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A T L A S · I N G  In the context of the present work, we refer to atlasing

as the development and application of brain atlases and related software

with the aim to facilitate integration and spatial analysis of various types

of  experimental  data  and  maps  from  the  brain  based  on  anatomical

location.
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ABSTRACT

A major challenge for understanding the brain in health and disease is
related to combining information about the brain from many different
sources.  Spatial  analysis  and comparison of  2D and 3D brain images
with the aim to discover new structural and functional features in the
data requires mapping the images to a common anatomical space. For
rodent  models,  widely  used  anatomical  reference  atlases  have  until
recently  been  published  in  a  book  format  that  hinders  effective
comparison across images acquired at different angles and dimensions.
The ambition of this study is to advance digital atlasing of the rodent
brain  towards  a  new  generation  of  volumetric  atlases  that  facilitate
integration of whole-brain image data from multiple modalities.

We present  the first  comprehensive  anatomical  reference  atlas  of  the
Sprague  Dawley  rat  brain  based  on  magnetic  resonance  imaging.  To
ensure  interoperability  with  other  atlases,  we  applied  the  Waxholm
Space standard in the rat brain for the first time, and created a mapping
against the widely used stereotaxic space. For connecting experimental
data  to  the  new  reference  atlas,  we  established  standard  anatomical
landmarks  for  image  registration  across  different  levels  of  structural
detail,  and  created  a  workflow  for  section  to  volume  alignment  and
spatial analysis of brain-wide microscopic image series. Open access to
the results of this work has enabled localization of signal in functional
and  structural  image  volumes,  integration  of  2D  image  series,  and
development of new atlases of various features of the brain.
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I N T R O D U C T I O N

The brain is the most complex living structure known. From the level of

gene  expression  and  intracellular  processes  to  the  level  of  synapses,

neurons, neural circuits, and the connectome, the brain presents several

layers  of  organization.  Uncovering  the  constructional  and  operational

principles of each layer is central to understanding the brain in health

and  disease,  and  identifying  strategies  for  prevention,  diagnosis,  and

treatment of disorders, injuries and developmental defects of the brain.

A variety of imaging methods and experimental techniques are used in

neuroscience  for  exploring  this  complex  biological  system,  covering

spatial  scales  from molecular  and cellular  levels  to  the level  of  brain

regions and the whole brain (Grignon et al. 2012; Hillman, 2007; Hurley

and  Taber,  2008;  Otte  and  Halsband,  2006;  Venneti  et  al.  2013).

Since each of  these techniques captures only specific  aspects  of  brain

structure or function, it is necessary to combine results from different

types of measurements to get a more complete picture.  Compiling such

heterogeneous  data  into  searchable,  comparable  and  interpretable

information, referred to as data integration, represents a major challenge

for  neuroscience  as  recognized  by  ongoing  international  research

programs,  including  the  Human  Brain  Project  (www.humanbrain
project.eu) and the BRAIN Initiative (www.braininitiative.nih.gov).

A  common  trait  across  datasets  acquired  from  the  brain  is  spatial

relatedness. Anatomical location therefore provides a natural basis for

organizing  diverse  types  of  measurement  results  (Van  Essen,  2002).

Assembly of data into a common space requires a standard anatomical,

spatial and semantic reference to be defined, and methodology and tools

for alignment of images to this reference. Brain atlases form the central

pillar of such an integration space (Toga, 2002). In addition to maps of

anatomical  boundaries,  reference  atlases  offer  standard  coordinate

systems for navigation and measurements, and connect new findings to

existing information about the brain through established nomenclatures.
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Having their foundation laid upon anatomical images, reference atlases
are also a plausible starting point for image alignment procedures. With
a focus on rodents as experimental models, the following chapters briefly
review  the  current  state  of  brain  atlasing  from  a  data  integration
standpoint.  We  explore  available  resources  with  regard  to  reference
material and atlas formats, coordinate systems, and image alignment in
order to identify key development directions towards brain-wide spatial
integration of experimental data.

Rodent brain reference atlases: 2D to 3D

The most widely used atlases of the rodent brain are stereotaxic atlases
designed to aid localization of features observed in microscopic images
and planning of surgical procedures such as the placement of electrodes
into the brain  (Dong, 2008; Franklin and Paxinos, 2008; Paxinos and
Watson, 2007; Swanson, 2004). These atlases consist of series of plates
delineating anatomical details observed in histological material stained
for cyto-, chemo-, or myeloarchitecture. The atlas plates provide cross-
sectional  views  of  the  brain  along  standard  coronal,  sagittal  and
horizontal  planes,  arranged  in  a  book  format.  Since  the  analysis  of
obliquely  cut  microscopic  sections  is  not  supported  by  this  format,
surface reconstructions have been created from anatomical delineations
presented in stereotaxic atlases of both rat and mouse (Hjornevik et al.
2007;  Leergaard  et  al.  2003;  Majka  et  al.  2012,  2013),  and  slicing
software were developed to generate atlas plates cut at arbitrary angles
(Elsevier  BrainNavigator,  http://www.abe.pl/en/resources/databases/
brainnav;  Allen  Institute  Brain  Explorer,  http://mouse.brain-
map.org/static/brainexplorer). For  compatibility  with  tomographic
images of the brain, volumetric atlas reconstructions are used (Hjornevik
et al. 2007; Nie et al. 2013; Schwarz et al. 2006; Valdes-Hernandez et al.
2011), or the experimental image volumes are transformed to replicate
the size and viewing angle of the stereotaxic atlas plates (Johnson et al.
2012; Lu et al. 2010; Schweinhardt et al. 2003).
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Due  to  recent  developments  in  3D  imaging,  the  format  of  reference

atlases has evolved from series of 2D plates towards 3D volumes of the

brain.  An  increase  in  the  resolution  of  magnetic  resonance  imaging

(MRI) and diffusion tensor imaging (DTI) to the scale of tens of microns

has made it possible to perform volumetric anatomical mapping of the

rodent  brain  based  directly  on  image  contrast (Badea  et  al.  2007;

Chuang et al. 2011; Ma et al. 2005; Ma et al. 2008; Rumple et al. 2013;

Veraart et al. 2011). Magnetic susceptibility and water diffusion direction

measurements  yield  structural  images  that  reflect  topological

characteristics of brain tissue such as the size and distribution of cells,

and the orientation and density of fibers (Alexander et al. 2007; Badea

and Johnson,  2012).  Anatomical  information in these  high resolution

images  can  be  used  for  building  a  volumetric  atlas  by  assigning  an

anatomical label to each voxel that represents the brain. The resulting

delineations share the same volumetric format as the underlying image

template,  providing  direct  spatial  correspondence  between  the

anatomical map and the MRI/DTI data.

The main advantage of using MRI to build reference atlases of the brain

is  the  availability  of  morphologically  correct  anatomical  images  that

display the same depth in all dimensions. Such material enables spatial

alignment of both 2D and 3D datasets. In situ imaging leaves the cranial

vault undisturbed and preserves the shape of the brain close to the  in

vivo situation, providing an ideal starting point for integration of images

from modalities affected by tissue distortions, e.g. microscopy. Isotropic

acquisition  allows  templates  and  associated  delineations  to  be  sliced

dynamically at arbitrary angles. This feature is central to the alignment

of  microscopic  image  series  to  volumetric  atlases.  In  addition  to

compatibility  with 2D data,  volume to volume alignment between the

anatomical  template  and  3D  images  from  other  modalities  makes  it

possible to use the volumetric delineations for localization of signal from

in vivo functional and pharmacological images that show limited or no

structural contrast.
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Reference  atlases,  whether  2D  or  3D,  facilitate  data  integration  by

assembling  anatomical  information  into  a  common  space.  Classical

neuroanatomical atlases incorporate spatial information from multiple

categories of histological material and key pieces of literature through a

curation  process  that  involves  the  selection  and  interpretation  of

disparate anatomical data. This type of integrative atlas is a result of an

environment with limited access to image data and anatomical findings,

and  few  computational  resources  to  scale  up  data  integration.  The

appearance of high-throughput data acquisition methods has led to the

development  of  specialized  open  access  atlases  accumulating  large

amounts of  data systematically  collected for  visualizing specific  tissue

elements or biomarkers throughout the brain. Examples of such atlasing

resources include the Allen Brain Atlas gene expression database for the

mouse  (Lein  et  al.  2007),  the  ViBrism  transcriptome  tomography

database  (Okamura-Oho et  al.  2012),  the  Mouse  Connectome Project

(Hintiryan et al. 2012), the Allen Mouse Brain Connectivity Atlas (Oh et

al. 2014), and the Whole Brain Connectivity Atlas for the rat (Zakiewicz

et  al.  2011).  Data  integration  in  this  new  distributed  atlasing

environment  can  be  defined  as  a  means  to  connect  diverse  types  of

experimental  data  to  both  classical  anatomical  reference  maps  and

specialized  atlasing  resources  in  a  way  that  any  given  anatomical

location in one atlas translates to the same anatomical location in the

other  atlases.  Being  compatible  with  both  2D  and  3D  datasets  from

multiple modalities, MRI-based atlases have the potential to be used as

spatial intermediaries between newly acquired data and existing atlases. 

With  this  perspective  in  mind,  volumetric  atlases  have  recently  been

developed for two of the most widely used experimental rodent strains:

the C57BL/6J mouse (Johnson et al. 2010) and the Wistar rat (Johnson

et al.  2012).  While  based on microscopic resolution MRI, the level  of

detail in these atlases is limited to major brain regions and tracts, and

delineation criteria are not provided. Without a detailed description of

the anatomical basis of the delineations in the images, it is challenging to

validate  the  anatomical  boundaries  and  to  extend  these  atlases,  or

evaluate their  usability for a specific  purpose.  Building an MRI-based

reference  atlas  for  the  Sprague  Dawley  strain,  equally  common  in
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laboratory use as the Wistar, with a consideration for these aspects will

deepen our understanding of the extent high resolution MRI can be used

for detailed brain-wide delineation of a larger number of structures, and

thereby improve the utility of MRI-based atlases in general.

Coordinate systems for brain atlasing

Anatomical  delineations  in  a  reference  atlas  subdivide  the  complete

brain volume into smaller subvolumes by setting boundaries according

to changes in cellular, biochemical or physical properties of the tissue.

Nomenclature  associated  with  these  maps  enables  basic  navigation

across the brain at  the  level  of  areas,  nuclei,  regions,  and tracts.  For

experimental and analytical procedures that necessitate a higher level of

accuracy,  or when a level  of description independent of definitions of

anatomical  structures  is  required,  local  (Brevik  et  al.  2001)  or  global

(Evans et al. 2012) coordinate systems are used. In most cases, reference

atlases employ Cartesian-like coordinate systems that provide a three-

dimensional perpendicular grid anchored to a few anatomical reference

points. Depending on practical considerations for the use of the atlas,

these anchor points may reside inside or outside the brain (Figure 1).

Reference atlases based on histological material, such as the Paxinos and

Watson (1982) atlas of the rat brain and the Franklin and Paxinos (1997)

atlas  of  the mouse brain have used the stereotaxic  coordinate  system

consisting of a metric grid with three main reference points: bregma (the

point of intersection of the sagittal cranial suture with the curve of best

fit along the coronal suture), lambda (the midpoint of the curve of best

fit along the lambdoid suture), and the midpoint of the interaural line (a

non-cranial reference point). The 3D orientation of the grid is defined by

the mid-sagittal plane, a horizontal plane containing both bregma and

lambda  (flat  skull  position),  and  a  perpendicular  coronal  plane.

