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Scope
Congenital cardiac malformations are among the leading birth defects in human live births, af-
fecting 1 in 100 children (Hoffman et al., 2004; Hoffman and Christianson, 1978; Marelli et 
al., 2007). This high incidence of structural heart defects highlights the complexity of cardiac 
development and, indeed, heart development was shown to depend on an interplay of a large 
number of genes at different stages of development and in different compartments of the heart 
(Bruneau, 2002; Franco et al., 1998; Gruber and Epstein, 2004).
Normal and abnormal heart development is studied using animal models. In this thesis both 
chicken and mouse embryos were used. Chicken embryos have two main advantages: Firstly, 
early heart development is relatively easy to understand because the different phases, namely 
formation of the tube, the tubular phase and chamber formation, are clearly separated in time. 
Secondly, chicken embryos are easily accessible which makes interventions relatively easy. On the 
other hand, the mouse is genetically much closer related to human, which makes the mouse heart 
a more suitable model for research on the genetic disorders that cause heart defects. Moreover, 
the required tools for genetic modifications and lineage analysis are readily available in mouse. 
Heart development takes place at a terrific pace. In mouse (Fig. 1) the two laterally extending 
myocardialized channels that are present at embryonic day 7 (E7) fold together within hours 
to form a closed primary heart tube at E8. The now beating heart consists only of a ballooning 
primitive ventricle and an outflow tract. Only two days later, at E10, this continuously beating 
heart tube shows clear compartments, although still organized in tubular fashion: Atria start to 
balloon and the still undivided ventricles start to trabeculate. At E12.5, septation of the chambers 
is in an advanced state. Near the end of gestation, at E17.5, the heart is completely organised as 
it is in the adult.

To enable this transformation, the heart has to be a highly dynamic structure; cells are added 
continuously at both poles (Cai et al., 2003; van den Berg et al., 2009), while concomitantly cells 
from the outflow tract move into the right ventricle (Rana et al., 2007) and cells from the atriov-
entricular canal into the left ventricle (Aanhaanen et al., 2009). Local differences in proliferation 
rate are another important parameter in heart morphogenesis. The ballooning chambers show for 
instance higher proliferation rates than non-chamber myocardium (Soufan et al., 2006).
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Figure 1 3D Reconstructions of the developing mouse heart (embryonic day 7 through 17.5)
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These rapid changes in shape of the heart are the result of interplay between gene expression and 
local growth. To comprehend the processes involved, we need tools to understand morphology, 
to measure and visualize morphogenetic parameters and to interpret associations in gene expres-
sion patterns. Although enormous amounts of gene expression data are available in literature, 
the exploration of this wealth of information is hampered by the fact that each paper reports the 
expression patterns of only a limited number of genes in a limited number of sections, rather 
than the entire heart. To remedy this situation, several initiatives have attempted to bring these 
data together in spatio-temporal gene expression atlases. 
In Chapter 1, we reviewed such gene expression atlases to provide insights into both the pos-
sibilities of the atlases, as well as to describe what more than a decade of developmental gene 
expression atlases can teach us about the requirements of the design of the ‘ideal atlas’. One of 
the conclusions of this chapter is that the ‘ideal atlas’ should be based on a spatial framework. 
The development of a program for TRacing the Anatomical Context of Tissue Sections (TRACTS) 
was based on such a framework. The aim of this program was twofold. Firstly, to place individual 
sections into a 3D reference model to be of help to the non-morphological scientist in need of 
a histological confirmation of a gene expression profile. Placing sections in a cardiac reference 
model helps in the exact annotation of the cardiac compartments present in the section. This 
may solve much of the disagreement among embryologists which may merely be based on mis-
communication, because it is far from easy to form a mental image of a dynamically changing 
three-dimensional structure, even for experts (de Boer et al., 2007). Secondly, TRACTS can be 
used to collect the gene expression patterns visible in the fitted sections within one common 
spatial framework. The initial performance of TRACTS, i.e. how well TRACTS fitted a section, 
was judged by experts in morphology (Chapter 2). In this version of TRACTS, the reference 
model was reconstructed from histological sections stained with myocardium-specific markers 
(Soufan et al., 2003). 
In the final version of TRACTS, the spatial framework was improved by using a reconstruction 
based on episcopic images which are not subject to deformations due to sectioning and stretch-
ing (Weninger et al., 2006; Weninger and Mohun, 2002). Now the performance of TRACTS 
was compared to that of experts in morphology (Chapter 3). This chapter also describes how 3D 
reconstructions can easily be disseminated using interactive 3D-pdf ’s. These allow the manipula-
tion of the 3D structure on one’s own computer screen which is ideal for the understanding of 
the intricate morphology of developing embryos. 
In Chapter 4, we describe and validate a tool which was used to measure the speed at which cells 
migrate from the growth center in the caudal pericardial wall into the non-proliferating primary 
heart tube. The results showed that these cells migrate at a speed of 70 µm per hour (van den 
Berg et al., 2009). 
The development of the mouse heart from the earliest signs of the formation of the heart to the 
end of the fetal period is described in Chapter 5. This description is based on morphological 
and quantitative 3D reconstructions. The latter rely on BrdU-labelling experiments. BrdU is a 
thymidine analogue which is incorporated during DNA synthesis which occurs in the S-phase 
of the cell cycle. This study resulted in a comprehensive series of interactive 3D reconstructions 
showing the mouse heart development throughout the gestational period, each supplemented by 
the pattern of proliferation. A detailed analysis of BrdU-positive fractions showed that trabecula-
tion of the cardiac chambers occurs from a focus of proliferation at the base of each trabecule.
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Although the BrdU-labelling indices are related to the length of the cell cycle, a direct interpre-
tation is hampered by the relative length of the S-phase compared to the total cell cycle length. 
Therefore, in Chapter 6, we describe a method to measure the actual local cell cycle lengths by 
labelling for two different exposure times with two thymidine analogues, namely IdU and CldU. 
This method was applied on early embryonic chicken hearts and showed an extremely hetero-
genic pattern of cell cycle lengths, with lengths ranging from less than 8 hours in the growth 
centers in the caudal pericardial wall, less than 16 hours in the forming primitive ventricle, to 
days in the primary myocardium. 
As was described in Chapter 1, anatomical annotation is often controversial because of incon-
sistent anatomical nomenclature and definition of borders. These controversies can be, at least 
partially, solved by using annotated reference models. Since the meaning of terms used in ana-
tomically annotated reference models will be clarified by their 3D spatial depiction, it will be 
immediately evident what the defined borders of named structures are. This will remove most 
of the ambiguity in the terms used in anatomical annotations. A complicating aspect of using 
anatomical annotation is that gene expression patterns do not respect borders of anatomical 
structures (Ruijter et al., 2004).
To address the latter problem it was proposed in Chapter 1 to combine the anatomical annota-
tion of a spatial framework with an annotation based on the expression profiles of a limited set 
of genes with known expression domains. To this end we mapped the expression patterns of 12 
genes involved in heart development to the previously published reference heart (Chapter 7). 
We applied hierarchical clustering to all locations in the heart based on those expression patterns. 
Dynamic pruning of the dendrogram resulted in 18 continuous domains, each with its own 
unique expression profile. Most of these domains represented classical anatomical components, 
but we also observed novel domains that cannot be distinguished by any anatomical landmark.
The presented methods are tools to define and communicate on the anatomy and morphomet-
rics of the developing heart. Application of the described methods provided new findings and 
biological insights into the morphogenesis of the heart. Our tools will enable the integration of 
quantitative morphological and gene expression data within a single spatial framework, which 
will in turn allow a systems biological approach of cardiac development.
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Abstract
To unravel regulatory networks of genes functioning during embryonic develop-
ment, information on in situ gene expression is required. Enormous amounts of 
such data are available in literature, where each paper reports on a limited number 
of genes and developmental stages. The best way to make these data accessible is 
via spatio-temporal gene expression atlases. Eleven atlases, describing developing 
vertebrates and covering at least 100 genes, were reviewed. This review focuses on: 
(1) the used anatomical framework, (2) the handling of input data and (3) the re-
trieval of information. Our aim is to provide insights into both the possibilities of 
the atlases, as well as to describe what more than a decade of developmental gene 
expression atlases can teach us about the requirements of the design of the ‘ideal 
atlas’. This review shows that most ingredients needed to develop the ideal atlas are 
already applied to some extent in at least one of the discussed atlases. A review of 
these atlases shows that the ideal atlas should be based on a spatial framework, i.e. 
a series of 3D reference models, which is anatomically annotated using an ontol-
ogy with sufficient resolution, both for relations as well as for anatomical terms.
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Introduction
Information on the level and the location of the expression of genes is required to unravel the 
function of those genes during embryonic development. A wealth of information on gene expres-
sion levels in different organs and developmental stages in several species has been obtained with 
microarray, and more recently next-generation sequencing, studies. These data are collated and 
made available by the major databases ArrayExpress (Parkinson et al., 2007) and NCBI GEO 
(Barrett et al., 2009). The recently launched Gene Expression Atlas (www.ebi.ac.uk/gxa) aims to 
make these data accessible to the non-expert biologist; the data are retrieved from ArrayExpress, 
and enriched through curation and statistical analysis.
These microarray data are mostly based on organ and tissue samples containing various cell types. 
The observed differential expression can be used to identify candidate genes related to the differ-
ent conditions or states of the harvested tissue samples. However, to test hypotheses on regula-
tory interactions of the identified genes on the cellular level, in situ gene expression information 
is required. Gene products, mRNA as well as proteins, have been visualized in whole-mount 
stained tissue samples and histological sections to determine the pattern of gene expression in 
the organ or tissue of interest. Enormous amounts of such in situ data are available in literature, 
where each paper reports on a limited number of genes, developmental stages, and species. 
Microarray data, giving the expression level of a large number of genes in a limited number of 
tissues per experiment have been collected in large scale databases. A similar joining of data on in 
situ gene expression is hampered by the larger variety of techniques employed to generate these 
data. The automation of the techniques used to determine in situ expression in the last decade 
enabled the start of large scale in situ visualization projects. This resulted in a wealth of data on 
in situ gene expression of a large number of genes in different species and developmental stages 
and exacerbated the problems in retrieving this information from literature. 
To remedy this situation, several initiatives were started during the last decade to make these data 
accessible via spatiotemporal gene expression atlases. We define a gene expression atlas as a da-
tabase containing anatomically annotated in situ gene expression information. In other words, such 
a gene expression atlas describes gene expression within anatomically defined structures. These 
expression patterns can be based on the in situ visualization of the expression levels of mRNAs, 
proteins or transgenic reporters.
Note that the microarray-based gene expression databases do not match our definition of a spa-
tiotemporal atlas. However, via the gene identifier the gene expression levels determined with 
microarray studies can be linked to the in situ gene expression information contained in these 
atlases. Such a link is for instance implemented in GXD. 
We selected all gene expression atlases that fit our definition, restricting ourselves to atlases de-
scribing developing vertebrates and covering at least 100 genes. To the best of our knowledge, 
11 atlases (Table 1) meet these criteria. These 11 atlases were reviewed to illustrate the different 
approaches used to build developmental gene expression atlases. 
Just over a decade ago, shortly after the fruition of research techniques to visualize gene expres-
sion patterns, the first developmental gene expression atlases started to emerge. Already in 1994 
the available gene expression data from different modalities accumulated rapidly and the ques-
tion was raised how to acquire, manage, analyse, interpret, and disseminate these data (Ringwald 
et al., 1994). The need was expressed to answer both simple queries, such as when and where 
a particular gene is active, and more complex queries that require a deeper understanding of 
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developmental processes (Ringwald et al., 1994). To enable such queries, a project was presented 
to develop a database to gather and retrieve information from diverse resources. 
A few years later this project resulted in the developmental gene expression atlases GXD and 
EMAGE (Table 1). The cooperation between these atlases has the ultimate goal to create an in-
tegrated resource of mouse developmental gene expression information (Ringwald et al., 1994). 
In 1997, a prototype of a database was presented in which gene expression data from different 
sources was combined and anatomically annotated: the GXD (Ringwald et al., 1997). At the 
same time, the underlying database of EMAGE was described in detail. Spatial mapping of in 
situ hybridization (ISH) images to morphological reference models was then announced (Dav-
idson et al., 1997). 

Table 1. Atlas overview

Name Full project name and etisbew  References

Gene expression in situ hybridization analysis
http://geisha.arizona.edu/geisha/ 

The Medaka Gene Expression Pattern Database 
http://ani.embl.de:8080/mepd/

Edinburgh Mouse Gene Expression database
www.emouseatlas.org/emage/

GenePaint.org 
www.genepaint.org 

Gene Expression Nervous System Atlas1

www.ncbi.nlm.nih.gov/projects/gensat/ 

Genito Urinary Development Molecular Anatomy Project
www.gudmap.org/index.html

Gene Expression Database
www.informatics.jax.org/expression.shtml

EURExpress
www.eurexpress.org/ee/intro.html 

European Renal Genome Project
www.euregene.org/euregenedb/pages/db_home.html 

European Renal Genome Project
www.euregene.org/xgebase/pages/entry_page.html

The Zebrafish Model Organism Database
http://zfin.org

1also
 
known as BGEM

Little et al. (2007)

Raciti et al. (2008), Reggiani et al. (2007)

Sprague et al. (2006)

Gong et al. (2003)

Little et al. (2007), McMahon et al. (2008)

Hayamizu et al. (2005), Ringwald et al. (1994), 
Ringwald et al. (1997), Ringwald et al. (2000),
Smith et al., 2007b)

 

Henrich et al. (2003),  Henrich et al. (2005)

Antin et al. (2007), Bell et al. (2004), Darnell et al. (2007)

Baldock et al. (2003), Bard et al. (1998), Burger et al. (2004), 
Christiansen et al. (2006), Davidson et al. (1997), 
Ringwald et al. (1994), Venkataraman et al. (2008) 

Visel et al. (2004), Visel et al. (2007)

Mouse  

Mouse  

Xenopus

Zebrafish

EuReGeneDb

XGEbase

ZFIN

Chicken

Medaka  

Mouse  

Mouse

Mouse  

Mouse

Mouse

GENSAT1

GUDMAP 

GXD

EURExpress

GEISHA 

MEPD 

EMAGE 

GenePaint.org

Basic information on the developmental gene expression atlases.

Species

Table 2. Atlas contents

Name Mutants Ages/Developmental rNsegats  Genes4 Annotation

GEISHA Yes HH1 2- A520172
MEPD No Iwamatsu stages  15- O722144
EMAGE Yes TS 1- 335282  (24885,100126) O,S
GenePaint.org No E10.5, E14.5 (whole embryo), E15.5 (Head), P7, P57 (Brain) 1296 (164126) A
GENSAT No E10.5, 15.5, P7 and A5253tludA
GUDMAP No TS2 17-24, 26- O638282
GXD Yes TS2 1-26 and O6878tludA
EURExpress No TS2 23 00941)5.41E(  (186976) O
EuReGeneDb No TS2 23- O60482
XGEbase No NF3 20- O01204
ZFIN Yes all 44 O10501segats

1Hamburger and Hamilton, 2Theiler Stage, 3Neidhart and Faber
4Textual annotated, 5Spatial annotated, 6Including genes within not annotated images 

Specific information on the developmental gene expression atlases. Annotation is coded as anatomical annotation 
using a controlled vocabulary (A), using an ontology (O) and using a spatial framework (S).
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Publications on developmental gene expression atlases containing data from high throughput 
ISH projects appeared a few years later. In 2000 it was shown that whole-mount ISH techniques 
could be adapted to perform high-throughput gene expression analyses on mouse (Neidhardt et 
al., 2000) and medaka (Henrich and Wittbrodt, 2000). In 2003 and 2004 similar high-through-
put techniques resulted in mouse atlases like GENSAT, covering the nervous system at different 
developmental and post natal stages (Gong et al., 2003) and GenePaint.org, covering the whole 
embryo at a single stage of development (Visel et al., 2004) (Table 2).
In this review we will focus on: (1) the anatomical framework used by, (2) the handling of the 
input of data in and (3) the retrieval of information from the atlases. Our aim is to provide 
insights both into the possibilities of the atlases, as well as to describe what more than a decade 
of developmental atlases can teach us about the requirements of the design of the “ideal atlas”. 

Results

Framework
To enable comparison of gene expression data, information regarding these data has to be stored 
in such a way that they can be retrieved. In all atlases this is done using frameworks that always 
include a list of anatomical terms to specify the location at which an expressed gene is observed. 
Most often, in this annotation, the categories used to define the expression type are “scattered”, 
“regional”, and “ubiquitous” whereas the expression strength is usually categorized as “negative”, 
“unknown”, “weak”, “moderate”, or “strong”. In addition to this “anatomical annotation”, gene 
expression patterns can be spatially mapped into a 2D or 3D reference model, which we will refer 
to as “spatial annotation” (Fig. 1). 

Anatomical annotation
The complexity of the vocabularies used for anatomical annotation ranges from an unsorted list 
of terms to complete ontologies. An ontology can be defined as a computer-interpretable de-
scription of a knowledge domain. Definitions, such as classes and relations, are used to associate 

A CB

Anatomical annotation Anatomical and spatial annotation The ideal framework

- gene name
- annatomical location
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Figure 1. Frameworks. Panels A and B show the different frameworks used in the discussed atlases. All atlases 
except for EMAGE use a purely text-based annotation (A). In EMAGE the gene expression images are mapped 
into reference models (B). The ideal framework is shown in panel C. Basically, this framework is used by the Allen 
Brain Atlas (except for the detailed ontology). The approach involves the mapping of sets of in situ gene expression 
images to a spatial framework. Enabling automated textual annotation and analysis based on the spatial location 
of the expression of a gene.
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the entities within such a knowledge domain (Gruber, 1995). The most basic relation used in 
ontologies is the subsumption relation “is a”. In the domain of a developmental gene expression 
atlas, important additional relations include “part of ”, “develops from” and “gives rise to” which 
can link anatomical structures within and between developmental stages. The ontologies used in 
EMAGE, GXD, ZFIN, XGEbase, and MEPD are available via the Open Biomedical Ontologies 
website (www.obofoundry.org). Within the OBO foundry ongoing efforts are made to design 
ontologies in such a way that they are interoperable and logically well formed. This includes the 
standardization of the used relations (Smith et al., 2007a).
EMAGE developed a widely used anatomical ontology covering Theiler stages (Theiler, 1972) 
(TS) 1 to 26 in mouse development and “part of” relationships within each stage (Burger et al., 
2004). This ontology was adopted by EURExpress and extended by the GXD with its own vo-
cabulary for adult mice (Hayamizu et al., 2005) which also includes the “part of” relationship. 
EuReGeneDb and GUDMAP further extended this ontology to a higher resolution for the 
genitourinary tract (Little et al., 2007).
ZFIN developed its own zebrafish anatomical ontology which covers structures of each of the 
44 developmental stages of the zebrafish, arranged by functional systems (Sprague et al., 2006). 
Within these systems there are 2210 different embryological and anatomical terms defined with 
“part of”, “develops from”, “start stage” and “end stage” relations (www.zfin.org). The developers 
of MEPD created a similar ontology containing 4173 terms for the 44 developmental stages of 
medaka, which follows the terminology used for zebrafish, mouse and Drosophila when possible 
(Henrich et al., 2005). The relations used in their ontology are “part of”, “is a”, and “develops 
from”. The “develops from” relation is only used to link developmental stages and is not used on 
the organ level.
In a combined anatomical and genetics approach, XGEbase developed a schematic model of the 
stage NF 35/36 Xenopus pronephric nephron based on whole mount in situ hybridization, using 
91 pronephric markers. These marker genes were projected onto the model to define segments 
(Reggiani et al., 2007). Anatomical terms are used to name those segments and to annotate the 
gene expression patterns within the pronephric nephron (Raciti et al., 2008). For non-renal 
tissues the expression patterns are annotated using the Xenopus Anatomy Ontology, which in-
cludes the relations “part of”, “develops from”, “preceded by”, “start stage”, and “end stage”. The 
“preceded by” relation is only used to link the different developmental stages and is not used on 
the organ level.
Eight out of 11 atlases use an ontology in which relationships are defined. The other three; 
GENSAT, GEISHA and GenePaint.org are based on vocabularies without specified relations. 
On the website of GENSAT there is an unstructured list of nervous system structures and cell 
types available. GenePaint.org uses a controlled vocabulary for the E14.5 embryo (Visel et al., 
2007). This vocabulary contains 96 structures of which 70 are unique “leaves” meaning that they 
are not further divided into substructures; most of the terms used are suggested by the Mouse 
Atlas Project (Bard et al., 1998; Visel et al., 2004). Similarly, because there is no comprehensive 
chicken anatomical ontology available (Bell et al., 2004), the GEISHA team generated a control-
led anatomical vocabulary based on a mouse atlas (Antin et al., 2007). 

