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Abstract: C. and O. Vogt had set up a research program
with the aim of establishing a detailed cartography of the
medullary fiber distribution of the human brain. As part of
this program, around 200 cortical fields were differen-
tiated based on their myeloarchitectural characteristics
and mapped with regard to their exact location in the iso-
cortex. The typical features were graphically documented
and classified by a sophisticated linguistic coding. Their
results have only recently received adequate attention
and applications. The reasons for the revival of this spec-
trum of their research include interest in the myeloarchi-
tecture of the cortex as a differentiating feature of the
cortex architecture and function, as well as the importance
for advanced imaging methodologies, particularly tracto-
graphy and molecular imaging. Here, we describe our
approach to exploit the original work of the Vogts and their
co-workers to construct a myeloarchitectonic map that is
referenced to the Atlas of the Human Brain (AHB) in stan-
dard space. We developed a semi-automatic pipeline for
processing and integrating the various original maps into a
single coherent map. To optimize the precision of the regis-
tration between the published maps and the AHB, we aug-
mented the maps with topographic landmarks of the brains
that were originally analyzed. Registration of all maps into
the AHB opened several possibilities. First, for the majority
of the fields, multiple maps from different authors are
available, which allows for sophisticated statistical integra-
tion, for example, unification with a label-fusion tech-
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nique. Second, each field in the myeloarchitectonic surface
map can be visualized on the myelin-stained cross-section
of the AHB at the best possible correspondence. The fea-
tures of each field can be correlated with the fiber-stained
cross-sections in the AHB and with the extensive published
materials from the Vogt school and, if necessary, corrected.
Third, mapping to the AHB allows the relationship between
fiber characteristics of the cortex and the subcortex to be
examined. Fourth, the cytoarchitectonic maps from Brodmann
and von Economo and Koskinas, which are also registered
to the AHB, can be compared. This option allows the study
of the correspondence between cyto- and myeloarchitec-
ture in each field. Finally, by using our “stripe” technology
— where any other feature registered to the same space can
be directly compared owing to the linear and parallel
representation of the correlated cortex segments — this
map becomes part of a multidimensional co-registration
platform.

Keywords: Vogt, myelin, microscopic sections, multi-level-
stripe technology, cortical stripe representation

1 Introduction

Cytoarchitecture has played a prominent role in cortical
parcellation, while myeloarchitecture has not received
equal recognition. The disregard to implement differences
in the myeloarchitectonic features in the systematic ana-
lysis of the human cortex is surprising given the many
advantages of this criterion: it was recognized early on
that this method is simple and quick to carry out and
produces clear results even at low magnification [1]. In
addition, myeloarchitecture offers the opportunity to study
the relationship between the organization of the cortex
and subcortex and thus the relationship of individual cor-
tical fields to incoming and outgoing fibers. This interde-
pendence becomes particularly interesting for current in
vivo magnetic resonance imaging (MRI) analyses where a
myeloarchitectonic map provides an indispensable resource
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for tractography because variability in myelin characteris-
tics can be “captured” through myelin profiling [2].

The neglect of myeloarchitecture is also surprising
because the results of its analysis were considered to be
of great value for the neuropathological assessment of
pathological processes involving the cortex (“Pathomyelo-
architecture”) [3,4]. Brodmann [5] wrote in 1909, p. 272: “I
openly confess, that the myeloarchitecture is more liable to
produce practically useable results for many questions of
human brain pathology than the cytoarchitecture.”

Following several pioneering reports pertaining to the
territorial variations of the human cortex mostly by cyto-
logical criteria, Flechsig [6,7] provided an authoritative
analysis of the myelogenetic differentiation (“myelogen-
etische Differenzierung”) of the cortex. He followed the
chronological sequence of the process of medullation (mye-
linization) and recognized 36 fields depending on the order
of the appearance of the medullary substance. He distin-
guished primordial, intermediate, and terminal zones and
related them to extra- and intracortical (projection and
association) systems. Ahead of his time, he suspected that
the myelin profile has predictive power for later life.

The identification of different fields on the basis of
myelination properties, i.e., of fiber characteristics in the
adult brain goes back to Campbell [8,9]. Based on the study
of alternating cell- and fiber-stained serial brain sections,
he presented in his two books an extremely comprehen-
sive, detailed, and consistent cortical map with a “compo-
site representation of the distribution of the various areas”
that included differences in nerve fiber concentration.
He characterized about 20 different fields in the human
brain [10].

In a different approach Smith [11] used the contrasts
by the naked eye to distinguish about 50 areas based solely
on variation in the brightness of the horizontal striations,
the stripes of Baillarger, in the fresh brain, on the basis of
thickness, texture, and coloration.

A highly systematically organized cortex parcellation
scheme was created by Vogt [12]. He redefined and refined
Campbells’ cortical areas and added to them a very detailed
and systematic parceling system. His scheme was founded on
structural criteria describing the organization of the myeli-
nated fibers. The basic variables consist of radial (longitu-
dinal) and transverse fibers in the human neocortex in
different positions, densities, and contrasts (Figure 1). His
iconic figure draws attention to the fact that the laminar
pattern is largely related to the cytoarchitectonic pattern.
This basic concept was widely accepted and supplemented
by the numerous scholars at the Vogts Institute who worked
on the myeloarchitectonic analysis of the cortex in the fol-
lowing decades (the “Vogt-Vogt School,” “V-V school,” [13,14]).
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Modifications of the scheme of the elementary fiber
organization were mainly due to variations in the number,
contrast, and density of the transverse and radial myelin
fibers. The fact that regional myeloarchitectonic differ-
ences such as those in the Rolandic area were related to
functional specificity clearly suggested that the histological
differentiation of field patterns must generally correspond
to functional specificity.

The differences in the local manifestations of the orga-
nization of the myelinated fibers and their relationship to
the corresponding cytoarchitecture led the Vogts and their
colleagues to differentiate about 185 myeloarchitectural
fields over several decades [12,15-19] (Supplementary
Materials 1-4). (We distinguish between the myeloarchitec-
tonic “field” and the cytoarchitectural “area”). The pecu-
liarities have been described using very sophisticated
terminology that is difficult to understand [14,20-23] (Appendix
2). The descriptions of many fields are accompanied by
numerous detailed diagrams highlighting the fine-grained
myeloarchitecture. This wealth of information about the
myeloarchitecture of the isocortex had not been integrated
into a unified map of a complete hemisphere, as exists for
the cytoarchitecture of the human cortex.

Criticism was particularly directed at the question of
the accuracy and consistency of the sprawling subdivisions
of the maps as well as the lack of objectification of field
boundaries. In this context, it was important that Braitenberg
[20,24] and Hopf [25-29] adapted photometry as an objec-
tive method to determine myelination patterns. Using this
method, Hopf was able to quantify laminar differences and
to describe several trends in fiber distribution, such as the
decrease in myelin content from primary areas outwards
to the poles and paralimbic cortex (which corresponds to
the process of myelination from the central area toward
the poles) [30]. However, this method was used exempla-
rily for delimited fields, not for demarcation, i.e., for the
systematic definition of boundaries between neighboring
individual fields. A consistent map of larger lobe areas was
not developed.

In addition to the questioned objectivity of the method,
there were arguments regarding the constancy and speci-
ficity of the delineation of the fields. They were concerned
with the small number of brains examined, the conse-
quences of inter-individual variability, and the influence
of deteriorating postmortem changes in the histological
specimen [31]. The inaccuracies in the characterization
and limited quantification of the morphological features
have several critics leading to question the implications
of personal impartiality and the validity and constancy of
myeloarchitectonic parcellation, or even to question the
results of the assessment altogether [32,33]; for response
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Figure 1: O. Vogt’s basic diagram of the cyto- and myeloarchitecture of the human isocortex [15]. Modifications of this schema characterize the
different types of cortex (see Appendix 2). A comparison of both panels shows the remarkable fact that both show a close correspondence. It should
be emphasized that the outer (II) of the two granular layers is particularly poor in fibers, while the inner (IV) corresponds to an accumulation of
horizontal fibers, the stria externa. It is also noticeable that the outer horizontal (Baillarger) stripe (4) corresponds to a granular layer (IV), while the
inner stripe lies in the inner sublayer of the V, which contains large pyramidal cells. Right: Vogt’s [12] terminology of the cytoarchitectonic layers
(denoted with Roman numerals) and of the myeloarchitectonic layers (denoted with Arabic numerals).

see: [34,35]. Finally, there is the fact that the parcellation
had only limited influence on the interpretation of patho-
logical conditions and, more generally, the neurological
thinking [10, p. 453]. It seems that efforts to further develop
myeloarchitectonic cartography of the human brain have
been abandoned and relevant questions have been dele-
gated to animal studies that promised statistically signifi-
cant results.

