axiovision, version 4.6, ZEISS, Germany). The digitization was
carried out with a solution of 1.02 ym/pixel. The digital scans were then
processed into GLI images by using above mentioned image analysing software
(Schleicher and Zilles, 1990) and an in-house written tool for MatLab (The
Mathworks, Inc., Natick MA). Then two Gaussian filters (radius 1 pixel and 40

pixels) were applied and both images substracted from each other to carve out
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the silhouette of the cell bodies. Applying a threshold preceded to a binary
image, which was overlaid by a grid of 16x16 pixels. The 8-bit grey values of a
GLI image coded for the volume fraction of cell bodies in a square of these
16x16 pixels in the original ROl and thereby reflected cytoarchitectural
properties (Wree et al., 1982). More white pixels encoded for cells, while more
dark pixels encoded neuropil redundant for further examination of the cortical
layers. These images were later inverted, to be similar to the distribution of grey

levels in histological sections.

The MatLab software tool was also used for the following steps. The inner
(lamina VI — white matter) and outer (lamina | — lamina Il) borders of the cortex
were marked by contour lines that built the internal frontier for curvilinear
traverses following the principles of electric field lines (Jones et al., 2000). The
GLI values inherent of the traverses formed profiles that were reviewed for ten
features (mean GLI value, centre of gravity in x-direction, standard deviation,
skewness, kurtosis, as well as the corresponding first derivate) (Dixon, 1988;
Schleicher et al., 1999; Schleicher and Zilles, 1990). To avoid bias by differing
cortical thickness, the profiles were standardised by linear interpolation to a
standard thickness of 100% formed by the lamina VI — white matter border. For
multivariate distance analysis we used the Mahalanobis distance (Mahalanobis
et al., 1949) as a measurement representing the degree of difference between
the cytoarchitecture of profiles. The Mahalanobis distance was calculated
between the ten features of adjacent profiles by using a sliding window
procedure (Schleicher et al., 1999; Schleicher and Zilles, 1990) encircling every
profile and with blocks consisting of a defined amount of adjacent profiles (10 to
24 profiles per block). The higher the Mahalanobis distance, the higher the
differences of the feature vectors of the compared profiles. Using Hotelling’s T2-
Test with Bonferroni correction unmasked borders located exactly on the centre
of the blocks by providing significant maxima of the distance function of the
different block sizes (Schleicher et al., 1999). It is thereby observer-
independent. The resulting borders were verified by light microscopy. This was
necessary, as e.g. tangential cuts of inner-cortex vessels or cutting or staining
artefacts resulted in an automated border detection and needed to be excluded.

For a graphic overview of the main steps of observer-independent border



detection, see Figure 1. Thus, individual maps highlighting the extent of OP8

and OP9 in each hemisphere in each of the ten examined brains could be

processed (see Figure 2).
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Fig. 1: Cytoarchitectonic border detection between OP8 and OP9

(A) Right lateral brain view, red line marks cutting plane of the corresponding coronal section
(B). (C) Microscopical scan with borders (arrow heads) of OP8, OP9 and adjacent BA45 and
insular cortex (IC). Each third of the scale in the lower left corner measures 1 millimeter in the
original scan. If, lateral fissure; cis, circular insular sulcus. (D) GLI-image of the scan. (E)
Parcellation of the cortex in equidistant profiles. (F) Observer-independent border detection at
profile 129 with corresponding distance function (here for block size 15) and dot blot marking

the most probable border position (G).



rostral

caudal

Fig. 2: Individual evolution of the areas OP8 and OP9 marked on sections in brain 09 in
rostrocaudal direction

Most rostral and most caudal section shifted for better visualisation of the sulci. Right
hemisphere and brain areas not represented in the sections are greyed out. Areal location in the
sections is marked by colours: OP8 red, OP9 green. The lower left corner shows a
reconstruction of the scanned sections of the whole brain from a left lateral view, the white lines
mark the most rostral and most caudal section. Colours mark the different sulci: central sulcus
(dark blue), precentral sulcus / prs (cyan), inferior frontal sulcus / ifs (light blue), lateral fissure /
If (purple), ascending branch of the lateral fissure (dark green), horizontal branch of the lateral
fissure / hif (light green), diagonal sulcus / ds (yellow), triangular sulcus (orange); circular insular

sulcus / cis not visible from a lateral superficial view.

Calculation of areal volumes

Estimation of areal volumes of OP8 and OP9 was done based on delineations
of areas in the digitized sections. The Cavalieri principle (Howard and Reed,
1998; Uylings et al., 1986; Uylings et al., 1999) was applied based on the
formula vV =s - T - x - y - ZA; - F” measuring the volume “V” in mm?3. “s” is the
number of sections between two measuring points (usually 60), “T” is the

thickness of each section (20 um), “x” and “y” are the width and height of a pixel
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in the digitized section (21.16 uym), “ZAi” is the sum of all pixels of the specific
area. “F” is the shrinkage factor of the particular brain for shrinkage corrected
true volume measurement (Amunts et al., 2005). These volumes were then
normalized by building a quotient of the whole brain volume and the corrected
volume. Otherwise, bias would occur due to e.g. the physiologically bigger brain
volume in male humans.

By using a non-parametric pair-wise permutation test (Bludau et al., 2014), the

areas were compared regarding inter-hemispheric and sex differences.

Hierarchical cluster analysis

For each area OP8 and OP9, as well as adjacent BA44, BA45 and BA47,
sample regions consisting of 15 GLI profiles were extracted from 3 different
sections from each hemisphere of each brain, thus resulting in distinct mean
GLI profiles. These profiles were chosen by cytoarchitectonic criteria, i.e.
preferably containing no blood vessels, no artefacts from cutting or staining and
of perpendicular orientation to the cortex. Mean feature vectors were extracted
from the mean GLI profiles (analogue to the extraction of feature vectors for
border detection) of each area per hemisphere and further processed by
calculating the Euclidean distance (ED) and applying the Ward linking method
(Ward jr., 1963). While aforementioned extraction of feature vectors for border
detection was based on the Mahalanobis Distance, which accounts for
individual differences between the areas, we here used the Euclidean distance
as it is independent of intraareal variance (Schleicher et al., 2000; Schleicher et
al., 2005). This procedure resulted in a hierarchical clustering analysis and
thereby a further observer-independent comparison of OP8 and OP9 with their
adjacent areas. It allowed regrouping the areas according to their degree of
cytoarchitectonic similarity and dissimilarity and illustrate this in form of a
dendrogram. The higher the ED and thus the higher the cytoarchitectonic
dissimilarity between areas, the larger the distance between them in the

dendrogram and vice versa for similarity.



3D reconstruction and probability maps

The areal borders were traced in the high resolution scans mentioned above
using in-house software tools. 3D reconstruction was then performed via the
initial individual MRIs of the fixed brains (Amunts et al., 2000; Hémke, 2006).
Afterwards, OP8 and OP9 of all investigated brains were transferred to the
anatomical reference space of the T1-weighted MRI of the single subject
template of the Montreal Neurological Institute (MNI) (Evans et al., 1992; Evans
et al., 1994; Evans et al., 2012) via linear affine and nonlinear elastic
transformation (Evans et al., 1992; Henn et al., 1997; Homke, 2006). Due to the
MNI space slightly shifted out of the reference plain built by the anterior and
posterior commissure (AC-PC plane), alignment was achieved by linear
transformation of the anterior commissure as the reference structure 4 mm
caudally and 5 mm dorsally, thus transferring into the so called “anatomical MNI
space” (Amunts et al., 2005).

The individual maps of the areas were overlapped. Probability maps were
calculated, which quantified the probability of finding an area at a certain
stereotaxic coordinate. From these probability maps, a maximum probability
map (MPM) (Eickhoff et al., 2005; Eickhoff, Heim et al., 2006) was calculated.
Herein, each voxel represents the cortical area found in that exact position with
maximum likelihood.

The centres of gravity of areas OP8 and OP9 in the maximum probability map
were calculated for both hemispheres. These were located in the MNI space as
described above. As most functional studies reported the centres of gravity of
observed activation in the Talairach and Tournoux space, the coordinates were

transformed using a MatLab tool (Brett, 2009, available at http://imaging.mrc-

cbu.cam.ac.uk/ imaging/MniTalairach).