Mediolateral  coordinates  are  calculated  from  the  midline,  whereas

anteroposterior  and  dorsoventral  coordinates  are  measured  from  the

reference points closest to the brain region of interest to minimize errors

due to brain size variability in individual animals.
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Reference atlases based on tomographic images have typically relied on

internal landmarks in the brain for setting up a coordinate system, since

cranial  sutures  are  not  readily  recognized  in  most  tomographic

modalities  with  an  exception  for  CT.  The  first  widely  used  spatial

standard built on internal reference points was developed for the human

brain  (Talairach  et  al.  1967).  In  this  system,  the  anterior  and  the

posterior commissure define the horizontal plane and the mid-sagittal

plane  is  set  to  be  vertical.  Coordinates  are  calculated  relative  to  the

anterior commissure as the origin. The success of this approach lies in

the observation that white to gray matter contrast is sufficient in most

images for the commissures to be identified.

Figure 1  |  External and internal reference points in rodent brain atlasing.

A: Cranial landmarks bregma (br) and lambda (la), and the interaural line (IAL) are

marked on a rat skull (volumetric rendering from μCT; DigiMorph Library, University of

Texas at Austin). The position of the brain within the skull is indicated by a yellow line.

B: The axes of the Waxholm Space coordinate system (blue lines) are shown relative to

the anterior commissure (structure in color). The position of bregma and lambda are

marked above the brain surface (derived from the Waxholm Space atlas of the Sprague

Dawley rat brain, Paper I).
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As a result of the increasing use of high resolution small animal brain

imaging, a similar atlasing standard based on internal reference points

has become necessary for the rodent brain. The foundations of this new

standard named Waxholm Space (WHS)  have been laid  down by the

International Neuroinformatics Coordinating Facility (Hawrylycz et al.

2011). Waxholm Space is an image-based reference space comprised of

two  major  components:  a  high  quality  anatomical  template  and  an

orthogonal coordinate system for navigating this volume. The primary

entry point for experimental data into WHS is through image alignment

to the anatomical target volume. Regions of interest are then assigned

coordinates, allowing transformations to other coordinate systems and

queries against WHS-mapped atlasing resources. The origin of the WHS

coordinate system is  set  to  the midpoint  of  the  anterior  commissure,

making this spatial standard universally applicable across rodent species

and  strains,  including  most  developmental  stages.  Waxholm Space  is

intended as a basis  for a Digital  Atlasing Infrastructure that connects

atlasing resources and provides interoperability across spatial reference

systems for advancing data integration in the rodent brain (Zaslavsky et

al. 2014). As an initial step towards this vision, the WHS standard has

been applied to a high resolution anatomical template of the C57BL/6J

mouse  brain  (Johnson  et  al.  2010),  enabling  a  mapping  between

multiple mouse atlases. A natural next step is to extend Waxholm Space

to the rat brain. The rat is the preferred species for experimental studies

in  a  number  of  areas  in  neuroscience,  including  the  modeling  of

pharmacokinetics,  neurological  disorders,  cognition  and  behavior.  In

addition,  the  implementation  of  Waxholm Space  in  the  rat  will  offer

interoperability towards gene expression data and developmental maps

from mouse brain research, adding important analytical capabilities to

rodent brain mapping.
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Assignment of anatomical location to experimental images

Interpretation of new observations from the brain captured in 2D or 3D

experimental images requires the anatomical situation of the observed

features to be identified. Alignment to a reference atlas establishes the

spatial  context  for  comparison  across  datasets  and  connects  new

findings to existing anatomical information. Numerous image processing

techniques  are  available  for  transforming  images  into  a  common

coordinate  system  (Zuk  and  Atkins,  1996).  The  choice  of  alignment

method is  influenced  by  i.a.  the  modality  of  the  images,  the  level  of

contrast  and anatomical  detail,  image dimensions (2D or 3D,  slice or

volume),  and  the  availability  of  experimental  metadata  such  as

stereotaxic position or the angle of sectioning.

For  classical  section-based  studies  of  the  rodent  brain,  anatomical

reference is typically obtained by manual alignment of individual section

images to the best fitting plate in a stereotaxic atlas. To further aid the

identification  of  specific  anatomical  regions,  multiple  images  may  be

aligned to the same atlas plate, including images of neighboring sections

or  sections  from  comparable  levels  from  other  specimen  stained  to

reveal  landmark  features  or  anatomical  boundaries.  The  alignment

procedure consists of several manual steps relying on visual observation

of  the images,  utilizing 2D alignment  functionality  in common image

editing software such as Adobe Photoshop, or specialized applications

such as NeuroMaps (http://braininfo.org) and the Matlab-based Atlas

Fitter (Kopec et al. 2011).

Due  to  the  interactive  nature  of  the  alignment  process,  the  above

approach is best suited for a limited number of images. Alignment of

large image datasets covering the whole brain, whether in the form of

comprehensive  series  of  microscopic  images  or  volumetric  data  from

tomographic modalities,  requires automated registration methods that

radically  reduce  the  need  for  human  interaction.  Computer-assisted

image alignment offers two main strategies for finding a match between

images: intensity-based or feature-based registration.
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Intensity-based alignment methods compare pixel- or voxel-level image

information  in  order  to  transform  the  source  image,  e.g.  a  newly

acquired  experimental  image,  to  the  target  (reference)  image,  i.e.  an

atlas. The wide-spread clinical use of volumetric imaging of the human

brain  over  the  last  decades  has  resulted  in  an  extensive  library  of

algorithms for highly automated alignment of MRI, CT and PET images.

These methods deliver optimal results  when there is a high similarity

between images, the target preferably being a high quality anatomical

template.  Limited  anatomical  contrast  in  the  source  image,  or  shape

differences  compared  to  the  reference  brain,  in  particular  large-scale

distortions typical in histology, represent challenges for intensity-based

methods and require the use of a different approach.

Feature-based or  landmark-based registration operates  by matching a

set of corresponding control points identified in both the source and the

target image. Landmarks are characteristic image features such as edges,

corners,  or distinct shapes,  in most cases simplified to a collection of

points.  Landmark-based  alignment  does  not  require  the  source  and

target  images  to  be  similar,  provided  that  all  landmarks  can  be

distinguished  in  both  images.  Consequently,  this  approach  can  be

applied in the integration of image data across modalities with variable

level of structural detail and resolution. The prerequisite for successful

alignment of different types of images to a common anatomical template

is  a  standard  set  of  landmarks  reliably  identifiable  in  all  images,

including  the  reference  atlas.  An  example  for  the  application  of  this

strategy is the Talairach-Tournoux transformation used in human brain

mapping (Talairach and Tournoux, 1988). In this system, eight landmark

points are defined based on major white matter tracts (the anterior and

the posterior commissure) and brain geometry (the outer extent of the

brain along the mediolateral, anteroposterior and inferosuperior axes).

The  use  of  these  landmarks  allows  fast  global  registration  between

whole-brain MRI scans.  In  rodent  brain mapping  a  similar  landmark

system has not yet been introduced, but it would greatly aid integration

of experimental images using the new generation of volumetric atlases.
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Towards data integration in the rodent brain

Different types of experimental results from the same brain region can

be spatially related by registering data to an anatomical reference space.

In this way, data are placed in a common context that allows researchers

to answer  queries  about  the distribution of  anatomical,  physiological,

genetic,  or  other  observations  within  and  across  regions,  helping  the

planning and interpretation of experiments.  However,  it  is  technically

difficult to combine data in a way that facilitates such discovery based

research.  The use of  robotic  equipment in histological  processing and

microscopic image acquisition, and recent resolution improvements in

small animal volumetric imaging have led to a rapid expansion of whole-

brain image material collected from rats and mice. While the benefits of

an  integrative  analysis  approach  have  been  demonstrated  previously

using  manual  methods  (Ungerstedt,  1971),  the  growing  amount  and

diversity  of  data  necessitates  efficient  analytical  workflows  employing

automated procedures. Integration of datasets from multiple modalities

requires a common anatomical reference space compatible with both 2D

and 3D data. Reference atlases published in the classical book format are

difficult  to  combine  with  automated  image  analysis  procedures,  and

their utility is restricted by the use of standard cutting planes and the

spacing between atlas plates. In addition, volumetric reconstructions of

book atlases built  for region of  interest-based analysis  of  3D datasets

cannot  be  routinely  shared  due  to  copyright.  For  multimodal  data

integration to be successful, a new type of reference atlas is needed.

MRI-based atlases represent a new generation of 3D atlases that provide

morphologically correct anatomical reference suitable for alignment of

both 2D and 3D datasets across different levels of detail.  In order for

volumetric atlases to be used as a basis for data integration, they need to

be equipped with comprehensive delineations covering the whole brain,

and  a  spatial  reference  system  anchored  within  the  brain  but  inter-

operable with the stereotaxic system.  Scaling up data integration on a

community  basis  requires  free  access  to  data  and  atlasing  resources.

Therefore, atlases need to be not only 3D, but also publicly accessible

and  open  for  expansion  and  reinterpretation,  with  documentation

10



provided  of  the anatomical  basis  of  the  delineations.  None  of  the

currently  available  MRI-based  rodent  brain  atlases  fulfill  all  of  these

criteria. 

Data  integration in the 3D anatomical  space of  the  new image-based

reference  atlases  challenges  current  methods  and  workflows  used  for

assignment  of  anatomical  location  to  rodent  brain  data,  in  particular

large series of microscopic images. While software are generally available

for  registration  between volumetric  datasets,  spatial  alignment  across

images differing in dimensions (2D to 3D) and modality (e.g. microscopy

to  MRI)  is  less  widely  explored.  To  view  and  analyze  these  datasets

together, efficient section to volume alignment workflows with custom-

angle slicing functionality are needed. Further, alignment of images with

substantially  different  contrast  or  resolution  is  hindered by  a  lack  of

standard  landmarks  that  can  be  recognized  across  image  modalities.

Complementing volumetric atlases with tools and methods that address

these challenges will lower the threshold to the practical use of image-

based  reference  atlases  and  associated  spatial  standards  such  as

Waxholm Space, and demonstrate the potential of the new atlas format

in spatial analysis of large microscopy datasets.
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A I M S

The overall aim of the present thesis is to contribute to the integration of

experimental  image  data  from  the  rodent  brain,  in  particular  whole-

brain image volumes and series of microscopic images,  by developing

new atlasing resources and tools for connecting the images to standard

anatomical space.

To address the challenges presented in the previous chapter,  we have

formulated the following specific goals:

1. Build a comprehensive open access atlas of the Sprague Dawley

rat  brain  based  on high  resolution volumetric  image  material,

and share the associated anatomical delineation criteria in detail.

2. Implement the Waxholm Space atlasing standard in the new rat

brain  atlas,  and  ensure  interoperability  between  the  resulting

coordinate space and the stereotaxic system.

3. Identify  a  standard set  of  anatomical  landmarks in the rodent

brain for alignment of whole-brain experimental image data to

mouse and rat Waxholm Space.

4. Demonstrate  the  use  of  the  new  reference  atlas  for  spatial

integration and region of interest-based analysis of microscopic

image series with brain-wide coverage.
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M A T E R I A L  A N D  M E T H O D S

We used digital 2D and 3D images from the brains of rats and mice as
the principal  material  in  this  study.  Some of  the images were reused
from previously  published  datasets  shared in  online  data  repositories
(rbwb.org, software.incf.org). Technical details concerning experimental
procedures, image acquisition, and image processing are described in the
individual  papers.  The  following  section  gives  an  overview  of  the
experimental  animals  and procedures  leading up to  imaging,  and the
types of images acquired. We then explain how the images were used in
producing  the  main  results  of  this  thesis,  in  particular  anatomical
delineations, implementation of the Waxholm Space coordinate system
for  the  rat  brain,  identification  of  anatomical  landmarks  for  image
registration, and software for image processing and spatial alignment of
large microscopic datasets.

Ethical considerations

Research conducted in relation to the present work was performed along
the guidelines for research ethics laid down in the 1974 Declaration of
Helsinki. The responsibility of researchers to report methods and results
accurately was addressed by publishing the enclosed research articles in
peer-reviewed journals. The peer-review process contributes to quality
control and ensuring the originality of research, and handles potential
conflicts of interest.