Renewed interest has been sparked by the demonstra-
tion of local differences in myelin content across cortical
layers by improved methods [36] that can even be deter-
mined by MRI in the living human brain [37-39]. The
detailed material developed by the Vogts and their numerous
colleagues can therefore be an important resource for
interpreting the unequal distribution of myelin in the
cortex determined by MRI. Since no complete map of the
cortex existed until now, but only maps of individual lobes
or only delimited regions, it was a great advance that Nieu-
wenhuys et al. [14,21-23] managed to transfer various pub-
lished maps into a probabilistic template. They integrated
the various parcellations from the V-V school, including

Lungwitz, Strasburger, Gerhardt, Sanides, and Hopf
[26,27,40-47] into the same template (Colin) brain. Their
important congregated map offered, for the first time, a
three-dimensional representation of a complete hemisphere
with individual, separate fields that can be registered to
other brains.

The important full brain map of Nieuwenhuys et al.,
however, has shortcomings. Most important is the fact that
the field boundaries on the maps were transferred to cor-
relating areas of the template using a “graphical averaging
process.” However, transferring the maps derived from
individual brains directly to a reference brain, regardless
of the underlying anatomy, is likely to result in a high
degree of mispositioning, which can result in the misrepre-
sentation of numerous fields. Registering the mosaic of
individual cortical fields onto probabilistic anatomy results
in topographical and histological uncertainties that can
hardly be compensated for by this registration method
(especially since two-thirds of the cortex, hidden in the
sulcus folds, are ignored). Accordingly, the boundaries of
the new map may not adequately respect the individual
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sulco-gyral conditions of the brains from which the maps
were originally created.

Even if an acceptable agreement was achieved, impor-
tant resources of the V-V school were not used, namely the
existent data about the histology of each field, including
the graphical representations of the cortical field structure.
To exploit this wealth of information, it is necessary to
project the maps onto a brain, which makes it possible to
compare the myeloarchitectonic data with the corresponding
features on corresponding sections.

We have taken two steps to achieve this goal. First, we
considered the brains that were actually used to create the
maps. This point is important because, according to most
researchers, cerebral sulci contain important clues to
boundary formation [5,43,44,48]. Second, we registered
the results, which led to an overall map of the isocortex,
to a brain whose cross-sections are available in an atlas
format and therefore allow for a comparison of the mye-
loarchitecture of the (transformed) areas. This fact is all
the more important since various authors used this brain
(A58) for their studies (see Appendix 1).

To circumvent some of the above ambiguities and to
achieve better agreement between the source and target
maps, geometrical constrains are required to ensure that
homologous areas are aligned on the maps. We therefore
registered the published maps to the photographs of the
brains from which these maps were derived and used the
sulco-gyral anatomy as constrains for orienting and trans-
ferring the field maps.

After the existing individual maps had been adapted to
the situation of the surface photos with the highest degree
of accuracy, all corrected maps were registered (individu-
ally) to the Atlas of the Human Brain (AHB) that resides in
the MNI/ICBM 2009b space [49]. The mapping of the mye-
loarchitectonic field maps in the AHB enables the different
fields to be delineated on the serial sections in this atlas.
With this step we have achieved two prerequisites for a
substantial review and use of the results of the V-V school:
First, the myelin-stained sections contained in the AHB can
be directly compared with the complex variations in fiber
organization defined for a given field. Second, the wealth
of published illustrations and photographs depicting the
histological variations of the myeloarchitectural fields can
be used for the first time for verification on consistent atlas
material. Furthermore, the representation of the myeloarch-
itectonic fields on the atlas cross sections allows the study of
their correspondence with the incoming and outgoing fibers
and may have relevance to tractography.

Finally, we developed a new way to represent the mye-
loarchitectural cortex areas along with other architectonic
feature maps, which we describe as stripe representation
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[50]. By stretching the convoluted cortex band into a
straight line, we enable the identification of multiple cor-
tical parameters within topographically specified areas
that are directly related to the position in the atlas sections.
The linear representation of different features along the
stripes then enables a multi-layered analysis that includes
different architectural components. We believe that this
representation provides the greatest possible accuracy
and broadest applicability of the myeloarchitectural map
at this time.

2 Materials and methods

2.1 Materials

Almost all of the brains that were used for the parcellations
by the Vogts and collaborators were collected and investi-
gated at their institute. The only notable exception was
brain MB59 from the Kleist-collection that was studied by
Hopf [46,47] for his elaborate segmentation of the temporal
lobe. A list of the brains used for cortical partitioning is
provided in Appendix 1.

The brains of the Vogt collection were documented
using photographs of formalin-fixed brains before embed-
ding in paraffin. Almost all photographs also show a metric
scale, labelled gyri, and the course of the sulci. We used
copies of these photographs, documented in the Vogt
Collection Brain Inventory [51], to register the various
authors myeloarchitectonic field maps. The reason for
this approach is to correlate the published field bound-
aries with the actual surface topography to achieve an
exact correspondence between brain morphology and
brain map. For the topographically correct registration
of many defined fields, knowledge of the gyro-sulcal orga-
nization is essential. The correlation with the sulci, but also
with slight depressions in the cortical surface, is relevant
because there is widespread agreement that field bound-
aries are often related to these features [52,53].

Some published maps are to varying degrees idealized
and therefore difficult to align. A discrepancy between sur-
face anatomy and the map is particularly evident in the
maps by Braitenberg, Hopf, and Hopf and Vitzthum
[20,46,47,54,55]). Registering such maps directly to a refer-
ence map or a template necessarily results in significant
misalignment resulting in poor agreement between the
histological and topographical features of the brain being
evaluated and the mapped territory on the template. For
an accurate transfer based on the exact gyral and sulcal



DE GRUYTER

properties, we used maps from other authors dealing with
the corresponding fields. In the case of Hopf, we used maps
from Beck [56], which show very good agreement. In the
case of the pre-occipital region analyzed by Lungwitz [40],
we created a 3D reconstruction based on the sections and
registered this volume in the AHB template. Accordingly,
we are confident that the topography depicted in the maps
matches the surface representation of the photographs of
the analyzed brains. We use anatomical landmarks, e.g., of
the sulcal pattern, to improve registration quality.

There were additional possibilities to improve the
accuracy of the agreement between the reported locations
of the fields in the brains of origin and the result of our
registration. First, we included maps from Vogts’ collabora-
tors who performed cytoarchitectonic parcellation using
the myeloarchitectonic parcellation scheme and corre-
sponding terminology, implying a high degree of agreement
between their cytoarchitectonic parcellation and the mye-
loarchitectonic parcellation. In fact, several authors con-
cluded that cytoarchitectonic areas often coincide with
those of the myeloarchitectural fields described as cyto-
myeloarchitectonic coincidence [5]. Second, we used dia-
grams showing the field boundaries on cross sections
[20,40,41]. Third, in a few cases, we were able to use photo-
graphs of cross-sections of the pertinent brains, which
showed the intrasulcal position and therefore improved
the accuracy of the field maps in the areas within the sulci
[51]. Finally, several authors had analyzed brain A58,
shown in the AHB, which is used as a template for regis-
tration in this study (Table A1). To integrate the hetero-
geneous materials and features, we developed a map
processing workflow that allows aggregation of cortical
maps in a template brain with high accuracy and multiple
correction steps.

2.2 Methods

2.2.1 Utilization of the different maps and organization
of their decisive parameters

Almost all parts of the isocortex were analyzed by the
Vogts and their colleagues. However, there was neither a
uniform numbering system nor an unambiguous termi-
nology for all defined fields (see Supplementary Materials
1-4). Vogt and many of his collaborators used a system
that describes the relevant structural features in each
field (e.g., Regio unistriata euradiata tenuifibrosis fron-
talis). Lungwitz [40] used alliterations of field features
(e.g., eld, edpc; Supplementary Material 3); Hopf, on the
other hand, described the fields based on the topography
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of the region (e.g., Regio temporopolaris with subregions
and areas; Supplementary Material 4).

To systematically list the different fields, Nieuwenhuys
[14] summarized all fields of the four main lobes in serial
order. For reasons of continuity, we have adopted their
tabular presentation. Unfortunately, this numbering system
does not have space for the Subregio occipitalis (BA 18) and
Subregio striata (BA 17) which also show myeloarchitectonic
differences [57]. It also does not cover allocortical regions
and many transition areas.

The creation of the myeloarchitectural map and its
registration to the AHB template brain enabled the use of
the unique verbal and pictorial material contained in the
original reports. This material includes in addition to the
characterizations of each field precise drawings or photo-
graphs of the areas examined. In Supplementary Materials
1-4, we have summarized descriptions from various authors
of the V-V school and provide references to existing image
material. We have relied entirely on original works. We did
not intend to comment or discuss these entries in the con-
text of modern advances in the organization and function of
each area.

