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The Locare workflow:
representing neuroscience
data locations as geometric
objects in 3D brain atlases

Camilla H. Blixhavn?, Ingrid Reiten?, Heidi Kleven?,
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Maja A. Puchades?, Oliver Schmid?, Jan G. Bjaalie?,
Ingvild E. Bjerke! and Trygve B. Leergaard™

!Neural Systems Laboratory, Department of Molecular Medicine, Institute of Basic Medical Sciences,
University of Oslo, Oslo, Norway, 2EBRAINS AISBL, Brussels, Belgium

Neuroscientists employ a range of methods and generate increasing amounts
of data describing brain structure and function. The anatomical locations from
which observations or measurements originate represent a common context
for data interpretation, and a starting point for identifying data of interest.
However, the multimodality and abundance of brain data pose a challenge for
efforts to organize, integrate, and analyze data based on anatomical locations.
While structured metadata allow faceted data queries, different types of data
are not easily represented in a standardized and machine-readable way that
allow comparison, analysis, and queries related to anatomical relevance. To
this end, three-dimensional (3D) digital brain atlases provide frameworks in
which disparate multimodal and multilevel neuroscience data can be spatially
represented. We propose to represent the locations of different neuroscience
data as geometric objects in 3D brain atlases. Such geometric objects can
be specified in a standardized file format and stored as location metadata for
use with different computational tools. We here present the Locare workflow
developed for defining the anatomical location of data elements from rodent
brains as geometric objects. We demonstrate how the workflow can be used to
define geometric objects representing multimodal and multilevel experimental
neuroscience in rat or mouse brain atlases. We further propose a collection
of JSON schemas (LocareJSON) for specifying geometric objects by atlas
coordinates, suitable as a starting point for co-visualization of different data in
an anatomical context and for enabling spatial data queries.

KEYWORDS

3D brain atlas, FAIR data, interoperability, rat brain, mouse brain, standardization, data
integration

1 Introduction

Experimental brain research in animal models generates large amounts of disparate data
of different modality, format, and spatial scale (Sejnowski et al., 2014). To manage and exploit
the growing resource of neuroscience data it is now widely recognized that the data must
be shared in accordance with the FAIR principles (Wilkinson et al., 2016), ensuring that data
are findable, accessible, interoperable and reusable for future analyses (see e.g., Abrams et al.,
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2022). This trend has resulted in a growing volume of neuroscience
data being made accessible through various data repositories and
infrastructures (Ferguson et al., 2014; Jorgenson et al., 2015; Ascoli
etal., 2017; Amunts et al., 2019). While free-text searches based on
structured metadata are typically implemented in such databases
(Clarkson, 2016), possibilities for more sophisticated queries,
visualizations, and analysis depend on a harmonization across data
files with different formats, scales, and organization (Zaslavsky et al.,
2014; Abrams et al., 2022).

Anatomical information is widely used to provide a common
context for harmonizing and comparing neuroscience data (Martone
etal,, 2004; Bassett and Sporns, 2017). The availability of open-access
3D rodent brain reference atlases (Oh et al., 2014; Papp et al., 2014;
Wang et al, 2020; Kleven et al, 2023a) has opened up new
opportunities for combining and analyzing data that have been
aligned to a common spatial framework (Leergaard and Bjaalie, 2022).
This allows researchers to integrate and analyze data from different
sources within a common anatomical context more easily. For
example, spatial registration procedures allow image data to be directly
compared and analyzed based on atlas coordinates or annotated brain
structures (Puchades et al., 2019; Tappan et al., 2019; Tyson and
Margrie, 2022; Kleven et al., 2023b), e.g., through use of computational
analyses of features of interest in atlas-defined regions of interest (Kim
etal., 2017; Bjerke et al., 2018b, 2023; Yates et al., 2019; Kleven et al.,
2023a,b). For other data types, such as locations of electrode tracts, 3D
reconstructed neurons, or other features of interest, procedures and
tools have been developed to represent the data as coordinate-based
points of interest allowing validation or visualization of locations
(Bjerke et al., 2018b; Fiorilli et al., 2023).

Atlases, tools, and resources for building, viewing, and using
collections of spatially registered data have also proven to
be fundamental for digital research infrastructures, such as the Allen
Brain Map data portal' and to some extent also the EBRAINS Research
Infrastructure.” But while the Allen institute provides collections of
systematically generated homogenous and standardized image data
spatially integrated in a 3D atlas, EBRAINS allows the research
community to share a wide variety of data. These data may be related
to anatomical locations using anatomical terms, reference to
stereotaxic coordinates, or spatial registration to atlases. Thus, the
location documentation provided with published data is as disparate
as the data
documentation defining the position of data in an atlas, to anatomical

themselves—ranging from coordinate-based
terms, illustrations, and unstructured descriptions (Bjerke et al.,
2018a). The specification of such location metadata varies
considerably, and a common standard for storing them is lacking in
neuroscience. This poses a challenge to effectively utilize the metadata
for spatial queries, co-visualization, and other analytic purposes. To
achieve the ambitions of the community to accumulate and re-use
neuroscience research data in agreement with the FAIR principles, it
is necessary to represent metadata describing anatomical locations
(spatial metadata) in a standardized and machine-readable format.
To address this challenge, we developed the Locare workflow
(from locare, latin: to place) for representing disparate