Experimental material from several laboratory animals were used for the
individual studies in this thesis (Table 1). The number of animals used
for  experiments  was  kept  at  a  minimum.  Close  to  half  of  the  image
material  was  reused from previously  published datasets.  Surgery  was
conducted on some of  the animals  to  inject  axonal tracers  in  specific
brain regions, and perfusion was applied in some cases before imaging.
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All  surgery was performed aseptically under deep anesthesia with the

animal  kept  insensitive  to  pain  throughout  the  procedure,  and  every

attempt  was  made  to  minimize  pain  and  discomfort.  Postoperative

monitoring  and  care  was  provided  to  prevent  infection  and  promote

recovery from surgery. None of the animals were subjected to successive

survival surgical procedures.

All animal handling and experiments were approved by the Institutional

Animal Welfare Committee of the University of Oslo and the Norwegian

Animal  Research  Authority,  the  Duke  University  Institutional  Animal

Care and Use Committee,  and the Institutional  Animal  Care and Use

Committee  of  the  Regierungspräsidium  Mittelfranken,  respectively.

Experimental  procedures  and  surgery  were  performed  in  compliance

with European Community regulations on animal well-being (European

Communities Council Directive 86/609/EEC) and the National Institute

of Health guidelines for the care and use of laboratory animals.

2D and 3D image material

An  overview  of  experimental  animals,  procedures,  and  the  types  of

images acquired from each animal is provided in Table 1. Experimental

material from a total of 15 animals (7 rats and 8 mice) was used. The

material was collected and processed with a focus on preparing the brain

tissue for imaging. High quality 3D anatomical images were acquired for

delineation  of  regions,  tracts,  and  nuclei  throughout  the  brain,  and

identification of  anatomical  landmarks  in  the brain and on the skull.

A collection of 2D and 3D images were selected for evaluating landmark

visibility  across  modalities  and  building  a  workflow  for  anatomical

alignment  of  image  data.  Image acquisition methods and preparatory

steps leading to imaging were chosen according to each of these specific

aims.
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High resolution contrast-enhanced  ex vivo magnetic resonance images
from 4  healthy  adult  male  animals  (1  rat  and 3 mice)  were  used for
atlasing and landmark identification. Three of the datasets were newly
acquired, and one of the mouse templates was reused from a recently
published  atlasing  study  (Johnson  et  al.  2010).  In  preparation  for
imaging,  the  animals  were  deeply  anesthetized,  treated  with  an  MRI
contrast enhancing agent, and euthanized. Images with different types of
MRI contrasts were collected in a continuous session for each animal,
resulting in co-registered images.  The goal  of the imaging procedures
was  to  produce  high  quality  anatomical  images  with  below  hundred
micrometer  resolution  in  that  the  contrast  and  level  of  detail  allows
precise  identification  of  anatomical  regions,  tracts,  and  landmark
features throughout the brain.  The isotropic volumes of the Waxholm
mouse and rat  templates were further used in the development of  an
interactive alignment tool that generates custom-angle atlas plates.

A variety of 2D and 3D images were collected from healthy adult rats and
mice for testing anatomical landmarks for image registration. We used
whole-brain image series and volumes from a range of image modalities
that  emphasize  different  characteristics  of  brain  tissue.  The  image
collection  included  block-face  images  of  an  unstained  cryosectioned
brain  from  transcriptome  tomography,  microscopic  images  of
histological sections with and without cytoarchitectural counterstaining,
contrast-enhanced  anatomical  MRI,  and  microscopic  resolution
computed tomography (µCT) aimed at cranial landmark analysis. 

We  re-used  microscopic  image  series  from  brain-wide  axonal  tracing
experiments  shared  through  the  Whole  Brain  Connectivity  Atlas
(rbwb.org;  Zakiewicz  et  al.  2011)  in  the  design  and  evaluation  of  a
workflow  for  assigning  anatomical  location  to  neuronal  labeling.
Brightfield  images  of  histological  material  from a total  of  6  rats  with
cerebrocortical  injections  of  biotinylated  dextran  amine  (BDA)  or
Phaseolus  vulgaris leucoagglutinin (Pha-L)  were  used.  In  addition to
visualization of  the  axonal  tracers,  most  sections were counterstained
with thionine or Neutral Red to highlight cytoarchitecture.
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Volumetric segmentation tools and procedures

We  used  isotropic  contrast-enhanced  T2 and  T2*-weighted  MRI  and

fractional anisotropy-encoded primary eigenvector images (DTI) from a

Sprague  Dawley  rat  as  the  anatomical  template  for  building  a

comprehensive  structural  atlas  of  the  rat  brain  (Paper  I).  Ex  vivo

imaging of the whole head of the animal was performed with the brain

residing intact in the skull. The images include most of the head except

for the most anterior parts of the face and nose. In addition to the MRI

and  DTI,  we  used  microscopic  images  of  histological  sections  from

comparable  animals  stained  for  myelin  and  cytoarchitecture to  aid

delineation decisions concerning white and gray matter.

The  volumetric  delineations  were  created  using  ITK-SNAP  v2.2.0

(Insight  Segmentation  and  Registration  Toolkit  Snake  Automatic

Partitioning, www.itksnap.org), open source software funded by the U.S.

National Institutes of Health for segmentation of medical images with

several neuroscience applications (see e.g. Brun et al. 2009; Knickmeyer

et  al.  2008;  Rumple  et  al.  2013;  Veraart  et  al.  2011).  Conventional

orthogonal (coronal,  sagittal,  and horizontal)  planes of  the volumetric

datasets were viewed simultaneously during segmentation of anatomical

regions and tracts. Multiple semi-transparent image layers were used for

comparing image features apparent in different modalities (Figure 2; see

also  Paper  I,  Fig.  1).  Surface  reconstructions  of  the  segmented  brain

regions,  presented  in  an  interactive  3D  view,  aided  refinement  and

validation of the delineations with regard to continuity, smoothness, and

form and extent in three dimensions.

In high-contrast regions, the intensity-based region competition snake

evolution algorithm implemented in ITK-SNAP was used to generate the

core segmentation volume. The process was initialized by placing seeds

in the region  to  be  segmented and adjusting  parameters  that  control

feature  image  generation  and  snake  propagation  velocities.  Snake

evolution was then followed stepwise until an optimal segmentation was

reached,  characterized  by  having most  of  the  selected  region  covered

without extensive leakage to other  areas.  This  method was applied to
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Figure 2  |  Volumetric segmentation environment in ITK-SNAP. Orthogonal views of

the rat Waxholm Space template showing DTI as a semi-transparent overlay over T2*-

weighted MRI. Delineations are displayed as an additional layer, here indicated only by

outlines. Segmentation integrity is controlled using the 3D view, in this example showing

the thalamus (green) and adjacent fiber tracts, including the fimbria (white), the fornix

(cyan), the stria terminalis (orange) with its bed nucleus (dark blue), the stria medullaris

(yellow) with its nucleus (magenta), and the fasciculus retroflexus (red). Scale bar: 5 mm



major white matter structures such as the corpus callosum, the anterior

and  posterior  commissures,  the  corticofugal  pathways,  and  the  optic

tract,  as  well  as  the  ventricular  system  and  the  inner  ear.  For  brain

regions  and  tracts  not  suited  for  automatic  segmentation,  and  for

correcting the automatically generated core segmentations, manual two-

dimensional and three-dimensional brush tools were used with different

shapes  (square,  cube;  circle,  sphere)  and  diameters.  We  applied

windowing fine-tuned to image intensity in each anatomical region to be

able to make full use of the high dynamic range of the T2*-weighted MRI

dataset  that  features  over  10  million  different  intensity  values  in  the

subset containing the brain alone. Segmentations were saved in a single

volumetric image file in standard Neuroimaging Informatics Technology

Initiative  format  (NIfTI,  .nii,  http://nifti.nimh.nih.gov/nifti-1/)  along

with a text file (.label) storing the name, color, and transparency settings

for each segmented region.

Anatomical delineations

Parcellations in the atlas are based exclusively on image contrast in the

high quality anatomical image volumes. We avoided adding boundaries

without directly corresponding borders visible in the images, with a few

appropriately documented exceptions for closing regions, and arbitrary

straight-line  cuts  for  delimiting  structures  with  a  gradual  transition

towards  surrounding  areas  such  as  the  olfactory  bulb,  the  spinal

trigeminal  nuclei, or the cerebellar peduncles. We recorded and shared

detailed delineation criteria for all anatomical structures.

When  delineating  the  brain,  we  included  the  entire  brain  from  the

olfactory  bulbs  to  the  medulla  oblongata  (brainstem),  aiming  at  a

balanced distribution of the size and amount of anatomical structures

throughout the brain (Figure 3).  Given the high white matter to gray

matter contrast in the volumetric images, we used major white matter

tracts as the primary landmarks during the segmentation process. The

high resolution DTI color maps made it possible to outline a total of 32

fiber bundles. Primary eigenvector orientations from the DTI maps were
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Figure 3  |  Basic hierarchy of the delineated anatomical regions and tracts (Paper I, 

atlas version 2) for use with the Mouse BIRN Atlasing Toolkit (MBAT) and PMOD



interpreted  based  on  fiber  directionality  observed  in  corresponding

myelin-stained sections. Boundaries between gray matter regions were

delineated  based  on  smaller,  often  subtle  differences  in  MRI  signal

intensity corresponding to variations in cell density as observed in Nissl

stained sections from matching regions. Delineations were aided by the

most widely used rat brain atlases: the Paxinos and Watson (2007) atlas

of  the  Wistar  strain,  and  the  Swanson  (2004)  atlas  of  the  Sprague

Dawley strain.  Nomenclature  was adopted from Paxinos and Watson,

2007.

To maximize the utility of the atlas, we did not limit delineations strictly

to the brain. Additional structures include some of the cranial nerves:

the optic nerve (II) up to the retina, the trigeminal nerve (V) towards the

face, and the facial nerve (VII) from its point of entry to the brainstem;

as  well  as  the  inner  ear,  and  the  upper  segment  of  the  spinal  cord

including the central canal and the surrounding periventricular gray.

Waxholm Space coordinate system for the rat brain

Based on the white matter contrast in the T2*-weighted MRI and the

fractional anisotropy image, we delineated the anterior and the posterior

parts  of  the  anterior  commissure  and  identified  its  decussation.  We

located the Waxholm Space origin at the intersection of the mid-sagittal

plane,  a  coronal  plane  passing  midway  (rostro-caudal)  through  the

decussation of the anterior commissure, and a horizontal plane passing

midway through the most dorsal and ventral aspects of the decussation.

The initial version (v1) of the atlas was shared with all volumetric files in

the acquisition orientation of the MRI template (anterior-left-superior;

ALS). In addition to the original files being made available for reference,

an updated version of  the atlas (v1.01)  was released with all  volumes

transformed into right-anterior-superior (RAS) orientation to ensure full

compatibility with the NIfTI-1 standard. The changes were indicated in

an Addendum to the original  paper (Paper I).  We recorded the voxel

coordinates of the WHS origin (v1.01), and set up the internal coordinate

system in each image volume in Waxholm Space.
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We identified the coronal, sagittal, and lambdoid cranial sutures in the

T2-weighted  MRI  (b0  image)  using  windowing,  and  we  recorded  the

position  of  bregma  and  lambda  in  voxel  coordinates  (Figure  4).  We

determined the location of lambda by first segmenting the dorsomedial

half  of  the  lambdoid  suture  on  both  sides,  and  then  locating  the

midpoint of the curve of best fit along the suture in top view (Paxinos

and Watson, 1982). Based on these 3D coordinates, we calculated the

deviation  of  the  acquisition  angle  of  the  atlasing  template  from  the

stereotaxic flat skull position in which bregma and lambda would fit in

the same horizontal MRI slice (Paxinos and Watson, 1982).