2.3 Processing of each published map into
the unified reconstructed full brain map

We designed a semi-automatic pipeline for efficient and
accurate processing of historical myeloarchitectonic maps
to incorporate them into a unified map in the AHB. The
pipeline comprises six stages, each with specific functions
and operations aimed at transforming the raw input maps
into a single map. The proposed processing pipeline serves
as a valuable framework for aggregating historic maps into
a template brain (Figure 2).

2.3.1 Stage 1

In the initial stage of the processing pipeline, raw maps are
subjected to preprocessing operations to ensure its quality,
consistency, and compatibility with subsequent analysis
steps. We stored the preprocessed maps from the Vogts
and collaborators (V-V and associates) together with the
available photographs of the original brains [51] in a data-
base library.

2.3.2 Stage 2

In this step, we use our 2D-constrained fuzzy registration
method to bring the stored maps back onto the native
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Figure 2: Processing steps for the construction of the composite myeloarchitectonic map. Stage 1: The maps from the literature were aggregated into
a library along with the references and viewing angles of the original brain. Stage 2: Correction step 1 aligns the topographical information with the
brain surface photos either through 2D registration from the surface photos or through 3D reconstruction from the sections. The raw maps were 2D
registered to the photos of the native brains (upper image row). In addition, where available (e.g., the occipital cortex of Lungwitz [40]) a 3D
reconstruction of the native brain is created from the published serial sections (bottom image). Stage 3: Registration of amended maps and volumes
to the AHB reference (A58). Stage 4: Projection of the fields from the registered surface maps onto the 3D reconstruction, propagating the field
boundaries into the sulci and injecting the fields into the segmented cortical volume. Stage 5: Projection of the field boundaries onto the microscopic
myelin-stained sections of the A58 brain and manual correction of the borders according to the local myelin structure. Stage 6: Updating and
rebuilding the myelin map based on the changes created by correction step 2. Finally, the maps and cortical fields were visualized and analyzed using

the stripe technique.

brain surfaces (see Appendix 4). This step entails the first
map adjustment during the process of aggregation into a
common space (correction step 1). The maps acquire explicit
physiological and topographical representation that enables
higher precision in the next steps of the pipeline. We
employed geometrical constrains to ensure that the raw
map and the image of the brain are perfectly aligned. We
used selected sulci and gyri marked in the maps and in the
brain images as the constrains.

In addition to using the surface anatomy of the ana-
lyzed brains, we have ensured topographically accurate
registration by using sequences of illustrations that depict
the distinguished fields on cross-sections provided by
Lungwitz [40] for 3D reconstruction (Figure 2, Appendix
5). For the 3D reconstruction of the volume, we employed

our geometric shape-constrained 3D reconstruction algo-
rithm for serial sections [49] (see Appendix 6). This algo-
rithm creates a specific 3D reconstruction such that it
corresponds to the photograph of the source brain. A
single geometric shape constrain defines a homologous
structure in the source brain and in the slices that will
be perfectly matched during the nonlinear part of the
reconstruction process. The geometric constrains can be
defined as a set of one -, two-, or three-dimensional struc-
tures (1D, 2D, or 3D constrains). Finally, some authors
used the brain of the Vogt collection which is presented
in the Atlas of the Human Brain, based on the brain of
a 24-year-old male (A58 brain) [49]. This instance gave
us the opportunity to merge those maps directly to this
AHB.
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2.3.3 Stage 3

The revised maps are then transferred to the AHB template
brain [49]. It allows for comparison of any 2D or 3D mapping
data with high-resolution microscopic cell- and myelin-
stained brain sections.

The transfer of the maps to a reference brain is a
multi-stage procedure for the surface- and also for the
volume- representations. For the surface representation,
we performed the procedure that included 2D registration
of the augmented maps to the surface of the A58 (see
Section 2.4 and Appendix 4).

2.3.4 Stage 4

From the surface representation of the maps, a volumetric
segmentation map is created with the CARET software [58].

2.3.5 Stage 5

In this step, the area boundaries are projected onto the
slices by cutting the AHB surfaces overlaid with triangular
representations of these maps. The surface cut is repre-
sented as a thick 2D ribbon and is registered to the
micro-section. The borders between the fields were pro-
jected onto the microsections as lines/paths that can be
studied and edited. The boundaries can be reviewed by
an expert on the microscopic slices, accounting for the
topography as described in the original reports, for the
relationship of the borders with regard to the depth of
the sulci, and for the differences in the myeloarchitecture
of the fiber-stained sections represented in the ABH (Figure
2, correction step 2). Borderlines can be moved, added, or
removed from the slice.

2.3.6 Stage 6

After correcting the field borders, the delineations were
projected back to the 3D surface representation by inverse
registration fields generated by the surface-cut registration
to the microscopic sections.

2.4 Registration of the various revised
myeloarchitectonic field maps to the
AHB template

The transfer of the semi-diagrammatic representations of
the various myeloarchitectonic fields (V-V maps) from the
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revised published maps to a reference brain is a multi-

stage procedure that is part of stage 3 of the pipeline

(Figure 2, Appendices 4 and 7) for the surface and also

for the volume representations. For the surface repre-

sentation, we performed the following multi-component
process:

I. 2D registration of the augmented maps to the surface
of the AHB at the appropriate viewing angle. We
transfer each map to the template brain and later
resolve the conflicts. During this process, we take
into account the individual anatomy of the previously
examined brains and create geometrical constrains
that will be matched between the source and target
brains. The geometrical constrains consist of defined
topographical and structural reference points and lines
(using the surface photographs of the brains which
were used for the original reports) which serve as orien-
tation points for the registration. These “enhanced”
maps were then transferred/registered to the AHB tem-
plate. This required numerous adjustments and correc-
tion routines.

II. Projection of the 2D surface maps and their field
boundaries onto the 3D surface of the AHB.

III. In the next step, label fusion (LF) of the maps is carried
out for multiple input maps. LF is a process used to
combine several different labels from individual maps
of the same entity (an anatomical area) into a single
discrete label that can be potentially more accurate
with respect to the true borders of the area. The LF
generates a core of an area that is present in the
majority of the maps. This core is then expanded until
it abuts other area cores or the expansion is not
unequivocal. The expansion speed is scaled by the con-
cordance measure (Wallace index Wy,,x, see Appendix
3) of the area at the expansion front. Higher concor-
dance allows for faster expansion of the front. After
the LF the map is then manually redrawn.

IV. The areas of the maps and their boundaries are pro-
jected onto the 3D surface of the AHB. The areas and
their boundaries are propagated along the curvature
gradient of the surface until they reach the sulcus
bottom or cross other boundaries.

V. Finally, boundary conflicts and area corrections are
resolved by a semi-automatic field fusion technique
or manually by editing the surface in the CARET soft-
ware [58].

For the registration of the 3D reconstructed volumes,
we use our high-resolution constrained volumetric regis-
tration (Appendix 6) that ensures corresponding structures
in the brains are almost perfectly matched.
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2.5 Depiction and modification of the
myeloarchitectonic fields on the (serial)
sections of the AHB (correction step 2)

Transferring the myeloarchitectonic fields (V-V maps) to
the AHB allows visualization of the cortical area pattern in
cross-sections (Figure 3). The amended maps (Figure 3a)
are registered (Figure 3b) to the AHB template. To transfer
the cortical parcellations onto the 2D myelin-stained sec-
tions, we created a coronal section through the 3D-AHB
surface representation at the corresponding position. A
linear contour representation of the field parcellation
was created from the intersection of the surface with the
coronal section plane and transferred to the histological
section (Figure 3c, blue lines). This first projection of the
field boundaries represents only an approximation at this
stage and requires confirmation or modifications depending
on a more detailed analysis of the myelin structure of the
cortical ribbon. As part of an expert review, the bound-
aries can be modified according to the local myelin dis-
tribution. The final set of the boundaries (Figure 3c, red
lines) is then projected back onto the surface and the

d A58 registered maps b 3D volumes

Statistical cortex
map (volume)

Statistical cortex map
(surface)

rojection of
W, borderson
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myelin fields are updated and rebuilt into the final myelin
map (Figure 3d).

2.6 Multidimensional cortex representation:
Correlation of the myeloarchitectonic
field map with the cytoarchitectonic area
maps by means of the “stripe-technology”

We developed a unique query method to analyze and
visualize the data and the associated database called
“Cortical Stripe Representation” [49,59].

For this representation, the cortical myeloarchitec-
tonic ribbons are unfolded and linearly represented as
“stripes,” consistent with the interpretation of previous
authors as we perceive their work (Figure 4). Since each
position within these stripes has a precise relationship to the
coordinates of the MRI space, delineations of cortical areas
that come from other research classes can be registered.