1 https://portal.brain-map.org/
2 https://www.ebrains.eu/
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neuroscience data in a simplified and standardized manner. The
workflow was developed based on a large collection of diverse
experimental data from mouse and rat brains shared via the
EBRAINS Knowledge Graph.®> The
documentation, specifying data location through points of

available location
interest, images, or semantic descriptions determines the starting
point of the workflow, which through different workflow routes
outputs geometric objects. We here present Locare as a generic
workflow for specifying interoperable spatial metadata for
neuroscience data, and exemplify how it can be used to specify
anatomical locations for different data types as geometric objects
in atlas space using a JSON format. The Locare]SON schemas
allow representation of data in a simplified and standardized
format that can enable spatial search, co-visualization, and
analyses of otherwise disparate neuroscience data. The Locare
workflow provides a solution for defining heterogeneous
neuroscience data as atlas-defined geometric objects in a
machine-readable format, which in turn can be utilized to
represent data as interoperable objects in a 3D anatomical atlas
and develop spatial query functionalities. The workflow is here
presented in context of the EBRAINS Research Infrastructure but
is generally applicable to any infrastructure of databases holding
neuroscience data.

2 Materials and methods

The Locare workflow builds on several years of experience
with assisting researchers to share and present their experimental
research data through the EBRAINS Research Infrastructure. As
part of this effort, we investigated how to integrate and represent
rat and mouse data sets in three-dimensional (3D) brain atlases.
The workflow was established using 186 mouse brain data sets
and 94 rat brain data sets available from the EBRAINS Knowledge
Graph by 11 May 2023. An overview of all data set titles and type
of location documentation is provided in Supplementary Table 1.
The data sets included data files in various formats, structured
metadata, and a data descriptor including summary, materials
and methods, usage notes and explanation of data records.
Several data sets were also associated with journal publications
containing additional images and/or textual information about
the anatomical location of the data. In some cases, we were in
contact with data providers (custodians of the data shared
through EBRAINS) directly and received additional information.
These 280 data sets were contributed by 480 different researchers
and acquired using 25 different experimental methods. The
anatomical locations of observations or measurements in these
data sets were documented using images (n=116), semantic
descriptions only (n=123), or by specification of coordinates for
points of interest (POIs; n=41).

3 https://search.kg.ebrains.eu/
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2.1 Establishing the Locare workflow

The Locare workflow takes any information that can be used to
define the anatomical location of a sample (e.g., a section or a tissue
block) or objects within a sample (e.g., a labeled cell or an electrode) of
data as input, independent of methods, data formats, software used for
visualization and analysis, and solutions used for sharing the data. This
is below referred to as location documentation. Three main categories
oflocation documentation input are distinguished: images, information
about POIs, and semantic descriptions. The workflow includes four
steps: (1) choosing a target atlas (a 3D brain atlas) and collecting
relevant location documentation (Figure 1A); (2) assessing the location
documentation (Figure 1B); (3) translating location documentation to
spatial metadata in target atlas (Figure 1C); and (4) defining the
geometric object representing the location of the data (Figure 1D). A
geometric object is a simplified representation of the anatomical
location from which the data were derived. If the exact location that
the data were derived from cannot be defined, the location can
be represented by a geometric object (a mesh) corresponding to an
atlas region. The target atlas constitutes the common framework for
spatial alignment of data from different sources, enabling meaningful
comparisons and integrations.

To exemplify how the output of the workflow can be formatted
in a standardized, machine-readable way, we created a collection of
JavaScript Object Notation (JSON)* schemas to store the Locare
workflow output. The JSON format is widely used due to its suitability
for storing semi-structured information, language independence and
human readability. Since there are several open standards related to
neuroscientific data and geometric representations (such as
GeoJSON, NeuroJSON, and openMINDS), we assessed these for
inspiration. GeoJSON®¢ is a format for encoding a variety of
geographical data structures but is lacking fields to specify the
anatomical context for neuroscience data. NeuroJSON” is a JSON-
based neuroimaging exchange format. The NeuroJSON JMesh
specification can efficiently represent 3D graphical objects, such as
shape primitives (spheres, boxes, cylinders, etc.), triangular surfaces
or tetrahedral meshes. However, like GeoJSON, the Jmesh
specification misses the option to identify the anatomical context.
openMINDS (RRID:SCR_ 023173)* is a metadata framework with
metadata models composed of schemas that structure information
on data within a graph database. Although the schemas of the
openMINDS SANDS (RRID:SCR_023498)° metadata model allow
for the identification of the anatomical context (semantic and
coordinate-based location and relation of data), it is not meant to
hold actual (more complex) geometrical data. We chose to base
our collection of schemas (LocareJSON) on the GeoJSON
standard but extended it to include 3D objects and anatomical
context. We defined LocareJSON schemas to the following
geometrical objects: point, sphere, line string, cylinder, polygon,
polyhedron, and atlas mesh. All LocareJSON schemas define

https://www.json.org/json-en.html

https://geojson.org/

https://doi.org/10.17487/RFC7946

https://neurojson.org/
https://github.com/HumanBrainProject/openMINDS
https://github.com/HumanBrainProject/openMINDS_SANDS
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target atlas space through a reference to relevant openMINDS
schemas. The Locare atlas mesh schema also defines the
relevant atlas mesh through use of openMINDS. For a detailed
description of the LocareJ]SON schemas, see the Locare]SON

Github repository (v1.1.1)."°

2.2 Demonstrating the workflow through
use-cases

We demonstrate the Locare workflow in a selection of use-cases
including heterogeneous data from rat and mouse brains representing
each input (location documentation) and output type (geometric
objects; Figure 2; Supplementary Table 2). The output resulting from
these use-cases were shared in the Locare]JSON repository, and as data
sets on EBRAINS (Blixhavn et al., 2023a,b,c,d,e,f; Reiten et al.,
2023a,b,c). Below, we describe the key tools and processes used to
create the use-cases.