Spatial annotation
Gene expression patterns can also be annotated by their spatial location in addition to the annota-
tion using anatomical terms. This is done by mapping the gene expression images into a common 
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reference space which is defined by reference models representing the embryonic morphology 
at the different stages of development. Currently, the only developmental gene expression atlas 
using a spatial annotation is EMAGE. This spatial annotation is done by using reference models 
which cover TS 7-20. Of those reference models, TS 7-14 and 20 are anatomically annotated 
(Christiansen et al., 2006). The reference models are 3D reconstructions made from images 
of stained histological sections from either wax-embedded or plastic-embedded specimens. The 
acquired digital images have a cellular resolution of 4x4x7 and 2x2x2 μm per voxel, respectively 
(Baldock et al., 2003). These reference models are used to spatially annotate images of sectioned 
and whole mount-stained embryos, using the 3D space or a 2D projection of the reference 
models, respectively. Recently, reference models ranging from TS 15 to TS 19 have been linked 
to each other with anchor points. These anchor points are used to represent morphological posi-
tions that are roughly similar between pairs of reference models.
The other atlases do not apply spatial annotation. However, MEPD is developing a 3D frame-
work which will be used as a 2D and 3D expression annotation tool (Henrich et al., 2005). 
GenePaint.org, EuReGeneDb and XGEbases provide series of anatomically annotated reference 
image(s) of the whole embryo, the kidney and the pronephric nephron, respectively. In EuRe-
GeneDb and XGEbases the different structures in these images are interactively linked to the 
vocabulary, facilitating searches for the genes expressed in those structures.

Input of expression information
The discussed atlases started either as (part 
of ) a project of one or more laboratories to 
make their own gene expression data avail-
able for the outside world in a practical way 
(MEPD, GenePaint.org, GENSAT, GUD-
MAP, EURExpress, EureGeneDB, and XGE-
Base) or as community recourse (GEISHA, 
EMAGE, GXD, and ZFIN) with the aim to 
collect and make available all kinds of gene 
expression information. The latter atlases and 
MEPD accept data from external parties or 
they extract information from literature (Table 
3). The most important aspect of input of gene 
expression information is the anatomical an-
notation of the gene expression pattern.

Entries
Five atlases, GEISHA, EMAGE, GXD, 
GenePaint.org, ZFIN, and GUDMAP, men-
tion that specialized curators or annotators are 
involved in the entry of new images (Table 3) 
(Darnell et al., 2007; McMahon et al., 2008; 
Smith et al., 2007b; Sprague et al., 2006; 
Venkataraman et al., 2008; Visel et al., 2007). 
In Genepaint.org anatomical annotations are 
even independently confirmed by a second 

Table 3. Data input
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GEISHA y n1 y y
MEPD - y n -
EMAGE y y y -
GenePaint.org y2 n n y
GENSAT - n n -
GUDMAP y n n y
GXD y y y -
EURExpress - n n -
EuReGeneDb - n n -
XGEbase - n n -
ZFIN y y y -

1 a submission webpage is under construction
2 indepently confirmed by a second annotator

Information on data input. Input modalities are 
coded as yes (y), no (n) and unknown (-). The 
‘invites suggestions’ column indicates whether the 
atlas will consider suggestions on which genes, or 
probe sequences, to include in the atlas.
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expert (Visel et al., 2007). In EMAGE 
the anatomical annotation of the section 
can be automatically generated when 
spatial mapping is performed into the 
3D space of an anatomically annotated 
reference model (Christiansen et al., 
2006). The partners of the GUDMAP 
consortium monthly submit their data to 
the editorial office, which curates these 
data and makes them available within the 
database (McMahon et al., 2008).
The atlases EMAGE, GXD, MEPD, and 
ZFIN accept data from other than direct-
ly related parties (Table 3) (Henrich et 
al., 2003; Ringwald et al., 2000; Sprague 
et al., 2006; Venkataraman et al., 2008). 
In EMAGE submitted data becomes 
publicly available only when the original 
paper containing these data is published 
(Venkataraman et al., 2008). GEISHA, EMAGE, GXD, and ZFIN incorporate information 
from literature in their databases by manually annotating the published images (Table 3). As 
shown in Fig. 2 data are also exchanged between atlases.
To facilitate contribution of data by external users, several atlases developed publically available 
software. EMAGE uses MAPaint software for spatial mapping. For EURExpress the application 
FIATAS (Fast Image AnnoTAtion Software) is used to anatomically annotate the expression pat-
terns. GXD developed the application GEN (Gene Expression Notebook) to store information 
concerning the gene expression data and submit them to the GXD (Smith et al., 2007b).

Data quality
For the users of an atlas it is important to be able to find information on the quality of the data 
they retrieve. Atlases based on first party material, have protocols for data creation available. 
The GENSAT website provides protocols for the generation of reporter mice and for the ap-
plied histological procedures. Similarly, all standard operating procedures are available on the 
GUDMAP website. The GEISHA website gives the protocols for their high throughput project. 
For XGEbase the information on how experiments were performed is described in a publication 
(Raciti et al., 2008). 
GenePaint.org does not provide procedures but states that: “At all stages of data production, 
quality control steps are implemented. This includes sequence validation of templates, tissue 
quality assessment and inclusion of positive and negative controls for each ISH experiment” 
(Visel et al., 2004). EURExpress indicates to use the same procedures as GenePaint.org.
For literature-curated and external party submissions the atlases use other quality checks. All data 
in GUDMAP is curated by their editorial office (McMahon et al., 2008). ZFIN uses experts for 
curation of literature data (Sprague et al., 2006). Unpublished data is carefully curated by GEI-
SHA, before it is published on the website (Darnell et al., 2007).

4DXpressCOMPARE
BDGP

EMAGE GXD

EURExpress

Genepaint

MEPD

ZFIN

Figure 2. Data exchange. The arrows indicate the direction of 
data exchange between the different reviewed vertebrate atlas-
es (rounded white cells). Only atlases that exchange data are 
included. The BDGP gene expression atlas (gray cells) holds 
expression data for Drosophila (www.fruitfly.org/cgi-bin/ex/
insitu.pl). The rectangular cells are websites that combine the 
expression information of more than one species by importing 
data from the discussed atlases.
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EMAGE gives specific information on data quality for every image at its website; curators scored 
both the quality of the images as well as the morphological similarity between the data specimen 
and the 3D reference model after spatial mapping; a three level ranking system (“good”, “moder-
ate” and “poor”) is used for both parameters (Venkataraman et al., 2008).
It is not clear from the available information what kind of quality controls the GXD, EuRe-
GeneDb and MEPD have implemented.

Information retrieval
For a user of an atlas it is important to know what kind of information can be found, how com-
plete the database is, and which search options are available. In other words: can I ask the question 
I have and is the answer to it available?

Database contents
As indicators of database completeness the number of genes or developmental stages contained 
in every atlas can be used. These indicators give only a rough indication because the number of 
structures annotated per gene and the number of developmental stages per gene varies. As shown 
in Table 2, both the number of genes and the covered developmental stages vary widely between 
the atlases. Note that some atlases contain, besides annotated data, also data which have not been 
annotated yet. ZFIN harbours the largest collection of genes while the full spectrum of develop-
mental stages is covered: for over 10,000 different genes an anatomical annotation is available.

Search possibilities
The usefulness of a gene expression atlas 
depends strongly on the way in which 
data can be retrieved. An overview of the 
search possibilities is given in Table 4. All 
atlases offer the basic browse and query 
options on anatomical structure, gene, 
and developmental stage. In most atlases 
gene names are extended with, or even 
linked to, GenBank, Ensembl, NCBI 
or Gene Ontology entries. Genepaint.
org, EURExpress, and GXD also en-
able the search for a probe sequence, 
which through a BLAST search, ena-
bles a search for database entries based 
on homologous sequences. Similarly 
GUDMAP and GXD offer a search on 
gene function through a link with Gene 
Ontology. Several search items are avail-
able in a subset of atlases: in GXD and 
ZFIN the user can search for literature, 
in ZFIN, GUDMAP, GXD, and GEN-
SAT the type of assay used to determine 
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GEISHA + + + - - - - - - - - + -
MEPD + + + - +1 - +2 + - - - - -
EMAP/EMAGE + + + - - + - - + + - - +
GenePaint.org + + + - - - +2 + -3 - - - -
GENSAT + + +4 + + - - - - - - - -
GUDMAP + + + + + - - - - - +5 - -
GXD + + + + - - + + + + +5 + +6

EURExpress + - + - - - - + - - - - -
EuReGeneDb + - + - - - - - - - - - +6

XGEbase + + + - - - - - - - - - +6

ZFIN + + + + - - - - + - - + -

1strength and pattern, 2via sequence/BLAST search
3only on strain, 4also celltype, 5via GO annotation
6via annotated atlas

The search possibilities offered by the atlases are 
coded as present (+) or absent (-).
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the expression pattern can be queried and gene expression strength and type are search options 
in MEPD and GENSAT. 
EMAGE offers the very interesting and unique option to search for genes with similar expres-
sion patterns, which results in hierarchical trees of genes. EMAGE also enables spatial queries 
which can be composed by painting an arbitrary region, either onto a lateral whole mount view 
or into the 3D space of a reference model (Christiansen et al., 2006). Recently, these searches 
are extended with the possibility to search simultaneously within different developmental stages.
Implementation of the search functions varies per atlas. Most atlases provide search options by 
text queries and/or by browsing a hierarchical tree of anatomical terms. To help the user, the text 
queries can be composed by using a query generator disguised as a form on the web interface or 
by clicking on an anatomical location in a model image. The latter is implemented in XGEbase 
and EureGeneDb.
The ultimate form of search freedom is direct (SQL) access to the underlying database, which 
is provided by some atlases on request (GXD, EMAGE). This form of data access is only an 
option for expert users, because it requires programming skills and knowledge of the database 
architecture.

Related work
Some databases that did not meet our inclusion criteria contain aspects that are valuable for the 
future extensions of gene expression atlases of vertebrate development, which will be discussed 
below.
The Berkeley Drosophila Transcription Network Project (BDTNP) created a point-cloud refer-
ence model representing the nuclei that make up a Drosophila embryo during the 50 minutes 
before gastrulation (Fowlkes et al., 2008). This reference model is based on confocal images with 
cells labelled for two genes: even-skipped (eve) and fushi tarazu (ftz). The expression patterns 
of these genes serve to register other embryos to the reference model. By staining for one of the 
reference genes, and a gene-of-interest with an unknown expression pattern the gene expression 
pattern can be mapped to the reference model. This can be done at a cellular resolution, because 
at this stage of development the Drosophila embryo consists of a constant number of cells (Lu-
engo Hendriks et al., 2006). 
The Allen Brain atlas uses a fully anatomically annotated 3D reference model of the adult mouse 
brain which serves as spatial framework to map images of gene expression patterns (Lein et al., 
2007). For each defined area within this reference framework statistics such as the average expres-
sion intensity and number of expressing cells are determined (Lein et al., 2007, supplemental 
materials).  The developers of the Allen Brain atlas are currently developing the “Developing 
Mouse Brain Atlas” (http://developingmouse.brain-map.org). When available, this will be an 
atlas that offers extensive possibilities as it will be based on the framework of the Allen Brain atlas.
COMPARE (Salgado et al., 2008) and 4DXpress (Haudry et al., 2008) are databases that com-
bine the expression information of more than one species by importing gene expression data 
from the gene expression atlases that were already set up for these model organisms (Fig 2). Both 
databases include expression information of the mouse, zebrafish and Drosophila; 4DXpress 
also includes information from medaka (Fig. 2). Both databases link between species using gene 
homologs and orthologs. 4DXpress also provides links between developmental stages, though at 
a limited resolution (Haudry et al., 2008).
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Discussion
This inventory of gene expression atlases reveals that a number of atlas projects is thriving and 
is offering data on the in situ expression patterns of an increasing number of genes and develop-
mental stages for all commonly studied species. However, despite the availability of this wealth 
of information, the number of references to these atlases in papers on the genetic regulation of 
development is limited, indicating an underutilization by developmental biologists. For example, 
an extensive search (without time constraint) for references to GenePaint.org resulted in only 37 
articles that presented biological results. In contrast with this, the search: “gene expression” AND 
“mouse” AND “development” resulted in over 4000 hits for articles published in 2008 alone. 
It may be argued that people tend to cite the original reasearch papers, instead of the databases. 
However, in the case of GenePaint.org, only original data is included in the atlas, forcing the 
researcher to cite the database itself.  Moreover, micro-array databases are frequently cited; for 
instance NCBI GEO is already cited over 5000 times (Savolainen et al., 2009). 
It seems that most papers that show images to illustrate the localization of the expression of the 
described genes ignore the available in situ atlases as source for such images. One reason might be 
that in situ experiments are relatively easy and inexpensive to replicate. Although no conclusive 
information is available on the reasons for this disregard, the above inventory may point to some 
ways to improve the visibility of in situ atlases in literature, and by that fully exploit the potential 
of the atlases. These aspects mainly concern the framework used to annotate the expression pat-
terns, the relations between the anatomical terms used in the annotation, and, to a lesser extent, 
the third party contributions to the data content, the data quality and the information retrieval.

Frameworks
To facilitate the use of in situ gene expression atlases for non-morphologists, the best framework 
combines an anatomical and a spatial annotation. There are three major drawbacks of the use of 
only an anatomical annotation; (1) manual annotation is very laborious, (2) the exact borders of 
developing structures are often controversial or poorly defined (Little et al., 2007), and (3) the 
delineation of gene expression patterns does not necessarily agree with borders of known ana-
tomical structures (Davidson et al., 1997; Verbeek et al., 1999). However, although anatomical 
annotation may be far from perfect, it is hard to imagine how one can efficiently communicate 
about gene expression without some kind of anatomical annotation.
The laboriousness of anatomical annotation can be tackled by the use of annotated 3D refer-
ence models similar to the spatial frameworks implemented in EMAGE (Baldock et al., 2003). 
Of course the 3D anatomical annotation of reference models is also a laborious task. However, 
this process has to be done only once after which the anatomical annotation of gene expression 
images can be instantly and automatically derived from their position in the annotated spatial 
reference model. 
Image registration techniques that automate this spatial mapping process would make the spatial 
mapping even more practically applicable. There is still a lot of data available in the EMAGE 
database which is not yet mapped, reflecting the current practical problem of spatial mapping. 
In the BDTNP atlas, mapping is partially automated (Fowlkes et al., 2008) using marker genes 
to facilitate the fitting into the reference model (Luengo Hendriks et al., 2006). The big chal-
lenge of this automated approach is to overcome the significant biological variation in embryo 
morphology. Especially, the temporal variation in organ development hampers the mapping of 
sections to 3D reference models of whole embryos. Mapping gene expression data from mutant 
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embryos will pose additional challenges because their morphology can be very different from that 
of wild-type embryos. 
There are, of course, several other problems that can make it difficult to obtain a successful map-
ping. Firstly, development is a continuous process but there will necessarily be only a limited 
number of time points available within a series of 3D reference models. Additionally, there will 
be technical variation between tissue samples, such as differences in background staining, tissue 
shrinkage, and deformation. The last three problems will be more prominent for atlases that 
include data from different external resources. Moreover, techniques to register 2D images into 
3D models which are needed to map arbitrary single sections into 3D reference models are still 
in their infancy. 
We currently try to circumvent the biological variation in embryo morphology by focussing on 
gene expression in a specific organ instead of the whole embryo (de Boer et al., 2007). However, a 
danger when focussing on an individual organ is that the area studied can be too narrow to cover 
the full development of that organ. For example, the main source for the growth of the early 
embryonic heart tube is the addition of cells from the pericardial mesoderm, which is not part of 
the heart (van den Berg et al., 2009). Therefore gene expression in tissues surrounding the devel-
oping organ should be included when all genes involved in its development are to be considered.
The additional complication with anatomical annotation is the controversy that often surrounds 
anatomical nomenclature. These controversies are often longstanding, deep, and very complex, 
and range from completely different names for the same structure to structures with completely 
different names and borders. An example of such a controversy in heart research is the designa-
tion of the sinus venosus, of which the very existence is even discussed in birds and mammals 
(Soufan et al., 2004; Tasaka et al., 1996; Webb et al., 2000). Such controversies are not limited 
to heart development as Little stated that “in research in kidney development common terms are 
in use without clear histological boundaries” (Little et al., 2007). These controversies can be, at 
least partially, solved by using annotated reference models. Obviously, it will be very difficult to 
obtain clear descriptions of gene expression patterns when ambiguous anatomical terms are used. 
Because the meaning of terms used in anatomically annotated reference models will be clarified 
by their 3D spatial depiction in the models, it will be evident from the reference models what the 
defined borders of named structures are, even for controversial structures or borders. This will 
remove most of the ambiguity in the terms used in anatomical annotations.
A final complicating aspect of using anatomical annotation is that gene expression patterns do 
not respect borders of anatomical structures. This problem can be addressed by combining the 
anatomical annotation of a spatial framework with an annotation based on the expression pro-
files of a limited set of genes with known expression domains. To describe the “gene of inter-
est” more accurately, the anatomical annotation can thus be extended with a biologically more 
solid basis. In this “genetic annotation” approach, the names of the resulting compartments are 
partially based on traditional anatomical names and are further specified with the combined 
gene expression domains. This approach is used in XGEbase, where gene expression domains of 
marker genes are used to distinguish different segments in the pronephric nephron (Reggiani et 
al., 2007).