Representing the cortical fields as stripes allows a direct
comparison of the different views attributed to the homo-
logous cortical region. Due to the linear representation of

C Slices with borders

Corrections
step 2

—_—

corrected
border

slices

areas border

updating and rebuilding the fields in the map

Corrected MyelMap

Figure 3: Correction step 2. The amended maps (a) are registered (b) to the AHB template (A58). (c) The borders of the myeloarchitectonic fields are
projected from the 3D volume on the microscopic myelin-stained sections of the AHB (blue lines) and revised and modified by an expert (red lines).
The myelin map is finally updated by the new borders and rebuilt in 3D (d).
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i

gyral pattern

Figure 4: Linear representation of the cortex as “stripe“ by unfolding and flattening its variegated band. (a) A part of the cortex in the fiber-stained
section is highlighted. (b) The cartoon depicts the successive deconvolution of the cortex area shown in (a) into a linear band, the “stripe.” The stripe is
defined as a linear band of “unfolded” cortex representing features associated within the corresponding AHB region. The segmented and colored
bands below the cortex stripe represent the sequence of the sulcal-gyral organization and functional area delineations reported by different authors
at the same location. (c) The cartoon illustrates the “transfer” of information from the 3D maps to the linear cortex stripe, brought in correspondence
to the AHB. The cortex ribbons derived from the different cortex maps, symbolized by the different colors on the right-sided brains, become linearly
stretched and arranged in a topographically consistent manner. The stripes allow different views of the cortex to be displayed.

the x/y coordinates in each section (z coordinate), the
number of synoptically presented results is not limited
and can be supplemented by ROIs documented in standard
space (MRI space).

This topographical precision provides the opportunity
to represent not only the myeloarchitectonic characteris-
tics of each atlas section. All other maps and features
located in the same topographic location can be aligned
to this stripe and compared to existing entries. The advan-
tage of this synoptic representation is that different views
of cortical parcellation are immediately apparent and dif-
ferent interpretations of cortical areas or inconsistencies
between interpretations become clear.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations,
institutional policies, and in accordance with the tenets of
the Helsinki Declaration, and has been approved by the
authors’ institutional review board or equivalent committee.

3 Results

We have compiled a large series of field maps from the
Vogts and their scholars (Appendix 1) and have used this

resource to create a unified map registered in the AHB.
Supplementary Materials 1-4 provide insight into the
data used. The final myeloarchitectonic map is the result
of semi-automated processing of the maps using our six-
stage processing pipeline. To improve the accuracy of the
registration, we exploited topographic landmarks from the
surface photographs of the brains originally analyzed.
Using the AHB as a template enabled visualization of the
myeloarchitectural fields on cross sections. This display
option not only allows the fields to be perceived in the
most likely correct position but also allows the architec-
tural organization of each cortical field, which is usually
described in detail in the reports, to be compared with the
myeloarchitecture of the atlas brain.

3.1 Example of the processing of the
orbitofrontal cortex and concordance
analysis results

Since a detailed description of the entire brain processing
would go beyond the scope of a single work we illustrate in
Figure 5 the process of unifying and reconstructing the
historical raw maps onto the AHB template using the
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a) Original maps b) AHB registered maps

Vogt (1910)

V)
)

r (1937

Strasburge

i
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c) Maximal concordance
between the maps e)

Final map

Figure 5: Construction of the orbitofrontal map. (a) The four original maps used for the reconstruction of the orbitofrontal map and for the
concordance analysis. The raw maps are first registered to the corresponding original brains and then with stage 3 of the pipeline to the template
brain AHB. As geometrical constrains, we use eight anatomical structures: frontomarginal sulcus (fms), lateral fissure horizonal part (If-h), olfactory
sulcus (olfs), straight gyrus (SG), posteromedial olfactory lobule (PMOL), anterior orbital gyrus (AORG), lateral orbital gyrus (LORG), and posterior
orbital gyrus (PORG). (b) Four maps, after processing stage 3 of the pipeline, registered to the AHB. (c) The 2D concordance map of the four maps. The
concordance between the maps is color-coded. Bright colors (white) indicate fields of high areal concordance, and dark colors indicate locations of low
areal concordance between the maps. (d) The final reconstructed orbitofrontal map.

orbitofrontal cortex as an example. The orbitofrontal
cortex was divided by Vogt [15] into 21 myeloarchitectural
fields [1,3-9,11,13,49-51,58-65]. The fields were assorted
respecting the definitions of [41,45,54,60]. The raw maps
were first registered to the corresponding original brains.
We used eight anatomical structures as geometric con-
straints: frontomarginal sulcus, horizontal part of the
lateral fissure, olfactory sulcus, straight gyrus, posterome-
dial olfactory lobule, anterior orbital gyrus, lateral orbital
gyrus, and posterior orbital gyrus. The assembled map
was then registered to the AHB using stage 3 of the pipe-
line in the template brain (Figure 5b).

To assess the correspondence between the maps we
computed a 2D map of the adjusted maximal Wallace index
Whax (Appendix 3). The area of maximal concordance
between the four maps is shown by the light colors in
Figure 5c. At these locations the cores of the areas are
expanded with low speed and the borders are carefully
redrawn and compared to selected microscopic sections
of the AHB (Figure 3c). Averaging of the maps was

performed using the LF algorithm [61]. Area 7 was missing
from the maps of Strasburger [41] and Sanides [45] and was
mandated as a core area input before the LF processing
began. The final map (Figure 5d) is integrated into the 3D
model map and can be further used in the “stripe analysis.”

3.2 The 3D reconstruction of the full brain
myeloarchitecture map

For our reconstruction of the complete myeloarchitectural
map of the brain, we used the published surface maps and
one map derived from the volumetric reconstruction of the
occipital cortex.

It is important to understand that the input maps are
derived from many different brains and are not compar-
able without being standardized to a selected template. As
a template, we use the brain A58 which forms the basis for
the AHB [49]. The high-resolution microscopic cell- and
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fiber-stained brain sections in the Atlas enable comparison
with any 2D or 3D mapping data. The final maps produced
by the pipeline are presented in four canonical views of the
AHB: lateral, medial, basal, and superior (Figure 6). The
frontal, temporal, parietal, and occipital lobes are repre-
sented by different colors.

71 70 69 67

Myelo-map on standard atlas =— 11

Our unified myeloarchitectural map is not yet an
optimal solution to the problem of multiple maps for one
lobe. One of the difficulties faced was to achieve contin-
uous correspondence between the lobar boundary zones of
the different maps. To ensure continuity in the lobar
border zones, we inserted additional -constraining

6769707175

R

Figure 6: The mosaic of cortical myeloarchitectonic fields derived from the Vogt-Vogt school onto the AHB. Lateral (a), medial (b), basal (c), superior
(d), supratemporal (e), and insular (f) views. This map contains 184 fields. Several researchers, however, went much further and described significantly
more fields by dividing them into numerous subfields. It is therefore all the more important to precisely transfer the areas and limit the individual

fields to the reference brain.
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geometric structures (gyri and sulci) at these borders and
their corresponding structures in the AHB.

3.3 Registration to the AHB template brain.
The relation to A58 allows for the
representation of the myeloarchitectonic
fields on cross-sections

By registering the field maps on the AHB template, the
overlay can be used to display the fields not only on the
brain surface but also on the cross sections of the AHB. This
allows the cortical fields hidden in the sulci and fissures of

b) high

resolution

views

Figure 7: (a) Section of a plate of the AHB with myeloarchitectonic par-
cellation of the cortex. The delineations of each field registered to the
AHB can then be confronted with graphical illustrations showing the
territorial variation of the radial and tangential fibers and their verbal
definitions of each field. In this figure, the two fields of the cortex are
demarcated. (b) Enlarged section of the cortex profiles demarcated in (a).
The myeloarchitectonic field in the frontal cortex (field 39) is character-
ized as follows (see Supplementary Material 1): Regio unistriata euradiata
grossofibrosa frontalis; Divisio dives; Subregio propeastriata; Area pro-
peastriata. Field characteristics: Trizonal, with larger numbers of thick
singular fibers. Layer (L) 1a + b darker than in field (F)-38. L-4-6 much
richer in fibers than in F-38. L-2 and L-5a poorly demarcated (relatively
rich in fibers). F-39a is a relatively fiber-poor part of F-39, but it contains
more fibers than F-38. A part of this field (391) exhibits fewer basic fibers
and thinner single fibers. It is unistriate, belongs to the fiber-rich cate-
gory, euradiate, L4 = 5. The right-sided field (F-151) is characterized as
Isocortex temporalis, Regio temporalis transversa (ttr), Subregio prima
caudomedialis ttr.1cm., Area anterior ttr.1cm.a is usually on the caudal
half of Ttr1, but it can also extend orally to the border of the 1st and 2nd
third of Ttr1. The darkening of the Ttr1 fields reaches a maximum here.
pru: prpeunistriate, i.d: internodensior-very poor in fibers; Ef: singular
fibers are prominent, rrr: very dense radiary fibers.
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the brain to be made visible. For the first time, individual
myeloarchitectonic fields in all cortical sections can be
directly compared with numerous detailed drawings,
photographs, and detailed cortical field descriptions that
accompany the original reports (Figure 7). Furthermore,
each cortex field delimited in the cross-sections of the atlas
also shows the subcortical structures.