We used bregma as the common reference point between the Waxholm

Space atlas of the Sprague Dawley rat brain and the stereotaxic atlas of

Paxinos  and  Watson  (2007)  to  define  an  affine  transformation  from

WHS to stereotaxic space (Paper III). We measured the anteroposterior

distance between bregma and lambda in the two atlases to determine a

uniform scaling factor (1.057) between the two coordinate systems, and

we applied the  previously  calculated  rotation between the two brains

(-4.085°  around  the  mediolateral  axis).  Coordinates  transformed  to

stereotaxic  space  are  interpreted  in  a  right-anterior-superior  (RAS)

oriented coordinate system, representing 1) mediolateral distance from

the  midline  where  positive  values  are  assigned  to  the  right  side,  2)

anteroposterior  distance  from  bregma;  and  3)  dorsoventral  distance

from bregma where negative values are assigned to coordinates ventral

to bregma.
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Figure 4  |  Cranial sutures and stereotaxic landmarks identified in the Waxholm Space

MRI template for the rat brain (Paper I). WHS origin (white cross), bregma (br), lambda

(la). Scale bar: 5 mm



Anatomical landmarks for image registration

We applied the following selection procedure to establish a standardized

set  of  anatomical  landmarks that  facilitate  registration of  whole-brain

experimental image data showing variable levels of anatomical detail to

volumetric reference material such as the Waxholm Space atlases of the

mouse and rat brain (Paper II).

In search of distinct anatomical features in the brain and the ventricular

system  easily  recognizable  across  image  modalities,  we  identified  an

initial  set of 50 landmark points in T2-weighted anatomical MRI of  a

mouse  brain  (Erlangen  template,  see  Table  1).  The  initial  landmarks

were  evenly  distributed  throughout  the  brain,  and  visible  in  coronal

slices  of  both  T1,  T2,  and  T2*-weighted  MRI.  We  created  illustrated

guidelines  describing  the  visual  characteristics  of  landmark  locations

avoiding  extensive  anatomical  terminology.  A  test  panel  of  15

independent  volunteers  with  (7)  and  without  (8)  basic  knowledge  of

mouse brain anatomy located each landmark based on these guidelines

in  T1,  T2,  and  T2*-weighted  MRI  of  two  mouse  brains.  Landmark

coordinates  were  recorded  for  all  three  contrasts,  and  the  mean  and

standard deviation of the coordinates were calculated for each landmark.

Landmarks  with  coronal  in-plane  coordinates  showing  a  maximum

standard deviation of  1.5 voxels  (130.5  µm) were selected and further

analyzed for  identification  reliability  considering  localization accuracy

and probability of successful identification across test panel members.

Additional  image material  from rats  and mice was used to assess  the

usability of the selected landmarks in modalities other than MRI.

The sixteen landmarks that fit the above selection criteria were used for

testing the accuracy of landmark-based registration between one of the

T1-weighted  Erlangen  datasets  and  the  T2*-weighted  MRI  of  the

Waxholm  mouse  template.  Images  with  different  contrasts,  different

acquisition angles (23.5◦), and different resolutions (87 μm and 21 μm)

were deliberately chosen to simulate a realistic scenario. We measured

the  average  distance  between  corresponding  landmarks  in  the  two

volumes following affine registration based on the selected landmarks.
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We co-registered  microscopic  resolution computed tomography (μCT)

and T2-weighted MRI of the heads of four mice to evaluate the variability

of  the  anteroposterior  position  of  bregma and the  lambdoid junction

relative to underlying brain anatomy. Following alignment, we identified

the stereotaxic atlas plate (Franklin and Paxinos, 2008) corresponding

to the coronal MRI slice at each cranial landmark, and we measured the

anteroposterior distance to the respective landmark in the atlas. Finally,

we compared the variability of the measurement results to that of the

previously  acquired  soft-tissue  landmark  coordinates  along  the  same

axis.

Detection and spatial alignment of neuronal labeling

With  the  aim to  demonstrate  the  use  of  newly  developed  volumetric

atlases in spatial analysis of large 2D datasets encompassing the whole

brain, we designed a workflow that facilitates assignment of anatomical

location  to  brain-wide axonal  tract-tracing data.  We developed image

processing modules  that  automate the detection and quantification of

labeled neurons in series of section images, and an alignment module

that  enables  fast  and  flexible  registration  to  volumetric  datasets,  and

acquisition of coordinates in 3D atlas space.

We  created  new  plugins  and  macros  for  the  open  source  image

processing software ImageJ (http://imagej.nih.gov/ij/) for the detection

and  measurement  of  BDA  and  Pha-L  labeling  in  microscopic  image

series of the rat brain (Paper III). The new modules produce maps of

labeled neuronal axons and cell bodies in the images, and provide tools

for quantification of the amount and position of labeling. 

Labeling  detection  is  implemented  in  two  main  steps.  First,  original

color  (RGB)  images  from  microscopy  are  converted  to  grayscale

according to the type of labeling and counterstain.  We acquired optical

density vectors for the color deconvolution method described by Ruifrok

and  Johnston  (2001)  for  multiple  combinations  of  labeling  and

background  (BDA,  BDA  combined  with  Neutral  Red,  Pha-L,  Pha-L

combined with thionine, and BDA combined with cytochrome oxidase).
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We optimized the Colour Deconvolution plugin for ImageJ by G. Landini

(http://www.mecourse.com/landinig/software/cdeconv/cdeconv.html)

for  automation  so  that  vectors  are  stored  in  a  parameter  file  and

grayscale images of the detected labeling are generated directly to the

primary output channel without calculating the two other channels. In

the second processing phase, grayscale images are thresholded using the

IsoData algorithm and the resulting binary images are optionally further

processed  for  noise  reduction  using  a  standard  median  filter.  We

implemented a new plugin for automatic measurement of labeled area,

and  automated  particle  analysis  functionality  in  ImageJ  to  enable

calculation  of  centroid  position  for  labeled  regions  of  interest.  We

created  macros  to  automate  the  above  processing  steps  for  series  of

images. An optimal processing route and parameters determined based

on images representative of the series can thus be applied automatically

to all images without the need for user interaction. Measurement results

are saved in a spreadsheet compatible format.

To  assign  anatomical  location  to  labeling  detected  by  the  image

processing modules, we developed a workflow module for alignment of

section images to a volumetric atlas. Building on the isotropic properties

of  the  Waxholm  Space  templates  for  the  mouse  and  rat  brain,  the

alignment module  generates  arbitrarily  positioned,  sized and oriented

rectangular slices of the structural MRI and the associated anatomical

delineations. Section images with cytoarchitectural counterstaining and

corresponding  labeling  maps  are  co-visualized  with  custom-generated

atlas  slices  in an interactive  session,  allowing the  user  to  set  the clip

region and perform affine transformations to match the atlas slice to the

section image.

Image alignment is  an iterative  process  based on anatomical  features

visible in both images. First, an approximate anteroposterior position is

determined, and the height, width, and in-plane rotation of the MRI slice

is  adjusted  to  fit  the  section  image.  Next,  the  slicing  angle  and  the

anteroposterior  position  of  the  slice  is  adjusted  to  match  the  section

image. Optionally, the slice is moved in-plane to allow fine alignment of

selected regions of interest in the section to corresponding regions in the
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volumetric atlas. Finally, Waxholm Space coordinates are recorded for
labeled  elements  of  interest  using  an  active  cursor  functionality.  To
facilitate registration of  series  containing hundreds of  section images,
alignment parameters are interpolated between 5-10 manually anchored
sections  spread throughout  the series,  and a  provisional  alignment  is
applied  to  intermediate  sections.  Manual  adjustments  complete  the
procedure for the full series.

Data sharing and documentation

We share the main results of this work open access under, in most cases,
a  Creative  Commons  Attribution-NonCommercial-ShareAlike  license
(CC-BY-NC-SA, http://creativecommons.org/licenses/by-nc-sa/4.0/).

The Waxholm Space atlas  of  the Sprague Dawley rat  brain  (Paper I),
including  the  MRI/DTI  volumes  of  the  atlasing  template,  the  raw
diffusion  tensor  data,  the  anatomical  delineations,  masks  for  the
complete brain volume and white and gray matter, and accompanying
documentation  is  hosted  at  the  Neuroimaging  Informatics  Tools  and

Resources Clearinghouse (NITRC,  http://www.nitrc.org/projects/whs-sd-

atlas).  All  volumetric  files  are  provided  in  standard  gzipped  NIfTI

(.nii.gz) format. Labels identifying the names of anatomical regions and
tracts  delineated  in  the  atlas  are  shared  in  formats  compatible  with
ITK-SNAP (.label),  MBAT (.ilf)  and PMOD/PNEURO (.txt,  .manifest).
For use with the Mouse BIRN Atlasing Toolkit, we built a basic hierarchy
of the delineated structures (Figure 3) and set up the necessary XML-
based configuration files (.atlas) for each version of the atlas (v1, v1.01,
v2). The same hierarchy is displayed by the PMOD label (v2). Along with
the atlas, we provide an overview of available atlas files and their usage,
release  notes  for  each  atlas  version,  graphical  illustrations  of  the
orientation of the Waxholm Space coordinate system, and guidelines for
coordinate calculations across reference systems and atlas versions (see
Appendix).
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An  interactive  list  of  the  anatomical  landmarks  proposed  for  image

registration  (Paper  II)  is  shared  through  the  Scalable  Brain  Atlas

(http://scalablebrainatlas.incf.org),  including  coordinates  in  mouse  and

rat  Waxholm  Space,  and  a  simple  visualization  of  their  3D  position

within  the  brain.  Landmark  positions  are  also  marked  in  a  browser-

friendly version of both the C57BL/6J mouse (T1, T2, and T2*-weighted

MRI) and the Sprague Dawley rat WHS template (T2*-weighted MRI).

We provide an illustrated guide for locating each landmark in coronal

image series of the mouse and rat brain.

Image processing modules for automatic detection of labeling in series of

microscopic section images (Paper III) are available open source on the

ImageJ  Documentation  Wiki  (http://imagejdocu.tudor.lu/doku.php?
id=plugin:analysis:autodetection_of_neuronal_labeling_in_histological_image_
series:start),  accompanied  by  a  summary  of  the  functionality  of  each

module  and  instructions  for  usage.  A  stand-alone  version  of  the

alignment module connecting microscopic section images to volumetric

atlases is shared on NITRC (http://www.nitrc.org/projects/cutnii).
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P A P E R  I .

Waxholm Space atlas of the Sprague Dawley rat brain

Papp EA, Leergaard TB, Calabrese E, Johnson GA, Bjaalie JG
NeuroImage 97 (2014) 374-386. DOI: 10.1016/j.neuroimage.2014.04.001

NeuroImage 105 (2015) 561–562. DOI: 10.1016/j.neuroimage.2014.10.017

Essential elements for building an atlas of brain anatomy include high
quality biological reference material, a comprehensive set of anatomical
maps based on well-documented observations in this reference material,
and an unambiguously defined spatial reference system for navigation in
the atlas and in aligned anatomical datasets. We present an atlas of the
adult Sprague Dawley rat brain designed along these principles. We used
state-of-the-art  non-distorted  volumetric  image  material  to  build  3D
anatomical delineations of the whole brain. The atlas is navigated using a
novel coordinate system based on internal brain landmarks (Waxholm
Space, WHS) interoperable with the stereotaxic system.