Functional and connectivity analytics
After defining the position of OP8 and OP9 in the MNI reference space, a meta-

analytic connectivity modelling (MACM) was performed using modified
activation likelihood estimation (ALE) (Eickhoff et al., 2009; Eickhoff et al., 2012;
Laird et al., 2005; Turkeltaub et al., 2002) for each voxel to get a clue of their
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possible functions as well as functional connections. This procedure used the

BrainMap database (www.brainmap.org, Fox and Lancaster, 2002), which

stored about 15,500 neuroimaging experiments at the time of demand, and
describes the co-activation of foci in conjunction with OP8 and OP9. The
fundament for the co-activation based analysis were the MPM used as seed
regions. The search was made explicit on coordinates activated within at least
one seed region. Thereby any nomenclature bias by differing naming of areas in
the experiments could be eliminated, as only the coordinates in the Talairach
and Tournoux reference space (Talairach et al., 1997) were used. To avoid bias
of the co-activation data, the selection of studies was restricted in terms of
healthy subjects. Studies investigating individual items (age, sex, handedness,
etc.) were unaccounted for. In addition, only studies using fMRI and PET, as
well as group analysis with at least 8 subjects were used. Our search revealed
noticeably more experiments in the respective left hemisphere than for the right
hemisphere. The number of experiments in detail was: OP8 left 455, OP8 right
299, OPS8 total 651, OP9 left 471, OP9 right 315, OP9 total 713. The sum of an
area’s separate number of experiments does not match the total count, as there
were experiments investigating activation combined in both hemispheric parts of

the specific region.

Behavioral Domains and Paradigm Classes (BDPC)

For each of the experiments the meta-data “Behavioral Domains” (BD) and
“Paradigm Classes” (PC) was stored (Laird et al., 2005). Behavioral Domains
are defined as mental operations (action, cognition, emotion, interoception,
perception) and their subcategories, e.g. action.preparation, cognition.language,
emotion.anxiety, interoception.hunger, perception.somesthesis.pain (for all

behavioral items, see http://www.brainmap.org/taxonomy/behaviors.html) (Fox

et al., 2005). Paradigm Classes are the experimental tasks in each particular
experiment, e.g. drawing, reading, tasting, writing (for all experimental items,

see http://www.brainmap.org/taxonomy/paradigms.html). The frequency of all

BPDC in OP8 and OP9 was compared to their appearance in the whole
database, significantly frequent occurrence determined possible functions of the

areas (Eickhoff et al., 2010). Significance of the local occurrence of a certain
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domain or class was tested by y? test (significance at p < 0.05). If significance
was reached, the over- or under-representation of that domain or class was
assessed by a binomial test (significance at p < 0.05). This test was repeated
for the specific subdivisions of a domain or class. There was done forward as
well as reverse characterization. The forward analysis tests whether a given
task produces activation in the seed region more likely than activation per se.
Reverse analysis tests whether activation in the seed region produces the task

— behavioural domain or paradigm class — in question.

Meta-analytic connectivity modelling (MACM)

Possible functional connectivity was analysed by meta-analytic connectivity
modelling (MACM) (Eickhoff et al., 2010; Laird et al., 2009). Each seed-voxel
was tested for its connectivity with all other voxels of the brain. The BrainMap
database was filtered for experiments that described activation in the above
gathered stereotaxic coordinates of OP8 and OP9. These were then tested for
consentaneous activation between each other by comparing their ALE scores to
a null-distribution reflecting the random spatial uncertainty of each focus. Ergo
the voxels within the seed region itself showed highest accordance, while
accordance above chance in other brain regions suggested significant co-
activation. Statistical certainty in terms of avoiding coincidental accumulation
was achieved by testing these results against a null-distribution (Eickhoff et al.,
2009; Eickhoff et al., 2012). Additionally, the results were corrected for multiple
comparisons by applying the false discovery rate (FDR) (Laird et al., 2005).
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Results

Two new areas based on an independent cytoarchitectonic mapping approach
were defined, OP8 and OP9 in accordance to the previous identification based
on receptor architectonic mapping (Amunts et al., 2010). Areas OP8 and OP9
were located in the depth of the frontal part of the lateral fissure (/f), ventrally
neighbouring delineated areas BA44 at the opercular part and BA45 at the
triangular part of the inferior frontal gyrus (Amunts et al., 1999; Amunts et al.,
2010).

Cytoarchitectonic description of OP8 and OP9

Area OP8 has a dense but narrow lamina Il, which presents as a dark stripe in
the cortical ribbon. The transition of lamina Il to Ill is sharp. Upper and mid
lamina Il are less dense than deep Il with small to medium large pyramidal
cells. In contrast, deep lll has medium large prominent pyramidal cells. Lamina
IV is narrow and thus sparse of granular cells, but still well visible and
distinguishable as a ribbon separating lamina Il and V. This characterizes OP8
as a dysgranular area. The infragranular lamina V has slightly prominent
pyramidal cells in its upper subregion, while mid and deep V are less dense
packed and thus appear more bright. Lamina VI again is more dense than
lamina V, which enhances the contrast of a bright stripe of mid and deep V
surrounded by darker upper lamina V and lamina VI. The transition of lamina VI
to the white matter is mostly sharp. Only slight lamination (a distinguishable
horizontal arrangement of cells within the laminae and thus producing the
optical effect of building diffuse sublaminae) and slight visibility of columns (a
distinguishable vertical arrangement of cells within the laminae und thus
producing the optical effect of building columns/pillars; Buxhoeveden et al.,
2000) can be seen.

Area OP9 also has a dense layer Il and a sharp transition of lamina Il to Ill.
Upper and mid lamina lIl are far brighter due to less dense cell packaging. Alike
OP8, deep lamina Ill has medium large prominent pyramidal cells. These seem

more dominant than in OP8 because of the less dense upper and mid lamina Ill.
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Lamina IV is a little bit more sparsely on granular cells than OP8 and narrow
and only difficult to define, thus also classifying OP9 as dysgranular. Lamina V
has only few prominent pyramidal cells in its upper subregion. Mid and deep
lamina V consist of mostly granular cells and are similarly brightly packed as
upper and mid lamina lll, thus resulting in a bright ribbon under the deep section
built by deep Ill and IV. Lamina VI consists of humerous small granular and
pyramidal cells. The transition to the white matter is rather blurred. No distinct

lamination or visibility of columns can be discriminated.

Both OP8 and OP9 are dysgranular areas, i.e. lamina |V is visible, but not that
prominent as in granular BA45. Lamina IV is better visible in OP8 than in OP9,
appearing as a ribbon separating laminae Ill and V. The ratio of supragranular
lamina Il and infragranular layer V is in favour of lamina Ill in both areas —
corresponding to their adjoining areas (Amunts et al., 1999; Amunts et al.,
2010). They commonly show medium large prominent pyramidal cells in deep
lamina Ill. They especially differ in a bright lamina VI in OP8 versus a quite
dense packed lamina VI in OP9. Furthermore, the slight lamination and visibility
of columns of OP8 can’t be seen in OP9 where all transitions are more or less

diffuse.

The main criteria for identifying OP8 vs. BA44 is a slightly more dense lamina llI
with smaller pyramidal cells in deep Ill, the dysgranular IV which is visible as a
fine thin ribbon and a less dense lamina V and VI with a more sharp border to

the white matter.

OP9 and BA45 can be distinguished by a slightly more dense lamina Ill with
smaller pyramidal cells, dysgranular lamina 1V, only rarely prominent pyramidal

cells in upper lamina V and a more sharp border to the white matter.