We used the Waxholm Space atlas of the Sprague Dawley rat
brain (WHS rat brain atlas; RRID: SCR_017124; Papp et al., 2014;
Kjonigsen et al., 2015; Osen et al., 2019; Kleven et al., 2023a)"! and the
Allen mouse brain atlas Common Coordinate Framework (AMBA
CCEF) version 3 (RRID: SCR_020999; Wang et al., 2020) as our target
atlases. For spatial registration, we used the QuickNII (RRID:
SCR_016854; Puchades et al, 2019)"* and VisuAlign (RRID:
SCR_017978)" tools, which come in versions bundled with each of
the target atlases.

For extraction of coordinates for a single or a few points of
interest, we used the QuickNII mouse-hover function. For more
extensive efforts involving numerous points of interest, we used the
manual annotation function in the LocaliZoom tool
(RRID:SCR_023481),"* or the QUINT workflow (Yates et al., 2019;
Gurdon et al., 2023)" utilizing QuickNII for registering histological
brain section images to the reference atlas followed by tools for
extracting (ilastik, RRID:SCR_015246), quantifying, and sorting
features according to atlas regions (Groeneboom et al., 2020; RRID:
SCR_017183).'6

To facilitate translation across different atlas terminologies
and coordinate systems, we used a set of published data sets
containing metadata defining the spatial registration of the rat
brain atlas plates of Paxinos and Watson (2018) to the WHS rat
brain atlas and the mouse brain atlas plates of Franklin and
Paxinos (2007) to the AMBA CCF v3 (Bjerke et al., 2019a,b).
These data sets were used to relate stereotaxic landmarks to 3D
atlas coordinates, as well as for comparing atlas regions between
atlases, as shown in Bjerke et al. (2020a). Since the atlases by
Franklin and Paxinos (2007) and Paxinos and Watson (2018) are
copyrighted, the data sets do not contain images from these
atlases. However, the registration metadata for these data sets can

10
11
12
13
14
15
16

https://github.com/Neural-Systems-at-UIO/LocareJSON/tree/v1.1.1
http://www.nitrc.org/projects/whs-sd-atlas/
https://quicknii.readthedocs.io

https://visualign.readthedocs.io
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FIGURE 1

Overview of the Locare workflow. Location documentation is collected (A), assessed (B), and registered to a target atlas (C) followed by the creation of
geometric objects representing the data of which the location documentation was derived (D). (A) Preparatory steps involve choosing a target atlas in
which the geometric objects should be represented and collecting of relevant location documentation. (B) The location documentation available,
defined as points of interest (POI; B’), images (B”) or semantic descriptions (B”), determines which route of the workflow is used. (B’,C’) Point route:
POIs may be defined in the target atlas, in another atlas, or not in an atlas. POls defined in target atlas are directly used to create geometric objects.
POlIs not defined in the target atlas must be translated to coordinates of the target atlas (C’) (see text for details). If no information is available for
translation of POls to target atlas, the inputs are directed to semantic translation (C”, blue arrow). (B”,C”) Image route: Images may document the
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FIGURE 1 (Continued)

location of specific data or can also be atlas plate images used to translate points of interest or semantic descriptions to a geometric object or mesh in
the target atlas. Image registration is performed if possible (C”), or alternatively the workflow can be directed to the semantic route (B”, pink arrow).
Images registered to the target atlas containing POIs may be used for coordinate extraction (C’, pink arrow). Atlas plate images from other atlas
registered to the target atlas is used for extraction of coordinates for POls (C’, pink arrow) or for translation of semantic term (C”, pink arrow). (B”,C")
Semantic route: Semantic descriptions may be defined in the target atlas, another atlas, or not defined in an atlas. Terms defined in target atlas are
directly used as the final term. Terms defined in other atlas are translated based on the spatial registration of atlas plates from the other atlas to the
target atlas (B”, yellow arrow). Terms not defined in any atlas are translated to the most closely corresponding term in the target atlas (C”). (D) The
output of the workflow routes is one or several geometric objects or atlas meshes.
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FIGURE 2