We acquired microscopic resolution contrast-enhanced ex vivo MRI and
DTI from the brain of an adult male Sprague Dawley rat. The volumetric
images  consisting  of  39  μm  and  78  μm  voxels  provide  the  highest
resolution atlasing template currently available for this strain.  Imaging
was performed with the brain residing intact in the skull to minimize
distortions.  Isotropic  acquisition  of  the  datasets  allows  custom-angle
slicing with minimal loss of image quality from interpolation.
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Based on image contrast in the MRI and DTI volumes, we created the

first comprehensive volumetric atlas for the Sprague Dawley rat brain.

We  identified  primary  landmarks  and  boundaries  visible  in  the

microscopic  resolution magnetic  resonance images,  and delineated 76

major anatomical regions, tracts, and nuclei  in three dimensions. The

atlas covers the entire brain from the olfactory bulbs to the upper spinal

cord, outlined individually for each hemisphere. Delineation criteria are

described in detail for all regions. 

To  provide  spatial  reference  in  the  atlasing  template,  we  applied  the

Waxholm Space standard in the rat brain for the first time. We identified

and documented the position of the WHS origin relative to the anterior

commissure, and defined the orientation of the coordinate system axes.

With  the  aim  to  connect  the  atlas  to  the  widely  used  stereotaxic

coordinate  space,  we  located  major  cranial  landmarks  bregma  and

lambda and measured their WHS coordinates.

The atlas is available open access through the Neuroimaging Informatics

Tools and Resources Clearinghouse (NITRC) in standard neuroimaging

(NIfTI) format. The image headers incorporate the position of the WHS

origin, allowing real-time recording of metric WHS coordinates for any

point  of  interest  in  the  atlas.  We share  guidelines  on  the  use  of  the

atlasing  template  and the  WHS coordinate  system with  a  perspective

towards modular expansion of the atlas and connection to initiatives for

multi-modal anatomical data integration.
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P A P E R  I I .

Anatomical landmarks for registration of experimental
image data to volumetric rodent brain atlasing templates

Sergejeva M, Papp EA, Bakker R, Gaudnek A, Okamura-Oho Y, Boline J,
Bjaalie JG, Hess A. Journal of Neuroscience Methods 240 (2015) 161-169. 

DOI: 10.1016/j.jneumeth.2014.11.005

Assignment  of  anatomical  location  to  the  diversity  of  image  material
acquired  from  the  rodent  brain  plays  a  central  role  in  building  an
integrative atlasing environment. Recently developed open access atlases
based  on  non-distorted  isotropic  MRI  have  the  potential  to  connect
experimental  images  from different  modalities  with  variable  levels  of
structural  detail.  Aiming  to  facilitate  landmark-based  registration  of
whole-brain image datasets to the Waxholm Space atlasing templates,
we established a standardized set of anatomical landmarks in the mouse
and rat brain.

Based on quantitative testing of potential landmark points recognizable

in T1, T2, and T2*-weighted MRI of the adult C57BL/6J mouse brain, we

concluded  on  16  landmarks  that  were  consistently  identified  across
assessors regardless of their level of anatomical experience with a spatial
accuracy  of  1.5  voxels  (130.5  µm)  and  an  average  identification
probability of 98%. We found that 14 of these landmarks were applicable

to T2*-weighted MRI of the rat brain. We used coronal image series of

Nissl-stained histological  sections  from the mouse and rat  brain,  and
unstained block-face images from the mouse brain to assess whether the
landmarks  are  recognizable  in  modalities  other  than  MRI.  All  16
landmarks  were  identifiable,  though  less  distinct,  in  all  mouse  brain
images.  In  the  rat  brain  microscopy  material,  all  but  one  of  the
landmarks previously identified in MRI were visible.
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We located  all  landmarks  in  T1,  T2,  and  T2*-weighted  MRI  from the

mouse brain WHS template, and landmarks applicable to the rat brain in

T2*-weighted  MRI  from  the  Sprague  Dawley  rat  WHS  template.

Waxholm Space coordinates for each landmark position are shared via

the web-based Scalable Brain Atlas (http://scalablebrainatlas.incf.org).

In  addition,  we  share illustrated guides for  locating the landmarks in

anatomical images, including both example pictures and a description

free from extensive anatomical terminology.

We  measured  the  level  of  registration  accuracy  attainable  using  the

standardized landmark set across T1 and T2*-weighted MRI of the mouse

brain acquired in different angles and resolution. The average distance

between corresponding landmarks in the two volumes following affine

registration  was  134±20  µm,  corresponding  to  ca.  1.5  voxels  in  the

source  image.  Based  on  co-registered  μCT  and  T2-weighted  MRI

acquired  from  four  mice,  we  evaluated  whether  cranial  landmarks

provide  refining  options  for  brain-to-brain  registration  between

volumetric  datasets.  We  concluded  that  internal  brain  landmarks,  if

available, enable higher registration precision.
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P A P E R  I I I .

Brain-wide mapping of axonal connections: workflow for
automated detection and spatial analysis

of labeling in microscopic sections

Papp EA, Leergaard TB, Csucs G, Bjaalie JG
Frontiers in Neuroinformatics (2016) 10:11

DOI: 10.3389/fninf.2016.00011

Building a comprehensive map of the structural organization of neuronal
pathways across the brain  requires systematic mapping of connections
between individual regions and integration of the resulting anatomical
information in a common spatial framework. Axonal tracing techniques
facilitate brain-wide measurement of the extent and location of neuronal
labeling using microscopic  image series  of  histological  sections.  MRI-
based  atlases  offer  non-distorted  anatomical  reference  for  spatial
integration  of  the  resulting  image  data.  In  this  paper,  we  present  a
workflow that efficiently connects complete tract-tracing datasets from
the  rodent  brain  to  volumetric  reference  atlases  through  automated
image processing and alignment steps.

Manual methods for recording axonal labeling in large image series are
tedious  and  difficult  to  standardize.  We  have  automated  labeling
detection  in  histological  section  images  by  creating  image  processing
modules  for  the  NIH  ImageJ  software.  The  new  modules  allow
automatic  processing of  brain-wide image series  following an optimal
processing route determined based on a  set  of  representative images.
Axonal  labeling  of  biotinylated  dextran  amine  (BDA)  and  Phaseolus
vulgaris leucoagglutinin  (Pha-L)  is  detected  against  different
cytoarchitectural  counterstains,  and  plotted  on  binary  labeling  maps.
Automatic  measurements  are  provided  for  recording  labeled  area
throughout the image series and for calculating the centroid position of
injection sites, larger plexuses, and terminal fields.
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We  evaluated  the  effectiveness  of  the  automatic  labeling  detection

modules  using  high-resolution  microscopic  image  series  from  axonal

tracing  experiments  in  which  different  parts  of  the  rat  primary

somatosensory  cortex  had  been  injected  with  BDA  or  Pha-L.  While

automated  image  processing  was  found  to  be  less  sensitive  to

incompletely or weakly stained solitary fibers (low amounts of labeling),

in areas containing modest to high amounts of labeling, the automatic

method provided results comparable to rigorous manual analysis of the

same material (Zakiewicz et al. 2014).

To assign anatomical location to the detected labeling, we developed an

alignment module that generates customized atlas plates from a selected

volumetric template that match the dimensions and slicing angle of the

histological section series.  Cytoarchitectural contrast in the sections is

used in combination with the binary labeling maps to assign anatomical

location to the detected labeling in 3D brain atlas space. Alignment of

large series of images is supported by propagation of parameters across

the series based on a few key images aligned manually. We demonstrate

the use of the Waxholm Space (WHS) atlas of the Sprague Dawley rat

brain for determining the position of sections from the above material

within the  brain  and assigning atlas  coordinates  to  detected  labeling.

WHS coordinates are transformed to stereotaxic coordinates for access

to additional parcellation information and comparison to legacy data.

Integration of the large amounts of image data acquired from the brain

by  tract-tracing  studies  is  essential  for  synthesizing  new  knowledge

about  how  the  brain  is  wired.  Our  workflow  modules  increase  the

efficiency  and  reliability  of  recording  the  presence,  amount,  and

localization of labeling in large microscopy datasets. Further, our results

show how recently introduced volumetric reference atlases such as the

Waxholm Space atlas of the Sprague Dawley rat brain can be combined

with stereotaxic atlases for spatial analysis across 2D and 3D anatomical

reference material.
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D I S C U S S I O N

The ambition of this study is to advance digital atlasing of the rodent

brain  towards  a  new  generation  of  volumetric  atlases  that  facilitate

integration  of  whole-brain  image  data  from  multiple  modalities.

Developments in high resolution soft tissue imaging have led to a rapid

expansion of  image data mapping the entire  brains of  rats  and mice.

Assembling  anatomical  information  across  3D image  volumes  and

comprehensive microscopic image series requires a new type of spatial

reference and corresponding atlasing resources. We identified four key

elements for atlas-based integration of  2D and 3D brain images:  1)  a

spatial reference system defined by landmarks within the brain, 2) high

quality  anatomical  reference  material  revealing  these  landmarks,  3)

methodology and tools for image alignment and analysis, and 4) open

access to both methods, data and software.

We have contributed to this vision by creating a volumetric atlas of the

Sprague Dawley rat brain, implementing the Waxholm Space standard in

this atlas, and publicly sharing both the high quality atlasing template

and the corresponding brain-wide anatomical delineations. We provide

extensive documentation on the delineation criteria, as well as practical

guidelines  for  using  the  atlas  and  the  WHS  coordinate  system.  To

support anchoring of experimental image data to Waxholm Space, we

defined a standardized set of anatomical landmarks reliably identified in

multiple  image  modalities,  and  designed  a  workflow  for  processing,

alignment, and spatial analysis of image series using the new atlas. In the

following chapter, we evaluate the individual results of this work and its

implications on digital atlasing.
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Anatomical reference material

Integration of images from across the brain into a common anatomical

space requires a reference atlas that represents the entire brain with high

anatomical fidelity close to the  in vivo situation. For mapping diverse

types of measurements to this reference space, the atlas needs to display

detailed structural contrast of major brain regions with a comprehensive

set  of  anatomical  boundaries identified.  Tomographic imaging, and in

particular  magnetic  resonance  imaging  is  uniquely  suited  to  produce

such  anatomical  reference  material.  We  used  contrast-enhanced  MR

microscopy  (Badea  et  al.  2007)  complemented  by  fiber  directionality

maps from diffusion tensor imaging for delineation of regions and tracts

throughout the Sprague Dawley rat brain (Paper I). The quality of the

images is well exemplified by the visibility of fine anatomical details such

as  individual  cell  layers  in  the  cerebral  and cerebellar  cortex  and the

hippocampus, as well as thin white matter sheets in the inferior external

capsule  and  the  supraoptic  decussation.  The  completeness  of  the

material, the high spatial resolution of the MRI, and the availability of

multiple image contrasts allowed us to locate several anatomical features

useful for alignment of experimental images to the atlas. Notably, cranial

sutures and related stereotaxic landmarks bregma and lambda are also

recognizable in the MRI, attributed to the presence of contrast agent in

the connective tissue between the bone plates of the skull.

In order to achieve the best possible image quality and avoid motion or

pulsation artifacts, the MRI was acquired ex vivo with the brain residing

intact in the cranium. It has been shown that excision of the brain from

the skull results in shape distortions (Ma et al. 2005) compared to the in

vivo state (Ma et al. 2008), whereas in situ imaging does not alter brain

morphology (Oguz et al. 2013). Imaging postmortem tissue allowed for

long  scan  sessions  at  a  high  field  strength  (7T),  resulting  in  highly

increased signal to noise ratio and significantly improved image quality

over in vivo imaging. Consecutive acquisition of different MRI contrasts

yielded inherently co-registered images, eliminating errors from image

registration between scans. Perfusion with a paramagnetic agent during

fixation further enhanced contrast throughout the material (Huang et al.
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2009). With regard to the diffusion-weighted images, it should be noted
that the diffusion properties  of formalin-fixed brain tissue are altered
from the in vivo situation, but diffusion anisotropy, on the basis of which
fiber  orientations  were  interpreted,  is  preserved  (d'Arceuil  and  de
Crespigny, 2007; Sun et al. 2003).