3.4 Representation of different views of
cortex parcellation on cortex “stripes”

Previously, we described our methodology for representing
the cortex as a linear band in which all features occurring in
the same space can be simultaneously shown [50] (Figure 8).
Areal cortex maps from Brodmann [5] and von Economo
and Koskinas [63] are shown in the AHB [50] that resides
in the ICBM/MRI 2009b space. Using this “stripe” technology,
we also registered the results of our myeloarchitectural
studies.

The representation of linear cortex stripes aligns the
different myeloarchitectonic fields and cytoarchitectonic
areas defined by the individual authors to the common
statistical coordinates of the AHB in the MRI space. This
means that the defined fields can be directly compared
with any other parcellation. Two applications are obvious:
first, to determine the extent to which the cyto- and mye-
loarchitectonically segmented areas share identical fields,
as has been reported (see above) and, second, to compare
the different maps of the same regions published by dif-
ferent authors.

This parcellation strategy is not restricted to larger
cortex regions. It allows to bring arbitrary x/y/z coordi-
nates or any region of interest (ROI) to be brought into
registry with existing entries and to correlate these with
the cyto- and myeloarchitecture of the specified regions.
This allows registration of results from diverse sources
consistent with the correlated microanatomy of the stained
sections (Figure 8). Due to the linear representation of x/y
in each section (z-coordinate), the number of synoptically
presented findings is not limited and can be supplemented
by ROIs documented in standard (MRI-) space.

4 Discussion

The regional organization of the human cortex has been
documented by many researchers using comprehensive 2D
diagrams and ample details. We consider it worthwhile to
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Cortical stripe for y = 28,86 mm

Myelo-map [15,63]
Sulco-gyral pattern [51]
Brodmann [ 5]

von Economo, Koskinas [64]
Vogt B. [65]

Campbell [ 9]

Sarkisov et al. [66]

Yeo et al. [67]

dACC-f, NeuroSynth et al. [68]

dACC-i, NeuroSynth et al. [68]

rACC, Nietschke et al. [69]
rACC, Maltby et al. [70]
rACC, Leppé et al. [71]
rACC, Vogt et al. [72]
dACC, Leppa et al. [71]
dACC, Nietschke et al. [69]
RCZa, Mars et al. [73]
prMFC, Amodio et al. [74]
SACC, Bernpohl et al. [75]
cACC, Maltby et al. [70]
pACC, Jackson et al. [76]

—_— 13

Figure 8: The stripe visualization and analysis of ROI in the anterior cingulate cortex (ACC). (a) The AHB4 with registered ACC activations from 13
studies. The red vertical line shows the coronal position of the analyzed stripes. (b) Stripe segments corresponding to the analyzed locations in a). A
stripe segment consists of flat cortex representation (top) and associated parcellations. Here we show the canonical AHB4 stripe depicting four
parcellations: sulco-gyral pattern, Brodmann map, and interpretations by von Economo and Koskinas and Vogt. (c) The segmented and partly colored
parcellation bands below the cortex stripe represent the sequence of the myeloarchitectonic map, sulco-gyral organization, and functional area
delineations reported at the same location by different authors. To provide an estimate of the relation between the stripe size and the histology the
stripe segment depicted in (b) the small segment indicated by asterisks is shown at different magnification (boxed area with red line**). Image
modified from [50].
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bring their interpretations of the local variations into a
common framework that allows the comparison of the
structural features of the topological maps to be made
without personal bias. With this goal, we have focused in
the past on classical cytoarchitectonic maps from Brodmann
[5] and von Economo and Koskinas [63] and specifically
registered these in the AHB-MRI (3D-“Atlas of the Human
Brain®). Consistent with these established cytoarchitectonic
maps of the brain, we now add a myeloarchitectonic map of
the human cortex. The relevance of such a map was already
clearly foreseen by Brodmann who wrote in 1909": “The
medullary fiber structure of the cerebral cortex is manifold
in humans .... more finely differentiated than cell tectonics,
so that with its help it is possible to break down larger,
uniform cytoarchitectonic areas into smaller fields with a
specific fiber structure.”

Nevertheless, myeloarchitectonic maps of the human
cortex played only a minor role in the past. One reason for
the negligence of myeloarchitectonic studies of the human
cortex may have been the difficulty of creating a unified
myeloarchitectural map covering the entire brain. Obviously,
not all lobes of the brain in the Vogt collection were equally
suitable for analysis as the staining result may be inconsis-
tent across the brain. For example, Vogt’s [62] basic parietal
lobe map was derived from three different hemispheres
[A18R, A20L,R]. While almost all brains used for analysis
over a period of several decades came from the Vogt Insti-
tute collection, no single brain has been analyzed consis-
tently, nor has a complete brain map - such as Brodmann’s
from the same institute — ever been completed. Instead, the
analysis of the different lobes was mostly carried out on
different brains (also different hemispheres) (Appendix 1).
Hopf, later head of the Vogt Institute, used a brain from the
Kleist collection for his very detailed studies [46,47].

Another reason could be that the intensity and con-
trast of the staining as well as the differentiability of the
stained processes in the cortical profile have a major influ-
ence on the reliability of the parcellation. In fact, the
extraction and categorization of distinguishing features
of the nearly 200 fields is very difficult and the demarca-
tion between the fields is correspondingly controversial
and difficult to objectify.

Only recently have the myeloarchitectonic studies of
the Vogts and their collaborators received adequate

1 Brodmann (1909, p. 3) “Der Markfaserbau der Hirnrinde ist eben
beim Menschen vielfach .... feiner differenziert als die Zelltektonik, so
dass es mit seiner Hilfe gelingt, grofere einheitliche cytoarchitekto-
nische Bezirke wieder in Kkleinere Felder von spezifischer
Faserstruktur zu zerlegen.”
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attention and application in modern research. The revival
of this spectrum of their research is triggered by the
interest in cortical myeloarchitecture as a characteristic
feature of cortical architecture and function [76]. Moreover,
advanced imaging methods, particularly tractography and
molecular imaging, benefit from field- and layer-specific
fiber organization related to the macro- and micro-organi-
zation of the cortex. The development of routines that allow
visualization of myelin in the in vivo brain has initiated a
revival of “myelotectonics” [20]. Indeed, in addition, myelin
plays an important role in plasticity and pathology as var-
ious metrics and markers of myelin histology correlate with
developmental, myelogenetic events and pathological pro-
cesses. Today, the existence of profound spatial differences
in the white matter properties of the cortex has been con-
firmed using newer imaging techniques that are sensitive to
determining myelin content and distribution in the cortex
and show a likely relation with global brain networks
[36,77].

Since the V-V school has never produced a consistent
map that covers the entire hemisphere, our model is based
on several maps published over a period of about half a
century by the Vogts and their scholars using a wide range
of brains [13,14] (Appendix 1). Most maps show narrowly
defined fields, the sophisticated definitions of which are
supplemented by additional materials. In many studies,
these fields were divided into further subfields that were
not taken into account in our study [40,56]. On the other
hand, fields were also defined more broadly and histolo-
gical trends and similarities were pointed out [20,25,44].
Some maps were prepared in strict accordance with the
brain surface [55] while other authors published quite
idealized maps [25].

The timing was therefore right when Nieuwenhuys
et al. [21] created a unified myeloarchitectonic map based
on the publications of the V-V school. They registered the
maps to a template brain (in standard space). We are
reserved about this map because it only uses the surface
features shown in the V-V maps for registration and does
not take into account the subtle anatomy with almost 200
myeloarchitectural fields. The map offers little topogra-
phical certainty regarding the correct transfer to the
chosen statistical brain. The differences in cortical pattern
can hardly be compensated for by “graphical averaging”
methods of boundary lines, especially because two-thirds
of the cortex buried in the sulcal folds are ignored.

We improved the accuracy of our reconstruction by
not simply putting individual elements together, but by
adjusting the maps to the actual conditions based on the
photographs of the brains originally evaluated. We used
the information from those maps where we found a close
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correspondence to the surface anatomy of the photographs
of the brains analyzed. This strategy is supported by obser-
vations that the boundaries between the myeloarchitec-
tonic fields can often be associated with the sulci or even
shallow depressions [44]. The transformation that places
more emphasis on matching topographic landmarks
increases the likelihood of correct positioning of the
myeloarchitectonic fields and allowed us to improve
registration.