Ontologies
Ideally an ontology with sufficient resolution for anatomical annotation is used. Basically, this 
resolution has two aspects. Firstly, atlases differ with respect to the detail of the terminology used 
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to describe the anatomical structures. In general one can say that atlases focusing on a specific 
organ(system) typically have a more detailed annotation than those covering whole embryos. 
Secondly, most atlases have a rather limited resolution with respect to the number and detail of 
the encoded relationships between structures. The use of ontologies with sufficient resolution has 
two major advantages to the use of a more simple annotation; (1) an ontology with a sufficient 
resolution on anatomical terms enables easier handling of variation of gene expression within 
anatomical structures, while (2) sufficient relational resolution can reveal information not explic-
itly included in the atlases. The power of the atlases can be even further enhanced when the infor-
mation within the atlases is combined, by establishing links between them via their ontologies.
A high anatomical resolution gives fewer problems with non-overlapping gene expression do-
mains within a structure. This is because genes do not respect conventional borders and may be 
differently expressed at different locations within the same anatomical structure. With a higher 
resolution such differences can be better discriminated and described. Of course, this increase in 
anatomical resolution is limited by the biological variation in embryonic development.
A high relational resolution can encode valuable information for developmental biology and it 
can facilitate the automatic derivation of a potential large body of implicit knowledge contained 
in an atlas. To this end, ontologies should, next to the commonly implemented “is a” and “part 
of” relations, be extended with the use of “develops from” and “gives rise to” relations which can 
link anatomical structures within and between developmental stages at a (sub) organ level. 
The “is a” and “part of” relations already offer important functionality used by the query systems 
of most of the atlases. When one wants to search for genes involved in artery development it 
would be a hassle to have to perform a search for every individual artery to find out which genes 
are expressed in arteries. The “is a” relation enables the query system to automatically derive all 
arteries, and therefore enables the user to search for all genes expressed within all arteries at once. 
Similarly, when one wants to study genes involved in kidney development, one does not want 
to query for each part of the kidney separately to find all genes expressed in the kidney. With 
the “part of” relation one could simply query the kidney and obtain results from all parts of the 
kidney.
Extension with the use of “develops from” and “gives rise to” relations can even give possibilities 
similar to the spatial links in EMAGE. Relations between structures and stages can then reveal 
relations between genes which can be the basis for new hypothesis on regulatory networks in 
time and space. The “gives rise to” relationship also makes it possible to link gene expression in a 
structure at a certain stage in development to structures that not yet exist. This would enable the 
identification of genes thus far unknown to be involved in the regulation of the development of 
these structures. 
Links between atlases can complete the information within them, and knowledge on different 
species can be combined. To easily establish these links, compatible vocabularies or ontologies 
should be used. Currently a substantial part of the mouse atlases are compatible; the GXD uses 
the ontology of EMAGE whereas GUDMAP and EuReGeneDb use a higher resolution exten-
sion of the same ontology. However, there is still a large number of different vocabularies used in 
the other discussed atlases. 
Though ontologies exist for each species, these ontologies have not yet been extensively explored 
across species. Currently such relations are being established within 4DXpress by mapping be-
tween the developmental stages of Drosophila, medeka, zebrafish and mouse (Haudry et al., 
2008). The resolution of this initial mapping is rather low, because the number of developmental 
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stages in this mapping is limited to eight (Haudry et al., 2008). As a result, the most important 
stages in organ development are pooled into only three stages: gastrulation, neurulation and 
organogenesis. The low temporal resolution of this link between species makes meaningful com-
parisons between gene expression patterns during these phases of development very difficult. To 
avoid the reduction of classes (in this case developmental stages) resulting from the use of one 
common ontology, one could consider to map the individual species ontologies onto each other 
or to a more abstract ontology of a class of species such as vertebrates. 
Mapping species that are closely related makes it possible to maintain a high resolution which is 
not possible when the species are evolutionary further apart. It is obvious that mapping between 
two fish species such as zebrafish and medaka could be performed with a higher resolution than 
the mapping of the ontologies of Drosophila and mouse. However, any cross-species mapping 
of ontologies will be a great challenge. The controversies that already surround the anatomical 
nomenclature within one species, will feature more prominently when different species are to be 
combined. Moreover, organ development may not be synchronous even within the same class 
of species, and  in the worst case some structures might not even be present in every species to 
be mapped.

Handling input to preserve data quality
An essential prerequisite of gene expression atlases is that there is sufficient information provided 
to judge the quality of the data. Two important aspects of the quality of the data deserve atten-
tion: (1) the way the expression patterns of genes are collected, and (2) how and by whom the 
anatomical annotation is performed. It has added value when all data are collected using the same 
quality standards.
In most atlases the quality of first party data is validated. However, in the decision to include data 
from external parties, one has to weigh the number of included genes and/or development stages 
against the possible loss of data quality. Because of the diversity of ways to visualize in situ gene 
expression, the quality of external data is by definition variable. When these data are included 
into the atlas by literature curation the data quality in the atlas can still be controlled although 
the curator is dependent on the information given in the source papers. When data are directly 
added by an external researcher data quality may no longer be guaranteed. 
This uncertainty about the quality of the data in in situ gene expression atlases may be one of 
the reasons for their low citation rate. However, when the external submissions include standard-
ized information on the performed experiments this would allow others to judge the quality of 
the presented data. For micro-array repositories, the MIAME standard describes the minimum 
information required to ensure that the microarray data can be easily interpreted and that their 
analysis can be independently verified (Brazma et al., 2001). Recently a similar specification for 
in situ experiments was developed: the minimum information specification for in situ hybridiza-
tion and immunohistochemistry (MISFISHIE, Deutsch et al., 2008), The GXD, EMAGE and 
ZFIN databases are already able to archive the information in this way (Deutsch et al., 2008). 
Although collecting all information is probably not a realistic goal for all data entries through 
literature curation, atlases should at least ensure that the user can judge whether the appropriate 
internal and external positive and negative controls have been used. 
Another item that needs to be controlled to preserve data quality is the anatomical annotation of 
third party data. Anatomical annotation can be controlled by mapping the input images onto a 
common 3D reference model. An additional benefit of mapping onto a reference model would 
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be that it allows direct comparison of different entries of the same gene. For example, in the 
BDTNP, the expression of each gene is measured in several embryos, mapped onto a reference 
model and averaged, resulting in more reliable data (Fowlkes et al., 2008).  
Although data which are not technically and anatomically standardized are not suited to form the 
basis for final conclusions, they can still be used to formulate hypotheses. Therefore, in the query 
results a distinction should be made between data of known and unknown quality in the atlas. 

Information retrieval 
Retrieval of the information from the databases is crucial for the users of an atlas. Apart from 
the standard search possibilities, some atlases already provide more advanced options such as 
searches on: genes having similar expression patterns, gene homologs and paralogs, sequence 
and genotype. However, to fully exploit the information contained in the atlases, atlases should 
enable the search for associations between genes. Such possibilities now become available within 
EMAGE, where genes with a similar spatial expression patterns have been clustered at a specified 
time point (Venkataraman et al., 2008). 
An inverse experiment is performed for the developing chicken limb where spatial domains 
where found based on the expression pattern of 7 different genes (Fisher et al., 2008). Similarly, 
data on 1030 genes contained in Genepaint.org were clustered based on their anatomical annota-
tion revealing genes involved in a regulatory network in the brain (Visel et al., 2007). This shows 
that new functions of genes can be discovered when atlases offer queries based on computational 
analysis such as clustering of genes with similar (spatial) expression patterns.
Equally important as adding new genes is that the atlases can be complemented with data of 
lineage, proliferation and other important cell biological processes.  Together these morphologi-
cal integrated expression and developmental data provide new insights into the understanding of 
morphogenetic processes. 
Finally, to encourage the use of gene expression atlases and to make efficient use of the continu-
ous inclusion of new data, researchers should be able to store their specified queries and be alerted 
when new information is available. Such an alert system can be similar to those offered by, for 
instance, Pubmed and Scopus. 

Conclusion
More than a decade of developmental gene expression atlases has led to a number of thriving 
atlases that contain a wealth of publicly available information. However, in our opinion, the ideal 
atlas does not yet exist, which could be an explanation for the limited number of biomedical 
papers citing atlases.
This review shows that most ingredients needed to develop the ideal atlas are already applied to 
some extent in at least one of the discussed atlases. The ideal atlas should be based on a spatial 
framework, i.e. a series of 3D reference models, that is anatomically annotated using an ontol-
ogy with sufficient resolution, both for relations as for anatomical terms. Relations should at 
least be used to link (sub) organs through time and to define “part of” relations. The resolution 
of the anatomical terms should be high enough to cope with variation of gene expression within 
anatomical structures. To define structures with poorly described or disputed borders, genetic 
annotation should be used to extend the ontology. Anatomical annotation of expression data can 
be automated when these data are mapped into these reference models. Moreover, collecting all 
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gene expression data into a common 3D reference model allows the study of gene interactions 
using computational analysis.
To fully exploit the stored data, atlases, including atlases of different species, need to be linked to 
each other. The required gene orthologies are already available. One of the main challenges for 
the future will be the development of a mapping between (anatomical) ontologies of different 
species.
When an atlas uses an ontology with sufficient spatial and temporal resolution, implicit knowl-
edge within the atlas can be disclosed. As shown by experiments in several atlases, analysis of 
the data contained in the atlases can reveal new spatial domains or identify genes involved in a 
regulatory network. The implementation of these analysis options would convert the atlas from 
just an image library into a hypothesis-generating and -testing system.
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Abstract
In research in cardiac development it is unavoidable to use sections of biological 
tissue, it is difficult to interpret these sections because of the complexity of the 
developing heart. 3D computer reconstructions can provide an anatomical con-
text of such sections and make their interpretation easier. However, for practical 
reasons, researchers often do not stain a complete series of sections and, therefore, 
cannot make a 3D reconstruction. We are developing a program for tracing the 
anatomical context of individual tissue sections, by automatically fitting 2D sec-
tions into 3D reference reconstructions and thus enabling the retrieval of their 
right location and orientation. In this paper we show that a basic version of the 
program, using a primarily brute force pixel-based approach, already gives promis-
ing results. The performance of this basic program can substantially be improved 
if the program is extended with the use of relatively simple image features.
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Introduction
In this paper we describe work in progress which is aimed at developing a system which auto-
matically fits 2D images into 3D reference models for the specific application of fitting histologi-
cal sections of embryonic (mouse) hearts into 3D computer reconstructions of such hearts. As 
a basis for this system, we first implemented a straightforward brute force pixel-based approach, 
where the (2D) input section is compared to a large number of virtual (2D) cross sections of the 
(3D) reference model. Section similarity is computed based on the distances of non-zero pixels 
of one image to the nearest non-zero pixels in the other image. The implementation of this com-
putation makes use of the distance transform of the images.
The base system is being extended by including the use of some image features, and in this paper 
we show how the performance of the base system can already be improved substantially by using 
a few relatively simple features, such as density of non-zero pixels. Two performance character-
istics are considered: computation time and the quality of the resulting fit. This fit quality is 
measured using a panel of experts.
The biomedical motivation for the system is that in research in cardiac development one cannot 
avoid using 2D sections. The reason for this is that the staining agents used for studying the loca-
tion of gene products have a limited penetration depth. Sectioning a piece of tissue, containing 
the heart, leads to loss of the precise spatial orientation which hampers interpretation of the sec-
tion. Having these 2D sections placed (at the proper location with the proper orientation) into 
a 3D reconstruction of a developing heart provides considerably more information than can be 
deduced from a section alone or even from a stack of sections.
The remainder of this paper is organized as follows. The background section contains some infor-
mation both on biomedical issues and on the 3D computer reconstructions. In this section also 
related work is mentioned. Some details of the developed system (including the added features 
used in the extended system) are given in the next section. The results section describes the results 
of the performance measurements of the two versions of the developed system, and we conclude 
with discussion and conclusions.

Background

Biological background
In birds and mammals the mature heart consists of 4 chambers arranged in two parallel pairs: 
the right and left atrium are exclusively connected to the right and left ventricle, respectively. The 
right side of the heart serves the pulmonary circulation whereas the left side of the heart handles 
the systemic circulation (Moorman and Christoffels, 2003). Both heart halves beat synchronous 
with regular paced contractions where the contraction of the ventricles is perfectly adjusted to 
the contraction of the atria. 
This complex dual circuited four-chambered heart is formed from a single-circuited heart tube 
during embryonic development. This primary heart tube pumps with a peristaltic wave. The 
heart of higher vertebrates must function from the moment it forms to supply the embryo with 
nutrients (Hoogaars et al., 2007). Therefore the transformation from a simple tube to a four-
chambered heart with a sophisticated conduction system has to take place while the heart con-
tinues functioning (Moorman and Christoffels, 2003). Figure 1 shows a schematic illustration 
of the development of an embryonic heart of a higher vertebrate. This illustration is based on 
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a developmental series of a mouse heart from day 8.5 after fertilization (E8.5; embryonic day 
8.5). Important to consider is the growth rate and size of the developing heart. For instance, a 
developing mouse heart grows from 250 µm at day E8.5 to 1.5 mm at day E14.5, i.e., a six times 
increase in diameter in six days (Soufan et al., 2003). The morphological changes are enormous 
which makes it difficult to analyse and understand cross sections through a developing heart.

3D computer reconstructions and TRACTS
In research in cardiac development it is unavoidable to use serial sectioned biological material for 
3D computer reconstructions, because of the required level of detail and the limited penetration 
of staining agents into tissues (Ruijter et al., 2004). The problem of automatic 3D reconstruction 
using serial images has been studied by several authors, e.g. (Guest and Baldock, 1995; Verbeek 
et al., 1995). Soufan et al. (Soufan et al., 2003; Soufan et al., 2007) reconstructed a series of 
developing mouse hearts from sections of hearts in which in situ hybridization with markers for 
myocardium (heart muscle tissue) enabled the automatic selection of the myocardium. The 3D 
reconstructions show details and provide insights that are not clear from studying the series of 
sections themselves. Thus, the reconstructions are a useful tool to increase our understanding of 
the development of the myocardium, which is important because of the high incidence of con-
genital heart malformations (almost 1% of live births).
Although 3D reconstructions can provide additional insights, not all researchers choose to stain 
the required complete series of sections. In many cases, only a limited number of sections are 
stained for specific proteins or mRNAs. Moreover, these sections are often of unknown orienta-
tion and not exactly timed. Interpretation of such sections is then hampered by lack of informa-
tion on their anatomical context.
To provide this information on the anatomical context, the departments of Anatomy & Embry-
ology and Medical Informatics of the Academic Medical Center cooperate in the development of 
an application for TRacing the Anatomical Context of Tissue Sections (TRACTS). This is done 
by automatically fitting 2D sections of an embryonic mouse heart into 3D computer reconstruc-
tions of mouse hearts. The application is being developed with two main goals in mind. The 
first goal is to provide users with information about the orientation of their tissue sections. The 
second goal is to collect and present gene expression information within its anatomical context.
There are several research projects where spatial information, e.g. anatomical context, is added to 
gene expression databases (Sunkin, 2006). One of those, closely related to our work, is EMAGE 
(Baldock et al., 2003; Christiansen et al., 2006). There are two main differences between the 
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Figure 1. Schematic illustration of the development of an embryonic heart of a higher vertebrate (Hoogaars et al., 
2007). a = atrium, v = ventricle, l = left, r = right. The other labels are not relevant for this paper.
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approaches of EMAGE and TRACTS. Firstly, EMAGE is embryo wide, while we primarily focus 
on the heart. Secondly, the spatial information in EMAGE is found manually with the MAPaint 
software (http://genex.hgu.mrc.ac.uk/Software/paint/), whereas with TRACTS we aim at devel-
oping a program for doing this automatically.
There is a lot of research done on (medical) image registration (for reviews see (Hill et al., 2001; 
Maintz and Viergever, 1998)). Most techniques described are developed for the registration of 
different 2D images, or of 2D projections to 3D spatial data, or of 3D data to 3D data. There are 
only a few publications dealing with the problem of fitting 2D slices into 3D volume data. One 
example of such work is Birkfellner et al. (2007), but the approach described in this work is not 
aimed at an application with high morphological variation. Another example is the matching of 
a complete stack of histological sections to a 3D MRI image (Jacobs et al., 1999). The use of a 
stack makes this approach essentially a 3D to 3D registration problem.  
The aim of TRACTS is to fit histological sections to a developmental series of 3D heart models. 
These models, which will be referred to as reference models, are reconstructed from a stack of 
histological sections, which are stained using a mix of probes specifically chosen to visualize the 
myocardium. With a simple threshold the myocardium is extracted, resulting in binary images 
(Fig. 3). In the present version of the program only one reference model is used. During fur-
ther development of the program, a complete series of reference models, covering all relevant 
stages of development, will be implemented. The reference model used is a reconstruction of 
an E12.5 mouse heart (Fig. 2a) (Soufan et al., 2003). The resolution of this reference model is 
321x269x173 voxels with a voxel size of 5.155x5.155x7 µm. 
For the performance measurements described below we used another 3D reconstruction of a 
heart of the same age as the reference model (Fig. 2b). This reconstruction that will be referred 
to as test model is used to create a test set of virtual sections. The resolution of the test model is 
290x304x110 voxels with a voxel size of 5.155x5.155x10 µm.
The occurrence of biological and technical variation is obvious when observing the reference and 
test model (Fig. 2). Although both models are approximately the same age, they are quite differ-
ent in appearance. The test model (Fig. 2b) clearly shows some artefacts, caused by deformations 
during the sectioning. These deformations made some neighbouring sections hard to align dur-
ing the reconstruction procedure.

Figure 2a. Reference model Figure 2b. Test model 
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The developed system

Basic program
As a basic version of the automatic fitting program, we first implemented a straightforward brute 
force pixel-based approach, where a (2D) input section is compared to a large number of virtual 
(2D) cross sections of the (3D) reference model. To avoid repetitive computations, a database 
was created containing cross sections of the reference model. Only for the cross sections which 
are comparable in size, a similarity with the input section is computed. 
The similarity measure used is based on the mean Euclidean distance of points on the contours of 
the heart in the input section to the contours in every cross-section through the reference model, 
and vice versa. The contour is considered to be a good representation of the shape of the heart. 
To compute this distance measure a distance transformed image is made from the input section 
and from the reference model sections, all resized to 128x128 pixels (Fig. 3). The pixel values in 
these distance transformed images represent the Euclidean distance to the heart contour. To find 
the distances between the contours the distance transformed image of an input contour image 
is masked by the contour of the reference image, the remaining distance values are summed and 
divided by the number of pixels in the masking contour. This is done both ways and the two 
resulting average distance values are summed to supply the distance measure. 
The database of cross sections of the reference model contains sections that were generated by 
taking a step size of 1 voxel over the three central axes. At every position 64 cross-sections are 
computed with a different combination of tilting angle and tilting direction. The tilting angle 
reached from 0 to 40 degrees (in steps of 10 degrees) and the number of tilting directions in-
creases with each increment of the tilting angle. All model sections were normalized to a pixel 
size equal to the original x and y resolution of the model. Only those sections containing over 
20 pixels of myocardium were used. Every section was cropped and the size of the bounding box 
of the heart was determined and stored. Then the model images were resized to a standard size 
of 128x128 pixels. The contours of the heart in those resized images were determined and their 
distance transformed images were computed. Both the contour and the distance transformed 
images are stored. This resulted in 44711 image pairs stored in the database. The positional and 
size information were stored in a lookup table. 
Before an input section can be compared to the reference model some pre-processing has to take 
place. In the input section the myocardium needs to be separated form the background using a 
threshold. The resulting binary image is rotated in 32 steps and mirrored at each position. The 
resulting 64 images are processed like the model sections: determine size, resize to 128x128 
pixels, determine contour and compute distance transform. The resulting images are used for 
comparison with the reference model.
The basic program uses essentially a brute force strategy. However, for computational reasons, 
not all sections from the reference model are compared to the input section: Only those that are 
similar in size are selected. The size difference between both sections may not exceed 20%, which 
is based on expert knowledge that embryonic hearts never differ over 20% in size at the same 
developmental stage. For every input and model section pair that meets the size criterion the dis-
tance measure is calculated. The lowest distance measure is considered to indicate the best match.
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Extended program
The basic version of the program already uses a restricted brute force approach, since it selects 
only cross-sections from the reference model comparable in size to the input section. As we will 
show in the perfomance measurement, this basic version results in a considerable number of fits 
which are rated unsatisfactory by experts. To improve on this, we extended the basic program by 
adding the use of some features in an attempt to exclude the unsatisfactory fitting sections. Since 
this results in a lower number of distance transform based comparisons, it has the added benefit 
of making the program faster.
The decision which features to use is based on an analysis of the performance measurement of 
the basic program. Features that exclude the unsatisfactory rated fit results without affecting 
the good rated fits are preferred. Several potential features were tested, and three of these were 
selected based on their individual performance. Thresholds for these features where determined 
after some experimentation and in consultation with experts. 
The first feature implemented was the tissue density. The basic program regularly fits sections 
with a large amount of tissue, for instance a section containing a thick ventricular wall, to sec-
tions with a lower number of tissue pixels, for instance a section containing only a thin atrial wall. 
Such a difference in thickness is reflected by the part of the section containing tissue. This tissue 
density is measured by counting the number of pixels containing tissue in the resized images.
With the previous feature it is still possible to fit atria on ventricles and ventricles on atria when 
the amount of tissue is very similar. Therefore, we introduce the centre of mass of the section as 
a second feature. This feature prevents that images with a very different tissue distribution are 
matched.
The last implemented feature uses a regional tissue density measure. For this feature the density 
in the four corners is measured of every section. To compensate for both technical and biological 
deformations of the tissue, the density measurement of the input sections is done by moving the 
region of interest (Fig. 4).