For an overview and comparison of the cytoarchitectonic features of OP8, OP9
and their adjoining areas OP6, OP7, OP10, BA44, BA45 and the unmapped

area laterally of OP9 adjacent in the sulcus, see Table 2.
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Lamina OP8 OP9
] density narrow, slightly dark stripe - less than OP8/BA44
- less than OP6/OP7/BA45 - similar to OP10
- similar to BA44 - more than BA45/unmapped area
- more than OP9 laterally adjacent in the sulcus
- much more than insula - much more than insula
l=>1l sharp sharp
1] ulll/mill ulll & mlil less dense than dlli consistent density
density overall density - less than OP8/unmapped area
- less than OP7/BA44/BA45 laterally adjacent in the sulcus
- similar to OP6 - more than OP10/BA44/BA45/
- more than OP9/insula insula
dill medium large prominent PC medium large prominent PC
- smaller than OP7/BA44/BA45 - less and smaller than
- similar to OP6/OP9 BA44/BA45
- much more than insula - similar to OP8
- more prominent than OP10/
unmapped area laterally
adjacent in the sulcus/insula
IV  granularity dysgranular dysgranular
- less dense than OP6/OP7/BA44/ - similar to OP8/OP10
BA45 interstratified with small PC
- similar to OP9
- much more dense than insula
interstratified with small PC
conspicuity  well visible ribbon moderately visible ribbon
- less than BA44/BA45 - less than OP8/OP10/BA44/
- similar to OP6/OP7 BA45
- more than OP9, much more than - similar to unmapped area
insula laterally adjacent in the sulcus
- much more than insula
\' uv slightly prominent PC slightly prominent PC

- less than OP6, much less than
OP7

- similar to OP9/BA45

- more than BA44

- less than OP10/BA44/BA45

- similar to OP8/unmapped area
laterally adjacent in the
sulcus/insula

15




slightly dark stripe

mV/dV bright bright
- less dense than OP6/OP7/BA44/ - less dense than BA44/BA45/
BA45 unmapped area laterally
- similar to OP9 adjacent in the sulcus/insula
- more dense than insula - similar to OP8
- more dense than OP10
\'/ density bright dense
- less dense than OP6/OP9 - less dense than BA44
- similar to OP7/BA45 - similar to BA45
- more dense than BA44/insula - more dense but smaller cells
than in OP8, more dense than
OP10/unmapped area laterally
adjacent in the sulcus/ insula
VI=>wm quite sharp blurred
- similar to OP7/BA45/insula - less sharp than OP8
- more sharp than OP6/OP9/BA44 - similar to BA44/insula
- more sharp than OP10/BA45
Lamination slightly almost not visible, mostly blurred
- less than B44/BA45 transition of laminae
- similar to OP6/OP7 - less than OP8/BA44/BA45/
- more than OP9/insula insula
- similar to OP10/unmapped area
laterally adjacent in the sulcus
Visibility of slightly almost not visible
columns - less than OP7/BA44/BA45 - less than OP8/BA44/BA45/
- similar to OP6 insula

- more than OP9/insula

- similar to OP10/unmapped area

laterally adjacent in the sulcus

Visual contrast

Il as dark ribbon, 1l-uV as noticeably
dark ribbon

Il & dlll & VI as noticeably dark

ribbons

Table 2: Cytoarchitectonic features of OP8 and OP9 and their discrimination from

particularly adjoining areas

The ratio of supragranular layers (lll) to infragranular layers (V) is in favour of Ill in all areas. PC,

pyramidal cells; //=>/Il, border between lamina Il and lll; ulll / uV, upper part of lamina /Il / V;

mlll / mV, mid part of lamina Il / V; dlll / dV, deep part of lamina I/l / V; wm, white matter;

VI=>wm, border between lamina VI and white matter
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For samples of the borders of the delineated areas with their neighbouring
areas, see Figures 3-13. The microscopical scans were rotated where
necessary and possible to standardize lamina | being the topmost lamina and
the white matter being the lowermost subject. Areas BA44, BA45 and the yet
uncharted area lateral of OP9 are located on the lateral brain surface, while
areas OPG till OP10 (not yet mapped) are located in the depth of the circular

insular sulcus.
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Fig. 3: Cytoarchitectonic border of OP8 and OP9 (A) with automatic border detection and
dot blot illustrating the position of significant peaks (profile index) plotted against the
block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is less dense,
and mid lamina Il is more dense in OP8 than in OP9. Large pyramidal cells in both areas in
deep lll. Lamina IV is better visible in OP8, both areas are dysgranular. Lamina VI is brighter in
OP8 while densly packed in OP9. Lamination and visibility of columns is more distinct in OP8.
(B) Inverted GLI image after automatic border detection. Significant borders are shown as pink
lines, together with the corresponding profile number, at which the border is found (profile 111
for border OP8 < OP9 and profile 191 for border OP9 < insula). (C) Dot blot with block sizes
(ordinate) and profile index (abscissa). Dots indicate the profile index, at which the Mahalanobis

distance was significant.
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Fig. 4: Cytoarchitectonic border of OP8 and BA44 (A) with automatic border detection
and dot blot illustrating the position of significant peaks (profile index) plotted against

the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Ill and V are less
dense in OP8. Lamina IV is well visible in both areas, both areas are dysgranular. The transition
of lamina VI to the white matter is more sharp in OP8. Lamination and visibility of columns are
less distinct in OP8. (B) Inverted GLI image after automatic border detection. Significant borders
are shown as pink lines, together with the corresponding profile number, at which the border is
found. (C) Dot blot with block sizes (ordinate) and profile index (abscissa). Dots indicate the

profile index, at which the Mahalanobis distance was significant.
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Fig. 5: Cytoarchitectonic border of OP8 and BA45 (A) with automatic border detection
and dot blot illustrating the position of significant peaks (profile index) plotted against
the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is less dense in
OP8, while pyramidal cells are bigger and more prominent in BA45. Lamina IV is more narrow,
less dense and less interspersed with pyramidal cells in OP8. Lamination and visibility of
columns are less distinct in OP8. (B) Inverted GLI image after automatic border detection.
Significant borders are shown as pink lines, together with the corresponding profile number, at
which the border is found. (C) Dot blot with block sizes (ordinate) and profile index (abscissa).

Dots indicate the profile index, at which the Mahalanobis distance was significant.
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Fig. 6: Cytoarchitectonic border of OP8 and OP6 (A) with automatic border detection and dot blot illustrating the position of significant peaks

N YY Y

(profile index) plotted against the block size
Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is less dense in OP8. Lamina IV is less dense in OP8, both areas are

dysgranular. Lamina V is less dense and with less prominent pyramidal cells in upper V in OP8. (B) Inverted GLI image after automatic border detection.
Significant borders are shown as pink lines, together with the corresponding profile number, at which the border is found. (C) Dot blot with block sizes

(ordinate) and profile index (abscissa). Dots indicate the profile index, at which the Mahalanobis distance was significant. There was no significant border

N found at profile 19.
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Fig. 7: Cytoarchitectonic border of OP8 and OP7 (A) with automatic border detection and
dot blot illustrating the position of significant peaks (profile index) plotted against the
block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is less dense in
OP8. Deep lamina Ill has less prominent pyramidal cells in OP8. Lamina IV is slightly less
dense in OP8, both areas are dysgranular. Upper lamina V has less prominent pyramidal cells
and mid V is less dense in OP8. Visibility of columns is less obvious in OP8. (B) Inverted GLI
image after automatic border detection. Significant borders are shown as pink lines, together
with the corresponding profile number, at which the border is found. (C) Dot blot with block sizes
(ordinate) and profile index (abscissa). Dots indicate the profile index, at which the Mahalanobis

distance was significant.
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Fig. 8: Cytoarchitectonic border of OP8 and the insula (A) with automatic border
detection and dot blot illustrating the position of significant peaks (profile index) plotted
against the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is more dense in
OP8, while almost not distinguishable in the insula. Lamina Ill has more prominent pyramidal
cells in deep Ill in OP8, while there are almost none in the insula. OP8 is dysgranular, the insula
is almost agranular. Lamination and visibility of columns is more distinct in OP8. (B) Inverted
GLI image after automatic border detection. Significant borders are shown as pink lines,
together with the corresponding profile number, at which the border is found. (C) Dot blot with
block sizes (ordinate) and profile index (abscissa). Dots indicate the profile index, at which the

Mahalanobis distance was significant. There was no significant border at profile 69 and 122.
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Fig. 9: Cytoarchitectonic border of OP9 and BA44 (A) with automatic border detection
and dot blot illustrating the position of significant peaks (profile index) plotted against
the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Ill is more dense in
OP9, but pyramidal cells are bigger and more prominent in BA44. Lamina IV is less dense in
OP9. Lamina V is slightly less dense in OP9, both areas have prominent pyramidal cells in
upper V. Almost no lamination and visibility of columns in OP9 in contrast to BA44. (B) Inverted
GLI image after automatic border detection. Significant borders are shown as pink lines,
together with the corresponding profile number, at which the border is found. (C) Dot blot with
block sizes (ordinate) and profile index (abscissa). Dots indicate the profile index, at which the