Visualization of the selected use-cases demonstrating the use of the Locare workflow. Use-cases (A-I) represented by an input (location documentation)
and output (geometric object representation), where the outputs are co-visualized in the respective target atlases (J) [Waxholm Space atlas of the Sprague
Dawley rat brain or (K); Allen mouse brain atlas Common Coordinate Framework version 3]. (A) Image from an anterograde tract tracing experiment
showing the injection site placed in the medial orbital area (Kondo et al., 2022). Two spheres represent the position and size of the injection site core and
shell, respectively. (B) Image from a histochemistry experiment (Blixhavn et al.,, 2022). A polygon represents the location of the section image. (C) Text
description from a neuronal reconstruction study (Feldmeyer et al,, 2020). An atlas mesh represents the location of the reconstructions. (D) Stereotaxic
coordinates and radius measurement from electrocorticography experiments (Arena and Storm, 2018; Arena et al., 2019a,b, 2020) using 17 epidural
electrodes. A sphere represents the position and extent of each electrode. (E) Image from an electrophysiology experiment (Fiorilli et al., 2022) where the
electrode track is annotated. A cylinder represents the location of the electrode. (F) Image from an immunohistochemistry experiment (Bjerke et al.,
2020b) with extracted parvalbumin positive cells annotated. Points represent the extracted cells. (G) 2D atlas illustration showing the location of a
neuronal reconstruction (Garcia-Amado et al., 2020). A point represents the neuronal soma. (H) Descriptions of the field of view used in a calcium imaging
experiment (Conti et al,, 2019; Resta et al., 2021). A polyhedron represents the field of view. (I) A text description of the POI used in an electrophysiology
experiment (Schnabel et al,, 2020). A line string represents the location of the electrode. (3) All use-cases containing data from the rat brain co-visualized
in the Waxholm Space atlas of the Sprague Dawley rat brain version 4 (RRID: SCR_017124; Papp et al., 2014; Kleven et al., 2023a; http://www.nitrc.org/
projects/whs-sd-atlas/). The coordinates of the objects are opened using MeshView (RRID: SCR_017222) the atlas mesh is opened using Scalable Brain
Atlas Composer (Bakker et al., 2015), and objects are overlaid. (K) All use-cases containing data from the mouse brain co-visualized in the Allen mouse
brain atlas Common Coordinate Framework version 3 (RRID: SCR_020999; Wang et al., 2020). The coordinates of the objects are opened using
MeshView and objects are overlaid. S1-bf; primary somatosensory cortex, barrel field.
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be opened and inspected with locally stored .png images using
QuickNTI, either to inspect the correspondence of delineations
across atlases or to extract WHS rat brain atlas or AMBA CCF
v3 coordinates.

To translate spatial metadata from established tools to our
example schemas, we created Python scripts for extraction and

Frontiers in Neuroinformatics

05

formatting of (1) QuickNII .json files and (2) Nutil .json
coordinate files. The output from QuickNII consists of vectors
indicating the position of the 2D image in a 3D atlas (the vector
components o, u, v represent the top left corner, and the
horizontal and vertical edges of the image, respectively).
Coordinates for all four corners can therefore be calculated by
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addition of vectors. We created scripts'” to transform the
coordinate output from QuickNII .json files into the LocareJ]SON
schema for polygons. In the Nutil tool, utilized in the QUINT
workflow, users can choose whether output coordinates should
be given per pixel of an image segmentation, or per centroid of
each segmented object. We created scripts'® to transform centroid
coordinate output from the Nutil tool into the LocareJSON
schema for points.

3 Results

We here present the Locare workflow and a collection of JSON
schemas (LocareJ]SON) for representing the location of data as
geometric objects in 3D atlases. First, we outline the generic steps of
the workflow, followed by a description of three different routes for
use of the workflow based on the type of location documentation
available. Second, we describe the LocareJSON schemas for storing
the geometric objects. Lastly, we demonstrate the workflow through
nine use-cases representing five different experimental approaches
and all the geometrical object types defined by the Locare]SON
schemas. Figure 2 gives an overview of the input (location
documentation) and output (geometric object representation) for each
use-case and visualizes their outputs in their respective 3D target
atlases. A summary of details for each use-case is found in
Supplementary Table 2.

3.1 The Locare workflow

The Locare workflow consists of four steps (Figure 1). The first
step (Figure 1A) is to select a target atlas and collect available location
documentation, serving as the workflow input. The second step is to
assess the available documentation (Figure 1B). The Locare workflow
separates location documentation into three main categories: images
showing anatomical features, specification of points of interest (POIs),
and semantic descriptions. The third step of the workflow (Figure 1C)
involves a registration and/or translation process to define coordinates
or terms in the target atlas representing the anatomical location of the
data set of interest. The fourth and last step (Figure 1D) is to define a
geometric object using the appropriate Locare]SON schema. The
image and point routes through the workflow yield representations of
data location in form of geometric objects, such as points, spheres, line
strings, cylinders, polygons, or polyhedrons. The semantic route
results in atlas mesh polyhedrons representing an atlas term, which
can be used to indicate that data resided somewhere within, or
intersecting a given region. The link between the geometric object(s)
defined in the Locare workflow and the data set containing the data
described in the location documentation is defined in the Locare]SON
schema (see section 3.2). Below, we describe the different routes of the
workflow in more detail.

17 https://github.com/Neural-Systems-at-UIO/LocareJSON/tree/v1.1.1/
scripts/quicknii_to_locarePolygons
18 https://github.com/Neural-Systems-at-UlO/LocareJSON/tree/v1.1.1/

scripts/centroids_to_locarePoints
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3.1.1 The workflow route for points of interest

POIs in a data set can be specified with a broad range of location
documentation but are often specified as 2D or 3D points in a
coordinate space or image. The POI route through the workflow
translates POIs to coordinates in the target atlas and allows users to
define geometric objects based on combinations of atlas coordinates.
Of the 280 data sets evaluated (Supplementary Table 1), 41 provided
documentation of their study target location as POIs.