We sought to control and minimize the inaccuracy
associated with the registration between different brains
and overcome the challenge of histologically correct par-
cellation of cortex. First, we linked the published maps to
the brains from which they were developed and created a
topologically corrected map taking individual anatomy
into account. We transferred this overall map to the AHB
(A58) using anchor points and landmarks. Since most
authors emphasized that the field boundaries coincide
with sulci, furrows, or even dimples [53,78] the actual sur-
face image of the brain being evaluated played a promi-
nent role for placing the field maps. Second, we provided
the cross-sectional anatomy with the segmented fields and
associated histology. Comparing the myeloarchitectonic
stratification reported in the original publications with
the corresponding architectural fields represented in the
A58 brain helps to determine the accuracy of the registra-
tion. This aspect is facilitated by the fact that there are both
explicit descriptions highlighting the typifying features and
graphical representations of the field characteristics of the
cortex involved. Some of these resources are available in
abridged form in the Supplementary Materials. Checking
the concordance between the authors’ characterization of
each field and the myeloarchitectonic features presented in
the atlas provides a first step toward verifiability and
suitability for further study. Third, the cortical stripe repre-
sentation of the cortex enables the multidimensional co-
registration of alternating myeloarchitectonic maps and
features from different sources mapped to the same field.

The measures described are certainly not sufficient to
ensure the greatest possible agreement between the regional
field registration and the template. For this reason, we have
provided lists that describe the successive fields in detail,
mention key myeloarchitectural features and differences
from neighboring fields, and, most importantly, provide
references to pictorial representations of the main features
of individual fields. We anticipate that the ability to directly
compare these images with sectional anatomy presented in
an atlas will illustrate the precision achieved for each mye-
loarchitectonic field.

We did not make any special effort to test the corre-
spondence between the positions of individual fields in the
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respective analyzed (historical) brains and our parcellation
in the statistical brain, nor the differences from the map of
Nieuwenhuys et al. [21], as revisions can be done much
more precisely by comparing the detailed definitions of
the field properties with the myeloarchitectonic features
of the correlated cortical region in both hemispheres of the
same brain (the right hemisphere in the AHB; the left hemi-
sphere in the MRX-brain) [79].

A more effective and powerful way to test the validity
of our parceling is using our Multi-Level Stripe technology
(Figure 8). This technology makes it possible to synoptically
bring together different cortex maps in the same space in
order to specify the local peculiarities in as much detail as
possible and make them comparable. The correlation
between the cytoarchitectural maps of Brodmann and of
von Economo and Koskinas, already mapped in our atlas,
and the new myeloarchitectonic map will show not only
the coincidences but also spatial differences and thus eval-
uate the consistency of our parcellation. This comparison is
important because several authors have pointed out the
high concordance between cytoarchitectural and mye-
loarchitectural fields. Some authors even used definitions
of myeloarchitectonic fields to describe the features of the
corresponding cytoarchitecture [52,60,80-83] (Table Al).
We believe that the availability of structural and histological
data combined with newer imaging techniques may provide
additional information about the organization of underlying
networks and potentially the localization of behavioral or
cognitive functions. With this strategy, we aim for a multi-
layered organization of multiple features at a specific location.

When using multi-level stripe technology, current stu-
dies can of course also be taken into account. However,
since the current study focuses on registering the historical
maps of the V-V school, it was not our aim to discuss such
maps with reference to recent developments regarding the
myeloarchitectonic parcellation of the human cortex.
Accordingly, we did not consider the results of alternative
approaches [84,85] since our concept is based on the best
possible anatomical match between the V-V school maps
and the statistical brain. We also did not address the out-
standing work of Sewards [86]. He used Hopf’s maps of the
human temporal lobe to combine them with modern con-
cepts of cortical functionality. In our opinion, his contribu-
tion outlines the perspective of how these maps and
accompanying materials should be used in the future.

4.1 Perspective

In addition to the development of an overall myeloarchi-
tectonic map - taking into account the individual anatomy
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and the registration on a statistical brain (A58) — we have
achieved three conceptually important aspects: first, the
representation of the myeloarchitectural fields on cross-
sections of the atlas brain, second, the relationship
between the original characterization of each field and
the detailed characteristics of the correlate in the cross-
sections of the AHB, and third, the availability of the
map for multidimensional co-registration (multilevel stripe
representation) of the cortex.

4.2 Registration of various (individual)
cortex maps to the AHB and comparison
with MRI-myelo-map

The mapping of each topographically determined feature
in the cortex to the AHB space can be directly compared to
the myeloarchitectonic features attributed to the same
location. Thanks to stripe technology, the results of such
evaluations can be read directly thanks to the linear and
parallel display of the stripe segments.

4.3 Correlation of the myeloarchitectonic
stripe pattern with results from
tractography

The organization of myeloarchitectonic fields reflects the
diversified connectivity of functional networks. Field maps
related to their detailed subcortical anatomy, included in
the AHB, can serve as a useful resource for interpreting
connectivity maps. Fields can be used as “seed” and “end”
regions for tractography [87].

4.4 Correlation of the myeloarchitectonic
stripe pattern with results from myelin
imaging

The use of multimodal and laminar MRI has demonstrated
the feasibility of identifying differences in myelin content
in cortical areas of the living human brain. Areas that were
previously parcellated in postmortem brains can now be
specifically targeted and examined using MRI. Exemplary
are the findings of Glasser et al. [88] who used an auto-
mated method based on a supervised machine learning
classifier and delineated 180 areas per hemisphere bounded

DE GRUYTER

by changes in cortical topography, architecture, and func-
tional connectivity.

4.5 Vogts classification schema of the
cortical myeloarchitecture

Enthusiastic as a collector of bumblebees and interested
in genetic variability, it is no surprise that Vogts [89] com-
bination and arrangement of cortical characteristics is
extremely categorical and detailed. In the Supplementary
Materials (and tables from Lungwitz and Hopf therein), we
provide examples that illustrate the rational of this classi-
fication scheme (and are reminiscent of Raimondo Llull’s
combinatorial principles [90]). It seems worth considering
whether a contemporary version of this classification con-
cept could serve as a basis for an expanded terminology of
the cerebral cortex.
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Appendix 1 Resources for creating the composite myeloarchitectonic map

Table A1: Resources for the generation of the myeloarchitectonic map

Frontal lobe Brains used | d,di op #
Knauer [91] (Broca) 9 hemispheres

Vogt [15] A18R + +

Riegele [92] (Broca)

Ngowyang [53,60] ¢y A49L, A61L + +

Kreht [81] ¢y A58L, A61L, A64L, A65L

Kreht [82] (Broca) cy A58, A61, A64, A65, A118, A126(L)

Strasburger [41,93] A39R + #
Strasburger [42] (Broca) A20, A22, A27, A34, A38, A39 (L,R)

Beck [80] E (1949) ¢y 9 hemispheres; 7 brains

Braitenberg [20] not specified

Hopf [27,54] A18, A39 R

Sanides [44,45] A58, A43, A63

Parietal lobe

Vogt [62] A18R, A20L,R + + +

Gerhardt [43] A61L + dl

Batsch [94] A37L, A61L, + multiple hem + di + #
Hopf and Vitzthum [55] A37L + +

Schulze [95] iPL ¢y A58, A65, EL13

Hopf [28,29] 8 hemispheres, A58

Temporal lobe

Beck [96] sdTL A27L, MB54, 50, 55 (Kleist Collection) dl

Beck [56,97] sdTL. A37LR di

Sgonina [98] A61L, A66 R, Th5, A20 L, A58, A43

Hopf [26,46,47] MB59L (Kleist Collection), A58 + + sfTL #
Occipital lobe

Vogt [99] ¢y

Beck [97] ¢y

Ngowyang [60] ¢y A61L + + #
Lungwitz [40] A37L,R + + + #
Heinze [100,101] ¢y A58LR,A49LR,EL4,7,8,9,10,11

Insula

Brockhaus [102] A18L,A39L,A40L,A61L,A65L,A66L #

The first column provides the studies, separate for each lobe with the authors sorted according publication time. The studies from [97] Beck (1930)
and [92] Riegele (1931) were not available. (Broca = analysis of the wider Broca area; ¢y = cytoarchitectonic analysis; F = field). The alphanumeric
designations in the second column designate the brains used in the listed articles. Bold characters indicate those brains where the surface views of
the formalin fixed brains were available (L = left hemisphere; R = right hemisphere). The right sided columns indicate the angle of view of the graphic
representation of the individual brain maps in the corresponding articles (m = medial; | = lateral; b = basal; o = orbital; d = dorsal; dl = dorsolateral; op
= opercular view; iPL = inferior parietal lobule; sdTL = superodorsal temporal lobe), + graphic representations available. In the outermost column is
indicated whether serial sections with field maps (#) are available. The cyto- and myeloarchitecture of the cortex has been reviewed by Rose [103,104].
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Appendix 2

A1 Myeloarchitectonic Terms

Criteria for assessing the myeloarchitectural cortex fields
are essentially the width of cortex layers, the intensity of
staining, and the contrast between the layers and sub-
layers. Each field characteristic comprises the content,
caliber, character, and orientation of myelinated fibers
(Bf/Gf = basic or ground fibers; Ff = fiber plexus; Ef singular
fibers; Hf = horizontally oriented fibers; If = individual
fibers; Tf = tangential fiber). Special attention is paid (1)
to the different behavior of the two Baillarger stripes (B1:
outer = Gennari stripe) (B2: inner stripe); (2) to the pre-
sence or absence of a Kaes-Bechterew stripe, and (3) to the
average length of the radial fibers.