Mahalanobis distance was significant. There was no significant border at profile 20.
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Fig. 10: Cytoarchitectonic border of OP9 and BA45 (A) with automatic border detection
and dot blot illustrating the position of significant peaks (profile index) plotted against
the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is more
consistently dense in OP9, while pyramidal cells are bigger and more prominent in BA45.
Lamina IV is less dense in OP9, while well visible and dense in BA45 being a granular area.
Lamina V is less dense in OP9 with less prominent pyramidal cells in upper V. Lamination and
visibility of columns is almost non-existent in OP9 while well visible in BA45. (B) Inverted GLI
image after automatic border detection. Significant borders are shown as pink lines, together
with the corresponding profile number, at which the border is found. (C) Dot blot with block sizes
(ordinate) and profile index (abscissa). Dots indicate the profile index, at which the Mahalanobis

distance was significant.
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Fig. 11: Cytoarchitectonic border of OP9 and unmapped area lateral of OP9 (A) with
automatic border detection and dot blot illustrating the position of significant peaks
(profile index) plotted against the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that lamina Il is more dense in
OP9. Pyramidal cells are bigger and more prominent in the latearl area. Lamina IV is thin in
both areas. Lamina V is less dense in OP9, both lack prominent pyramidal cells in upper V.
Lamina VI is more dense in OP9 with a sharper transition to the white matter. (B) Inverted GLI
image after automatic border detection. Significant borders are shown as pink lines, together
with the corresponding profile number, at which the border is found. (C) Dot blot with block sizes
(ordinate) and profile index (abscissa). Dots indicate the profile index, at which the Mahalanobis

distance was significant.
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Fig. 12: Cytoarchitectonic border of OP9 and OP10 (A) with automatic border detection
and dot blot illustrating the position of significant peaks (profile index) plotted against
the block size

Roman numbers mark the laminae. Scale 1 mm per third. Notice that mid lamina Ill is more
dense and pyramidal cells in deep lll are more prominent in OP9. While both areas are
dysgranular, lamina IV is more visible as a ribbon in OP10. Lamina V is more dense in OP9 with
less slightly prominent pyramidal cells in upper V in OP9 (thus the impression of a ribbon by
lamina IV in OP10). Lamina VI is more dense with a slightly more sharp transition to the white
matter in OP9. (B) Inverted GLI image after automatic border detection. Significant borders are
shown as pink lines, together with the corresponding profile number, at which the border is
found. (C) Dot blot with block sizes (ordinate) and profile index (abscissa). Dots indicate the
profile index, at which the Mahalanobis distance was significant. Significant border at profile 36

(lateral border of OP9) not in this display.
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Fig. 13: Cytoarchitectonic border of OP9 and the insula (A) with automatic border detection and dot blot illustrating the position of significant

3215 )o0|g

peaks (profile index) plotted against the block size.

Roman numbers mark the laminae. Scale 1 mm per third. Notice that deep lamina Il has prominent pyramidal cells in OP9, while there are almost none in the
insula. Lamina IV is not visible in the insula, while OP9 is a dysgranular area. Lamina V is less dense in OP9. Lamina VI is more dense in OP9 with blurred
transition to the white matter. (B) Inverted GLI image after automatic border detection. Significant borders are shown as pink lines, together with the
corresponding profile number, at which the border is found. (C) Dot blot with block sizes (ordinate) and profile index (abscissa). Dots indicate the profile index,

at which the Mahalanobis distance was significant. Significant border at profile 68 (lateral border of OP9) not in this display.



Correlation with anatomical landmarks and neighbouring areas

OP8 is located more caudally than area OP9 in the frontal operculum. They
both primarily follow the depth of the lateral fissure, lateral to the insular cortex.
OP8 is medially directly adjacent to BA44, OP9 to BA45 respectively. In one
brain, OP9 is laterally bordering to a yet unmapped area for a distance of 2.4
mm (see Figure 11). OP8 does not directly border previously defined OP1-4
(Eickhoff, Schleicher et al., 2006), which are situated in the parietal operculum.
The gap in between comprises two areas of current further research, i.e. OP6
and OP7. OP8 caudolaterally adjoins both OP6 and OP7. In addition to areas
OP6 and OP7, there is a further area rostrally bordering OP9, which was named
OP10 and is alike subject of further research. Both OP8 and OP9 are medially
adjoined by the insular cortex. They don’t exceed the curvature of the transition
of the opercular gyrus and the insular gyrus. The insular cortex rostroventrally
medially adjoining OP9 is partially the anterior dorsal insula (lad7). Except for 2
sections in all 10 investigated brains, OP8 and OP9 never reached the free
lateral brain surface. In these two sections, left OP8 is slightly superficial, but
still inside the sulcus on a more spacious part of the gyrus. Indirect landmarks
can be used to estimate the extent of both areas from a lateral superficial view
(see Table 3, Figure 14).

area border location landmark area border location landmark

OP8 left caudal iprs OP8 right caudal iprs
OP8 left rostral alf/hif OP8 right rostral alf/hif
OP9 left caudal ds/alf OP9 right caudal alffiprs
OP9 left rostral end of ts/ds | OP9 right rostral end of ts/ds

Table 3: Indirect landmarks for estimation of the extent of OP8 and OP9 from lateral view
of an intact brain surface

The landmarks are meant to be the projected borders of the areas, i.e. do not claim to be direct
correlates of the borders, but their appearance in transversal plain roughly correlates to the
extent of the area. Note, that the caudal surrogate border of right OP8 (iprs) in this table is
different to that shown in Figure 2 (central sulcus), as this table is based on comparison of all
10 investigated brains and lists those borders most frequently found. alf, ascending branch of
the lateral fissure; ds, diagonal sulcus; hlf, horizontal branch of the lateral fissure; iprs, inferior

precentral sulcus; ts, triangular sulcus.
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Fig. 14: Reference brain from a lateral view showing OP8 and OP9 in their extent
according to the full probability map ranging from 0% to 100%

Sulci are colour-coded according to the labelling by Tzourio-Mazoyer et al., 2002 — divergence
in right lateral view, where we name the vertical sulcus rostral of the precentral sulcus as
triangular sulcus and not as part of the ascending branch of the lateral fissure. The triangular
sulcus is not named in that publication. Where the areas seem to cross over to the temporal
gyrus, this is due to superposition, as they both solely extent in the depth of the circular insular

sulcus and do not meet the free surface.

Volumes of OP8 and OP9

In 50% of the 10 investigated brains, OP8 is larger in the left hemisphere than in

the right hemisphere. There were substantial variations in volume, especially in
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OP8 of the left hemisphere, ranging from 209 mm? up to 1084 mm?3. Comparing
shrinkage corrected mean areal volumes of all brains, OP8 is of larger volume
in the right hemisphere than in the left hemisphere. Yet, these volume
differences did not reach significance after normalization (p>0.05). In 60% of all
individual brains, left OP9 is larger than the contralateral area. This is approved
by comparison of the bilateral mean areal volumes. Comparable to OP8, these
differences also did not reach significance after normalization (p>0.05).

The mean total volume of OP8 is about 1.49 times larger than OP9. For the
volumes of area OP8 and OP9 in each investigated brain after volume

correction, as well as the median volumes of both areas, see Table 4 A and B.

Shrinkage corrected volumes [mm?]

Brain Shrinkage

OPS8 left | OP8 right | OP9 left | OP9 right
code factor
1 w 645 563 320 297

1.7
2 m 2.0 590 866 703 370
3 m 2.0 1084 1083 653 420
4 m 1.9 589 929 623 646
5 w 2.2 553 744 913 579
6 m 2.5 1066 1055 713 263
7 m 2.3 764 335 321 359
8 w 1.9 748 591 511 462
9 w 15 209 919 665 714
10 w 1.7 565 840 176 199

Table 4A: Corrected volumes of OP8 and OP9 of each hemisphere in each of the 10
investigated brains after shrinkage correction
Based on the individual shrinkage factor of each brain. w, female; m, male
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OPS left 681 256
OPS right 792 236
OPS total 737 247

OP?9 left 560 225
OPS right 431 169
OP9 total 495 205

Table 4B: Mean areal volumes of OP8 and OP9
SD, standard deviation

There were no significant differences found (p>0.05) after applying pairwise
permutation test for comparison of volume differences regarding region and
hemisphere. When normalized as percentage of the standardized total brain
volume, left OP8 takes 0.53% vs. 0.63% on the right hemisphere, resulting in
p=0.25. Left OP9 takes 0.45% vs. 0.35% on the right, thus p=0.1. When
comparing the areal volumes regarding gender for single hemispheres or in
between those, as well as gender dependence of total areal volume in both

hemispheres, there were also no significant differences measured (p>0.05).

Cytoarchitectonic dependency by hierarchical cluster analysis

The dendrogram of the hierarchical cluster analysis (see Figure 15) shows a
high similarity of areas OP8 and OP9, as they cluster together. Furthermore,
BA44 and BA45 build a cluster. BA47, which was included in this analysis as an
area related to and caudally bordering BA45, builds a separate group. Yet, the
smaller Euclidean distance of the frontal opercular areas to BA47 compared to
the “classical Broca’'s areas” BA44 and BA45 suggests a higher

cytoarchitectonic similarity despite the lack of a true cortical border.
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Fig. 15: Dendrogram of the hierarchical cluster analysis

Areas OP8 and and their already delineated adjacent areas , BA45 and BAA47, are
partitioned by their respective hemispheres (L = left hemisphere, R = right hemisphere).