Performance measurements
To measure the performance of the fitting program two characteristics are considered: computa-
tion time and the quality of the resulting fit. The reported computation times are obtained using 
a 3 GHz Pentium IV processor, with 1024 Mb of RAM. An expert panel was asked to rate the 
fit results, since the actual spatial relation between the test model and the reference model is 
unknown and there is no gold standard fit algorithm available. Four experts were asked to rate 
the similarity of the anatomical context of the test section and the result section, on a scale from 
0-10. 
Before the performance of the basic and extended program was measured, we did some prelimi-
nary tests on the program algorithms for errors and computation time. The comparison with all 
the sections of the database takes on average 27.5 minutes per input section. This prompted our 
decision to use a restricted brute force approach in the basic program.  
In one of these preliminary tests a sample of 100 sections from the reference database is fitted to 
the reference model.  This test resulted in a perfect match for all sections. Another test was used 
to determine whether the resolution of the reference database is sufficient. To this end, a set of 
100 sections was created from the reference model with random choices of the location on the 
three axes, the tilting angle and the tilting direction. All sections containing heart tissue were 
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fitted to database sections closely resembling the random chosen input images. From this we 
concluded that the resolution of the reference database is sufficient. 
After the preliminary tests the program was ready to be tested in its basic version. A set of arbi-
trary cross sections was taken from the test model. Cross sections deemed irrelevant by experts, 
for example peripheral  sections containing just small caps of indeterminable tissue, were re-
moved from this set, which left a sample of 65 relevant cross-sections. This test set was fitted to 
the reference model. The mean computation time was just over 6 minutes per input section. The 
mean individual rating per fitted section is plotted in figure 5 (error bars indicate the standard 
deviation between experts). The overall mean rating of the basic program was 6.6.  
In figure 5 also the mean individual rating per section for the extended program is plotted. These 
results were obtained using the same test sample as used with the basic program. In this case the 
overall mean rating is 7.5, and the computation time dropped from 6 to 1 minute per section, 
which we consider adequate for the intended use of the program. The right side of figure 5 shows 
that a considerable part of the previously unsatisfactory rated sections shows much higher ratings 

in the extended program.
In figure 6 the distributions of the mean rating for every 
section for both the basic (a) and the extended (b) is 
plotted. To make the interpretation easier these ratings 
are divided into three categories: Good when the mean 
rating is 8 or higher, reasonable when rated between 5.5 
and 8, and unsatisfactory when rated below 5.5. The an-
atomical context of each reference section found by the 
basic program is rated good in 41% of the cases by the 
expert panel, whereas 37% is considered reasonable and 
22% unsatisfactory. For the extended program, the frac-
tion of good-rated sections increased to 60%, whereas 
the reasonable and unsatisfactory ones decreased to 
26% and 14%, respectively.

Conclusion and discussion
As shown in the previous section, the program perform-
ance increases with the implementation of relatively 

Figure 3. From left to right:  An image of a histological section, a resized thresholded binary image, its contour, 
and its distance transformed image. a = atrium, v = ventricle, l = left, r = right. Note that at this stage the systemic 
and pulmonary circulation are not yet separated.

Figure 4. Movement of the region of inter-
est in the input section. Per corner five tissue 
densities are measured. The minimum and 
maximum densities are used to decide for 
which reference sections the distance measure 
will be computed.
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simple features. The fraction of fitted sections rated as good by the expert panel increased 1.5 
times in the extended program compared to the basic program. At the same time the fraction 
of reasonably and unsatisfactory rated sections dropped by one third. This promising degree of 
performance improvement in fit quality is accompanied by a six-fold drop in computation time 
to approximately 1 minute per section. This computation time is adequate for the intended use 
of the program and needs therefore no further improvement. 
In spite of the fit quality improvement, the performance in this area is not yet sufficient, and we 
expect it will be possible to obtain better results in the near future. However, a performance of 
100% good fits might be an unrealistic goal, since due to biological variation not every input 
section may have a satisfactory counterpart in the reference model. Our aim is to have a good fit 
whenever possible.
In figure 5 the mean rate per section given by the expert panel is shown. This graph clearly shows 
that many of the sections that had an unsatisfactory fit in the case of the basic program fitted 
much better when the extended version was used. We tried to design the features in such a way 
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that none of the good fit results from the basic program was lost using the extended program. We 
succeeded in all cases except for one section (number 20), in which the mean rate dropped from 
8.25 to 4.75. A detailed further analysis of this section is needed to evaluate whether it is possible 
to correct this problem without losing performance elsewhere.
There are two noteworthy remarks to be made on the test set. The first remark is that we used 
the test set for the performance measurement of the extended program, while the same test set 
was used for measuring the performance of the basic program and for selecting the features to 
implement in the extended version. Therefore the performance of the extended program might 
be a bit overestimated. The second remark is that the sections taken from the test model were 
more deformed than usual for a “real” histological section. This extra deformation is a result of 
the reconstruction process, in which not all sections could be perfectly aligned (as is clearly visible 
in Fig. 2b). As a result of this extra deformation, program performance might be underestimated. 
When we will test a (near) final version of the program we will take care to avoid both problems 
by using an independent test set based on a high quality reconstruction.
In further development the program will be expanded with the ability to fit heart sections of 
ages other than the E12.5 model used in the present version. Due to the enormous change in 
shape during embryonic development there is no guarantee that the presently implemented fea-
tures will work for all ages, but given the simplicity of the features it is expected that they will 
be reasonably robust. Nevertheless, when additional features will be added to further improve 
performance, it is likely that these features will be more specific to a particular developmental 
stage of the heart.
Theoretically the currently used method should be applicable to a wide range of applications for 
medical imaging where 2D sections are obtained and a 3D reference model is available. To reach 
an optimal performance the thresholds used for the features have to be optimized.
Future work will also include a re-evaluation of the chosen resolution of the reference database 
and a study of other similarity measures than the presently used measure based on (Euclidian) 
distance of non-zero pixels to the nearest non-zero pixel in the other image. Other measures, for 
example based on mutual information or on Fourier Descriptors, could perhaps provide better 
performance when used instead of, or in addition to, the distance transform based measure. We 
would also like to be able to report not just the best fit, but also the reliability of the found fit.
Presently, expert knowledge is used to judge the fit quality and based on these judgements new 
features are proposed. In the future we will consider using features directly obtained from expert 
knowledge, such as the absence or presence of particular crucial structures. It is unlikely that such 
features could replace the use of a pixel-based comparison altogether, but they could be a useful 
addition to a pixel-based approach.
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Abstract
Interpretation of the results of anatomical and embryological studies relies heav-
ily on proper visualization of complex morphogenetic processes and patterns of 
gene expression in a three-dimensional (3D) context. However, reconstruction of 
complete 3D datasets is time consuming and often researchers study only a few 
sections. To help in understanding the resulting 2D data we developed a program 
(TRACTS) that places such arbitrary histological sections into a high-resolution 
3D model of the developing heart. The program places sections correctly, robustly 
and as precisely as the best of the fits achieved by five morphology experts. Dis-
semination of 3D data is severely hampered by the 2D medium of print publica-
tion. Many insights gained from studying the 3D object are very hard to convey 
using 2D images and are consequently lost or cannot be verified independently. 
It is possible to embed 3D objects into a pdf document, which is a format widely 
used for the distribution of scientific papers. Using the freeware program Adobe 
Reader to interact with these 3D objects is reasonably straightforward; creating 
such objects is not. We have developed a protocol that describes, step by step, how 
3D objects can be embedded into a pdf document. Both the use of TRACTS and 
the inclusion of 3D objects in pdf documents can help in the interpretation of 2D 
and 3D data, and will thus optimize communication on morphological issues in 
developmental biology.
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Introduction
Basic questions in developmental biology concern the mechanisms of morphogenesis and dif-
ferentiation. The results of sophisticated quantitative gene expression profiling methods, such 
as microarrays and next generation sequencing, have to be verified by visualizing the gene ex-
pression in the three-dimensional (3D) context of the developing organs and tissues. In cardiac 
embryology we have demonstrated that modern 3D-reconstruction techniques to visualize mor-
phological changes (Soufan et al., 2003), help in the identification of cardiac compartments on 
the basis of gene expression (Hoogaars et al., 2004; Soufan et al., 2004) and in the understanding 
of the role of morphogenetic parameters such as cell size and proliferation rate in cardiac develop-
ment (Soufan et al., 2006; van den Berg et al., 2009). 
Histological methods are still required to study the ‘where and when’ of gene expression. To 
interpret the results of these methods, molecular biologists have to find their way in the ever 
changing landscape of the developing embryo, which is far from trivial as wrongly annotated 
sections do appear in papers (Anderson et al., 2008). Placing individual sections into a 3D refer-
ence model would be of great help to the non-morphologist in need of histological confirmation 
of a gene expression profile (de Boer et al., 2007). Moreover, it can be argued that the current 
annotation of ‘arbitrary’ sections is often insufficient to study genetic interactions. In the heart, 
the wall of a compartment can be composed of several genetically distinct regions (Soufan et al., 
2004). Placing sections in a cardiac reference model will help in the exact annotation of such 
compartments and will thus prevent misunderstandings when such scientific concepts are com-
municated. Indeed, much of the disagreement in embryology may merely be caused by such 
miscommunication, because it is far from easy to form a correct mental image of a dynamically 
changing 3D structure, even for experts (Soufan et al., 2004).
Understanding of the intricate morphology of developing embryos ideally involves the handling 
of the 3D structure with ones own hands. 2D images found in literature can only partially 
replace the insights gained from interactively working with 3D-reconstructions on a computer 
screen. At most, a supplementary movie clip can be made in an attempt to convey the insights 
that the researchers have gained from such 3D analyses. However, the complementation of print-
ed journals with web-based publishing gives the opportunity to make the results of morphologi-
cal studies available as interactive 3D objects. Special visualizationsoftware is no longer required 
because Adobe Acrobat can be usedto place surface-rendered 3D objects into a scientific paper 
that is distributed as a portable document format (pdf ) file (Murienne et al., 2008; Neusser et 
al., 2009; Ruthensteiner and Hess, 2008) that can be read with the freely available Adobe Reader. 
We have used such 3D pdfs as supplementary material with publications on heart development 
(Moorman et al., 2009; Postma et al., 2009; van den Berg et al., 2009; van Wijk et al., 2009) and 
pelvic anatomy (Wallner et al., 2008; Wallner et al., 2009). 
This paper describes a computer application that we have developed to place arbitrary sections 
of the developing mouse heart into their proper anatomical context using high resolution 3D 
reference models. Furthermore, it describes how a 3D-reconstruction can be converted into an 
interactive 3D-pdf file. 
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Methods
The TRacing of the Anatomical Context of Tissue Sections (TRACTS) into reference models 
and the creation of a 3D-pdf are illustrated with an example from mouse cardiac embryology.   
Procedures to test and validate the placing of sections are described.

Program development

Availability
The TRACTS program and its source code, the database of reference model sections (Appendix 
2) and the reference models are available on request under a general public license. For the 3D 
pdf protocol and its scripts, see Appendix S1 and associated scripts file on the supplementary 
CD.
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Figure 1. Reference models and refer-
ence database
(A) Reference models are based on 
episcopic images of E10.0, E11.5 
and E13.5 mouse hearts embedded 
in resin. From the image stacks the 
myocardium (gray) and the cardiac 
cushions (yellow) were segmented. 
The reference models are shown in 
a frontal and a ‘four-chamber’ cross-
sectional view. LA, left atrium; RA, 
right atrium; AVC, atrioventricular 
canal; LV, left ventricle; RV, right 
ventricle; IVS, interventricular sep-
tum. (B) Activity diagram listing the 
steps TRACTS takes when build-
ing the database of reference images. 
The algorithm starts at the geometric 
center of the first slice without apply-
ing rotation and tilting (Determine 
first plane coordinates). An important 
step is obtaining the contour of the 
myocardium (Determine contour) by 
detection of all myocardium pixels 
adjacent to the background pixels. 
Plane coordinates are determined by 
iteration of the translation, tilting an-
gle and tilting direction (see Appen-
dix S2 in the supplementary mate-
rial). The complete set of virtual cross 
sections is uniformly distributed in 
the 3D space of the reference model.
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Computer and software
The TRACTS application was 
developed using Matlab version 
2009a (The MathWorks, Natick, 
MA, USA). Programming and 
all tests were performed on a sys-
tem with an Intel P9600 @ 2.66 
GHz processor (Intel Corpora-
tion, Santa Clara, CA, USA) with 
4 GB RAM running MS Windows 
Vista 64 bit Business as operating 
system (Microsoft Corporation, 
Redmond, WA, USA). Amira 5.2 
(Visage Imaging Inc., San Diego, 
CA, USA) was used to create 3D-
reconstructions from serial sec-
tions. For the 3D-pdf protocol we 
used Adobe Acrobat Pro Extended 
9.3, Adobe Reader 9.3 and Adobe 
Illustrator CS4 (Adobe Systems 
Inc, San Jose, CA, USA); we re-
fer to these programs as Acrobat, 
Adobe Reader and Illustrator, re-
spectively. The basic and advanced 
steps of the 3D-pdf protocol were 

performed on a standard PC running MS Windows XP Pro as operating system (Microsoft Cor-
poration, Redmond, WA, USA).

3D models

Biological material
Embryonic day (E) 10.0, E11.0, E11.5 and E13.5 mice (FVB) were used to generate 3D models 
of the heart. These were used to develop and test the performance of the program. The hearts 
were staged using two mouse development atlases (Kaufman, 1994; Theiler, 1972). 

High resolution reference and test models
The reference and test models were created using high resolution episcopic microscopy (HREM, 
(Weninger et al., 2006)). In short, this technique involves embedding of specimens in a fluorescent 

Figure 2. User interface of TRACTS
In the import dialog (top panel) the user can select the stage into which the input section 
has to be fitted. After import of the image the user can define a region of interest in which 
an (automatic) intensity threshold is employed for segmentation of the myocardium. Next, 
islands of an adjustable number of pixels can be automatically removed (middle panel). The 
myocardium is then mapped into the reference model of the selected age. The result window 
(bottom panel) shows the input image with annotated cardiac compartments and the posi-
tion of the plane in the reference model. The latter view can be interactively viewed from 
different directions. 
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resin and imaging of the block face before sectioning. The resulting image sets were filtered to 
reduce out-of-plane information. The heart was segmented manually using Amira (Fig. 1A). Seg-
mentation was done using the magic wand tool, manually placing borders where the pericardial 
wall contacts the heart and at the pericardial reflection. The two E11.5 imaged embryos resulted 
in datasets of the whole embryo with voxel sizes of approximately 3.5x3.5x3 µm; the E10.0 
embryos with approximately 1.8x1.8x2 µm, and the E13.5 embryos with approximately 4x4x4 
µm. We used an episcopic imaging technique (see Geyer et al., 2009 for available methods) as it 
enabled imaging at a high resolution combined with the absence of distortion, making it an ideal 
technique to virtually cross section the resulting dataset in all possible directions without loss of 
the original morphology and image resolution. 

Paraffin test models
Two specimens (E11.0 and E11.5) were embedded in paraffin. Serial sections on which in situ 
hybridization (ISH) (Somi et al., 2006) was performed were used to create 3D-reconstructions 
(Soufan et al., 2003). Every other 10 µm-thick section was stained to visualize the myocardium 
using a probe to Mlc2a (Myl7) mRNA (E11.0) or cTnI (Tnni3) mRNA (E11.5). The sections 
were aligned and segmented using Amira. Segmentation was mainly done by setting an intensity 
threshold followed by removal of nonspecific staining. The resulting 3D-reconstructions had 
voxel sizes of 0.68x0.68x20 µm and 0.87x0.87x20 µm, respectively. 

TRACTS performance tests
The performance of TRACTS was tested using (1) virtual cross-sections in arbitrary directions 
from a second episcopic dataset, (2) samples of paraffin sections taken from the ISH datasets, 
which is the kind of data used for gene expression visualization, and finally (3) a comparison with 
the performance of a panel of morphology experts, who manually fitted a sample of the episcopic 
input set to the reference model. 

Episcopic-episcopic performance
The episcopic test model (Fig. 3A) was aligned in 3D (using translation and rotation) with the 
E11.5 reference model (Fig. 1A) and a systematic random sample of 105 cross sections was gen-
erated. Of these sections, 95 were deemed relevant; the other 10 sections contained only a small 
part of the heart. 

Performance on ISH-stained paraffin sections
Because of tissue deformation and the low resolution perpendicular to the sectioning plane it 
was necessary to use original sections of the paraffin models as test sections. The reference model 
was, therefore, aligned to each of the paraffin models (using translation, rotation and isotropic 
scaling). Samples of 25 and 21 sections were used from the E11.0 and E11.5 paraffin models, 
respectively.

Expert test
The morphology experts all have several years of experience in research in morphogenesis and 
heart development. In this test, the experts could use a simple user interface to interactively find 
the position of an input section in the 3D reference model. A randomly presented sample of 24 
sections was used. This set of images was drawn from the set of cross sections of the episcopic 
test model that was used for the episcopic-episcopic test of the program. There was no significant 
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difference (P = 0.110) between the fit errors of TRACTS on the subset of the images used for the 
expert test and the other images in the episcopic-episcopic test. 

Normalized fit error
In all performance tests the reference model of an E11.5 mouse heart was used. Test images were 
generated as cross sections of the aligned 3D test models. In this way, the approximate position 
of each cross section of the test model is known in the reference model which enables the com-
putation of a fit error. This fit error takes the distance and the angle between the determined and 
actual cross section into account and is normalized to values between 0 and 100 (Appendix 2).

Statistics
Box plots show the results of the performance tests. The red line denotes the median fit error 
and the blue box shows the inter-quartile range; outliers (indicated by plus signs) are defined as 
results more than 1.5 times inter-quartile range distance from quartile points. Because of the 
non-normal distribution of the normalized fit error, nonparametric statistics were used to com-
pare the results of the different performance tests. To this end, the Kruskal-Wallis test (n groups) 
or the Mann-Whitney test (2 groups) was used (Conover, 1980). 

3D-pdf
The full protocol for generating a basic and an advanced 3D-pdf is given in the Appendix 1. The 
protocol assumes that the user is already familiar with creating 3D-reconstructions from histo-
logical sections (Soufan et al., 2003). 
The basic protocol is used to generate a simple 3D-pdf of a reconstructed 3D object and is cus-
tomized for the conversion from Amira to Acrobat. The resulting 3D-pdf can be enhanced to 
generate an advanced 3D-pdf that can be used more easily and intuitively. These independent 
enhancements can be tailored to the document or paper at hand. By adding annotations and 
preset views, the author can better convey the insights obtained from the study of the 3D object. 
Also, functionality and robustness can be added by applying scripts to buttons and the document 
itself. This advanced protocol is independent of the original 3D-reconstruction program.