The Locare workflow distinguishes between three different types
of POI documentation (Figure 1B’). First, points may be given as
coordinates defined in the target atlas, e.g., coordinates representing
features extracted from images, as given for parvalbumin neurons in
the data provided by Bjerke et al. (2020b). These coordinates can
be used directly to create geometric objects in the target atlas
(Figure 1D). Second, points may be specified as coordinates defined
in other atlases than the target atlas, for example using coordinates
from stereotaxic book atlases (e.g., for the position of implanted
electrodes, as provided in use-cases shown in Figures 2D,I). If images
from the atlas used to define the POIs are available (Figure 1B’, blue
arrow), these can be spatially registered as described in the image
route (Figure 1C”, see also section 3.1.2) to enable the translation of
the POIs to coordinates in the target atlas. Thirdly, POIs may also
represent information about the location of recording sites, images, or
other spatial information that can be translated to the target atlas via
anatomical landmarks (Figures 2G-I).

When coordinates are defined in the target atlas, they can be used
to create all types of geometric objects supported by the Locare]SON
schemas. For example, points can be used to represent cell soma
positions (Figures 2EG), a line string could represent the location of
an electrode track (Figure 2I), or a polygon could represent the
location of a camera field-of-view (the latter may also be extended to
a polyhedron to represent the imaging depth captured by the camera;
Figure 2H). If the radius for the POI is known, the point object could
be replaced by a sphere, or a line string by a cylinder. For example, the
location of an electrode track may be represented by a cylinder
(Figure 2E), and the location of an injection site core and shell can
be represented by a set of spheres with the same centroid point
(Figure 2A).

3.1.2 The workflow route for image location
documentation

Location documentation in the form of images varies greatly.
Images may be magnified microscopy images focusing on specific
structures or cover entire brain sections. Image series may contain
only a few sections or cover the whole brain (see use-cases shown in
Figures 2A,B,F). Image documentation may also be illustrations based
on microscopy images, visualizations of reconstructions, or
annotations made on atlas plates, as exemplified in Figure 2G. The
main process of the image route is to register the images to the target
atlas so that coordinate information can be extracted and used to
create geometric objects. Of the 280 data sets evaluated in the work
with defining this workflow (Supplementary Table 1), 116 provided
documentation of their study target location through images.

Images are suitable for spatial registration if they contain specific
anatomical features that allow identification of positions in the brain.
Thus, in the second step of the workflow route for images (Figure 1C"),
the images are examined to see if they meet this criterium. 2D images
to be registered should ideally cover whole brain sections, or at least
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include unique landmarks (Bjerke et al., 2018a) that can be used to
determine the angle of sectioning. 3D volumes may cover the whole
brain or be partial volumes. Partial 3D volumes to be registered should
preferably contain a combination of external and internal anatomical
landmarks to allow identification of corresponding locations in an
atlas. A range of image registration software are available (Klein et al.,
2010; Niedworok et al., 2016; Fiirth et al., 2018; Puchades et al., 2019;
Tappan et al., 2019), suitable for different types of data and purposes.
Further discussions about the choice and application of such tools are
provided in reviews by Tyson and Margrie (2022) and Kleven et al.
(2023b). Whether or not suitable anatomical landmarks are available
for determining the specific anatomical location of a sample should
be considered case by case. If the images lack anatomical landmarks,
the available information is considered using the semantic route of
the workflow.

When registration is performed, the spatial registration output
can be used to define geometric objects in the appropriate Locare]SON
schema. For 2D images, polygons are used, representing the full plane
of the image through defining its four corners (Figure 1D, see also
Figures 2A,B). For 3D images, polyhedrons are used, representing the
volume through defining the object’s eight corners. For images
containing POIs (e.g., annotations of electrode tracks, see Figure 2E),
the image route would be used primarily as a mean to define
coordinates corresponding to these points. In these cases, it might not
be relevant to define geometric objects for the images themselves;
instead, the extracted points are taken through the last two steps of the
points route (Figures 1C’,D).

3.1.3 The workflow route for semantic location
documentation

Semantic location documentation can be any term or description
of an anatomical location. This includes a range of documentation
types that do not meet the criteria for use in the other routes but still
are useful to determine the data location. For example, images that do
not contain sufficient anatomical landmarks for spatial registration
may be useful for morphological observations of cells of tissue that can
be used to determine the anatomical location of data. Semantic
location documentation may also include functional characteristics of
cells or tissue recorded which could help confirm the location of
electrode tracks. The most common form of semantic location
documentation, however, is one or more anatomical terms, with or
without reference to a brain atlas. Of the 280 data sets evaluated in the
work with defining this workflow (Supplementary Table 1), 123
provided documentation of their study target location through
semantic descriptions only.