The smaller the Euclidean distance, the higher the cytoarchitectonic similarity. Notice the frontal
opercular areas OP8 and OP9 clustering together. Furthermore “classical Broca’'s areas” BA44
and BA45 build a separate cluster. BA47, while not directly adjacent to OP8 and OP9, has a
higher cytoarchitectonic similarity to the frontal opercular areas expressed in the smaller

Euclidean distance than Broca’s areas.

Probability in stereotaxic space

Probabilistic maps represent the colour-coded areal overlapping and thus
indicate inter-individual variability. Red colour denotes maximum probability of
finding the specific area in that exact voxel. The colour scale ranges over green
for medium probability to purple for lowest probability. See Figure 16 for the
probability map of OP8 and Figure 17 for OP9.
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Fig. 16: Probability map of area OP8 normalized to the MNI reference brain in coronal
sections

Colours code the probability of finding the area in that exact voxel, originating from the
overlapping of the area in all 10 investigated brains. Red marks highest probability (100%),
purple marks lowest probability (10%). White numbers indicate y-coordinates in MNI space, red

and green lines cross in the zero-point.
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Fig- 17: Probability map of area OP9 normalized to the MNI reference brain in coronal
sections

Colours code the probability of finding the area in that exact voxel, originating from the
overlapping of the area in all 10 investigated brains. Red marks highest probability (100%),
purple marks lowest probability (10%). White numbers indicate y-coordinates in MNI space, red

and green lines cross in the zero-point.
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The maximum probability map combines the individual probabilistic maps and
assigns a specific cortical area to each voxel where it can be found with
maximum likelihood. For the full probability 3D render of OP8 and OP9 ranging
from 0% to 100% probability, see Figure 14, where it was already shown to

illustrate indirect anatomical landmarks for the extent of OP8 and OP9.

Based on the maximum probability map, the centres of gravity of both areas
were calculated for both hemispheres. Figure 18 shows the coordinates of
these centres of gravity in MNI space, as well as in the Talairach and Tournoux
space after transformation for easier comparison with the centres of gravity of

activations as reported in functional studies.

T T v [ ]
e | oo | e | s |

OP8 right Coordinates of the centre of gravity
- x Ly
| MNispace | 4361 17,67
Talairach space 39,38 14,47
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OP9 left Coordinates of the centre of gravity
I T T

Fig. 18: Coordinates of the centres of gravity of OP8 and OP9 based on the maximum
probability map, visualised in MNI space, and coordinates after conversion into the
Talairach and Tournoux space

The MRI scans below each coordinate show the crosshair pointing at the centre of gravity in

MNI space in a sagittal, coronal and horizontal plane on the colin27 template.

Functional attribution and co-activation analysis by meta-

analytic connectivity modelling

The areal locations according to the probability maps were used as seed
regions to investigate possible functions of the areas OP8 and OP9 by meta-
analytic connectivity modelling (MACM). The results of this analysis for OP8
and OP9 regarding both hemispheres can be seen in Figure 19 and Figure 20.
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There are listed all relevant Behavioural Domains (BD) and Paradigm Classes
(PC). The top row shows the most common BD, the bottom row shows the most
common PC. The left column lists the likelihood ratio, that activity in the specific
area produces the particular BD or PC. The right column lists the probability that
executing the particular BD or PC will create activation in the specific area. Full
coloured bars mark those items that remain after correction by false discovery
rate (FDR) for multiple comparisons, while paled coloured bars mark the
uncorrected items. The most significant conjunctions and contrasts of the BD
and PC of OP8 and OP9 are shown in Figure 21 and Figure 22.
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Fig. 19: Functional attribution of OP8 according to MACM analysis, regarding both hemispheres
Top row: most common BD; bottom row: most common PC; left column: likelihood ratio that activity in OP8 generates the BD/PC; right column: probability that

& the BD/PC will produce activation in OP8; full colour bars indicate remaining BD and PC after correction by FDR (false discovery rate).
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Fig. 20: Functional attribution of OP9 according to MACM analysis, regarding both hemispheres
Top row: most common BD; bottom row: most common PC; left column: likelihood ratio that activity in OP9 generates the BD/PC; right column: probability that

& the BD/PC will produce activation in OP9; full colour bars indicate remaining BD and PC after correction by FDR (false discovery rate).
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Fig. 21: Probability of activation of OP8 and OP9 by a given task according to forward
inference of MACM analysis

Top row: most common BD; bottom row: most common PC; left column: likelihood ratio that
activity in OP8 and OP9 generates the BD/PC; right column: probability that the BD/PC will
produce activation in OP8 and OP9.

Activity in OP8 together with OP9 will produce language processing involving syntax, semantics
or covert word generation more likely than other Behavioral Domains or Paradigm Classes.
Similarly, activation is more likely observed in OP8 together with OP9, when similar Behavioral

Domains — but speech instead of syntax — and Paradigm Classes are performed.
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Fig. 22: Probability of inducing a task by activation of OP8 and OP9 according to reverse inference of MACM analysis

Top row: most common BD; bottom row: most common PC; left column: likelihood ratio that activity in OP8 and OP9 generates the BD/PC; right column:
probability that the BD/PC will produce activation in OP8 and OP9.

OP8 rather induces action execution and pain perception and discrimination than OP9, while activation in OP9 more likely leads to language and memory

5 operations. Note, that these last categories are only used, when the underlying experiments cannot be grouped in further subdomains.



The main PC for OP8 are covert word generation, thus a linguistic item, and
pain discrimination and taste. Comparing the BDPC inter-hemispherically,
language function is preliminarily executed by the left OP8, while the right one is
more responsible for pain perception and discrimination. Taste is represented in

both hemispheres.

OP9 is also involved in language processing regarding primarily syntax and
semantics, but also phonology and speech. Like OP8, the PC also embrace
covert word generation, additionally also overt word generation as well as
phonological and semantic discrimination. Left OP9 is, alike left OPS,
responsible for the language functions, whereas right OP9 is mainly responsible
for the behavioural domain of pain perception and the temporal relation of

events.

Areas OP8 and OP9 both participate in syntactic and semantic language
processing, as well as covert word generation. In contrast to that, OP8 is more
involved in action execution (other than speech) and pain perception, while OP9

is more involved in phonological and encoding tasks.

Analysis for co-activation showed comparable co-activations for OP8 and OP9
in both hemispheres (see Figure 23). As expected, activation is shown in the
frontal operculum, representing both areas themselves. Further distinct
activation could be found in the “classical Broca’s areas” (Broca, 1861) in the
pars opercularis and triangularis of the inferior frontal gyrus, BA44 and BA45
(Amunts et al., 1999; Amunts et al., 2004). In small parts the co-activation
reaches BAG in the mid frontal gyrus (Geyer et al., 2004). In the parietal cortex,
a small rostral part of the anterior parietal cortex representing BA1 (Geyer et al.,
1999; Geyer et al., 2000) and of the inferior parietal cortex representing areas
PF, PFt, PGa, PFm in the left hemisphere, respectively PGa and PFm in the
right hemisphere (Caspers et al., 2006; Caspers et al., 2008) are co-activated.
Especially in the left hemisphere of the superior temporal gyrus, co-activation
can be found in regions represented by the caudal portions of area TE1.0,
TE1.1 and TE1.2 (Morosan et al., 2001; Rademacher et al., 2001), forming
BA41, and adjacent BA42. And finally co-activation can be observed in the

caudal parts of the inferior temporal gyrus and partly fusiform gyrus,
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represented mainly by BA37, as well as bihemispheric anterior lobe of the

cerebellum.

left caudal - R S right caudal

Fig. 23: 3D render of the co-activations of OP8 and OP9

Co-activations are shown as red areas, calculated by using meta-analytic connectivity modelling
(MACM). Renderings in the middle column are shown from rostral (at the top), parietal (middle)
and caudal (bottom), other views as depicted. Numbers decode the gyri at the specific location
as follows:

1: gyrus frontalis superior; 2: gyrus frontalis medius; 3: gyrus frontalis inferior, pars triangularis;
4: gyrus frontalis inferior, pars opercularis; 5: gyrus temporalis superior; 6: gyrus praecentralis;

7: gyrus parietalis superior; 8: gyrus temporalis inferior; 9: lobus anterior cerebelli
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Discussion

The observer-independent delineation of OP8 and OP9 reveals two new areas
in the frontal operculum that have not been mapped before using a
cytoarchitectonic approach. The present study depicts the laminar organization
of OP8 and OP9. They are both dysgranular areas with a narrow, but distinctive
lamina IV. Furthermore, there are few fairly prominent, mid-large pyramidal cells
in lower lamina Il and upper lamina V. Both areas could be verified in both
hemispheres on the inside of the circular insular sulcus, without ever migrating
over to the insular gyrus, and rarely reaching the lateral free cortical surface.
Furthermore, we could prove their direct neighbourhood to “classical Broca’s
areas” BA44 and BA45, as shown in a previous study based on receptor
autoradiography (Amunts et al., 2010). Yet, their location, their hierarchical
relations and their cortical symmetry contradict a strictly language related

function.