Results

TRACTS Program

Basic principles of TRACTS
The basis of the program to “TRace the Anatomical Context of Tissue Sections” (TRACTS) is 
a straightforward brute force pixel-based procedure, where each (2D) input section is compared 
with a large number of virtual (2D) cross sections of the (3D) reference model. In the input sec-
tion the myocardium needs to be separated from background staining using an intensity thresh-
old or manual segmentation. Using the supplied user interface (Fig. 2), the images can be auto-
matically or manually thresholded and small (nonspecifically stained) islands can be removed. A 
similarity metric, based on the contour of cardiac tissue, is used to select the most similar cross 
section of the reference model. To avoid repetitive computations, a database was created contain-
ing pre-computed cross sections of the reference model (Fig. 1B and Appendix 2). To reduce 
misplacement and processing time, basic image features such as section size, tissue density, center 
of gravity and regional density are used to pre-select the cross-sections from the reference model 
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Figure 3. Validation of TRACTS 
(A)The episcopic test model of stage E11.5 from which 95 virtual sections were taken and placed by TRACTS. 
(B,C) 3D reconstructions based on paraffin sections of E11.0 (B) and E11.5 (C) mouse embryos. Sections 
of these reconstructions were used to assess the performance of TRACTS on standard histological sections. 
(D)Computation time in the episcopic-episcopic test for different feature settings, when the feature is used (+) or 
not used (–). (E)Box plots showing the normalized fit error of TRACTS, using different feature settings. The red 
line denotes the median fit error and the blue box shows the interquartile range. Outliers (plus signs) are defined 
as more than 1.5 times the interquartile width around the interquartile range; the plotted whiskers extend to the 
most extreme data values that are not an outlier. (F) Box plots comparing the performance of TRACTS with the 
episcopic dataset and with sections of the two paraffin datasets. There was no significant difference between the 
performance on the E11.5 paraffin and the episcopic dataset, nor between the two paraffin sets, but there was 
a significant difference between its performance on the E11.0 paraffin and E11.5 episcopic datasets. NS, not 
significant; E11.5 paraffin-episcopic, P=0.191; E11.0 paraffin-episcopic, P<0.001; E11.5 paraffin-E11.0 paraffin, 
P=0.069. (G)Box plots comparing the performance of TRACTS with the result of each morphology expert and, 
for each section, the best-fit result of any of the experts (‘best of experts’). The black plus signs in the TRACTS 
column indicate sections that were not included in the sample of 24 sections registered by the experts. The per-
formance of TRACTS was significantly better than each individual expert but there was no significant difference 
between TRACTS and the ‘best of experts’.
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that are to be compared with the input image (de Boer et al., 2007). Details of the similarity 
metric, the reference model database and the image features are given in Appendix 2.

Effectiveness of image features
To test the use of image features in TRACTS a sample of 95 test images, taken from the epis-
copic test model (Fig. 3A), was fitted. The test was performed for six different feature settings 
of TRACTS: purely brute force, only constraint on size, the combination of size with center of 
mass, density, or regional density and all features combined The normalized fit error was com-
puted for each section in each test (Fig. 3E). Computation time per image is given in Fig. 3D. 
Performance was significantly improved when only cross-sections that are similar in size were 
compared. The second largest effect was observed with the regional density feature. Using ad-
ditional features individually gave only a small further improvement but each feature did result 
in a reduction of the time needed to register an input section. Combination of all features did 

Figure 4. Effect of image fea-
tures and interpretation of the 
fit error.
A. Added image features reduce 
misplacements. At the top, the 
test sections, used as input im-
ages for TRACTS, are shown. 
The middle row shows which 
reference sections were found 
using only a selection on heart 
size. The bottom row shows 
the reference section recovered 
when an additional feature is 
used. The normalized fit er-
ror (Fe) is given for each of the 
(mis)placed images. LA, left 
atrium; RA, left atrium; LV, left 
ventricle; RV, right ventricle. 
B. Comparison of the fit er-
rors with their corresponding 
planes based on the left lane 
of panel A. The blue planes are 
the input section and the red 
planes are the positions found 
by TRACTS, using the size 
constraint (top) or the center 
of mass constraint (bottom). C. 
Examples to help with the in-
terpretation of the normalized 
fit error. Lane 1 and 2 show the 
translation and rotation result-
ing in a fit error of 1.4 which 
is close to the 75th- percentile; 
75% of the sections is fitted to 
positions that deviate less. Lane 
3, 4 and 5 show larger fit errors 
although in all cases the correct 
compartments are recovered. 
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not further reduce the fit error but led to a further reduction of the computation time to only 
30 seconds per section.
Some of the sections that were placed at an entirely incorrect position when using only the size 
constraint were fitted near the correct position when pre-selection on image features was applied 
(Fig. 4A). The center of mass feature rejected a section cut through a relatively symmetrical part 
of the heart; because the dorsal wall of each ventricle is thicker than the ventral wall, the mirrored 
section that was first found was rejected (Fig. 4A, left; Fig. 4B). The overall tissue density feature 
served to reject a misplaced section in which the high tissue density of the erroneously chosen left 
ventricle was replaced by the correct right atrium (Fig. 4A; middle). The regional density feature 
showed its effectiveness by rejecting a solution in which a right atrium was placed on a section 
through the left ventricular wall (Fig. 4A, right). 

Interpretation of the normalized fit error
Fig. 4B shows a 3D-view of the placement of an input section (shown in Fig. 4A; left) using only 
the size constraint (top panel) and using the size and density constraint (bottom panel). The fit 
errors are 24.3 and 1.4, respectively. The latter fit error is close to the 75th percentile (median: 
1.12; inter-quartile range: 0.64-1.54) of the fit errors in the episcopic-episcopic test. This error 
corresponds to a 57 µm distance or a 13.6° angle between the observed and correct section plane 
(Fig. 4B, bottom). In this respect it is noteworthy that the discrete distance and tilting steps used 
to prepare the reference image database (Appendix 2) cause a maximum fit error of approximate-
ly 0.37. Fig. 4C. shows examples of the locations of input and recovered sections for different fit 
errors. In lane one, a parallel section is shown with a fit error close to the 75th- percentile. In the 
second lane, a section fitted with a similar error is shown, in which the error is mainly due to the 
angle between the planes. Lanes 3 through 5 show significantly higher fit errors, although in each 
case the correct anatomical compartments are found.

Impact of stage differences and sectioning deformations
When studying cardiac development, the expression patterns of specific genes are visualized using 
in situ hybridization and/or immunohistochemical staining on paraffin sections. Despite the de-
formations resulting from paraffin embedding, sectioning, and mounting, TRACTS was able to 
correctly place most paraffin sections into a reference model (Fig 3F). The two paraffin models in 
this test were from mouse embryos of stage E11.0 (Theiler Stage 18) (Fig. 3B) and E11.5 (Theiler 
Stage 19) (Fig. 3C); the latter is the same developmental stage as the episcopic reference model. 
For both embryos, TRACTS showed a small median fit error (Fig. 3F). Compared to the test 
using episcopic test images, TRACTS performed satisfactorily when the test sections were taken 
from a paraffin model that was of the same stage as the reference model (P=0.191). Although the 
younger embryo showed a significantly poorer fit (P<0.001) the performance of TRACTS on the 
two paraffin models differed only slightly (P=0.069) which shows that TRACTS can cope with 
small differences in stage.

Comparison to manual fit by experts
A panel of cardiac embryologists was asked to manually register a subset of the images used in 
the above episcopic-episcopic test to the 3D reference model. They could place a plane in a 3D 
surface reconstruction by changing its position, tilting angle and tilting direction. The interface 
showed the cross section at the position of this interactive plane. 
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The boxplots (Fig. 3G) show the performance of TRACTS and each individual expert. The “best 
of experts” represents the best fit result per input image from any of the experts. The median fit 
error of TRACTS was significantly lower than for each of the individual experts (all P<0.005) 
but there was no significant difference between TRACTS and the “best of experts” (P=0.741). 
TRACTS took 30 seconds per section compared to several minutes for the experts.

Image space that is difficult to fit with TRACTS 
Despite the overall good performance TRACTS shows high fit errors in a few situations. Obvi-
ously, sections showing only a single atrium or ventricle can seldom be fitted to their correct 
position. Moreover, the left-right symmetry of the heart can lead to cross-sections through both 
the atrium and the ventricle and no other structures. Such sections can be fitted equally well on 
the left or right side of the heart. Finally, rotational symmetry along an axis through the atrium 
and ventricle can lead to sections showing the correct atrium and ventricle lumen without further 
clues as to the sectioning direction (last two lanes Fig. 4C). In these cases the annotation of the 
anatomical compartments will be correct.
Some of the high fit errors in TRACTS performance could have resulted from the biological 
variation between the reference and test models. Sections fitted in the anatomically right position 
will then result in a relatively high fit error because the structures are positioned slightly differ-
ently in the reference and test models.

Visualization with 3D-pdf
To disseminate 3D information, a surface-rendered 3D object can be converted into a 3D-pdf 
using Acrobat and subsequently viewed, and interacted with, by readers using Adobe Reader 
(see Fig. S3 on the supplementary CD). Throughout this text we will refer to the 3D object as 
‘object’ (e.g. a 3D-reconstruction of a heart) and to the parts of this object as ‘structure(s)’ (e.g. 
myocardium, cushions and lumen), both in Amira and Acrobat. The object should be a 3D sur-
face, stored by Amira as an Amira Surface file (.surf ). The object should not be too complicated 
(i.e. composed of too many polygons) as this will slow the rendering of the object while viewing 
the pdf. 

Basic 3D-pdf
The basic protocol describes how to configure Amira and Acrobat and how to properly export 
the 3D object into a pdf, via a single command. The captured pdf can be saved as a basic 3D-pdf 
and the embedded 3D object can be handled interactively using the default Adobe Reader user 
interface.

Preparation of the 3D object
The conversion of the object from Amira to Acrobat is achieved via a Capture of the Viewer 
window (OpenGL), which is a feature of Acrobat Pro Extended. Unfortunately, direct capture 
of an object that consists of several structures will result in an unusable object in Acrobat owing 
to the separately colored inner and outer surfaces of each structure; juxtaposed structures lead 
to even more surfaces that are wrongly colored, separated or shared in Acrobat. To solve this, a 
separate surface for each structure of the object has to be created and assigned the same inside 
and outside color. Because this can be very laborious, we wrote an Amira script that does this via 
a single command (see the scripts file on the supplementary CD).
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Conversion to pdf
When the surfaces are thus assigned, creating a 3D-pdf from an object displayed in the Amira 
Viewer window becomes as simple as pressing the print screen button. A capture to Acrobat 
then contains all separate structures of the object coloured correctly. The names assigned to the 
structures are lost by the capture procedure and reappear as numbers. These can be renamed in 
Acrobat. The resulting pdf (see Fig. S2 on the supplementary CD) contains a 3D object that can 
be opened in the freeware Adobe Reader.

Basic handling 
After opening Adobe Reader, the object is shown as a static image. Clicking on the object will 
activate the interaction with the object and display the 3D toolbar with the interaction tools (see 
Fig. S1, panel e, on the supplementary CD). These interaction tools enable, amongst others, 
rotation and translation of the 3D object. When the 3D toolbar is hidden, right-clicking on the 
object and selecting Tools>Show Toolbar will uncover it. Similarly, right-clicking on the object 
and selecting Show Model Tree will show the tree containing the structures of the object. Struc-
tures can be shown or hidden using the checkboxes.

Advanced 3D-pdf
The second part of the protocol consists of advanced steps which require some computer and 
scripting expertise. There are five independent additions to the basic 3D-pdf are (1) creating 
views and annotations of the object, (2) applying layout, (3) adding buttons, and (4) adding 
scripts for interaction and functionality and (5) preparing and displaying cross sections. A 3D-
pdf featuring these additional steps will be referred to as an advanced pdf (Fig. 5 and Fig. S3 on 
the supplementary CD).

Views and 3D annotations
To circumvent the convoluted default tools of Adobe Reader we decided to create views and 3D 
annotations with Acrobat. Annotations of the 3D object are included to identify structures and 
are created in Acrobat as “3D comment”. Views are preset orientations, structure selections and 

Figure 5. Static illustration 
of the advanced 3D-pdf.
Static illustration of the 3D 
pdf document of a mouse 
E11.5 heart created with 
the 3D pdf protocol de-
scribed in this paper (see 
Appendix S1 in the sup-
plementary data). For an 
interactive version of this 
3D pdf, see Fig. S3 on the 
supplemental CD.
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cross sections of the 3D object, which can be stored in the 3D-pdf. Views can be used to guide 
the reader to the position that, according to the maker, best displays the insights gained from the 
3D-reconstruction. These preset views do in no way diminish the ability of the readers to interact 
with the 3D object and perform their own exploration of its 3D morphology.

Layout
Strictly speaking, layout is not required to disseminate the 3D objects but it will help to convey 
your insights and will allow intuitive interaction with your document. Layout varies for each 
purpose but it generally includes a header, a placeholder for the 3D object, buttons and hyper-
links. The vector graphics editor Illustrator is the ideal application to generate the lay-out, as line 
drawings keep the file size to a minimum. Furthermore, Illustrator belongs to the same software 
suite which avoids compatibility problems. After having created a design-pdf, the 3D object from 
the basic-pdf created with the basic protocol can be pasted into this design.

Buttons and hyperlinks
The functionality of the 3D-pdfs can be enhanced with buttons (Fig. S1, panel f, on the supple-
mentary CD). These buttons simplify the default interaction tools for showing views and/or hid-
ing structures. The behaviour of buttons can be controlled by scripts. The graphics of the buttons 
is created in Illustrator and their functionality is added by superimposing transparent buttons in 
Acrobat; Acrobat also provides default functions that can be assigned to buttons. Hyperlinks can 
be added to buttons to link the 3D-pdf to the accompanying paper and the affiliated institute.

Scripting
Scripting is the most powerful part of the enhancements for which some programming experi-
ence is required. In our published documents (Moorman et al., 2009; Postma et al., 2009; van 
den Berg et al., 2009; van Wijk et al., 2009) we mainly used scripts to hide and show structures 
and to make them transparent. By using functions in scripts, you will centralize the functionality 
of your document which makes it easier to change this functionality or apply it to multiple but-
tons. Furthermore the functions can be coded to be page independent. This will ensure that the 
buttons keep working when the page numbers change which occurs when appending the 3D-pdf 
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Figure 6. (A,D) Sections from two 
different mouse embryos stained 
for the expression of cTnI. (B,E) 
Adjacent sections of A and D, 
respectively, stained to visualize 
Tbx3 expression. Arrows indicate 
Tbx3 expression. The cTnI-positive 
myocardium in these images was 
segmented to enable TRACTS to 
fit these sections into the reference 
model. (C,F) The fit locations found 
by TRACTS are shown in the ref-
erence model; cranial (C) and left 
lateral (F) views are shown. For an 
interactive version, see Fig. S3 on 
the supplemental CD. Scale bars: 
200 μm.
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to a publication or after combining multiple 3D-pdf files into one document. The scripts used 
are detailed in Appendix 1.

Cross sections
Sectioning an object to display a cross section and to expose the lumen is frequently required in 
the presentation of results of anatomical and embryological studies. Often only a specific sec-
tional view reveals the connectivity of compartments or the relation between tissues. Moreover, 
when the cross sections placed by TRACTS are displayed in the reference model, the location 
where the gene is expressed can be determined (Fig. 6).
Cutting an object and displaying the cross section is possible within many 3D rendering pro-
grams, but -unfortunately- not in Acrobat and Adobe Reader. Acrobat can apply a cross section, 
but its interpretation is hampered by the fact that the surface of the cut is not rendered. To show 
a rendered surface cut, cuts have to be prepared in Amira and subsequently exported as distinct 
structures. These can be treated in Acrobat in such a way that cutting the object is emulated (see 
Appendix 1l).

Biological application
To demonstrate the functionality of the combination of TRACTS and the visualization of its 
results in a 3D-pdf, sections from two different E11.5 mouse hearts were placed into the E11.5 
reference model using the user interface (Fig. 2). From both embryonic hearts, two serial sections 
were stained to visualize cTnI-positive (Fig. 6A,D) and Tbx3-positive (Fig. 6B,E) myocardium. 
Tbx3 is expressed in the precursors of the cardiac conduction system (Hoogaars et al., 2004). 
Without the spatial context, the compartments present in the stained sections are difficult to 
identify. To resolve this, the cTnI-stained sections were loaded into TRACTS and fitted into the 
E11.5 morphological reference model (Fig 1A). The cTnI stained sections were used for this pur-
pose because the heart can be easily segmented from these sections using the user interface (Fig. 
2). The coordinates of the cutting plane were exported to the 3D-reconstruction program and 
the cross section was visualized in the reference model. From this, an advanced 3D-pdf (Fig. S3 
on the supplementary CD) was created using all steps of the 3D-pdf protocol. The results show 
that one heart was sectioned in a sagittal direction (Fig. 6C) whereas the other was transversally 
sectioned (Fig. 6F). From these cutting planes it becomes immediately clear that in the embry-
onic mouse heart Tbx3 is expressed in the myocardium of the atrioventricular canal as well as in 
the cushions of the atrioventricular canal and the outflow tract.

Discussion

TRACTS
The fit of sections by TRACTS results in the recovery of the correct position to within fewer 
than 62 µm or 14.3° for 75% of the input sections. In the process of finding this spatial position, 
TRACTS does not apply any deformation to the image other than anisotropic scaling and rota-
tion. The accuracy of TRACTS is sufficient to help the user to identify the compartments and 
their boundaries in the input section. It will thus point to those compartments that warrant more 
detailed study to verify co-localization of expressed genes. 
Moreover, with paraffin embedded material, sections from an age-matched embryo are placed 
with similar precision. Because mouse embryos from the same pregnancy can differ by up to 0.5 
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days in developmental stage it is reassuring that the slightly younger paraffin model showed only 
a small increase of the median fit error and that in this test most recovered reference model sec-
tions showed the correct annotation of cardiac compartments. These results show that TRACTS 
is a robust tool to trace the correct anatomical position of single tissue sections. The comparison 
of the performance of TRACTS with that of an expert panel showed that TRACTS outper-
formed each individual expert and performed similarly to the best results of these experts. 
However, when comparing expression patterns one should be aware of the fact that every embryo 
is unique, as is every section obtained from it. Furthermore, expression patterns will vary due 
to methodological variation such as in the quality of the antibody, fixation of the specimen and 
exposure time to substrates.
Because TRACTS relies on the normal morphology of the reference models, fitting sections of 
deformed, mutant, hearts might lead to unpredictable errors. However, when high throughput 
mutagenesis studies (Rosenthal et al., 2004) are followed up by gene expression analysis in a 
mutant line with reproducible aberrant morphology, it would not be difficult to implement a 
mutant reference model in TRACTS. Comparison between morphology and gene expression 
patterns in wild type and mutant hearts will then greatly benefit from the ability to place those 
reference models side-by-side in a 3D-pdf document.
TRACTS can be expanded with the functionality to fit heart sections of ages other than the cur-
rent series of heart models. Given the simplicity of the currently implemented image features it 
is expected that they will be reasonably robust. However, the substantial change in shape that 
occurs during embryonic development or with malformation might require the implementation 
of other image features to keep computation time down. 
The use of image features has the two-fold purpose to: (1) prevent misplacements and (2) reduce 
computation time. The use of features resulted in a reduction, from 16% to 7%, of the number 
of images with a fit error exceeding 5. The computation time dropped over 20-fold to only 30 
seconds per section which is adequate for the intended use of TRACTS and is fast compared to 
the minutes per section that experts needed to place sections. TRACTS will mainly be used by 
researchers who use morphological techniques to verify the spatial position of individual sec-
tions. For their benefit, the program with annotated reference models, is available on request 
(see Methods). It should be noted that the reported computation time does not include the 
segmentation of the input image to extract the contours of the heart. The fitting by TRACTS 
requires segmented heart tissue. Therefore, sections in which a gene of interest is visualized need 
to be either alternating or double stained with a cardiac specific marker, otherwise the heart tis-
sue needs to be segmented manually. This segmentation or thresholding of the myocardium is 
crucial for the performance of TRACTS, as it uses the contours of the segmented heart to select 
the best match from the model cross sections that are selected on the basis of image features. 
The automated segmentation of the heart will add only seconds to the processing time using the 
provided user interface (Fig. 2).
Application of the current version of TRACTS to high-throughput projects would not be ef-
ficient. When large numbers of stained serial sections are available, fitting of individual sections 
should take advantage of the additional information i.e. the known parallelism and distance 
between the sections. When complete 3D-reconstructions are made, a 3D on 3D registration 
technique is more appropriate because this can make use of the 3D continuity of the input set.
Besides supplying users with the information about the orientation of their input sections in 
the reference model, TRACTS provides some extra benefits. Because the reference model is 
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anatomically annotated, it is possible to map this annotation onto the input section after it has 
been placed into the reference model (Fig. 2). This facilitates the annotation of arbitrary tissue 
sections, avoids erroneous annotations that can be encountered even in anatomical journals and 
improves scientific communication. Placing specifically stained sections into a common refer-
ence model also makes it possible to collect the visualized gene expression patterns within their 
anatomical context. This spatial insight can help to generate hypotheses on genetic regulation of 
development.
Some of the existing gene expression atlas projects, such as EMAGE (Baldock et al., 2003; Chris-
tiansen et al., 2006), already add spatial information (e.g. anatomical context) to their gene 
expression database (see review: de Boer et al., 2009). There are two major differences between 
the approaches of EMAGE and TRACTS. Firstly, EMAGE is embryo wide, while TRACTS is 
currently focused on the heart. This choice was made to overcome the morphological variations 
between embryos that hamper the placement of sections covering the whole embryo. Secondly, 
in EMAGE the spatial position of a section has to be found manually with the MAPaint soft-
ware (http://genex.hgu.mrc.ac.uk/Software/paint/), whereas TRACTS is aimed to place sections 
automatically.