As a template for the judgment of the field character-
istics serves Vogt’s [15] basic scheme, which is reproduced
in its original version (Figure 1).

A1.1 Basic scheme

In this scheme, the 1st layer, lamina tangentialis, can be
divided into four sub-layers or zones (1° 1a, 1b, 1c); when
fully developed: quadrizonal type.

1-1°, the outermost sublamina superficialis forms a
narrow border zone with sparse, very fine fibers, which
are only visible under high magnification.

1-1a, the subsequent pars externa sublaminae interme-
diae shows fairly densely arranged, horizontally directed,
delicate fibers (basic or ground fibers, Bf).

1-1b, the pars interna sublaminae intermediae shows
almost as many basic fibers as la, but also has a larger
number of denser individual fibers (If).

1-1c, the sublamina profunda has significantly fewer
fibers than 1b and often consists of only bundles of basic
fibers. (The usually evenly built 1 ¢ sometimes shows a
loosening of the fibers in its outer part (biprofundo-zonal
form)).

L-2, lamina dysfibrosa usually lacks any single fibers
and this scarcity renders this layer indistinct.

L-3, the lamina suprastriata is divided into 3 sublayers,
similar to the cytoarchitectonic layer III.

In the uppermost sub-layer (3-1) there can be a large
number of individual fibers that make this sub-layer
visible as a stripe by the naked eye (stria Kaes-Bechterewi).

The sublamina intermedia (3-2) has both more horizontal
fibers and more terminal splitting of the radii than 3-1.
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The sublamina profunda (3-3) is richest in fibers. It
contains many horizontal fibers and also more terminal
branches of radii than 3-1.

The 4th-6th layers are discussed together due to many
common structural modifications. In the basic scheme,
both bands (“stripes” [105]) of Baillarger are pronounced
and clearly separated from each other by a light inter-
mediate layer. This case corresponds in Vogts basic scheme
to the bistriate type. The layer between both stripes (layer
5a) is called intrastriate lamina, and the layer below the
inner stripe (layer 6a) is called substriate lamina. Layers 1,
2, and 3 lying above the striae have no special names. Only
in those few cases where a horizontal fiber accumulation
stands out at the upper edge of L-3, the Kaes-Bechterew-
stripe is described.

L-4 (stria Baillargeri externa) forms a very dark stripe
due to a dense accumulation of fine basic fibers and the
appearance of thicker individual fibers.

L-5a (lamina intrastriata) corresponds to the outer
sublayer of the lamina ganglionaris (Va). It is significantly
lighter than L-4 due to a reduction in the GF and a decrease
in the Ef.

L-5b (stria Baillargeri interna).

L-6aa (lamina substriata) is light-colored due to a
reduction in the fiber feltwork. The 6ap (lamina limitans
externa) is very fibrous.

L-6ba (lamina limitans interna) and especially the
zona corticalis albi gyrorum (6bp) are significantly richer
in fibers than 6a. They can hardly be distinguished from
the underlying medulla on fiber preparations because of
its abundance of fibers, 6bp no longer at all. They coincide
with the lamina infima (VII) of the cell image.

A1.1.1 Modifications of the basic scheme
L-1: (lamina tangentialis).

Modifications of the basic (quadrizonal) type depend from
a. Contrast:

Trizonal type: 1a which few Bf and no Sf can fully
adopt the architecture of 1b; the sub-layers 1a and 1b
can therefore not be separated (1°, 1a + 1b, 1c). The
difference between 1a + b and 1c is mainly due to the
greater number of either Bf or If or both in 1a + b. The
trizonal type is very common. Variations depending
from either minor or stronger likeness to the trizonal
type are the subquadrizonal or propetrizonal types,
respectively. The latter (propetrizonal) type is also char-
acterized by a la with fewer fibers.

Bizonal type: the sublayers 1a + 1b + 1c (= 1a—c) are
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not distinguished. Individual fibers penetrate into 1a + b
so that finally a similar layer 1a + b + ¢ (= 1la—c) arises.
b. Fiber type:
Eufasciate type: a considerable difference exists
between the (typically) greater amount of fiber in 1a +
b compared to 1c.
Dysfasciate type: no difference exists between la +
b compared to 1.
c. Width of the sublayers:

Tenui-, medio-, latofasciate type signify that 1a + b can
either be narrower than L-1c, or just as wide or wider.

L-2 (lamina dysfibrosa).

If the individual fibers in L-2 are absent, one speaks of
the eutangential type; if they are present, of the ultratan-
gential type. Usually, there is a very great scarcity in basic
fibers in L-2 (eucingulate type), and only rarely is L-2 so
rich in fibers that it cannot be distinguished from L-1c and
L-3 (dyscingular type).

L-3 (lamina suprastriata).

L-4-6.

The behavior of the Baillarger (B)-stripes to each other
is valued with respect to:

a. fiber density
» Aequodensus Bl equal to B2,
» Externodensior Bl to B2 denser (more fibers are pre-
sent in the outer layers, L-4), and
¢ Internodensior Bl to B2 less dense (fiber content is
greater in the inner layer (L-5-2); and
b. Width of each stripe
» Externolatior: the outer stripe is significantly wider
than the other without differing in fiber content,
+ Internolatior: the outer stripe is significantly wider,
c. Differences in fiber characteristics in the Baillarger’s
stripes,
* Tenuifibrosus type, and
* Grossofibrosus type.

Unitostriate type: the fiber density in both stripes can
be particularly strong, but the intermediate layer (Lamina
intrastriata, L-5a) also contains relatively many medullary
fibers, so that the two stripes appear more or less fused.

Propeastriate type: the two B-stripes become uni-
formly dense and indistinct.

Astriate type: the two stripes and eventually are not
distinguishable altogether.

Aequodense type: the fiber content of layers 4 and 5-2
is of the same level.
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Subconjuncto- or conjuncto-striate type: the fiber
content increases only in 5-1.

Propeunistriate type: the fiber content increases only
in L-6-1.

Unistriate type: the substriate layer is significantly
richer in fibers than the intrastriate.

In the basic scheme [15], the radial fibers (radii) end in
the middle of the 3rd cortical layer. This situation was
described as euradiate type in contrast to the supraradiate
type where the terminals of the radii extend to the 1st layer
and the infraradiate type, in which the radial bundles end
in the middle of the 5th layer.

The radii differ not only in length but also in width,
number, and caliber:

lato-, medio-, and tenui-radial types describe the width
of the radii,

denso, modico, and sparso radiates refer to the num-
bers of radii,

grosso-, aliquanto and finoradiate types denote the
fiber caliber.

Appendix 3 Concordance Measure

An optimal area level concordance measure should be one
if two areas from different maps are perfectly mutually
predictable and zero if there is no predictability between
the area clusters. We analyze these group-level correspon-
dences with measures based on adjusted Wallace index
[106,107]. The Wallace index W,_p quantifies directional
correspondence A—B between two clusters of areas
without penalizing areas that have pure subset configura-
tion. Given two area groups A and B, Wallace index W,_p
between group A and group B is the probability that two
voxels are classified together in one area in group B
knowing that they were classified together in one area in
group A. The Wallace coefficient (W) directly indicates the
agreement between partitions and therefore can be easily
interpreted.

From the two directional Wallace values, we derive the
adjusted maximal Wallace index Wy,x = max(Ws_,,
Wa-p). The scalar-valued maximal Wallace index Wiyax
for two parcellations takes values between 0 and 1 and
emphasizes the highest mutual predictability of two areas,
with 1 denoting perfect mutual predictability of one area
group from the other.
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Appendix 4 2D-Constrained Fuzzy
Registration

The 2D-constrained fuzzy registration is based on the
nonlinear multigrid registration for multi-modal images
[108,109]. It uses an elastic multigrid method to register
an image or a volume to a reference template and allows
for the introduction of structural constrains. We adapted
the method to the registration of surface maps (Figure
Ala) by introducing fuzzy representation of the cortical
folding as filtered distance lines (Figure Alc and d). These
constrains serve as additional force during the registra-
tion and the algorithm minimizes the distance between
the constrains in the moving image (the map) and the
template (brain surface). These additional forces ensure
that the selected sulci lines almost perfectly fit between
the map and the cortical surface image. The algorithm
uses not the whole image of the surface but only a por-
tion that corresponds to the extent of the myelo-map.