While the non-invasive nature of the imaging process makes MRI and
DTI powerful tools for establishing a morphologically correct reference
atlas,  the  depth  of  anatomical  mapping  achievable  using  this  type  of
material  has  its  technical  and  methodological  limits.  The  minimal
diameter  of  structural  features  that  can  be  outlined  in  digital  image
volumes is in principle determined by the voxel size. Image intensity in
each  voxel  represents  an  average  of  the  magnetic  susceptibility  or
fractional  anisotropy  measured  in  the  corresponding  tissue  volume,
blending  together  values  from  subvoxel-sized  tissue  elements.  This
phenomenon, known as the partial volume effect, makes the delineation
of fine details at the single voxel scale prone to error. Similarly, in DTI
measurements  from regions  with  crossing  fibers,  the  individual  fiber
orientations may be obfuscated by averaging. In our image material, this
effect is reinforced by the double voxel size of the DTI (78µm) compared
to the MRI (39µm). To compensate for these restrictions, we focused our
efforts on major brain regions and tracts of relatively larger volume, and
we used microscopic image material of cellular and myelin stains from
comparable animals to aid delineation decisions.

The atlasing template proposed in Paper I depicts the brain anatomy of a
single animal, without smoothing or mirroring of either side. A Sprague
Dawley specimen was chosen as there was no comprehensive volumetric
atlas for this strain previously available. The weight, age and sex of the
animal is  representative to common laboratory practice.  Compared to
widely used stereotaxic atlases for the rat (Paxinos and Watson, 2007;
Swanson, 2004), the weight of our animal is ca. 24% larger, although
very close to the average weight of an adult male Sprague Dawley (see
criver.com).  Since  the  present  atlas  is  only  valid  for  adult  animals,
additional atlases are needed to cover the newborn, young, adolescent
and aging rat brain (see e.g. Calabrese et al. 2013). The use of male rats is
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clearly  overrepresented  in  currently  available  atlasing  resources,  our

atlas included. The transition to open atlasing will likely help balance the

situation by facilitating community data sharing.

As  pointed  out  by  Arthur  W.  Toga,  “The  success  of  any  brain  atlas

depends  on how well  the  anatomies  of  individual  subjects  match the

anatomy in the atlas” (Toga, 2002). An essential next step to make our

atlas  more  representative  therefore  should  be  to  include  anatomical

information from several additional animals to build a population-based

template.  Co-registration  of  series  of  structural  image  volumes  and

adaptation  of  the  original  anatomical  delineations  to  the  individual

brains  then  allows  probabilistic  mapping  of  specific  brain  regions.

Creating a gold standard segmentation by careful manual delineation of

a complete set of brain regions and tracts on the basis of a single high

quality  anatomical  image  forms  a  prerequisite  to  such  developments

(Badea et al.  2009), since population averaging significantly blurs the

template,  hampering  precise  definition of  borders.  The gold  standard

labeled  volume  we  created  for  the  Sprague  Dawley  rat  brain  thus

provides a basis for atlas-based segmentation of additional volumetric

datasets using automated methods (Ali  et  al.  2005; Bello et  al.  2007;

Cabezas et al. 2011; Niedworok et al. 2016).
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Delineations of white and gray matter

On the basis of image contrast in the high fidelity anatomical template,

we were able to delineate 76 major regions and tracts of the rat brain in

three dimensions. Segmentations were carried out  de novo by a single

investigator to ensure consistency and avoid possible bias that the re-use

of volumetric or section-based maps from external sources could have

introduced. While most of the subdivisions were created manually, we

also  explored  to  what  extent  automatic  methods  can  be  used  for

outlining brain regions in MRI without a priori anatomical information.

Although  only  effective  in  a  limited  number  of  cases,  automatic

segmentation  considerably  sped  up  the  delineation  of  high-contrast

structures by generating the core segmentation volume.

The volumetric format of the anatomical images we built  the atlas on

makes it possible to study the brain in its native 3D space. The MRI and

DTI allow the viewer to observe brain regions and tracts from multiple

angles simultaneously, and examine intersecting planes through a region

of interest within the same brain. The level of morphological feedback

obtained from such 3D analysis during the delineation process, together

with  the  volumetric  segmentation  toolset  provided  by  ITK-SNAP,

enabled us to create robust and well-composed segmentations consistent

across  all  three  planes.  The  3D  nature  of  the  atlas,  best  appreciated

through surface models of the individual anatomical structures (Paper I,

Fig.  6),  promotes  the  understanding  of  spatial  relationships  between

brain regions, tracts, and experimental data mapped onto the atlas.

In contrast with idealized anatomical drawings in classical book-format

atlases, often presented as vector graphics, our volumetric atlas features

one-to-one  correspondence  to  the  underlying  MRI  data.  Each  image

voxel  in the delineation volume is  assigned a single anatomical  label,

thereby avoiding ambiguous annotation such as dotted lines, unlabeled

areas, or unmarked transition zones between regions. While this format

does not allow multiple anatomical interpretations in the same atlas file,

open  access  to  the  atlas  promotes  the  development  and  sharing  of

alternative or refined versions.
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With the future perspective of atlas-based integration of diverse types of

experimental image data across the brain, our ambition was to develop a

comprehensive set of delineations with no uncharted areas and a close to

homogenous distribution of anatomical parcellations in both white and

gray matter. Owing to the high white to gray matter contrast in the MRI

and the  availability  of  fiber  directionality  maps  (DTI),  we  achieved  a

relatively even distribution of white matter segmentations, from major

tracts  such  as  the  corticofugal  pathways  and  the  corpus  callosum  to

smaller fiber bundles such as the fasciculus retroflexus or the habenular

commissure. The varying, often subtle MRI contrast within gray matter,

however,  made  the  determination  of  boundaries  between  cell-dense

regions  more  difficult.  Our  segmentation  efforts  in  these  areas  were

guided by widely used histological atlases to ensure that the boundaries

recorded based on MRI or  DTI are  in  agreement  with  corresponding

histologically defined boundaries (Paxinos and Watson, 2007; Swanson,

2004). In areas adjacent to fiber tracts, as in the case of individual nuclei

e.g. the subthalamic nucleus, the bed nucleus of the stria terminalis, and

the entopeduncular nucleus, as well as in regions showing a difference in

the  presence,  density  or  orientation  of  traversing  fibers,  such  as  the

striatum against the globus pallidus or the superior colliculus against the

reticular formation, more detailed delineations were possible compared

to other areas. This is especially apparent in the midbrain. In other parts

of gray matter, most prominently in the cerebral cortex, the thalamus,

the  brainstem,  the  basal  forebrain,  and  the  hypothalamus,  the

granularity of the atlas is considerably lower.

To improve the level of segmentation detail in such regions, two main

approaches are possible. First, careful observation of the current atlasing

template  aided  by  histological  or  other  material  revealing  specific

anatomical landmarks may allow direct identification of boundaries not

yet indicated in the atlas. The first example for such expansion of the

original delineation set is represented by the detailed subdivision of the

hippocampal region by Kjonigsen et al. (2015), shared as version 2 of the

atlas. Similar to previous methodology, subdivisions were based on MRI

contrast guided by visual inspection of immunohistochemical material

not spatially registered to the template (Kjonigsen et al. 2011). Further

44



atlasing efforts following the same principle are underway to create a 3D

map  of  the  rat  auditory  system  (Imad  et  al.  2017;  Osen  et  al.  in

preparation).  Second,  the  limited  resolution  and  specificity  of  the

current atlasing template will necessitate the use of additional material

for  precise  identification  of  anatomical  boundaries  within  larger  gray

matter  regions.  In  such  cases,  delineations  may  be  created  based  on

image  features  in  other  modalities  (Augustinack  et  al.  2013),  and

transferred to the atlas by spatial registration of the new images to the

template. Finally, the resolution of MRI is expected to further improve

over the next decades towards enabling cellular mapping of neural tissue

(Flint et al. 2009). Such developments shall be reflected in introducing

new template versions and corresponding atlas updates.

Delineations  presented  in  Paper  I  are  not  aiming  to  provide  new

interpretations  of  rat  brain anatomy,  depicted in  far  greater  detail  in

stereotaxic  atlases  and relevant  literature (for  an overview,  see  Zilles,

2012). Rather, the main contribution of the new atlas lies in establishing

morphologically  correct  anatomical  reference  for  the  Sprague  Dawley

strain in a volumetric format. The non-distorted isotropic MRI template

serves  as  an  ideal  registration  target  for  both  2D  and  3D  images,

connecting more detailed atlasing material as well as experimental data

to  the  atlas.  The  corresponding  3D  anatomical  delineations  facilitate

navigation across the brain and provide immediate access to volume of

interest-based  analysis  for  non-structural  datasets  aligned  with  the

template.  The  resulting  atlasing  framework,  when  complemented  by

tools  and workflows for  image  alignment  and analysis,  and equipped

with  a  standardized  coordinate  space,  makes  it  possible  to  integrate

anatomical information from multiple modalities (Leergaard et al. 2014;

Pawela et al. 2017; Schubert et al. 2016; Thomas et al. 2016).
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Spatial reference: Waxholm Space for the rat brain

Interoperability across atlasing resources capturing the anatomy, gene

expression, connectivity, development, or other aspects of the brain is a

key requirement for data integration in neuroscience. In order to relate

different  types  of  information  retrieved  from these  resources  to  each

other and to newly acquired data, a common spatial reference system is

needed. Waxholm Space has been designed to act as such a standard

reference  for  anatomical  location  in  the  rodent  brain.  We  present  a

practical  implementation  of  the  Waxholm  Space  standard  for  the

Sprague Dawley rat (Paper I), including the placement and orientation of

the  WHS coordinate  system relative  to  the  accompanying  anatomical

template,  and documentation and guidelines for its  use with multiple

atlasing software. We anchored Waxholm Space to the stereotaxic space

through locating standard cranial landmarks in WHS and defining an

affine transformation between the two coordinate systems. Finally, we

demonstrated the use of Waxholm Space in localization of signal within

the brain and retrieving information on cytoarchitectonic boundaries at

the same anatomical position from a stereotaxic atlas (Paper III).

In mathematical terms, a three-dimensional Cartesian coordinate system

is defined by the spatial position of the origin, the direction of the axes,

and  the  units  to  be  used.  The  definition  of  the  Waxholm  Space

coordinate  system  places  the  main  emphasis  on  describing  the

anatomical  position  of  the  origin  within  the  brain  (Hawrylycz  et  al.

2011), while the units and the orientation of the axes are only implicitly

given by the image headers of the mouse WHS template (Johnson et al.

2010). In support of the ambition to extend the standard to other rodent

strains and species, we complemented previous documentation with 3D

visual  guidelines  that  illustrate  the orientation of  the coordinate  axes

(see  Appendix)  and  the  position  of  the  WHS  origin  relative  to  the

decussation of the anterior commissure (Paper I, Fig. 2). We set up the

Waxholm  Space  coordinate  system  in  the  rat  brain  according  to  its

implementation  in  the  mouse.  Thus,  the  position  of  the  origin  is

anatomically identical in the two templates, and the coordinate axes run

parallel  to the slice planes of  the MRI in both the mouse and the rat
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WHS coordinate system.  Due to  a  slight  difference  in  the acquisition

orientation of the two MRI datasets, the direction of the anteroposterior

and  inferosuperior  coordinate  axes  shows  a  few  degrees  deviation

between the two systems. Since new experimental data or other atlasing

resources are mapped to Waxholm Space based on anatomical features,

and differences in the relative orientation of the images are encoded in

the  mathematical  transformation  between  the  individual  coordinate

systems (see Paper III), such variations do not affect the usability of the

reference space.