3D-pdf
Protocols to enable the incorporation of 3D objects in scientific papers have been published in 
the field of astrophysics (Barnes and Fluke C.J., 2008), molecular/protein structure (Kumar et 
al., 2008) and biology (Ruthensteiner and Hess, 2008). However, the protocol we present here is 
the first 3D-pdf protocol specifically tailored to provide the novice biologist with a simple basic 
protocol and optional advanced steps. Similar to the existing protocols, in which PyMol (Kumar 
et al., 2008) or s2PLOT (Barnes and Fluke C.J., 2008) are used as 3D-visualization software, this 
protocol was tailor-made the use with the software packages Amira and Acrobat. Irrespective of 
the visualization software employed, the current protocol describes advanced steps that 3D-pdf 
creators can use to enhance their 3D document, after the capture of the 3D object into the docu-
ment. Any 3D visualization program using OpenGL should be suitable for the capture of a 3D 
object by Acrobat, but will require customization of the basic protocol. The protocol described in 
this paper can then serve to pinpoint the critical settings. Importing 3D file formats in Acrobat 
(e.g. .obj, .vrml, .3ds) is also possible, but will require a custom protocol to create, export and 
import such 3D objects, which can become very laborious (Ruthensteiner and Hess, 2008).
A basic 3D pdf, enhanced with views, annotations and cross-sections, can easily be embedded 
into a paper published in pdf format. However, when the 3D-pdf includes layout, buttons and 
scripts, it is not possible to embed it into another page without interfering with the layout of the 
publisher. Nevertheless, such an advanced pdf can easily be added as extra pages to the publica-
tion pdf or as supplementary pdf files (as with Fig. S3 on the supplementary CD). The latter 
option enables the reader/presenter to show the 3D pdf in full-screen mode, which is also very 
useful for scientific talks and education. 
Although the protocol itself has a steep -but short- learning curve, implementing it is not very 
difficult. Production time can be cut even further using templates, whereby which the existing 
object in the original document can be replaced by another one and only minor modifications 
are required to make the document operational.
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Concluding remarks
The TRACTS program was shown to perform similarly to “the best of” five morphology ex-
perts and to be relatively robust for differences in developmental stage. In combination with the 
embedding of 3D objects in Adobe pdf, this will improve the annotation of sections and the 
communication of experimental results. The 3D-pdf is an ideal means to cope with the grow-
ing demand to include complex 3D interactive information into scientific papers. Enriching 
documents with 3D objects is ideal in the sense that it is universal; every reader can open and 
directly interact with the 3D content. Furthermore, it enables researchers to better convey their 
observations and conclusions, allowing independent verification and avoiding miscommunica-
tion. As online publishing becomes more and more common, embedding 3D objects into online 
publications is the next logical step.
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Abstract
Volume data, such as 3D reconstructions from histological sections or MRI and 
CT data, are commonly used in studies in biology and medicine. The quantifica-
tion of morphological parameters and changes within a region of interest is a key 
concern in such studies. Specifically, it is often required to measure the distance 
between two points. These distance measurements have to follow a track through 
the tissue when measuring in sheetlike or contorted organs like the developing 
heart. A tool was developed that enables this kind of distance measurements. 
Three existing neighborhood estimators were compared; two of Verwer and one 
of Kiryati, all originally designed to compute chamfer distances in data sets with 
isotropic, cubic voxels. The estimators were therefore adjusted to handle non-
isotropic data sets. Moreover, the shortest path along a track within a given tissue 
was calculated. The measurement of known distances, through a simplified model 
of an early heart tube, with anisotropic voxels was used decide which of the three 
estimators should be implemented. The observed Root Mean Square (RMS) er-
rors were similar to the ones reported in literature in the unrestrained isotropic 
case. The adjusted Verwer estimator measuring in a 53 neighborhood performed 
best by far with the lowest mean and RMS errors.
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Introduction
In biology and (bio)medicine volume data, such as 3D reconstructions from histological sections 
or MRI and CT data, is commonly used and the quantification of morphological parameters 
and changes within a region of interest is a key concern. Geometric parameters, like volume, 
length and number of distinct tissue components can be estimated using stereological methods 
(Howard and Reed, 1998), while morphogenetic parameters like cell proliferation and cell size 
can be quantified and 3D visualized using more recently published methods (Soufan et al., 2001; 
Soufan et al., 2006; Soufan et al., 2007). 
The latter studies showed that the cells inside the early developing heart do not proliferate while 
the heart itself is growing rapidly. Therefore, a key question in the study of the embryonic heart 
is how this primitive heart grows. We hypothesized that the addition of cells from surrounding 
tissue was responsible for this rapid growth. To test this hypothesis it was needed to measure 
the speed by which cells migrate into the heart and thus to compute the distance traveled by 
these cells during a specified period of time (van den Berg et al., 2009). Such migration of cells 
between and within organs and tissues is one of the processes in control of morphogenesis. The 
measurement of the length of migration paths through the tissue is required for the quantifica-
tion of this process. These distance measurements have to follow a track through the tissue in a 
non-convex space. This is especially true when distances are measured in sheet-like or contorted 
organs, like the developing heart.
The software currently used for making reconstructions, such as Amira, only allows the measure-
ment of Euclidean distances in the convex space. However, measurement of distances in the non-
convex space, thus taking tissue boundaries into account, is not possible in any of the available 
software packages. To fill this gap we decided to develop a tool that enables such measurements.
Existing distance estimators form the basis of our tool. In the past, these algorithms for dis-
tance estimation were thoroughly investigated. Most published estimators are restricted to 2 
dimensional images and are used to compute distance transformations. Distance computations 
in volume data with the purpose to compute a shortest path are only dealt with in a few articles 
(Kiryati and Szekely, 1993). The 2D and 3D algorithms are mostly designed to handle data sets 
with isotropic, cubic, voxels. Handling of non-isotropic datasets is described by Coquin and 
Bolon (1995) for pixels and Sintorn and Borgefors (2004) and Fouard and Malandain (2005) 
for voxels.
Chamfer distances are commonly used to estimate distances (Borgefors, 1984). Chamfer dis-
tances are based on the principle that the distance from one pixel or voxel to another can be 
determined via its neighbors. The values assigned to each neighbor relation should be carefully 
chosen to reach an unbiased estimation and small estimation errors. Chamfer distances have been 
described for the computation of distance transform images and for estimation of a shortest path. 
The difference between these approaches is the underlying algorithm. For distance transforma-
tion the distance is estimated as the distance from each position within an image to the nearest 
object within it. This estimation can be performed relatively fast by propagating forward and 
backward through the image once (Borgefors, 1984). In contrast to distance transforms, shortest 
paths do not follow straight lines but are restricted by object boundaries. When estimating such 
shortest paths, an algorithm should be used which propagates through the image from a starting 
point. Such an algorithm can be based on Dijkstra’s shortest path algorithm (Dijkstra, 1959).



Chapter 4

66

Verwer (1991) found optimal values to compute chamfer distance transformations by minimiz-
ing the maximum error as well as the unbiased mean square error. These optimal values were 
determined using a set of Euclidean distances from the origin to an Euclidean circle or ball, for 
two and three dimensions, respectively. Kiryati and Szekely (1993) optimized the values for esti-
mation of the shortest path using a set of digitized surfaces. The distance estimation values found 
by Kiryati and Verwer are given in Figure 1.
The paths and distances we want to measure in the developing heart are neither straight lines, 
nor are they digitized surfaces. Knowing that the early primitive heart tube does look like a kind 
of folded sheet we expected that the approach of Kiryati and Szekely might give the best results. 
They, however, determined only a set of estimator values for the 33 neighborhood, while Ver-
wer also found a solution for the 53 neighborhood which had a significantly lower Root Mean 
Squared (RMS) error (Verwer, 1991).
The performance of the different estimators, which we adjusted for anisotropy, was tested. Using 
test models having different degrees of anisotropy, we based our tests on the RMS errors and 
mean errors (bias) of the estimators. In all tests the adjusted 53 neighborhood estimator of Verwer 
performed best. The distances required to answer the biological question of van den Berg et al. 
(2009) were measured using this estimator.

Material and Methods

Test model
We designed a model with the geometric characteristics of a primitive heart tube to compare the 
performance of the different estimators. Similar to a real primitive heart tube, our model (Fig. 2) 
had a height of 600 µm, an outer diameter of 309 µm and a wall thickness of 18 µm. We “un-
folded” the test model to compute the expected distances; transforming the tube to a plane with 
a width equal to the inner circumference of the tube (Fig. 2) and a height equal to the height of 
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Figure 1. Distance estimators and anisotropy adjustment. At the left side the 33 and 53 neighborhood is shown 
with the corresponding values of the published distance estimators which are valid for isotropic data sets. At the 
right, an adjustment, that has to be applied to each of the neighboring voxels in the 33 neighborhoods of the 
center voxel is illustrated. This adjustment factor λ (equation 1) for voxel b is computed as λb = bEuclidean/ bEuclideanIso 
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the tube. The expected distances for lines making an angle of 0° to 90° with the xy-axis were then 
easily computed. Relative to these expected distances the performance of the different adjusted 
estimators was tested in terms of Root Mean Squared (RMS) errors and bias (mean errors)

Anisotropy effect
The effect of different degrees of anisotropy was determined using a constant voxel size in the xy-
direction of 6µm and three different voxel sizes (6, 7.5, and 12 µm) in the z-direction.
To test whether it is better to down-sample volume data when having a voxel size that is much 
smaller in the xy-direction than in the z-direction we also tested voxel sizes of 3 µm in the x and 
y-direction and 6 µm in the z-direction and compared the results with the test with the cubic 
voxels of 6x6x6 µm3.
Down-sampling to reach isotropic voxels is sometimes hampered by tissue components that are 
too thin to avoid their partial loss. The use of models with anisotropic voxels is then unavoid-
able. Our microscopic images have a resolution of 1.22x1.22x7 µm3. To compare this degree of 
anisotropy with the other tests, voxel sizes were used of 3 µm in the x and y-direction and 20 µm 
in the z-direction.

Distance estimators
We tested the performance of the 33 neighborhood estimator of Kiryati and Szekely (1993), 
called Kiryati3 estimator in this text, and the 33 and 53 neighborhood estimators of Verwer 
(1991), dubbed Verwer3 and Verwer5 estimator, respectively. Euclidean chamfer distances in the 
33 neighborhood, Euclidean3, are included for illustrating purposes. All estimators were adjusted 
for anisotropy as shown in Figure 1.

Implementation
Matlab (the Mathworks, Inc.) was used to implement most functions, tests, and a user interface. 
Only a priority queue was implemented in Java to enable propagation through the voxels within 
the tissue while assigning distance values. To compare the adjusted distance estimators, each es-
timator was implemented using Dijkstra’s shortest path algorithm (Dijkstra, 1959) to determine 
the shortest path based on the values of the studied estimator. Note that the different estimators 

Figure 2. The model, 
representing the embry-
onic heart tube, used 
to test the performance 
of the adjusted dis-
tance estimators trough 
non-convex space with 
anisotropic voxels. Its 
unfolded counterpart is 
shown to illustrate the 
calculation of the ex-
pected distances.
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will not result by definition in the same shortest path. The algorithm used was implemented as 
follows:
for all position neighboring start position do
    compute distance from start position
    enqueue position
end for
current pos ← queue.dequeue
while current pos ≠ end position && queue ≠ ∅ do
    for all position neighboring current pos do
        compute distance from current pos
        if distance to position was computed && 
        distance to position in queue > distance to position then
            delete position from queue
        end if
        enqueue position
    end for
    current pos ← queue.dequeue
end while
trace back path from end position to start position

Biological application
It was recently shown that the early heart tube does not proliferate (Soufan et al., 2006) and that 
growth of this tube is therefore due to addition of cells from the dorsal mesoderm (van den Berg 
et al., 2009). Because the newly added cells have recently divided they can be labeled with BrdU 
which is incorporated into nuclei prior to division. To this end, chicken embryos were exposed to 
BrdU in ovo. After predetermined exposure times, these embryos were harvested, fixed and em-
bedded in paraplast. Serial sections were stained to enable discrimination between myocardium, 

BrdU-labeled nuclei, and all 
nuclei. The resulting sections 
were used to generate quantita-
tive 3D reconstructions of the 
BrdU-positive nuclear fraction 
(Soufan et al., 2007). In this 
timed series of reconstructions, 
a widening zone of high BrdU-
positivity visualizes the migra-
tion of newly divided cells into 
the heart (van den Berg et al., 
2009). The voxels of the recon-
structions were down-sampled 
to 6.1 µm in the xy-plane and Figure 3. Euclidean3 estimator. For each tested resolution of the reference 

model the relative error compared to the expected distances is computed 
for the Euclidean3 estimator.
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7 µm in the z direction to measure the lengths of the paths, from the base to the top of the mi-
gration front.

Results

Adjustment of the estimator values for anisotropy
The anisotropic voxel sizes made it necessary to adjust the estimator values used to compute the 
local distances. The optimized local distances in the published estimators (Dopt) which are based 
on voxels of length 1 in the x, y and z-direction form the basis for this compensation (Fig. 1). The 
actual Euclidean distances are computed for the anisotropic voxels in the 33 or 53 neighborhood 
(DEuclidean), and divided by the corresponding Euclidean distances of isotropic voxels of length 
1 (DEuclideaniso

) to compute the compensation factor λ (equation 1) for each position in the 33 or 
53 neighborhood. The values of Dopt are multiplied by λ as in equation 2 to determine the new 
estimator values (Dadjusted). Figure 1 tabulates the published estimator values and illustrates how 
these equations are applied.

Performance of the different distance estimators
Figure 3 shows the distances observed when using the Euclidean3 estimator, without any opti-
mization. The distances were continuously overestimated and a RMS error of over 9% for the 
isotropic model and up to 24% for the model with the highest degree of anisotropy was found. 
Only in the case of a straight line, at an angle of 90°, the estimated distance was correct.
Figure 4 shows the distances observed when using the adjusted Kiryati3 estimator. For the cu-

bic model the errors were 
nicely centered around 0%. 
In a model with slightly ani-
sotropic voxels the errors were 
somewhat increased. In the test 
models with voxel sizes twice 
as large in the z-direction as 
in the xy-direction the errors 
increased significantly. Espe-
cially for distances measured 
at smaller angles, the estimator 
gave a large overestimation of 
the actual length. Comparison 
of the results of the two mod-
els with a factor 2 difference 

λ =
DEuclidean

DEuclideaniso

Dadjusted = λ · Dopt

(1)

(2)

Figure 4. Kiryati3 estimator. For each tested resolution of the reference 
model the relative error compared to the expected distances is computed 
for the adjusted Kiryati3 estimator.
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in xyz-resolution shows that a 
higher resolution (smaller vox-
els) gives slightly lower errors. 
A more pronounced difference 
is seen in the noise of the er-
rors; the largest voxels result 
in a saw-tooth pattern of the 
error graph. In the model in 
which the z-size of the voxels 
was about 7 times larger than 
the xy-size much higher errors 
than in all previous tests were 
observed. The errors are espe-
cially high for angles between 
20° and 60°.

As shown in Figure 5, the pattern of errors observed for the adjusted Verwer3 estimator was very 
similar to those of Kiryati3, although the RMS errors found were all slightly higher.
The 53 neighborhood estimator of Verwer has much lower errors in all tested models which is 
immediately clear from the comparison of the test results (Fig. 6) to those found with the 33 
neighborhood estimators (Figs. 4 and 5). There was only a minor effect of slightly increasing the 
level of anisotropy (an 0.12 percent point higher RMS error between 6x6x6 µm and 6x6x7.5 µm 
voxels). Even with voxel sizes twice as large in the z-direction as in the xy-direction, the errors of 
the Verwer5 estimator stay below the error levels of both 33 neighborhood estimators in the case 
of isotropic voxels. Again, when comparing the results of the test with a factor 2 difference in xyz-
resolution it is found that a higher resolution gives slightly lower errors, and the same saw-tooth 
pattern of the error graph is seen in the lower resolution. In the last model the z-size of the voxels 
was about 7 times larger than the xy-size and again much higher errors than in the previous tests 
with this estimator were seen. However, the Verwer5 estimator still performed somewhat better 
than the other estimators in this model.
RMS errors and mean errors of the 3 adjusted estimators are summarized in Figure 7. Up to 

anisotropy of 2 times all estima-
tors are almost unbiased but the 
Verwer5 estimator was by far the 
most precise showing the small-
est RMS errors. All estimators 
fail when they are applied to 
models with levels of anisot-
ropy of 7 times.

Implementation and ap-
plication of the distance 
estimator
The results prompted us to im-
plement the Verwer5 estimator 
in an easy to use application 

Figure 5. Verwer3 estimator. For each tested resolution of the reference 
model the relative error compared to the expected distances is computed 
for the adjusted Verwer3 estimator.

Figure 6. Verwer5 estimator. For each tested resolution of the reference 
model the relative error compared to the expected distances is computed 
for the adjusted Verwer5 estimator.
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dubbed Distance3D. We used 
Matlab (The Mathworks Inc.) 
to build the graphical user in-
terface (Fig. 8). We optimized 
the program to handle data sets 
from Amira (Visage Imaging), 
a program often used for 3D 
reconstruction of biological tis-
sue. 3D volume data from Ami-
ra, exported as multi-page (3D) 
tiff files, can be loaded into 
Distance3D whereby the voxel 
size information is preserved. 
The same holds for the surface 
data which is used for visualiza-
tion. The latter can be exported 
as ‘*.m’-file, or when preserving color information as VRML-file. By navigating through the vol-
ume data data the way-points can be placed through which the shortest path will be determined. 
The way-points will be processed in the same order as they were placed.
The program described above is used to measure the length of the BrdU-positive zone within a 
timed series of developing chicken hearts (Fig. 9). The growth of the heart tube due to addition 
of cells from a dividing precursor pool is reflected by the length of this zone. From the meas-
urements of these lengths at different time points it can be inferred that the chicken heart tube 
lengthens at a rate of 70 µm/h (Fig. 9) as shown by van den Berg et al. (2009).