With the semantic route, a brain region term in the target atlas is
chosen to represent the location of the data. In the second step of the
semantic route (Figure 1B"), we distinguish between terms defined in
the target atlas, terms defined in another atlas, and terms not defined
in an atlas. In the third step (Figure 1C"”), data are semantically
registered to the target atlas by choosing a final term from the target
atlas terminology to represent the data. The approach depends on
which type of term was provided. For terms that are already associated
to the target atlas, we generally use the term directly as the final term.
For terms from other atlases, the registration to the target atlas
involves a translation between terminologies, a process depending on
defining the correspondence of the region in the other atlas with
region(s) in the target atlas. If images of atlas plates from the other
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atlas are available (Figure 1B”, yellow arrows), they can be spatially
registered as described in the image route (Figure 1C") and atlas plates
can be overlayed with custom atlas overlays from the target atlas. This
facilitates translation of terms from the other atlas to the target as
described in our previous papers (Bjerke et al., 2020a; Kleven et al.,
2023b). If alternative spelling or terms differing from the atlas
nomenclature are used, further consideration about underlying
definitions and correspondence to the atlas nomenclature is needed.
For example, the term “striatum” can be ambiguous, since it may refer
to the caudate-putamen (or caudoputamen) alone or the caudate-
putamen combined with the nucleus accumbens. Use of parent terms,
such as the “substantia nigra” to describe smaller subsets of a region
can also introduce ambiguity. In all such cases it is necessary to
evaluate available documentation and seek the most precise
definition possible.

There are several considerations underpinning the choice of a
final term when the initial term comes from another atlas or is not
defined in an atlas. This process relies primarily on interpretation of
the initial term and documentation by a researcher employing
knowledge of neuroanatomy and neuroanatomical atlases,
nomenclatures, and conventions. The documentation is evaluated in
the choice of final terms, with essential considerations being the
specificity, granularity, coverage, and confidence (defined in Figure 3).
For example, if a term from another atlas is used, but there is no
closely corresponding term in the target atlas, a fine-grained term
might be substituted with a coarser term. This would decrease the
granularity, but increase the confidence, in the final term. The final
term will be chosen from the target atlas terminology, with a
corresponding atlas mesh associated to the data set (Figure 1D).

3.2 The Locare workflow output:
LocareJSON

To exemplify how the geometric object representing the
anatomical location of a data element can be formalized in a machine-
readable format, we created a collection of JavaScript Object Notation
(JSON) schemas, collectively referred to as Locare]JSON schemas.
These schemas are based on GeoJSON elements and are hosted in the
LocareJSON GitHub repository. These Locare]SON schemas provide
suitable starting points for researchers who wish to create JSON files
storing information about spatial location in the brain. Below
we describe the structure and content of the Locare]SON schemas.
Each schema consists of a general part (the locareCollection schema)
and a part specific to the object it describes (individual object schemas).

The locareCollection schema include the following required
properties: versioning of the schema (version), reference to the 3D
target atlas (targetAtlas) and one or several persistent links to the
original sources for the data (sourcePublication). The targetAtlas is
referenced through a link to an openMINDS_SANDS (see text
footnote 10) instance (commonCoordinateSpaceVersion). Details
about the dimension, resolution, orientation, and origin of target atlas
is essential to enable representation of geometric objects in any atlas
space, e.g., in an online tool or viewer. The locareCollection schema
has two optional properties: related publications (relatedPublications),
and online resources (linkedURI, Uniform Resource Identifier). The
linkedURI should be used to state an online resource primarily if it
links to relevant data already embedded in a tool or viewer (e.g., as for
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Key aspects of semantic registrations
Granularity
Levels of granularity Cerebrum Definition:
L— Cerebral nuclei Concerns how fine-grained the region term is,
L— Striatum e.g. “Caudoputamen” is a more granular term
L Striatum dorsal region than “Striatum”
L Caudoputamen
Coverage
Atlas region: Caudoputamen Definition:
I Concerns how much of the region (represented
| Seimrplied] regfem Cauelepuiaman, by a term) is represented in a data set (registered
“ ventromedial part to that term)
Specificity
Definition:
Atl ion: Caudoput: e . .
e Ees Cee bR e Concerns how specific a term is to the region
represented in a data set, i.e. is the data set
sampled region: Caudoputamen only sampled from the region re_presented by
andifundus of striatum the term or are surrounding regions also covered?
Accuracy
Low accuracy Medium accuracy High accuracy ..
Definition:
Concerns how faithfully a region term describes a
[ [ ‘ sampled region, assessed through considering
Ak Ak y 'y coverage and specificity
Atlas region  Sampled region
Confidence
Atlas region: Caudoputamen Definition: X i X i
Concerns the certainty with which a semantic
Sampled region: Striatum registration can be made, assessed through
considering the amount of documentation
available for the data location
FIGURE 3

Key aspects of semantic registrations. The Figure [modified from Bjerke (2021)] gives the definition of key considerations when using the semantic
route to represent data described using terms from other atlases than the target atlas, or using terms not defined in an atlas. In the atlas plates, black
text and lines illustrate a term and an area, respectively, corresponding to a target atlas region. Orange text and lines illustrate a term and an area,
respectively, corresponding to a sampled region reported for a data set. Thus, the orange text and lines illustrate the region term and area that should
be registered to a target atlas term. The Figure defines and illustrates concepts of granularity, coverage, specificity, accuracy, and confidence.

brain section images embedded in the LocaliZoom viewer on
EBRAINS, Figure 2A).