Comparison with brain maps of Brodmann and Economo &

Koskinas

Korbinian Brodmann used a light microscope and examined a single
hemisphere of a single brain (Brodmann, 1909) to establish his famous map of
cortical areas - nevertheless a revolutionary achievement in his period. In
contrast to that, the main advantage of the now applied technique is the use of
multiple probes and modern, observer-independent methods to reach statistical
significance and universal validity. The methodical obstacles of the past may
explain the obvious white spot that Brodmann left in his brain map in the depth
of the lateral fissure. There is no sufficient description of areas in the depth of
the sulci, especially in the depth of the lateral fissure and adjoining circular
insular sulcus, in such necessary detail as now revealed. His BA43 is located
on the Rolandic operculum at the ventral ending of the central sulcus. The
rostral border is located at the anterior subcentral sulcus (BAG6), the caudal and
dorsal border is built by the posterior subcentral sulcus and the transition to
BA40 (Area supramarginalis). This BA43 is described as extending on the inner

side of the operculum and thus adjoining the insular cortex. The
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cytoarchitecture of this area is “retrocentral”, thus containing a clear lamina IV
and absent of giant pyramidal cells (Brodmann, 1909). The area rostral of BA43
and ventral of BA44 and BA45 is left undefined. According to our findings, the
now delineated areas OP8 and OP9, located in the depth of the frontal
operculum, ventromedial of BA44 and BA45, in their caudal extent match the
rostral ending of BA43 and in their remaining dimension fill the non-described
white spot, as his cytoarchitectonic characterization is comparable with our
description of OP8 and OP9.

In the brain map of Economo and Koskinas (Economo and Koskinas, 1925), the
equivalents of OP8 and OP9 are mainly located in the ventral parts of FCDop
(Area frontalis intermedio granularis in operculo) and FDop (Area frontalis
granularis in operculo), while they rostrally extend to FF (Area orbitalis) and
caudally to FBop (Area frontalis agranularis in operculo). The microscopical
description, especially of FCDop, by Economo and Koskinas correlates to our
findings of OP8 and OP9, as they are described as slightly granular areas in
transition from the adjacent agranular to more granular areas (Economo and
Koskinas, 1925). Lamina Il in those areas is described as broad and in its deep
part packed with prominent large pyramidal cells, similar to upper lamina V. The
latter one is then significantly lighter in its middle and deep parts. These
descriptions match both areas OP8 and OP9 with slight, but distinguishable
differences in cell density, distribution and dimension. Lamina IV is described to
be interstratified with small pyramidal cells by Economo and Koskinas, which is
also true for OP8 and OP9. Furthermore this lamina becomes better
distinguishable in its more rostral location, thus matching our description of area
OP9.

We can now provide advanced maps of areas OP8 and OP9 in the frontal
operculum, which do not only enhance spatial details in terms of high resolution,
but are also transferrable into the three dimensional room. Furthermore, they
can be used as subject of further MACM analysis to reveal their role in brain

processes and their co-activation with further brain regions.
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Integration of cytoarchitectonic delineation into functional
imaging analysis

As imaging modalities like fMRI and PET-CT are easily capable of illustrating
the depth of sulci and define cortical characteristics, they still have a limitation in
image resolution. Contrariwise, cytoarchitecture based areal delineation lacks
information about distinctive areal function. Thus, these cytoarchitectonic maps
can serve as the fundament of spatial and thus areal assignment of activation in
fMRI or other functional imaging modalities. Our digitization resolution of 1.02
pm / pixel is about 100 times higher than that of a state of the art 11.75 Tesla
MRI at about 100 ym / pixel. Thus, functional studies using current fMRI and
PET-CT are inferior to further distinguish the cortical layers and provide the
microstructural organization and areal subdivision of cortex in a proper quality
comparable to light microscopy. There are many studies using these neuro-
imaging techniques decoding the functional attribution of the FOP as a
consortium of multiple areas, and thus potentially of therein enclosed areas
OP8 and OP9. They attest primarily language related function, which was
confirmed by our meta-analysis. As MACM can only serve as a vague indicator
of areal functions, the following discussion of functional areal attribution is

mostly done by reviewing single functional studies.

Connection of the FOP to other language related areas

The inferior frontal gyrus (IFG) can be subdivided into different subregions
based on diffusion-based imaging and subsequent tractography by
distinguishing cortical areas by their fibre-connections within the white matter
(Anwander et al., 2007), including the FOP. Another subregion is built by BA44,
as well as BA45 combined with BA47. These regions connect to different areas
by a dorsal and a ventral pathway, resulting in several language related
networks. The FOP is connected to the anterior superior temporal cortex via the
uncinate fasciculus (Anwander et al., 2007; Friederici, Bahlmann et al., 2006;
Hua et al., 2009; Thiebaut de Schotten et al., 2012). This part of the ventral
pathway processes basic syntax, thus building a “ventral syntactic network”

(Friederici and Chomsky, 2017). The more complex syntax is processed by a
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“dorsal syntactic network” (Friederici and Chomsky, 2017) connecting BA44 of
the inferior frontal gyrus with the posterior superior temporal cortex via the
arcuate fasciculus and a minor part of the superior longitudinal fasciculus
(Friederici, 2011) as a part of the dorsal pathway (Perani et al., 2011). For the
sake of completeness, the other two parts of the ventral and dorsal pathway
may be mentioned as well, as they differ in their functional attribution. The
dorsal pathway connects the posterior temporal cortex via the superior
longitudinal fasciculus and a minor part of the arcuate fasciculus with the
premotor cortex in the inferior parietal lobe, as it is relevant for sensory-to-motor
mapping and thus for repetition of someone’s speech (Saur et al., 2008). The
ventral pathway connects BA45 and BA47 with the superior and middle
temporal, as well as the occipital cortex, via the inferior fronto-occipital
fasciculus, which equals the extreme capsule fibre system. This is relevant for
semantic processing and thematic role assignment (Dapretto and Bookheimer,
1999; Friederici and Chomsky, 2017; Hagoort and Indefrey, 2014; Thompson-
Schill et al., 1997).

Similar results have been proven by comparison of their receptor architecture.
OP8 and OP9 showed much similarity in their receptor distribution pattern
(Amunts et al., 2010). As postulated in other receptor autoradiography studies,
areas with similar receptor distribution patterns process similar tasks (Zilles and
Amunts, 2009; Zilles, Palomero-Gallagher et al., 2002). Hierarchical cluster
analysis based on receptor analysis showed clusters of OP8 and OP9, which
were different from another cluster, including BA44 and BA45 (Amunts et al.,
2010). As the receptor fingerprints of the opercular areas differed from those of
BA44 and BA45, we can correlate these differences with their diverging
functionality. This is in line with the results of our current cytoarchitectonic
hierarchical cluster analysis, which shows a grouping of OP8 and OP9 that can
be distinguished from a clustering of BA44 and BA45 (see Figure 15). The
hierarchical cluster analysis shows a greater similarity of OP8 and OP9 with
BA47, which is part of the orbitofrontal areas. Yet, this cytoarchitectonic
clustering differs from previously mentioned receptor architectonic clustering
(Amunts et al., 2010), where the opercular areas build a higher-level cluster with

BA44 and BA45 and show maximum distance to BA47. Comparing to functional
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studies, these assign semantic functions to BA47 (Hagoort and Indefrey, 2014)
in a controlling executive manner like word categorization (Thompson-Schill et
al., 1997). This is a commonality with BA45, whereas BA44 showed to be more
similar to the opercular areas as it rather participates in syntactic than semantic
processes. Thus we can conclude that cytoarchitectonic similarity does not

mandatory result in functional similarity.