Discussion
Comparison of published dis-
tance estimators showed that 
our approach gave slightly high-
er RMS errors than Verwer and 
Kiryati found in their measure-
ments when measuring in a cu-
bic grid of voxels; the RMS er-
rors were 1.14 and 0.25 percent 
point higher than the 2.33% and 
2.88% originally published by 
Verwer and Kiryati, respectively 
(Kiryati and Szekely, 1993; Ver-
wer, 1991). The RMS error of 
0.78% that Verwer determined 
for the 53 estimator was only 0.3 
percent point lower than what 
we found in our measurement 
with the Verwer5 estimator in 
isotropic voxels (Verwer, 1991). 

Figure 7. The mean errors (bias) ± the RMS error for every adjusted esti-
mator and test.

Figure 8. Screenshot of the user interface of Distance3D. The user can 
navigate through the volume data by handling the sliders (top left). When 
the desired position is found, way-points have to be placed on the cross 
section (bottom left). When at least two way-points (a start and end po-
sition) are placed the shortest path can be determined and the distance 
computed. When more way-points are placed, the shortest path follows 
the way-points in the order in which they are placed.
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Our test included a line exactly 
in the z-direction, which in a 
distance estimator has the maxi-
mum possible error, and also 
lines close to this angle. This and 
the limited number of test direc-
tions that we used might have 
lead to an over-representation of 
paths with relatively large errors 
in our test set. Additionally we 
opted for a representative test 
and therefor used a test set with 
limited lengths which might 
be another reason for these in-
creased RMS errors; the limited 
number of voxels included in 
each path could have lead to ex-
tra error due to rounding-off of 
the pixel locations.
The reason that the Kiryati3 es-
timator performs slightly bet-
ter than the Verwer3 estimator 
is probably caused by the basic 
principles of these estimators. 
The estimator of Kiryati is opti-
mized for curved paths, whereas 

the estimators of Verwer are optimized for straight lines. The lines in the models that we have 
tested are almost all curved, which favors the Kiryati3 estimator.
An elongation of 25% in the z-direction would be a reasonable value for reconstructions of 
microscopic images resampled to near-cubic voxels. Compared to cubic voxels the RMS errors 
increase slightly, although this is hardly noticeable in the Verwer5 estimator with an increase of 
only 0.12 percent point. The estimators in the 33 neighborhood suffer more from this low level of 
anisotropy with an increase of 0.8 percent point. When measuring within biological tissue such 
error rates are still within an acceptable range and because the mean error stays close to zero (Fig. 
7) the estimators can still be considered unbiased up to this 25% anisotropy.
The error rates of the 33 neighborhood estimators double when elongating the voxels to a height 
twice as long as the xy-sizes, and their mean error is no longer close to zero (Fig. 7). On the other 
hand the Verwer5 estimator still shows error rates that are slightly lower than the error rates found 
in cubic voxels with the 33 neighborhood estimators (Fig. 7). The Verwer5 estimator is still precise 
at this degree of anisotropy while it is unbiased with a mean error close to zero.
Two observations can be made when comparing the results of the two tests with the doubled 
z-size. Firstly, the relative errors in the test model with the lower resolution (6x6x12 µm) show 
saw-tooth-like variations whereas the graphs of the test model with higher resolution (3x3x6 
µm) are much smoother. The rounding-off error, which is larger when using larger voxels, eas-
ily explains this difference. More interestingly, the error graphs of the estimators in the lower 

Figure 9. Distance measurements of the length of the BrdU-positive 
zone in the developing embryonic chicken heart. BrdU-negative tissue is 
shown in blue. A lengthening of approximately 70µm/h can be derived 
from this measurement. (figure adapted from van den Berg et al. (2009))
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resolution model are consistently slightly higher than those of the higher resolution model. For 
all estimators this leads to a higher mean overestimation of the actual length by approximately 
0.5 percent point in the model with the larger voxel sizes (Fig. 7).
To decide whether the loss of resolution due to down-sampling data is worse than the error 
introduced by the anisotropy of the voxels, it is interesting to compare the tests with voxel sizes 
of 3x3x6 µm and 6x6x6 µm (Fig. 7). In the case of cubic voxels the mean error of all estimators 
is close to zero while in the elongated voxels only the error of the Verwer5 estimator is unbiased. 
The RMS errors of all estimators are higher in the case of the elongated voxels, although the 
RMS error of the Verwer5 estimator stays in an acceptable range. This leads to the conclusion that 
generally the effect of down-sampling to larger isotropic voxels, and the loss in associated spatial 
resolution, is not as bad as the effect of anisotropy.
The performance of all estimators in the test model with strongly elongated voxels is poor. A 
large overestimation of the distance is observed especially for the lines with an angle between 
approximately 20°to 60°. Using these elongated voxels would result in a strongly biased estima-
tion with mean errors around 10% (Fig. 7). Reasonable error rates are only observed for the 
Verwer5 estimator above an angle of 65°. This shows that measuring in the direction of the voxel 
elongation gives lower errors, although this is associated with a bias to underestimation of the 
actual path. It is therefore not recommended, to estimate distances in such strongly elongated 
voxels . However, sometimes it is required to do measurements through very thin tissues, where 
down-sampling might lead to the loss of connectivity. Without this connectivity the shortest 
path cannot be computed. In these cases one could consider to use the highly anisotropic data 
set and restrict the measurements to the z-direction. However, downs-ampling to voxels that are 
up to twice as high in the z-direction as in the xy-direction should always be attempted because 
at that level of anisotropy the adjusted 53 neighborhood estimator of Verwer, showed errors that 
are acceptable for all directions.
The tests we performed using a model representing a simplified early heart tube resulted in 
length measurements over curves. Similar tests have to be performed to test the performance in 
structures with other geometric characteristics. We expect that the Verwer5 estimator will perform 
even better in structures with a more solid composition because it was originally optimized for 
such straight lines.
The approach we used to adapt the published optimized values for anisotropic voxels does not 
by definition result in the best values for every degree of anisotropy. However, the results are suf-
ficiently precise for biological applications as long as voxel sizes in the z-direction are not longer 
as twice the xy-size.
Using Farey sets, Fouard and Malandain (2005) computed optimal integer approximations for 
anisotropic voxels. These estimators were found by minimizing the maximum error, without 
taking the RMS error and mean error into account. Only when the application requires a higher 
precision than usually required in biology, this computationally expensive approach would be 
worth considering.

Conclusion
Existing length estimators can be very simply adjusted for the use within an anisotropic non-
convex space using our approach.
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Two conclusions can be drawn from the test results. Firstly, anisotropy of voxels has a big in-
fluence on the error of the estimated length of the shortest path. Secondly, the estimator that 
performed best in all tests was the anisotropy-adjusted 53 neighborhood estimator of Verwer.
Because this estimator performed almost unbiased, with acceptable RMS errors, within levels of 
anisotropy up till voxels that are twice as high as they are wide it is recommended to re-sample 
data sets to such, close to cubic, voxels .
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Abstract
Much of our current knowledge on cardiac development is derived from the 
mouse, a mammalian model permitting molecular analyses along with genetic 
lineage tracing. Important as the results of these analyses are, they can only be 
fully exploited when supplemented with a clear insight into the growth of the 
heart, which is currently lacking. 
In an attempt to fill this gap we assessed, in a quantitative fashion, the patterns of 
proliferation in the forming mouse heart and in its adjacent splanchnic mesoderm, 
known to contribute to the forming heart. This, in turn, required 3D insight into 
early heart formation in the context of the entire cranial region of the forming 
mouse embryo. The results are presented in an interactive portable document 
format (pdf ) to facilitate communication and understanding. As in human and 
chicken, we show that the splanchnic mesoderm is highly proliferative and that 
upon recruitment of cells into the cardiac lineage their proliferation rate drops. 
Proliferation locally increases at the sites of chamber formation, generating het-
erogeneous patterns of proliferation. Further quantitative analyses show a gradual 
decrease in proliferation rate of the ventricular walls with progression of develop-
ment, and a base-to-top decline in proliferation in the trabecules. Comparison 
between the left and right sides of the heart tube imply differential addition of 
cells to the myocardial lineage as a cellular mechanism of rightward looping. 
Our data offer clear insights into the growth and morphogenesis of the mouse 
heart and provide a firm basis for future mechanistic studies. 
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Introduction
A central challenge in cardiac developmental biology is the understanding of the mechanisms 
that effectuate the growth of the heart. Proper formation of the four-chambered heart depends 
on a delicate balance between growth and differentiation, which is highly prone to errors, witness 
the high incidence of congenital cardiac malformations (Hoffman and Kaplan, 2002). Insight 
into these processes is not only crucial for the understanding of cardiac morphogenesis, but is 
also at the base of cellular lineage analyses (Buckingham et al., 2005) and molecular mecha-
nistic data, which have provided a great impetus to the field of cardiac developmental biology 
(Rosenthal and Harvey, 2010a; Rosenthal and Harvey, 2010b). 
Data on cardiac proliferation, however, are scarce and rarely placed within a three-dimensional 
(3D) context, leading to conflicting conclusions such as either rapid (Thompson et al., 1990) 
or slow (Sissman, 1966) proliferation in the early heart tube. Previously, we analyzed prolifera-
tion within the spatiotemporal context of the developing chicken and observed that prolifera-
tion stops when myocardium differentiates from fast proliferating splanchnic mesoderm, to be 
followed by a new phase of rapid proliferation at the sites of chamber formation (Soufan et al., 
2006; van den Berg et al., 2009). A similar pattern was observed during human heart formation 
(Sizarov et al., 2010). Information on local proliferation rates in the developing mouse heart is, 
however, entirely lacking.
To generate a general framework of cardiac growth in the mouse we performed a qualitative and 
quantitative 3D analysis of morphogenesis and proliferation of the developing mouse heart. 
Whereas in chicken and man the different phases of early heart development, namely forma-
tion of the tube, the tubular phase and chamber formation, are clearly separated in time, we 
show that early heart development in the mouse is very fast and that the different growth phases 
overlap. The 3D quantification of proliferation shows that, as in chicken and human, the mouse 
heart forms by a slow down of proliferation within the splanchnic mesoderm, followed by rapid 
proliferation at the site of chamber differentiation albeit that these processes overlap in time thus 
leading to a very heterogeneous proliferation pattern. During further chamber formation the 
proliferation rate decreases progressively whereas proliferation in the trabecules shows a base-
to-top decline at every stage. We supplemented our account with interactive 3D models of the 
developing mouse heart.

Materials & Methods 

Animal handling & immunohistochemistry
Bromodeoxy-Uridine (BrdU) was used to visualize proliferating cells. The more rapid a tissue 
proliferates, the more cells will incorporate BrdU, making the fraction of BrdU-positive nuclei 
a marker for proliferation rate (Sanders et al., 1993). The observed nuclear BrdU-fractions are a 
direct measure for cellular proliferation, because multi-nucleation and polyploidy does not occur 
prenatally (Liu et al., 2010).
Exposure to BrdU (Sigma nr. B5002) prior to embryonic day 9 (E9) took place by culturing 
FVB mouse embryos in 0.05 mg BrdU / ml culture medium (DMEM (Invitrogen), pH 7.4 
supplemented with 10% fetal calf serum). Older stages were exposed to BrdU by peritoneal in-
jection of pregnant mice with 50 mg BrdU/kg (using a 10 mg BrdU / ml 0.9% NaCl solution), 
as previously described (Aanhaanen et al., 2009). All experimental procedures complied with 
national and institutional guidelines for animal welfare. Exposure to BrdU was always 1 hour. 
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Immediately after exposure, embryos were fixed in freshly prepared 4% paraformaldehyde. Em-
bryos were staged according to general morphological characteristics (Bard et al., 1998).
Standard procedures were used for dehydration and embedding in paraffin (Mommersteeg et al., 
2010). Embryos were serially sectioned at 7µm. Mounted sections were dewaxed, rehydrated and 
equilibrated in phosphate buffered saline (PBS), after which antigens were retrieved by pressure 
cooking for 3 minutes in antigen unmasking solution (1:100 Vector laboratories Inc. H-3300). 
After a PBS wash, sections were blocked with 2% bovine serum albumin and exposed over-
night to a mixture of primary antibodies; rat-monoclonal anti-BrdU (1:600, Immunosource 
OBT0030CX), rabbit polyclonal anti-cTnI (1:250 HyTest 4T21/2), and goat polyclonal anti-
Nkx2.5 (1:200 Santa Cruz 8697). After washing, secondary antibodies were added for 2 hour 
periods. Firstly, donkey-anti-goat Alexa-680, and, again after washing, goat-anti-rat Alexa-405 
and goat-anti-rabbit Alexa-568 (Invitrogen, A-21084, A-31556, A-11077, respectively). After 
washing, Sytox Green (1:40,000 Molecular Probes S-7020) was added for 15 minutes before a 
last wash and mounting of a cover slip with vectashield (Vectorlabs H1000).

3D-reconstruction and morphometry
Sections were photographed with a fluorescence microscope (Leica DM6000) at 10 times mag-
nification, generating 4 series of images with pixels representing 0.9x0.9 µm2 tissue. Upon visual 
inspection, damaged sections were replaced by neighbouring sections. Images were loaded into 
Amira (Mercury Computer Systems) and, with an automatic module, aligned by translation 
and rotation. This procedure was visually checked and corrected where necessary. In the aligned 
stacks of images, anatomical structures were segmented based on either a specific signal (cTnI 
or Nkx2.5), or on morphological criteria (mostly using the Sytox Green signal). After segmen-
tation, the myocardium and splanchnic mesoderm labels were inspected to ensure that all nu-
clei were included. For conversion into a 3D reconstruction, labels were re-sampled to gener-
ate near isometric voxels (7.2x7.2x7 µm3). Smoothing of the data set was done by automatic 
modules in Amira, and by manual correction of sectioning artefacts. The resulting re-sampled 
and smoothened data set was then converted into a 3D-surface by triangulation. The number of 
triangular faces was reduced to approximately 7600, and the resulting surface was smoothened by 
the Smooth Surface module. For 2D presentation, snapshots were laid out in Illustrator (Adobe, 
CS4 - 14.0.0); for interactive 3D presentation, 3D-pdf files were generated as previously de-
scribed (de Boer et al., 2011).
Detection and quantification of nuclei was performed using a program in Matlab (The Math-
works). In short, in the Sytox Green images the local background was subtracted from the nu-
clear signal. The resulting local maxima were then thresholded into binary nuclei. This image 
was masked by the segmented label of either the myocardium or the splanchnic mesoderm. For 
nuclei within this mask, a positive BrdU-signal was defined as a nucleus with a staining intensity 
of at least a standard deviation above its surrounding background intensity. For embryos from 
E10 onward, Nkx2.5-positive nuclei were identified in the same manner as was done for the 
BrdU signal, because from that stage onward non-myocytes gradually invade the heart (Zhou 
et al., 2008). BrdU-positive fractions of either all or, for the older stages, of the Nkx2.5-positive 
nuclei were then determined in cubic sampling volumes of 633 µm3, projected onto their 213  µm3 
central volume and mapped onto the surface reconstruction, as described previously (Soufan et 
al., 2007).
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Proliferation in the ventricles was measured relative to the trabecular base. The trabeculations of 
both ventricles were separately segmented. The number of nuclei and BrdU-positive nuclei were 
counted, as described above, in the trabecules and in the ventricular wall. For embryos between 
E10 and E12.5 this occurred in cubic volumes of 7.2x7.2x7 µm3, and for E14.5 and E17.5 
embryos in 13.6x13.6x14 µm3. In addition, for each sample volume the distance to the nearest 
trabecular base was determined. Subsequently, the counted nuclei and BrdU-positive nuclei were 
pooled in 15 µm wide bins, which ensured that enough nuclei were counted to reliably deter-
mine BrdU-positive fractions for each distance bin. Measurements were done in the left and right 
ventricular trabeculations and walls. 

Results

Morphology 
Whereas most knowledge on cardiac morphogenesis comes from classic studies of mostly chicken 
and human embryos (His, 1885; Romanoff, 1960), the mouse embryo is currently the most 
important animal model. In order to grasp its complex cardiogenesis, we created a series of 3D 
reconstructions of the developing mouse heart. The reader is encouraged to read this text along 
with the interactive 3D-pdf file, available on the supplemental CD.

Initial heart tube formation
Within one day, from embryonic day (E) 6.75 through E7.75 the straight heart tube is formed 
from the cardiogenic mesoderm, which occurs on the bottom of a deeply invaginated yolk sac 
(Fig. 1). This is in contrast to early chicken and human development, which occurs on an almost 
flat yolk sac (Romanoff, 1960). In chicken, the foregut lengthens more-or-less parallel to the sur-
face of the yolk sac and has a narrow anterior intestinal portal (van den Berg et al., 2009). Due to 
the invagination of the yolk sac in mouse, the foregut lengthens in a perpendicular orientation to 
the yolk sac, and the anterior intestinal portal is wide (Kaufman and Navaratnam, 1981). Due to 
this distinct orientation, heart formation in the mouse differs architecturally, albeit not principal-
ly,  from the “text-book view” of heart formation in several aspects, as shown and discussed below.
At E6.75 the cardiogenic splanchnic mesoderm, defined as expressing the transcription factor 
Nkx2.5 and facing the endoderm, is present as bilateral plates of flat epithelium (Fig. 1 a-c). The 
foregut has just begun to form and can be identified as a ventral protrusion in the yolk sac. No 
cardiovascular lumen can yet be discerned, which is in line with previous analyses of the expres-
sion of vascular markers (Wood et al., 1997). Note that for the sake of clarity only part of the 
splanchnic mesoderm was included in the reconstructions. Shortly later, at E7 some endothelial 
cells were observed between the lateral sides of the splanchnic mesoderm and the endoderm. The 
lateral mesoderm formed a gutter, which is more prominent on the left side (Fig. 1-f ). The left 
lateral view (Fig. 1-e) shows that, in line with the progression of development and folding, the 
foregut is more elongated. The medial aspects of the splanchnic mesoderm remained in close 
proximity to the foregut, forming the pericardial back wall with progressive folding (Fig. 1-g).
At E7.5 the cardiovascular lumen was clearly present. Moreover, the lateral aspects of the splanch-
nic mesoderm had not only formed gutters, but these gutters had also differentiated into cardiac 
troponin I (cTnI) positive myocardium (Fig. 1-h,j). With further elongation of the foregut, 
the medial aspects of the splanchnic mesoderm grew, forming the pericardial back wall (Fig. 
1-k) The lumina at the cardiac inflow now also connect to the vessels that return to the blood 
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Morphological overview of initial mouse heart-tube formation
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islands covering the yolk sac (Fig. 1-j). Within the heart tube, the endocardium showed several 
finger-like protrusions (obscured by myocardium - see interactive 3D-pdf on the supplemental 
CD). With progressive fusion, at E7.75, the lateral myocardial gutters had fused in the midline 
(Fig. 1-l,n). The site of this ventral fusion could be discriminated by a ventral seam. The medial 
splanchnic mesoderm had formed a longer pericardial back wall, in line with growth of the 
foregut. The endocardium within the heart tube showed fusion, and multiple ventral protrusions 
(see interactive 3D supplements for individual structures). At the venous pole, the inflowing 
vessels were growing and discernable as the vitelline veins, which were connected to the blood 
islands (Fig. 1-n).
In chicken, the differentiation of mesoderm into myocardium occurs concomitantly with mid-
line fusion of the left and right lateral mesoderm (OConnor and Runquist, 2008; Stalsberg and 
de Haan, 1969). In mouse, due to its wide intestinal portal, the lateral aspects of the splanchnic 
mesoderm cannot easily adjoin, by which myocardial differentiation occurs prior to midline 
fusion while they are still laterally extending (Kaufman and Navaratnam, 1981). Although this 
phase of cardiac development in the mouse is generally known as the “cardiac crescent”, this 
stage in reality represents a laterally orientated, not yet fused, straight heart tube, if compared to 
chicken development. Progressive folding (as seen by lengthening of the foregut) causes the left 
and right myocardial components of this early heart tube to finally join in midline (Mommers-
teeg et al., 2010) which can still be appreciated by the ventral seam seen at E7.75.