The objects supported by Locare]SON (point, sphere, line string,
cylinder, polygon, polyhedron, and atlas mesh) are defined in
individual schemas. Point representations consist of coordinate
triplets, with each triplet defining a specific point in a 3D atlas. Sphere
representations build upon point representations and consists of
coordinate triplets defining the sphere centroid, with information
about radius to create a sphere measured from the centroid. Line
string representations consist of two or more coordinate triplets, as a
minimum defining the start and end point of a segment. Cylinder
representations build upon line string representations with additional
information about radius to create a cylinder around the length of the
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line string. Polygon representations consist of coordinate triplets
defining corners of a delimited 2D plane. Polyhedron representations
consist of coordinate triplets defining corners of a 3D object (vertices),
including information about how vertices create polygons (faces) that
can be used to represent 3D objects. Atlas meshes, a unique form of
polyhedron, contain the name of a specific term from a 3D atlas,
provided by a link to openMINDS_SANDS.

One or several objects can be defined within a locareCollection
schema. The schemas for geometric objects include the following
required properties: “type;” stating the geometric object type, and
“coordinates;” a coordinate list formatted based on the type. The
schema for atlas mesh includes the “parcellationEntityVersion,” stating
the brain region’s URI Each object also includes a set of properties
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pointing to the original data the schema represents. These properties
include: the name of the data (“name,” required), clearly directing to
a subject, file, or group of files; a description of the data (“description,”
required), e.g., “position of cell body”; and a direct link to the data
source for the geometric object (“linkedURI”; optional), e.g., the
LocaliZoom viewer link for the individual brain section image used
to create spheres shown in Figure 2A.

3.3 The Locare workflow use-cases

To demonstrate the workflow we applied it to represent the
location of data from rats and mice acquired by different methods,
including electrophysiology (2 data sets), electrocorticography (1 data
set), (immuno-)histochemistry (2 data sets), axonal tract tracing (1
data set), neuronal morphology (2 data sets) and calcium imaging (1
data set), all shown in Figure 2. Technical information about the
use-cases is provided in Supplementary Table 2. The rat- and mouse
brain data sets were co-visualized in the Waxholm Space atlas of the
Sprague Dawley rat brain (Papp et al., 2014; Kjonigsen et al., 2015;
Osen et al., 2019; Kleven et al., 2023a) or the Allen mouse brain atlas
Common Coordinate Framework (Wang et al., 2020), respectively. For
each use-case, we utilized a separate route in the Locare workflow,
based on the type of location documentation available, resulting in a
LocareJSON schema of which the type depended on the object chosen
to represent the data (point, line string, sphere, cylinder, polygon,
polyhedron, or atlas mesh). Each use-case is available as a Locare]SON
file in the LocareJSON repository and as data sets on EBRAINS, where
links to their source data sets and detailed methodological descriptions
are also provided.

Figure 2 illustrates how different types of neuroscience data can
be represented as geometric objects (Figures 2A-I) that can
be co-visualized in an atlas space (Figures 2],K). The geometric data
created as examples are available as derived data sets via EBRAINS
(Blixhavn et al., 2023a,b,c,d,e; Reiten et al., 2023a,b,c). The derived
data sets are listed in Supplementary Table 2, providing links to
LocareJSON files for each use case, as well as to the landing page for
each derived data set shown in Figure 2. From the landing page, a data
descriptor document is provided, explaining how the geometric data
were specified following the Locare workflow, and how the
LocareJSON file is organized. These resources provide detailed
descriptions of the geometric location data, with suggestions of how
they can be visualized. The data coordinates provided can, e.g.,
be co-visualized in an atlas viewer, such as the MeshView tool,
available from EBRAINS."* This tool visualizes brain structures from
WHS rat brain atlas and the AMBA CCF mouse brain atlas as
geometric meshes and includes a feature for importing point
coordinates, such as those provided with our data sets, as shown in
Figure 2.

The use-cases demonstrate that the object representation that best
represent the data is highly dependent on how the data are made
available, and the nature and extent of associated documentation
provided with it.

19 https://www.ebrains.eu/tools/meshview
20 https://meshview-for-brain-atlases.readthedocs.io/en/latest/index_.html
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4 Discussion

The Locare workflow specifies different ways in which highly
variable documentation describing the anatomical location of
neuroscience data can be used to create representations of the data as
geometric objects in a reference atlas space. The collection of
Locare]SON schemas exemplify how such objects can be structured
in a machine-readable way. The workflow was established and
validated using 280 rat and mouse brain data sets generated using
highly different methodologies (Supplementary Table 1). These data
sets, shared on the EBRAINS Knowledge Graph between 2018 and
2023, allowed us to categorize the location documentation into three
main categories. The geometric object data created for the nine
examples used to demonstrate the Locare workflow (Figure 2) are
shared as derived data sets on EBRAINS with links to their source data
sets (Supplementary Table 2). In our use-cases, coordinates were
specified using tools provided via the EBRAINS Research
Infrastructure, but numerous other tools for generating 3-D geometric
objects and coordinates (see Tyson et al., 2022; Fuglstad et al., 2023)
may also be suitable as a starting point to create Locare JSON files.
Below, we consider the potential impact, advantages, and limitations
of the Locare workflow, including the geometric representations it
delivers, and discuss possibilities for utilizing such geometric
representations for visualization and spatial queries.