Waxholm Space connects 2D and 3D experimental image data from the

rodent brain to multiple atlasing resources in a two-step process. First,

pairwise coordinate transformations between each atlasing resource and

the WHS template are established based on anatomical image alignment

(Zaslavsky et al. 2014). Once these mappings are in place, experimental

datasets registered to Waxholm Space are able to query each resource for

spatially  indexed  data  based  on  the  WHS  coordinates  of  regions  of

interest (Baldock and Burger, 2012). For the newly introduced Waxholm

Space atlas of the rat brain it is essential to ensure compatibility towards

the most commonly used anatomical resource in rat brain research, the

Paxinos and Watson atlas (Paxinos and Watson, 2007). Therefore the

highest  priority  coordinate  transformation  to  be  determined  is  the

mapping  between  WHS  and  the  stereotaxic  space.  In  Paper  III,  we

calculated a preliminary transformation between the two systems based

on  common  anatomical  anchors  identified  in  Paper  I.  Since  the

stereotaxic coordinate grid is equipped with multiple reference points

and  axes,  we  specified  a  right-anterior-superior  (RAS)  oriented

stereotaxic  coordinate  system  to  facilitate  univocal  and  reproducible

mathematical mapping between the two spaces. Bregma was set as the

origin for being a landmark identified in both atlases. Our choice of a

right-handed  coordinate  system  is  in  line  with  current  neuroimaging

practice  (see  e.g.  the  NIfTI-1  standard),  though  inferosuperior

coordinates for structures within the brain are negative as a consequence

of the origin located above the brain (Figure 1). As the anatomical basis

for the coordinate transformation, we used cranial landmarks to perform

a global  affine  alignment  that  matches  the  position,  overall  size,  and
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rotation of the skull in the two atlases. Having brought these stereotaxic

parameters  into  alignment,  we  may  expect  the  accuracy  of  the

transformation  to  be  below  0.3  mm (Paxinos  et  al.  1985).  The  main

advantage of this approach is the simplicity of coordinate calculations

between Waxholm Space and the stereotaxic space without a need for

specific  software.  As  illustrated  by  spatial  analysis  of  axonal  tracing

material  presented  in  Paper  III  (Fig.  5),  the  availability  of  this  basic

transformation makes it possible to combine the flexibility of section to

volume alignment in WHS with immediate access to detailed anatomical

parcellations in the Paxinos and Watson atlas.

The above mapping between Waxholm Space and the stereotaxic space

provides  a  relatively  crude  starting  point  for  integration  of  spatially

related  data  across  the  two  coordinate  systems.  Local  discrepancies

arising from histological distortions,  or inter-individual  or inter-strain

differences in brain structure are not incorporated in the transformation,

and  thus  may  introduce  significant  localization  error  in  some  brain

regions  (Kötter  and  Wanke,  2005).  To  optimize  mapping  accuracy,

detailed  brain-to-brain  alignment  is  needed.  Considering  that  the

anatomical maps in the Paxinos and Watson (2007) atlas do not form a

continuous  volume,  the  following  alignment  routes  are  available.  The

isotropic nature of the Waxholm Space template allows reslicing of the

MRI based on visual matching of brain landmarks in the two atlases so

that  the  principal  axes  of  the  MRI  are  aligned  to  the  axes  of  the

stereotaxic  atlas.  In  rats  from  the  Wistar  strain,  this  method  yielded

comparable  accuracy  to  our  transformation  (Johnson  et  al.  2012).

Alternatively, a volumetric reconstruction built from the stereotaxic atlas

plates may be registered to the WHS template on a volume-to-volume

basis.  In  this  case,  accuracy  will  depend  on  the  degrees  of  freedom

provided by the reconstruction and registration algorithms. To maximize

the level  of  alignment  between the two atlases,  each stereotaxic  atlas

plate needs to be individually aligned to the WHS template. Similar to

the  alignment  example  presented  in  Paper  III,  the  process  involves

iterative steps of reslicing the MRI to match the angle of the stereotaxic

sections,  and affine  or  non-linear  2D to  2D alignment.  The  resulting

transformation can be represented by a volumetric deformation field.
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Waxholm Space is intended as a mediator between newly acquired data

and existing knowledge about the brain through facilitating anatomical

localization  of  findings  and  providing  access  to  spatially  related

information stored in diverse atlases and databases. The realization of

this  concept  requires  that  a  variety  of  experimental  data and atlasing

resources are mapped to WHS. As demonstrated by the emergence of

multiple  integrative  resources  over  the last  years,  several  areas  of  rat

brain research could benefit from spatial interoperability, including the

study  of  connectivity  (Oh  et  al.  2014;  Zakiewicz  et  al.  2011),  gene

expression  (Shcherbatyy  et  al.  2015;  Stansberg  et  al.  2011;  Yu  et  al.

2014),  and brain development  (Calabrese  et  al.  2013;  Khazipov et  al.

2015;  Rumple  et  al.  2013).  Connecting  more  atlasing  resources  to

Waxholm Space requires the contents of these resources to be spatially

indexed according to WHS or a compatible coordinate space (e.g.  the

stereotaxic  space).  This  may  involve  increasing  the  depth  of  spatial

annotation from a semantic level to the level of coordinates, as well as

managing metadata, and setting up software to handle incoming queries

for  spatial  information,  e.g.  via  web  services.  From  the  aspect  of

individual datasets, requirements include tools and workflows for image

alignment and assignment of coordinates to data, software for building

spatial queries towards atlasing resources, and documentation and best

practices that effectively lower the threshold to the steps involved. While

the  present  project  has  provided  key  building  blocks  towards  such

developments,  the multitude of  demands for  software,  standards,  and

infrastructure for storage and shared access requires a coordinated effort

from the neuroscience community.  A promising initiative  focusing on

some  of  these  challenges  is  represented  by  the  Neuroinformatics

Platform developed by the EU Human Brain Project (Amunts et al. 2016;

https://nip.humanbrainproject.eu).
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Connecting experimental image data to standard atlas space

The introduction of  new volumetric  mouse  and rat  brain  atlases  that

employ a non-stereotaxic reference system brings new approaches to the

anatomical localization of findings in brain-wide image material. While

the  image-based  nature  of  the  new Waxholm Space  reference  atlases

offers  increased  spatial  precision  compared  to  coordinate-based

mapping, it also raises a challenge towards the alignment of images from

diverse sources to MRI. In particular, tools and methods are needed for

registration of 2D and 3D images with different or reduced anatomical

contrast or resolution compared to the reference atlases, and for efficient

alignment of large series of non-coregistered images from microscopy.

With the aim to enable connecting different types of whole-brain image

data to Waxholm Space, we defined standard anatomical landmarks in

the mouse and rat brain for landmark-based registration across different

levels of anatomical detail and resolution (Paper II). We demonstrated

the  flexibility  of  high  resolution  isotropic  atlas  volumes  in  section  to

volume  alignment  and  spatial  analysis  of  neuronal  labeling.  We

combined  series  of  automatic  and  semi-automatic  steps  for  image

acquisition, processing and alignment into a workflow to exemplify how

traditional non-volumetric datasets can be efficiently connected to next-

generation atlases (Paper III).

Standard landmark set in Waxholm Space

As a result of the rapid technological development over the last decades,

a variety of imaging methods capturing the entire brain of rodents has

become available. Common morphological features apparent in multiple

image modalities  showing different  levels  of  anatomical  detail  offer  a

good starting point for image alignment to volumetric reference atlases.

We established a set of standard anatomical landmarks in the mouse and

rat brain based on the observation that in most magnetic resonance and

histological images, major brain regions such as the cerebellum, the pons

and the brainstem, the cortical hemispheres, the hippocampus, and the

ventricular  system,  as  well  as  major  white  matter  tracts  such  as  the

corpus callosum and the anterior commissure can be distinguished. To
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ensure full compatibility with the Waxholm Space atlases, we verified the

reliability and spatial identification accuracy of each landmark in T1, T2,

and  T2*-weighted  MRI,  and  recorded  their  WHS  coordinates.  As

expected, the visibility of the landmarks slightly varies across contrasts

(Paper II, Table 2). From the proposed 16 landmarks in the mouse brain,

at least 10 landmarks were characterized with a quality coefficient over

0.8  for  each  contrast,  10  were  found  highly  reliable  in  two  different

contrasts, and 6 landmarks obtained a high reliability score in all three

contrasts. These results, together with the accuracy obtained in our test

case for landmark-based registration between T1 and T2*-weighted MRI,

suggest that the landmark set is well suited for registration of images

from all MRI contrasts towards the Waxholm Space templates.

Based on successful identification in microscopic image series of Nissl-

stained sections and in unstained block-face images, we anticipate that

most landmarks are also applicable in the alignment of images of serial

sections  co-registered  into  a  volume,  or  histological  image  volumes

collected using whole-brain light microscopic techniques such as serial

two-photon tomography or light-sheet fluorescence microscopy. When

working with coarsely reconstructed series, it should be noted that three

landmarks defined based on the position of the cerebellum relative to the

brainstem, and the distance between the posterior part of the cortical

hemispheres,  cannot  be  located  accurately  in  images  of  free  floating

sections,  since  these  spatial  relations  are  lost  during  the  cutting  and

mounting  process.  Two  of  these  landmarks  represent  the  hindmost

elements of the landmark set, but as their anteroposterior position is not

affected by the above uncertainty, they may be included in the alignment

to reduce rotation errors between the source and target brains. It should

also be considered that  alignment accuracy will  be  limited by section

thickness  and  spacing.  For  image  series  that  are  non-coregistered,

incomplete,  or  that  exhibit  a  large  difference  in  acquisition  angle

compared  to  the  conventional  coronal  plane,  including  sagittal  or

horizontal slices, a section-based approach is more appropriate (Paper

III).  Eventually,  a  coarse volumetric  reconstruction may be combined

with rigid or affine landmark-based registration methods to initialize a

more accurate section-based alignment.
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Figure 5  |  Spatial distribution of the anatomical landmark set in the Waxholm Space

templates for the mouse (A-D) and rat brain (A'-D'). The position of 16 mouse and 14

rat brain landmarks (green dots) are illustrated in oblique  (A, A'), top  (B, B'), lateral

(C, C') and front  (D, D') view. The brain outline (gray shadow), the WHS origin (red

dot), and the anterior commissure (blue structure in A') are shown for reference. Scale

bar: 5 mm



The main advantage of using a standard landmark set over an ad-hoc

selection of landmarks lies in the consistently high spatial identification

accuracy  of  standard landmarks.  The performance of  landmark-based

registration can be described by the mean displacement error between

landmark pairs after alignment. This error is proportional to 1 /√N
where N represents the number of landmark points (Hill and Hawkes,

1994). Consequently, fewer landmarks are sufficient to reach the same

level  of  alignment  when  those  landmarks  are  identified  with  high

accuracy (Zuk and Atkins, 1996). To specifically enhance alignment in

regions  of  interest,  further  local  landmarks  may be used (West  et  al.

2001). The spatial distribution of the landmarks throughout the mouse

and rat brain is illustrated in Figure 5. A relatively even coverage has

been  achieved  in  subcortical  regions  in  both  anteroposterior  and

dorsoventral  direction.  Since  the  mediolateral  position  of  most

landmarks is defined by the midsagittal plane or symmetrical anatomical

features in its proximity, additional landmarks may be defined further

laterally in the cerebral cortex and in the cerebellum to maximize local

alignment in these brain regions.

Landmark-based registration provides a relatively simple,  flexible and

universal method for integration of diverse datasets in Waxholm Space.

Since the alignment process does not involve similarity calculations on

the  voxel  level,  it  is  computationally  less  expensive  compared  to

intensity-based  methods.  The  transformation  result  can  be  used  as  a

precursor to a more elaborate intensity-based alignment between images

with a high level of  anatomical  detail  and similar contrast properties.