The algorithm works in two stages:

First, the myelo-map is rigid and affine registered to
the target brain surface with standard 0.5 mm resolution.
We use the standard resolution (0.5 mm) registration with
increasing degrees of freedom (DOF), rigid (6 DOF), and
affine (12 DOF). Each registration type uses a coarse-to-

a) Myelo-map

b) Template: brain surface f)
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fine approach and smooth-to-sharp refinement. The dis-
tance measure used for minimization is a weighted combi-
nation of the mutual information [110] and parallelity of
gradients [109].

The first stage is followed by a non-linear registration
(second stage) between the myelo-map and the brain sur-
face. This stage uses the myelo-map and the constrains as
an input.

The final output of the algorithm is a map that matches
the important sulci of the target brain surface (Figure A1f).

Appendix 5 3D-Constrained
Volumetric Registration

The 3D-constrained registration procedure [50] is a multi-
stage process that is based on the nonlinear multigrid regis-
tration for multi-modal images developed by [108,109] and
extended with a diffeomorphic registration method [111].

During the preprocessing stage, the image intensities
are bias field corrected [112] and normalized [113].

The 3D representation of the brain (moving brain) is
rigid and affine registered to the target brain (template,
volume of A58) with standard 1mm resolution. We use

Final registered map

C) 2D fuzzy constrain for map surface

e)

d) 2D fuzzy constrain for

Figure A1: The 2D fuzzy image registration inputs and the final registered myelo-map. (a) the myeloarchitectonic map that will be registered to the
corresponding brain surface (b). The filtered distance lines for significant sulci severs as 2D fuzzy constrains for map (c) and surface (d) during the
registration and exert additional forces to align the map with the surface. The computation minimized the distance measures only in the masked
green area (e). The final registered map overlayed onto the brain surface (f).
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the standard resolution (1mm) atlas registration with
increasing DOF, rigid (6 DOF), and affine (12 DOF). Each
registration type uses a threefold coarse-to-fine approach
and four-fold smooth-to-sharp refinement. The extend of
the computation is constrained to the size of the moving
brain with some extra space around in the target space.
The rigid and affine registration procedure is followed
by a non-linear diffeomorphic registration between the
moving brain and the A58.
 The algorithms applied shall provide optimal registra-
tion accuracy and robustness for the registration of the
variable topography and the small-sized components
moving brain. Because the description details of the
deformation fields cannot sometimes sufficiently adjust
small structures at standard 1 mm MR resolution, this
high-resolution stage with the 0.25 resolution is executed.
The high-resolution stage is computed locally in an ROI
around the moving brain.

a) Stack of slice b)
Q

figures

D

Stack of polygonal
representations of slices
(with additional virtual slices)
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¢ In this high-resolution stage, the results of stage 1 are
locally optimized with a sequence of multi-modal dis-
tance measures to match control volumes of the moving
brain-related control volumes between the age group
templates and the patient brain.

Appendix 6 3D Reconstruction
Method

For the 3D reconstruction of the AHB, we employed our
geometric shape-constrained 3D reconstruction algorithm
for serial sections [49,50]. This algorithm creates a specific
reconstruction such that it corresponds to the surface of
the target brain. A single geometric shape constrain defines
a homologous structure in the source slices and in the
photograph of the source brain that will be perfectly

c) Volumetric surface
construction,

— smoothing and repair

Slice locations in the brain

— el

Figure A2: The 3D reconstruction of brain volume from stack of figures. (a) The stack of figures is extracted and vectorized. The polygonal
representation of the slices (b, top) is scaled according to the reference lines (middle) at the slice position on the surface photograph (c, bottom).

(c) The final surface reconstruction is smoothed and repaired.
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matched during the nonlinear part of the reconstruction
process. The geometric constrains can be defined as a set of
one-, two-, or three-dimensional structures (1D, 2D, or 3D
constrains). Here, we use positions of the sulci and the
outer shape of the brain as constrains. During the recon-
struction, the slice will be deformed in a way that will
match the form of the sulci in the photograph.

The stack of brain section figures (Figure A2a) was
vectorized into polygonal representation (Figure A2b).
When the gaps between the slices were too large, we
inserted virtual slices that followed the form of the neigh-
boring slices. The corresponding positions on the source
brain photo were determined and the corresponding loca-
tions of the sulci and the outer borders of the brain were
stored as a small slice ribbon along the section (Figure A2b
bottom). From the polygonal representation, we created a
volume stack with coronal slices representing the white
and gray matter of the brain and the ventricles.

The slices in the volume underwent further optimiza-
tion by slice-to-slice alignment of the stack. The alignment
process was performed in two stages: the linear and the
nonlinear stage. During the first stage, we created a rigid

Projection of the revised map
a) onto the rotated 3D surface

d) Semi-automatic border

2 propagation into definition gap —

Area 1

Surface mesh

Outside the defined areas
the mesh contains
distance field

Definition gap

b) The color coded map on
the 3D surface mesh

Filling the definition gap

Area 1
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slice-to-slice registered slice stack with the control of the
slice extension by a small ribbon extracted from the sur-
faces of the corresponding brain lateral, medial, and top or
bottom view of the target brain. In this step, 1D and 2D
geometric constrains were defined. The set of 1D land-
marks consisted of the sulcal crossing of the corresponding
slice line and for the 2D volume constrains, we used the
overall 2D shape of the brain, and the flow of the gyri.

The slice-to-slice registration was followed by a global
nonlinear stage. Each slice was nonlinearly registered to
the neighboring slices. Simultaneously, the geometric con-
strains for each slice were aligned. After the initial match, a
high-resolution iterative optimization procedure was applied
to ensure a perfect match between the constraining struc-
tures and the structures of the target brain. We used an
optimized sequence of two multimodal measures during
this high-resolution step (mutual information and the paral-
lelism of the gradients).

The surfaces of the cortex, the white matter, and ven-
tricles were created from the aligned stack by the MATLAB
isosurface function. The final surface meshes were smoothed
and possible defects were repaired (Figure A2c).

c)

Definition gap in the
sulci (no color)

e a

Definition
gap |

Border 1

f)

p—

Manual correction on the
3D pial surface (CARET)

/

4

Filled definition gap

Figure A3: The border propagation algorithm uses the projected maps on the triangular brain surface (a). The areas are represented as colored
(numbered) triangles in the mesh (b). The deep parts of the brain are out of the map projection and contain no area definition: definition gap (c). The
void (undefined) part of the surface mesh (d, gray triangles) is filled by the expansion of the area borders into the void (e). The final area borders can
be manually edited and revised in the CARET software [58] on the skeletonized or inflated surface mesh (f).
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Appendix 7 Boundary Propagation

The area/field boundary propagation is a semiautomatic
algorithm that expands defined areas on a triangulated
mesh into undefined portions of the mesh. To bring the
area definition from 2D to 3D we use a projection of the
2D map onto the 3D brain surface mesh (Figure A3a). The
projected maps in this work contain undefined parts pre-
dominantly in the sulci (Figure A3c, the definition gap). To
fill the gyri in a controlled and continuous way, we com-
pute a distance field in the undefined part of the mesh. The
distance field assigns each vertex in the mesh the distance
to the closest defined area. The gradient of this field points
in the direction perpendicular to the border of the area
and is used as the direction of the border propagation
(Figure A3d). The expansion of the area is performed by
the movement of the area border over the triangular mesh.
The border is defined as a polygonal line on the mesh. Each
vertex is contained in a triangle or on the edge of a tri-
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angle. The vertices are moved along the distance field gra-
dient with the velocity vV (Figure A3d). In each step, the
new location of the vertex border is tested if it is in the void
triangle or if it is inside of the defined area. In the second
case, the vertex is positioned border of the neighboring
area and its velocity is set to zero.

This algorithm can also be used for a 2D flat mesh to
expand the core areas after the LF processing of the maps.
In this case, each triangle in the void part of the mesh
contains additional information on which areas were pre-
sented in the overlayed maps and how many maps con-
tained the selected areas. For this application, the movement
of the area borders is defined by the gradient of the distance
field and the stopping criteria are the border of the other
area and/or the probability of the area in the new location is
not the majority in the array map. After this automatic part
of the algorithm, the not filled parts and the resulting mesh
can be manually corrected and revised in mesh editing
software.
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