The role of OP8 and OP9 in language processing

As shown by our MACM analysis, OP8 and OP9 are most notably involved in
language processing. Integrating the cytoarchitectonically based exact location
of both areas with activated foci in functional studies might lead to a more

accurate functional attribution in the complex field of language.

The initial phrase structure building is based on syntax (Bornkessel and
Schlesewsky, 2006; Friederici, 2002), as this allows a first fast partition of the
given auditory information. The partitions are based on the limited amount of
word category information (e.g. noun, verb, adjective, etc.), which allows to
assume the structure of a phrase without regarding its semantic information.
This is an automatic process (Hahne and Friederici, 2002). The involvement of
the FOP in initial phrase structure building could be shown in a lesion study
combined with ERP (event-related potentials), where the ELAN (early left
anterior negativity) was missing in patients with left frontal lesions (Friederici et
al., 1999). The ELAN usually appears at about 120 — 200ms as the second
process after the initial acoustic processes and is thus at the basis of the core
language system, which follows the processing order of phonology prior to
syntax prior to semantics (Friederici and Chomsky, 2017). A further study
showed the involvement of the FOP in processing of syntactic violations
(Friederici et al., 2003). Here, the left posterior FOP is correlated as parts of
BA6 and BA43, as well as parts of the insular cortex, and containing areas OP8
and OP9 (centres of activation at xyz -37,9,8 and 40,14,5 in Talairach &
Tournoux space). In contrast to its adjacent opercular areas, left BA44 was not
necessarily significantly activated by the specific tasks of that particular study.

This may be due to its connection to language-related working memory rather
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than basic on-line language processing (Friederici et al., 2003). This study also
suggests, that the FOP is solely involved in syntactic violation processing, but
not in that of semantic violations. Yet, there is no consent, if the ELAN
represents the detection of syntactic errors in initial phrase structure building or

the initial phrase structure building itself (Friederici and Chomsky, 2017).

Beyond involvement in initial phrase structure building, the FOP is described to
be activated in the processing of transitional dependencies of sequences
generated by finite state grammar (FSG) (Friederici, Bahlmann et al., 2006).
The processing of FSG can be learned by non-human primates, which reflects
that it is phylogenetically older cortex than BA44/45 (Amunts and Zilles, 2012),
which are not involved in FSG. Breaking down to the most simple hierarchical
syntactic phrase, the binding of two words - so called Merge (Chomsky, 2013) -
the FOP is known to be an integral part of such processing accompanied by the
anterior superior temporal gyrus (Zaccarella and Friederici, 2015). Yet,
comparison of the described coordinates (xyz -36,16,0 in Talairach & Tournoux
coordinates) suggests, that OP8 and OP9 are not necessarily involved in this

process.

Furthermore, the FOP is also involved in the processing of phrase structure
grammar (PSG) - here also evaluating aforementioned transitional
dependencies. In contrast to FSG, the processing of PSG characterizes human
language, there has been no evidence of learning compliance in non-human
primates yet. Not only are BA44 and BA45 as phylogenetically younger cortex
activated by the processing of complex hierarchical dependencies of sequences
generated by PSG (Friederici, Bahlmann et al., 2006), but according to the
coordinates described (xyz -46,16,8 in Talairach & Tournoux space), activation
was also reported in both OP8 and OP9. The activation is independent of the
difficulty of the hierarchical sequence, but of its presence in general (Friederici,
Bahlmann et al., 2006).

Overall, the FOP seems to be part of a network with the anterior superior
temporal gyrus for simple combinatory operations and with especially the
ventral part of BA44 for local phrase structure building, thus leading regions for

syntactic processing, while OP8 and OP9 as a small subregion of the FOP
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together with BA44 are more involved in the processing of phrase structure

grammar.

In contrast, BA45 is more involved in semantics. The similarity of the former
areas is represented in their cytoarchitectonic structure. Frontal opercular areas
OP8 and OP9, as well as BA44, are dysgranular areas with fairly prominent
pyramidal cells in lower lamina Ill and upper lamina V and a narrow, but well
visible lamina |IV. The moderate lamination and visibility of columns is in
common as well, albeit rudimentary in OP9. In contrast, the cytoarchitecture of
BA45 is determined by its prominent and wider lamina IV, as well as a
considerably bigger amount of large pyramidal cells especially in lamina Ill, and
distinct lamination and visibility of columns. This suggests the assumption, that
the comparable cytoarchitecture of OP8 and OP9 with BA44 is associated with
their comparable function. The different cytoarchitecture of BA45 (and BA47)

reflects their different function, as they process semantics and not syntax.

In ungrammatical violation of sentences, FOP has co-activations in the left
postcentral gyrus, left cerebellum and right intraparietal sulcus (Friederici,
Fiebach et al., 2006). In that study, areas OP8 (and probably dorsal border of
OP9) were referred to as inferior portion of BA44 (xyz -49,10,4 in Talairach &
Tournoux space). These findings correspond to our meta-analytic conjunctions
for OP8 and OP9. Furthermore, we found quite equally distributed co-activation
in the frontal inferior gyrus (BA 44, BA45, BA47), frontal superior gyrus (BA8),
precentral gyrus (BAG), superior temporal gyrus (BA40-43), inferior temporal
gyrus (BA21, BA37), as well as small parts of the cerebellum. The co-activation
of BA8 might be as part of a circuit for working memory (Babiloni et al., 2005;
Okuda et al., 2000; Rama et al., 2001) and language processing (Carli et al.,
2007). The same can be assumed for BA6 (Basho et al., 2007; Inui et al., 1998;
Ranganath et al., 2003; Tulving et al., 1994). There is evidence for BA40 to
participate in semantic processing, as well as auditory related working memory
(Chou et al., 2006; Rama et al., 2001). BA41 and BA42 are involved in auditory
short-term memory (Zhang et al., 2003). Especially left hemispheric BA21 and
BA37 take part in semantic processing (Chou et al., 2006; Duzel et al., 2001;
McDermott et al., 2003) and word generation (Friedman et al., 1998). Functional

studies describing language related processing of the FOP dependent on
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sentence reading mainly report a focus of activation in the left hemisphere.
Interestingly, this is not valid for grammatical processes related to auditory

information.

Lateralization of function of OP8 and OP9

Regarding hemispherically dedicated functions, the right FOP is more activated
by auditory stimulus than sentence reading as the left FOP (Friederici et al.,
2000), as well as the processing of prosody / intonation (Meyer, M. et al., 2000).
As Meyer et al. suggest, this might correspond to a scanning-process of sound
for speech information (Meyer et al., 2002; Meyer et al., 2004; Meyer, E. et al.,
2000). Processing of syntactic speech was reported in the rostral part of left
OP9 (xyz -34,26,5 in Talairach and Tournoux space), while activation in right
OP8 was induced by prosodic speech (xyz 43,10,8 and 43,12,9 in Talairach and
Tournoux space). Yet, this only applies to pitch information without further
lexical information. The involvement of lexical information in intonation, as in
Mandarin Chinese, is also located in the left hemisphere (Gandour et al., 2004),
as indicated by activation in bihemispherical OP9 (xyz -37,25,14 and 37,25,14
in Talairach and Tournoux space). Thus, despite the lack of significant
cytoarchitectonic differences of both investigated areas, functional studies
suggest a functional lateralization. A further hint to this discrepancy might be the
slightly different receptor distribution pattern in both hemispheres in these

areas, as shown for the M, receptor in a previous study (Amunts et al., 2010).

Functional interareal differentiation of OP8 and OP9

Compared to OP8, our BDPC of OP9 are even more focused on language
function. As the PC show, activation in OP9 very likely results in overt and
covert word generation, as well as phonological and semantic discrimination.
This suggests a more active role of OP9 in language processing, while OP8
might be a more passive participator, for example in a controlling manner (see
Figure 19 and Figure 20). The confirmation of this thesis remains subject of

further functional studies, as comparison with studies proving participation of
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the FOP in task control as part of a network controlling cognitive processes
shows differing results. In one study, OP8 and OP9 are not involved for the
specific visual stimuli used in this study (house, body without head, face) (Higo
et al., 2011). The centre of gravity in this study (xyz -30,22,-10 in Talairach and
Tournoux space, xyz 34,18,-10 in MNI space respectively) focusses on an area
in the same coronal, but more ventral plane, thus leaving our region of interest.
Dosenbach et al. suggest the FOP, together with the anterior insular (al) and
dorsal anterior cingulate cortex (dACC) and medial superior frontal cortex
(msFC), forming a core task-set system (Dosenbach et al., 2006). Both areas
OP8 and OP9 might be involved, as the centre of gravity reported (xyz 35,17,5
in Talairach and Tournoux space) is exactly at the transition of the insula to the
border of OP8 and OP9 in the maximum probability map. A recent study
differed the FOP to be activated by performance monitoring, mostly together
with the al directly medially adjacent to OP8 and OP9 (Amiez et al., 2016).