The availability of a shared set of standard landmarks across the mouse

and  rat  brain  offers  the  perspective  of  comparative  analysis  of

anatomical images across strains and species. Recent developments in

MRI-based atlasing of the neonatal rat brain (Calabrese et al. 2013) also

pose the question whether some of these landmarks can be identified

through developmental  stages,  opening the possibility  to  improve the

depth of the atlas by propagation of relevant WHS atlas delineations.
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Alignment of microscopic image series to MRI

Volumetric  registration  methods  based  on  anatomical  landmarks  or

image intensity  require the overall  spatial  integrity of  the brain to be

preserved or reconstructed. Microscopic image material, unless acquired

from whole-brain 3D microscopy (Osten and Margrie, 2013) or subjected

to  lengthy  reconstruction  procedures  (Zakiewicz  et  al.  2015),  is  not

compatible  with  these  methods.  Alignment  of  comprehensive  image

series to traditional book atlases is limited by the viewing angle and the

spacing of the atlas, and involves significant manual effort. Atlases based

on isotropic MRI enable a different alignment approach via generation of

oblique  atlas  plates  that  closely  match  the  sectioning  angle  of  the

experimental  series  (for  an  overview  of  methods  and  examples,  see

Osechinskiy  and  Kruggel,  2011).  While  multiple  relevant  MRI  viewer

software are available (Table 2), section to volume alignment has until

recently not been supported for large series of images.

We designed a workflow for section-based processing and alignment of

image series that facilitates assignment of 3D anatomical location to data

embedded in serial sections spanning the entire brain (Paper III). The

alignment module of the workflow allows fast and accurate registration

between large series of images and a selected volumetric atlas, e.g. the

Waxholm Space atlases of the mouse and rat brain. A typical anchoring

timeframe for four hundred sections, including manual adjustments to

individual images and final validation, varies between a few hours and

two  working  days  depending  on  the  overall  quality  of  the  section

material, the stability of the sectioning angle throughout the series, the

type and brightness of staining, and the level of experience in anatomy

and  in  the  use  of  the  software.  The  amount  of  necessary  manual

interaction  is  minimized  by  iterative  propagation  of  alignment

parameters across not yet validated sections, repeated in real time after

each  finalized  section  anchoring.  As  a  result  of  this  strategy,  manual

steps are practically reduced to in-plane adjustments after the alignment

of 5-10 key sections. The propagation algorithm also takes into account

missing sections based on serial  numbering, so that incomplete series

can also be aligned.
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Our  alignment  procedure  is  built  on  the  visual  similarity  of  section

images to structural MRI. This may have a limiting effect on anchoring

accuracy  for  image  series  with  less  anatomical  contrast,  e.g.  sections

without counterstaining. In such cases, an alternative route may be the

coarse co-registration of the series based on section outlines, followed by

volumetric  alignment  to  MRI  and  section-based  manual  adjustments

(HistoloZee, see Table 2). Zooming functionality would further aid the

interpretation of high resolution microscopic images. The current affine

registration tools permit either global or local alignment, as individual

regions in a section image cannot be aligned independently. For similar

reasons,  images  of  brain regions physically  divided during sectioning,

e.g. the cortical hemispheres, the cerebellum, or the inferior colliculus,

cannot be aligned accurately at the same time. This could be overcome

by splitting the images or by the implementation of non-linear alignment

methods.  Further  development  possibilities  for  the alignment  module

include the automation of coordinate acquisition for regions of interest

in Waxholm Space, and integration with online data repositories such as

the Rodent Brain Navigator (Moene et al. 2011; http://rbwb.org).

Localization of labeling in brain-wide microscopy datasets

The alignment of microscopic image series to a reference atlas is often

motivated by the need to determine the anatomical situation of labeled

elements, e.g. cells, fibers, proteins, or DNA, embedded in the images.

We developed image processing modules that automate the detection of

two types of axonal labeling in large series of section images, and offer

basic  tools  for  spatial  analysis  of  the detected  labeling.  The  resulting

labeling maps record the location of labeling detected in the images and

the size of the area occupied by labeled cells and axons. Compared to

manual methods for quantification of labeling strength in whole-brain

image material, such as manual point coding (Leergaard et al. 2000), or

scoring according to a density rating system (Zakiewicz et al. 2014), our

automatic  detection  method  does  not  categorize  labeling  other  than

“detected”  or  “not  detected”.  Based  on  these  binary  maps,  additional

processing  steps  may  be  added  to  the  workflow  for  measuring  the

density of labeling in selected regions, or labeling distribution over larger
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regions or the whole brain. Since our image processing modules do not

quantify stain intensity or relate it to labeling strength, concerns raised

regarding  the  nonlinearity  of  the  stain  separation  method  Colour

Deconvolution under polychromatic light conditions (Haub and Meckel,

2015), and the broad and unstable spectrum of DAB (diaminobenzidine;

van der  Loos,  2008)  used as  the  chromogen for  visualizing the  BDA

tracer, do not compromise the generation of the labeling maps.

From  the  aspect  of  connecting  whole-brain  microscopy  datasets  to

Waxholm Space,  the most important benefits of  the image processing

modules stem from the automated steps that enable efficient, reliable,

and reproducible extraction of labeling data from large series of images.

After completed alignment, the labeling maps for each section image can

be directly combined with the custom-generated atlas plates from the

alignment module to perform region-based or coordinate-based analyses

for the whole brain. WHS coordinates acquired for each data point, if

plotted in the original 3D space of the non-distorted anatomical MRI,

allow  unwarped  3D  visualization  of  labeling  patterns  throughout  the

brain in the context of anatomical regions delineated in the WHS atlas.

This approach enables 3D spatial analysis of labeling data from series

that  are  incomplete,  distorted,  contain  multiple  alternating  stains,  or

otherwise represent complex cases for 3D reconstruction. The level of

spatial error in such analyses depends on the accuracy of the underlying

section-based alignment,  at  this  point  implemented as  a  set  of  affine

transformations. To improve the accuracy of coordinate acquisition, the

alignment may be refined locally in labeled regions without a need to

achieve a good overall fit for the whole section, as would be the case for

3D reconstruction of the entire histological dataset.

The  integration  of  section-based  data  in  Waxholm  Space  plays  an

important role in improving the level of detail in the atlas (Imad et al.

2017),  and  reanalyzing  and  sharing  legacy  data  in  a  3D  anatomical

framework. The workflow modules for image processing and alignment

bridge the gap between whole-brain image series and volumetric atlases,

and  enable  efficient  3D spatial  analysis  of  the  data  embedded  in  the

images.
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Impact and adoption by the community

MRI-based atlases provide morphologically correct anatomical reference

for spatial  integration of  2D and 3D datasets from a variety of image

modalities. For an image-based reference space such as Waxholm Space

to  be  applied in practice,  both  the  structural  image  volumes and the

associated anatomical delineations have to be made publicly available.

Experimental data may thus be registered to the anatomical MRI, and

analyzed  based  on  the  volumetric  delineations.  Examples  exist  for

recently published reference atlases based on MRI and DTI that do not

share the volumetric image material the atlas is built upon, but instead

keep  the  traditional  book  format  (Paxinos  et  al.  2015;  Wisner  et  al.

2016).  Since  newly  acquired  tomographic  image  volumes  cannot  be

directly aligned to these 2D atlases, it is difficult to use the anatomical

delineations for spatial analysis and interpretation of 3D data from the

brain. Upon these considerations, we provide open access to all of our

newly developed atlasing resources.

We share the Sprague Dawley reference atlas, the anatomical landmark

positions for the mouse and the rat brain, software for image processing

and alignment,  and related documentation through multiple channels

and formats for different types of analysis (see also Methods). While the

core  datasets  are available through the NITRC repository,  other  web-

based  services  and software  packages  have  also  incorporated  and re-

shared  our  results.  The  Scalable  Brain  Atlas  (http://scalablebrain
atlas.incf.org; Bakker et al. 2015) offers a browser-friendly viewer for the

atlas with functionality to visualize the standard landmark set in 3D. The

3D  Brain  Atlas  Reconstructor  (www.3dbar.org;  Majka  et  al.  2013)

provides a web-based service that creates 3D reconstructions from any

delineated brain region or tract in the form of smooth surface meshes.

The MRI/DTI template and the delineations have been incorporated into

the fMRI program package AFNI (Analysis of Functional Neuroimages,

National  Institute  of  Mental  Health,  USA;  https://afni.nimh.nih.gov/)

for direct spatial  analysis of  fMRI data. Finally,  we share hierarchical

labels for use with the PMOD/PNEURO software (www.pmod.com) for

volume of interest-based analysis of PET and other volumetric images.
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Since the publication of Papers I-III, the main results of this work have

been used for integration of different types of 2D and 3D datasets into

a  common  space,  and  localization  of  signal  in  both  functional  and

structural image volumes (Table 3). The three-dimensional nature of our

atlas  has  made  it  possible  to  illustrate  complex  spatial  relationships

between brain regions (Moser et al. 2014), and perform measurements

of distances within the brain (Böhme and van Rienen, 2016; Weltman et

al.  2016). 3D surface models of the delineations have been applied to

depict the anatomical location of electrodes (Hu et al. 2015; Xia et al.

2016)  and  injection  sites  (Sugar  and  Witter,  2016),  and  to  visualize

cutting planes (Gesnik et al. 2017; Zakiewicz et al. 2015). In addition, two

studies have used the position of cranial landmarks identified in the MRI

template (He et al. 2016; Ng et al. 2016). The high quality image material

and the delineations published in Paper I have been used as a starting

point for building a detailed atlas of the hippocampal region (Boccara et

al. 2015; Kjonigsen et al. 2015) and an in vivo atlas of the Wistar strain

(Huang et al. 2016), with further developments on the way (Imad et al.

2017). We provide the atlas under a ShareAlike (CC-BY-NC-SA) license

to ensure that future atlas versions remain open and freely available to

the neuroscience community.
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C O N C L U S I O N S

The  main  contributions  of  this  work  include  the  first  comprehensive

MRI-based anatomical reference atlas of the Sprague Dawley rat brain,

implementation  of  the  Waxholm  Space  standard  in  this  atlas,  and

development of methods and software for alignment and spatial analysis

of whole-brain image data to this reference. Beyond the most immediate

impact  of  our  results  related  to  anatomical  localization  of  regions  of

interest  in  multimodality  data,  our  work  demonstrates  how  non-

volumetric  datasets  such  as  microscopic  image  series,  traditionally

analyzed manually using stereotaxic atlases, can be efficiently connected

to  next-generation  volumetric  atlases  through  automated  analytical

workflows. In addition to compatibility with both 2D and 3D data on the

image level,  our atlas  is  interoperable with the stereotaxic  space,  and

potentially with other atlasing resources, on the level of standard spatial

coordinates. Thus, alignment to the isotropic MRI facilitates querying of

detailed  anatomical  information  from  stereotaxic  atlases  for  spatial

analysis of datasets where the acquisition angle would not allow direct

comparison to a book atlas.

Volumetric maps of the rat brain are in high demand, as demonstrated

by over 50 citations of Papers I-III, and close to 5000 downloads of our

shared atlas files from the INCF Software Center and NITRC. We have

been  contacted  by  multiple  researchers  in  search  of  more  detailed

delineations of individual regions, and new initiatives have been taken

for  the  expansion  of  the  atlas.  The  reference  atlas,  the  anatomical

landmarks, and the workflow module for section to volume alignment

have also been utilized in relation to the rodent atlasing efforts of the

Human Brain Project  (www.humanbrainproject.eu/en/explore-the-brain),

with the perspective of building a multi-level data enriched atlas of the

rodent and ultimately of the human brain. We conclude that our work

has contributed to advancing the field from coordinate-based to image-

based  reference  atlases,  and  from  a  centralized  approach  to  atlas

development towards collaborative atlasing.
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