The FAIR guiding principle for data management and stewardship
emphasize machine-readability and use of persistent identifiers to
optimize reuse of scientific data (Wilkinson et al., 2016). Web-based
open data infrastructures, structured metadata, and copyright licenses
make data findable, accessible, and re-usable, while use of standardized
file formats ensure interoperability of data files with different tools and
among similar types of data (Pagano et al., 2013). In the context of the
FAIR principles, the Locare workflow allows creation of machine-
readable files representing the anatomical location and relevance of
different data that otherwise would be difficult to find, access, and
compare. By defining geometric objects using atlas-based coordinates,
the data representations are spatially integrated and interoperable, in
the sense that they can be co-visualized using viewer tools and utilized
in various computational processes, including spatial search.

Our use-cases (Figure 2; Supplementary Table 2) show that the
usefulness of location documentation depends more on the amount and
level of detail of the documentation provided, than the method used to
obtain the data. This highlights the need for good reporting practices. It
is well established that the amount and consistency of metadata provided
with research data varies considerably (see Bjerke et al., 2018a, 2020a),
which in turn also contributes to the known problems with low
replicability and reproducibility of studies (Goodman et al., 2016; Stupple
et al, 2019). The different routes through the Locare workflow
accommodates the variability of location documentation typically
provided with experimental data sets, thus guiding researchers to define
the most specific geometric representations possible with the
documentation available for their data sets. In this way, data generated
using the same methodology may be represented by different geometric
objects when the available metadata differ. The location of a neuronal
reconstruction can be defined as a singular point in an atlas (Figure 2G),
or only as a mesh representing an entire anatomical subregion when less
specific location documentation was provided (Figure 2C). Similarly, a
series of histological images registered to an atlas may also be represented
in different ways; as polygons representing the locations of sections in
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atlas space (use-case B), or as a population of points representing specific
cellular features extracted from section images (Figure 2F). Improved
routines for recording and sharing location documentation for
neuroscience data will enable more precise spatial representation of data
(Bjerke et al., 2018a; Tyson and Margrie, 2022; Kleven et al., 2023a).

The most detailed and accurate spatial representations of data are
achieved by spatial registration of images showing anatomical features.
A range of image registration tools are available (Puchades et al., 2019;
Tappan et al,, 2019; Carey et al., 2023; for review, see Tyson and
Margrie, 2022), tailored for different types of 2D or 3D image data,
and compatible with different brain atlases. Both manual and
automated methods exist for different applications. Scripts are
available for converting the output from the spatial registration tool
QuickNII to LocareJSON polygon schema (see Figures 2A,B). Similar
scripts can readily be adapted to different tools. Once images are
spatially registered to an atlas, they can be used to specify points or
volumes of interest, such as labeled objects (Figures 2EG), electrode
recording sites (Figure 2C), or tracer injection sites (Figure 2A).

The location of POIs, derived from text descriptions or extracted
from atlas-registered images, can result in any geometric object
representation. When coordinates for POIs have been extracted, an
important consideration is therefore which geometric object would
best represent it. There might be several alternatives, as, e.g., in the case
of electrode tracks. A point can be used to represent the end or the
entry point of the electrode (although the end point is usually most
relevant as this is where recordings are made), and a line string may
represent both the end and entry point, which would be appropriate
when there are recording sites along the track (see Figure 21, where a
linear electrode array with 16 recording sites along the electrode was
used). If the radius of the object (e.g., the electrode) is known, points
and line strings may alternatively be replaced by spheres and cylinders,
by introducing the radius of the object. Determining a radius should
be the preferred practice as it benefits both visualization and spatial
query purposes. In many cases, however, information about the radius
is missing. Whether a best approximation is the better choice must
be evaluated on a case-by-case basis.

The Locare workflow defines how the location of disparate
neuroscience data can be represented as geometric objects in an atlas
space. The workflow was developed using rat and mouse data sets with
associated atlases, tools, and resources shared via the EBRAINS
Research Infrastructure. The concept of data integration through
geometric representations is generic and system independent, and the
Locare workflow is therefore in principle applicable for other species
for which an open access 3D brain atlas is available, such as, e.g., the
zebrafish larvae (Kunst et al., 2019), macaque (Balan et al., 2024), or
human brain (Amunts et al., 2020).

With the Locare workflow, we propose a streamlined approach to
specify, organize, and store information about anatomical positions in the
brain, yielding machine-readable files suitable for search engines, viewers,
and other tools. The focus is to represent the location of data in a simplified
and standardized format, rather than aiming to integrate the actual data
files. We believe this will ensure the relevance of the workflow even when
facing new methods, tools, and file formats. Standardized representation
of data as geometric objects in 3D coordinate space can be utilized in
spatial queries of neuroscience databases. Spatial queries will likely make
it easier for researchers to find and reuse relevant data compared to free-
text searches, and possibly open for more analytic approaches for re-use of
shared data (Cao et al., 2023).
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We envision that the Locare workflow can guide researchers
describing anatomical locations in their data, and provide a starting
point for defining new standards for current and future platforms,
thus making neuroscience data more findable, accessible, interoperable
and reusable, in accordance with the principles set forward by
Wilkinson et al. (2016). Future work will include extension of the
concept and workflow to human and non-human primate data and
implementation into software for querying and accessing the location
and distribution of neuroscience data through atlases.
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