Furthermore, a lesion-based study showed neighbouring defects in the left
frontal opercular cortex in patients with apraxia of speech (Dronkers, 1996), with
a peak described in the precentral gyrus in the insula (xyz -41,-2,10 in Talairach
and Tournoux space). As this is right at the most dorsal ending of left OP8, this
could lead to left OP8 being part of a network for planning articulatory

movements.

Further evidence of lateralization of function beyond language

processing

Morrison et al. found activation of supposedly left OP9 and right OP8 when
subjects had to assess the interaction of object and action in a pain related fMRI
study (appropriate: withdrawing hand from painful object / grabbing non-painful
object vs. inappropriate: grabbing painful object / withdrawing hand from non-
painful object) (Morrison et al., 2013). The cluster size is very small and the
peak coordinates of activation (xyz -51,17,3 and 52,17,1 in MNI space) are very
close to the border of OP8 and OP9 in both hemispheres, so no absolutely
certain conclusion can be made, which of both areas is more involved. Unlike
SII (OP1-4), this minor activation in OP8 and OP9 can hardly be taken as
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significant evidence to count it part of a parietal sensorimotor circuit that Sll is
involved in. Probably OP8 and OP9 as part of the IFG participate in a network
involving the superior parietal and frontal cortices, left posterior middle temporal
cortex, midcingulate and cerebellum, which processes the assessment of object
and action (Morrison et al., 2013, p. 1988). This seems to validate above
mentioned role of the FOP in a core task-set system for performance monitoring
(Dosenbach et al., 2006).

Nevertheless, regarding the results of our bihemispheric cytoarchitectonic
mapping, that did not reveal significant left-right differences in the laminar
structure of both areas, as well as the lack of a difference of volumes between
both hemispheres, there is no distinct cytoarchitectonically justified clue of a
lateralization. Contrariwise, adjacent BA44 and BA45 showed hemispherical
differences in volume and receptor fingerprints (Amunts et al., 1999; Amunts et
al., 2007; Amunts et al., 2010; Zilles et al., 2015).

Though being verified by reliable methods, there might be left minor
uncertainties in above mentioned functional studies. There is certain evidence
for a high interindividual variability of the borders of the FOP to the anterior
insula in its entirety (Amiez et al., 2016; Naidich et al., 2004; Nieuwenhuys,
2012), as well as the assignment of activated voxels to their respective area
due to cortical winding can be challenging and possibly misleading (Amiez et
al., 2016). Furthermore, the resolution especially of MRI might be a limitation
inherent of the method itself. Yet, as the cited functional analyses show similar
results despite using different approaches, there seems to be significant
evidence for the plausibility of the assumed functions of the FOP and OP8 and

OP9 as its subregions.

Pain dependent activation of the FOP

Evidence has been provided that FOP is not exclusively involved in language
tasks, but also other functions. In a recent study using nociceptive laser
impulses while recording EEG via implanted EEG electrodes and thus high
spatial resolution compared to regular EEG (Bastuji et al., 2016), the FOP is

involved in the processing of nociceptive stimuli with an onset latency of about
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134 ms. Yet, there is no clue of an involvement of areas OP8 and OP9 in these
processes, as according to the mean MNI coordinates (xyz 46,3,11), the FOP
observed in the study is slightly more posterior of our defined areas OP8 and
OP9, thus possibly rather referring to the more caudodorsally located areas
OP6-7 currently under observer-independent cytoarchitectonic mapping

investigation.

Diseases effecting the FOP besides direct lesions
Besides direct lesions in the FOP, as forming the basis of above mentioned
lesion based studies, there are only few diseases described yet, that specifically

affect the frontal operculum, let alone OP8 and OP9 directly.

The progressive nonfluent aphasia (PNFA) is a frontotemporal lobar
degeneration syndrome with mostly tau pathology attributed to atrophy of the
left posterior frontal region — which in major meets well with OP8 and OP9 — as
well as the left anterior insular region and basal ganglia (Ogar et al., 2007). It is
characterized by certain speech deficits especially involving syntactic
processing (apraxia of speech with consonant distortions, slow rate of speech
and effortful articulation), as well as dysarthria (mostly hypernasality) in some
cases. The PFNA is one of the very few non lesion based diseases that at least
describes a direct involvement of the frontal operculum. As syntactic
processing, that was shown to be a key role of OP8 and OP9 in brain function,
is impaired in patients with PNFA, we can assume both areas to be directly

affected. Yet, this thesis still remains to be proven.

Combining maps based on cytoarchitecture, receptor-autoradiography,
tractography and functional imaging analysis could further help understanding
the pathophysiology of similar diseases and help assigning functional deficits to

their macro- and microstructural substrates.
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Conclusion

For the first time, two frontal opercular areas OP8 and OP9 were identified and
cytoarchitectonically mapped using an observer-independent approach. There
has been no cytoarchitectonic correlate for the frontal operculum so far, despite
a large number of functional studies that show activation in this brain region.
Previous brain maps do not entirely describe areas in the depth of the sulci, or
are only based on a small amount of investigated brains or only regarding one

hemisphere. This was solved by delineation in both hemispheres of 10 brains.

The two new areas of the frontal operculum are closely related to the “classical
Broca’s areas” BA44 and BA45; both are directly adjoining and they share
several features of the laminar pattern. Their functional attribution to certain
language processes, especially in the syntactic domain and basic local on-line
phrase-structure building, has been proven in various functional studies. Yet,
due to resolution deficits of these studies, the exact assignment of activation to
specific areas within the frontal operculum has not been possible yet. With the
cytoarchitectonic definition of the areas’ extent, this correlation can now be
improved. As there is no method to provide structure and function, high
definition spatial and temporal information, at the same time, the
cytoarchitectonic delineation of OP8 and OP9 serves as base map with high
resolution to further integrate with functional decoding. It will be publicly
available as part of the probabilistic “Jubrain” brain atlas (Zilles and Amunts,

2010, online available at https://www.jubrain.fz-juelich.de/apps/cytoviewer/

cytoviewer.php) and integrated into the “Human Brain Project” (online available

at https://www.humanbrainproject.eu/en/).

The cytoarchitectonic mapping of the frontal operculum might also help
improving other mapping modalities, like the Allen Brain Atlas (online available

at portal.brain-map.org; Hawrylycz et al., 2012). This atlas of the human adult

brain allows connecting genomic expression with brain anatomy based on MRI
scans and diffusion tension imaging. Thus, by implementing
cytoarchitectonically defined areal borders, the resolution and accuracy of
specific areal gene expression might be improved for further correlation of

genetic brain architecture and areal function.
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Until now, neurolinguistic literature often uses superordinate anatomical labels,
such as STG and FOP for describing the location of language processes and
functional networks and connectivity. In contrast, due to former multimodal
delineation, studies are much more precise in describing the “classical Broca's
areas” BA44 and BA45, as well as BA47 (for example in Friederici and
Chomsky, 2017). With now performed delineation of OP8 and OP9, as well as
future cytoarchitectonic discrimination of further frontal opercular areas, the
fundament is established for more fine-grained functional studies and more
specific functional assignment. Furthermore, the cytoarchitectonic delineation of
OP8 and OP9 raises the need to compare its characteristics to other areas
known to be connected with the frontal operculum, especially regarding its

linguistic functions, like the superior temporal gyrus.

As the FOP and thus OP8 and OP9 are potentially activated as part of a
nociceptive processing circuit, further investigations of functional connectivity
might reveal a link to the posterior parts of the parietal opercular areas OP1-4
forming the SlI (Eickhoff, Schleicher et al., 2006), which is known to be involved
in pain perception (Ferretti et al., 2003; Greenspan et al., 1999).

The refinement of brain mapping in the frontal operculum might also be helpful
for clinical neurological and neurosurgical purpose. Not only can there be a
more detailed discrimination of areas affected by stroke, cancer or other
diseases. By integrating the new detailed maps in functional studies, more
accurate forecast of the affected brain regions depending on the clinical
functional deficits of a patient will be possible. Likewise, functional deficiencies
due to neurosurgical interventions in the frontal operculum may be predicted
more precisely and included in the planning of the procedure, thus helping in

risk-benefit stratification.
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