Lengthening and looping of the heart tube
Figure 2 shows 3D reconstructions of mouse hearts ranging from E8 to E9. The other embryonic 
structures that provide an anatomical context and indicate developmental progression, such as 
the forming neural tube and coelomic cavity, are shown in the interactive supplemental 3D-pdf. 
At E8 the heart had grown and the ventral fusion seam was no longer discernable (Fig. 2-b). At 
the inflow, however, the left and right components could still be discriminated by the un-fused 
endocardial tubes. Outside the heart tube these vessels extended laterally (Fig. 2-a). Cranially, the 
endocardium still showed multiple protrusions adhering to the myocardium, best seen in the left 
lateral view (Fig. 2-d). Compared to E7.75 (Fig. 1-m), the foregut was further elongated. During 
the further folding of the embryo, the pericardial back wall extended by growth of the medial 
splanchnic mesoderm (Fig. 2-c). Moreover, the left and right components of the back wall were 
fusing, indicating the closure of the dorsal mesocardium. 
A few hours later, at E8.25, the lengthening and closure of the pericardial back wall continued 
and fusion of the endocardial tubes progressed. The inflow vessels were now identifiable as the 
vitelline veins and were in contact with the blood islands covering the yolk sac (Fig. 2-e). These 
inflow vessels bended caudally by the progressive folding of the anterior intestinal portal. Inside 
the myocardial heart tube, ventral endocardial protrusions were present (Fig. 2-e,h). The heart 
tube itself had clearly looped, and its elongation at the arterial pole had become apparent by a 

Figure 1. Morphological overview of initial mouse heart-tube formation (previous page)
Figure 1 shows different views of four reconstructions of mouse heart development, between embryonic day 6.75 
and 7.75. Panel a, d, h & l show the relation of the forming heart with the endoderm of the yolk sac. Panel b, e, I 
& m show a right lateral view of the cardiogenic mesoderm and/or the developing myocardium with the foregut. 
Other views and structures as depicted. All reconstructions are also interactively available in the supplements. 
(Abbreviations: AIP: anterior instestinal portal; myo: myocardium.) Note that for the sake of clarity only part of 
the splanchnic mesoderm was included in the reconstructions.
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Morphological overview of looping of heart tube
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Figure 2. Morphological overview of cardiac looping in the mouse
Panels a - p show different views of four reconstructions of mouse heart development, between embryonic day 
8 and 9. Panels a, e, I & m show the development of the cardiovascular lumen in relation to the myocardium 
(transparent). Panels b, f, j & n show the myocardium and the splanchnic mesoderm. Panels c, g, k & o show the 
splanchnic mesoderm (myocardium is shown in transparent grey). Panels d, h, l & p show a left lateral view of 
the relation of the lumina and the myocardium (transparent) with the developing foregut and anterior intestinal 
portal. Note that the images of the lumina were taken at a slightly different angle than those of the myocardium. 
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clearly distinguishable outflow tract (Fig. 2-f ). Caudally from the outflow tract the future left 
ventricle forms at the outer curvature of the looped heart. 
At E8.5, fusion of the endocardial tubes at the inflow of the heart tube was completed and the 
resulting fused intra-cardiac lumen had slightly displaced to the left of the embryonic midline 
(Fig. 2-i). Like the previous stage, the vitelline veins bended caudally and there were multiple 
protrusions of endocardium, attached to the ventral ventricular region of the myocardium (Fig. 
2-i,l). The ventricular region bulged ventrally and caudally, and the embryonic outflow tract was 
further elongated (Fig. 2-j).
At E9, the orientation of the inflow vasculature had changed significantly. The inflowing vitel-
line veins had grown and clearly bended towards caudal and twisted towards the right following 
the general embryonic rotation (Bard et al., 1998). The intra-cardiac portion of the inflowing 
vasculature was located left from the midline (Fig. 2-m). The endocardium at the inflow showed 
a constriction (Fig. 2-p) that we designated as the future atrioventricular canal, because the atria 
were not yet present. The lengthening of the heart tube progressed, as depicted by the grown 
outflow tract and the further bulging of the prospective ventricle and the caudal displacement 
of its apex (Fig. 2-n). This can best be observed in the left lateral image, which also shows the 
foregut with its forming pharyngeal pouches (Fig. 2-p). The dorsal mesocardium had ruptured 
completely, thus closing the pericardial back wall and leaving the heart tube suspended only by 
its arterial and venous poles (Fig. 2-o).
The closure of the dorsal mesocardium is also shown in the bottom panel of Figure 2 in a series 
of dorsal views of six hearts, ranging from E7.75 to E9. At E7.75 it can be seen that the dorsal 
side of the heart tube is still completely open. At this stage the endocardial tubes are entirely 
suspended in cardiac jelly, as in the human heart (Sizarov et al., 2010). At E8 the dorsal aspects 
of the heart tube approached each other and closure followed a few hours later at stage E8.5. As 
described in chicken (Moreno-Rodriguez et al., 2006), closure of the dorsal mesocardium starts 
in the middle of the heart tube and proceeds in cranial and caudal direction to “zipper up” the 
dorsal heart tube. Interestingly, unlike chicken development, elongation of the outflow tract, 
which occurs by addition of cells from the pericardial back wall (Zaffran et al., 2004) was initi-
ated prior to rupture of the dorsal mesocardium. The distance between the arterial and venous 
poles remained constant while the heart rapidly lengthened. In mouse this distance was approxi-
mately 200 µm (Patten, 1922); in chicken at comparable stages this distance measured about 
700 µm (van den Berg et al., 2009). It is this small region that is called the second heart field 
and provides cells that are added to both poles of the heart (Cai et al., 2003; Kelly et al., 2001; 
Meilhac et al., 2004a; Snarr et al., 2007; Waldo et al., 2001; Zaffran et al., 2004). 

Formation of the four-chambered heart
Figure 3 shows morphological reconstructions of the embryonic mouse hearts from E10 through 
E17.5. At embryonic day 10 (Fig. 3-a,b), both atria had clearly formed, when compared to E9 
(Fig. 2, E9 – bottom panel). The outflow tract had elongated, and showed a bend. In the proximal 
part of the outflow tract the first trabecules appeared, indicating differentiation of outflow tract 

(Figure 2, continued) The bottom panel illustrates closure of the dorsal mesocardium by showing dorsal views 
of 5 hearts, ranging from embryonic day 7.75 to 9. * indicates the connection of the heart tube with the dorsal 
mesocardium. All shown reconstructions are interactively available in the supplements (Abbrevations: cardiovasc.: 
cardiovascular; E: embryonic day)
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myocardium into right ven-
tricle (Zaffran et al., 2004). 
A clear ventricular septum 
could not be discerned. At the 
inflow, a left and right atrium 
had cleary formed. Like at 
E8.5 and E9 (Fig. 2-i,m) the 
blood flow entered the left 
ventricle. The confluence of 
the systemic veins, however, 
shifted towards the right. One 
day later, at E11 (Fig. 3-c,d), 
the blood flow from the atria 
entered both ventricles, as the 
atrioventricular canal became 
suspended over the interven-
tricular septum, which was 
becoming discernable. Dur-
ing further development, the 
overall morphology in the 
ventricles and outflow tract 
remained largely similar, al-
though there was progressive 
volume growth (also see Fig. 
4). From E12.5 onwards, the 
ventricular septum progres-
sively formed and the outflow 
tract gradually differentiated 
into the right ventricle (Fig. 
3-f ), finally generating a ful-
ly septated four chambered 
heart. 

Morphometry

Volume and number of cells
To quantify growth during 
the formation of the mouse 
heart we counted nuclei in, 
and measured the volume of, 
the developing heart at stages 
ranging from E7.25 to E17.5, 
thus ranging from the initially 
formed “cardiac crescent” to 
the prenatal four-chambered 
heart (Fig. 4). Because the 
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Figure 3. Morphological transition of older embryonic mouse hearts
Reconstructions of the myocardium of mouse hearts ranging from embry-
onic day 10 to 17.5 are shown. Panels a, c, e, g & i show frontal views. 
Panels b, d, f, h & j show the same hearts, with a frontal surface cut. Scale 
bars indicates 500 µm.
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cardiomyocytes are mono-nuclear 
until post-natal development (Liu 
et al., 2010) the number of nuclei 
represents the number of cardio-
myocytes. 
The approximate linear relation 
of the logarithm of the number 
of cells, as well as total myocardial 
volume, to the days of develop-
ment indicated that the increase 
in cell number and volume was 
exponential until E11. During 
this period, the number of car-
diomyocytes increased from 680 
to 44000, whereas a similar 65-
fold increase was observed in car-
diac volume (from 0.002 to 0.128 
mm3). After E11 these relations 
tapered off, pointing to a slower 
but still almost 20-fold increase 
until approximately 1 million car-
diomyocytes and a volume of 2 
mm3 in the E17.5 heart. The par-
allel development of the number 
of cells and total volume graphs 
showed that the average volume of 
individual cardiomyocytes is constant (approx. 2300 µm3) throughout embryonic development. 
This average volume is in agreement with earlier observations (Soufan et al., 2006). Note that 
this graph gives no information on how the number of cells increases, nor does it imply an equal 
growth rate for the whole heart, as often implied. Indeed, volume measurements on the devel-
oping atria (Soufan et al., 2004) showed that different parts of the atria grew at different and 
changing rates during development. The quantitative 3D reconstructions presented below clearly 
show a very heterogeneous pattern of proliferation laying at the basis of early cardiac growth and 
morphogenesis.

Proliferation pattern during early stages of heart development
To gain insight into the patterns of proliferation in the myocardium and its precursors, we meas-
ured the proliferation index after one hour of BrdU exposure and projected the proliferation 
patterns onto the 3D-reconstructions (Soufan et al., 2007). In chicken, such experiments showed 
withdrawal of myocytes from the cell-cycle upon myocardial differentiation, and a decrease in 
proliferation rate was observed when vessels formed within the splanchnic mesoderm. Growth 
of the early heart tube occurred by addition of cells from a rapidly proliferating group of cells at 
the inflow of the heart, which were shown to contribute to both the inflow and outflow of the 
heart. Where primary myocardium differentiated into chamber myocardium, proliferation was 
locally reinitiated (Soufan et al., 2006; van den Berg et al., 2009). In human embryos, similar 
observations were recently made (Sizarov et al., 2011).
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Figure 4. Quantification of number of cells and volume
The number of cardiomyocytes in the developing mouse heart was de-
rived from the number of nuclei observed within the tissue labelled 
by the specific staining with a cardiac marker. The number of nuclei 
per tissue area was converted into number per volume according to 
Abercrombie (Weibel, 1979), including the section thickness and the 
average nuclear diameter. Myocardial volume was calculated according 
to the Cavalieri principle (Howard and Reed, 1998). Note that the 
data are displayed on a logarithmic Y-axis. Accompanying the data are 
reconstructions of the myocardium ranging from embryonic day 7.5 to 
17.5, displayed at the same scale.
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At the youngest mouse stage studied, E6.75, no myocardium was observed. In line with observa-
tions in chicken, the flat pre-cardiac mesoderm displayed rapid proliferation (Fig. 5-a). A little 
later, at E7, a drop in proliferation was seen in the left splanchnic epithelium, at the site of vessel 
formation (Fig. 5-b). Later differentiation into myocardium at stage 7.5, showed a drop in pro-
liferation rate within the myocardial “cardiac crescent”. In contrast to chicken development (van 
den Berg et al., 2009) proliferation was never absent, but a rather scattered pattern of prolifera-
tion could be observed in the initially formed myocardium (Fig. 5-c). 

Local proliferation rate in early mouse heart
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Figure 5. Local proliferation rates in the early mouse heart
Patterns of BrdU-incorporation (after one hour exposure) in the reconstructions that are shown in Figure 1 and 2. 
Note that for esthetical reasons the reconstruction of the mouse heart at embryonic day 8.5 was not included. The 
patterns of proliferation rate were highly similar to those at embryonic day 8.75, and available in the interactive 
supplements. (Abbreviations: BrdU: BromodeoxyUridine)
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At E7.75 there was still a heterogene-
ous pattern of proliferation, with less 
BrdU-incorporation at the dorsal con-
nection with the splanchnic mesoderm, 
and an increase in proliferation rate in 
the ventral heart tube (Fig. 5-e,f ). Un-
like observations in chicken, but resem-
bling the pattern observed in human 
development (Sizarov et al., 2011), no 
clear regionalization of proliferation 
could be observed within the splanch-
nic mesoderm (Fig. 5-d,g,j,m,p). At 
embryonic day 8 the pattern of prolif-
eration resembled that of the previous 
stage, displaying slow proliferation in 
the myocardium near the dorsal meso-
cardium and rapid proliferation in the 
ventral heart tube (Fig. 5-h,i). At stage 
E8.5, with clear differentiation of the 
outflow tract, a focus of rapid prolifera-
tion occurred at the outer curvature of 
the outflow tract and forming ventricle, 
contrasting the slow proliferation at the 
inner curvature of the heart (Fig. 5-k,l). 
This pattern of proliferation still existed 
at E9 (Fig. 5-n,o). Proliferation was also 
slow within the myocardium of the fu-
ture atrioventricular canal, consistent 
with previous studies (Aanhaanen et al., 
2009).
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Figure 6. Local proliferation rate in older em-
bryonic mouse hearts
Panels a, c, e, g & i show frontal views of quan-
titative 3D reconstructions of the myocardium 
of hearts ranging from embryonic day 10 to 
17.5. Panels b, d, f, h, j show the same quanti-
tative reconstructions with a frontal surface cut. 
Note that the hearts are not depicted on the 
same scale. The bottom panels show detailed 
quantifications of the ventricular walls and 
trabeculations. The y-axes indicate the BrdU-
labelled fractions. The x-axes indicate the dis-
tance from the trabecular base. 
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Proliferation during formation of the four-chambered heart
Between E9 (Fig. 5-n) and E10 (Fig. 6-a,b) the BrdU-positive fraction in the distal outflow 
tract decreased. At E11 the outflow tract was almost devoid of BrdU-incorporation (Fig. 6-c) 
indicating that cells of the outflow tract display very slow proliferation and growth occurs almost 
exclusively by addition of cells (Zaffran et al., 2004). At later stages (Fig. 6-e,g,i) the proliferation 
rate in the outflow tract remained slow. From E10 through E12.5 (Fig. 6-a,c,e), both ventricles 
showed BrdU-positive fractions that were similar to those at E9 (Fig. 5-n). At these stages, the 
forming ventricular septum showed a similar high proliferation rate except at its top where pro-
liferation is slow (Fig. 6-f ), as reported previously (Bakker et al., 2008). The proliferation rate in 
the ventricular wall decreased steadily in later stages.
The BrdU-positive fractions in both ventricles, were measured in relation to the base of the 
trabecules (Fig. 6, bottom panel). The youngest stages showed the highest BrdU incorporation 
in the ventricular wall close to the trabecular base, which diminished with increasing distance. 
In later stages the BrdU-positive fractions were lower and this gradient became less obvious, co-
inciding with the disappearance of the patchy pattern on the surface of the ventricle. Although 
at all stages the BrdU-fractions in the trabecules were about 10 percent lower than in the outer 
wall, the observed decrease with increasing distance from the trabecular base remained significant 
at all stages and corresponding trabecular length. This persistent base-to-top gradient, in both 
ventricles, showed that the focus of proliferation of cardiomyocytes in the forming ventricles was 
at the base of the trabecules.

Discussion
Because the mouse embryo is currently the most used experimental model we prepared a com-
prehensive series of 3D reconstructions that give insights into both morphology and proliferation 
pattern in the developing mouse heart. This information can be used to interpret the growing 
body of scientific data harvested in the mouse. Whereas in chicken and human the different 
phases of early heart development, namely formation of the tube, the tubular phase and chamber 
formation, are clearly separated in time, our 3D reconstructions show that in the mouse early 
heart development is very fast and that the different growth phases overlap. Some aspects of 
mouse heart development will be discussed in the context of our current findings.

Cardiac looping
The looping of the heart is the first morphological sign of asymmetry in the embryo. The heart 
tube loops by both bending and rightward rotation (Manasek et al., 1972) where the outer cur-
vature of the looped heart tube forms the site of future chamber differentiation (Moorman and 
Christoffels, 2003). Directional movement has been observed in the myocardium of the early ze-
brafish heart (Smith et al., 2008), and has been shown to be subject to left/right signalling (Baker 
et al., 2008; Smith et al., 2008). Although a multitude of genes, such as Pitx2c, is differentially 
expressed between the left and right sides during the early stages of cardiac development (Chen 
et al., 2010), the precise driving forces of cardiac looping remain unclear (review: (Taber, 2006)). 
It has long been recognized in chicken (Patten, 1922), that because the heart tube lengthens 
faster than the distance between its arterial and venous poles, looping occurs of necessity. Our 
reconstructions show that this principle may also be valid during mouse heart formation. Despite 
the lengthening of the heart tube, the distance between the arterial and venous poles remains 
approximately 200 µm (Fig. 2). 
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Differential addition of precursor cells 
to the left and right components of 
the heart tube might then offer an ex-
planation for the rightward looping. 
Discrimination and quantification of 
the left and right components of the 
myocardium is possible by the site of 
adherence of the endocardium to the 
myocardium (Stalsberg, 1969). How-
ever, this endo-/myocardium connec-
tion in the mouse is not as clear as in 
the chicken, which prevented the un-
ambiguous distinction of the left and 
right parts of the mouse heart after 
looping. Before looping, in the cardiac 
crescent and initial tube stages, such a 
distinction could be made on the basis 
of the ventral fusion seam and no left-
right differences in the number of cells 
were observed (data not shown).
Therefore, we analysed our library of 
quantitative reconstructions of chicken development (Soufan et al., 2006; van den Berg et al., 
2009). At the studied stages the chicken myocardium does not show proliferation (van den Berg 
et al., 2009), and any difference in the number of cells between the left and the right side should 
thus result from a differential addition of precursors. Fig. 7 shows that difference between the 
number of cells within the left and right sides of the heart tube is not different prior to looping; 
from the onset of looping onwards, after around 36 hours of development, the number of cells 
in the left side became progressively larger. These data show that a difference in addition of pre-
cursor cells may provide an important driving force for cardiac looping in chicken and possibly 
mammals. 

Proliferation and differentiation
The discontinuous and localized pattern of proliferation within the myocardium shows that 
myocardium, unlike skeletal muscle (Stockdale and Holtzer, 1961), has the capacity to both dif-
ferentiate and proliferate. The differentiation of chamber myocardium is known to be controlled 
by several Tbx-transcription factors. For instance, Tbx2 is expressed in the inner curvature and 
atrioventricular canal of the looped heart tube (Christoffels et al., 2004), and functional disrup-
tion of this gene not only expands the differentiation of chamber myocardium into the atrioven-
tricular canal, but also increases the proliferation rate within this otherwise slowly proliferating 
region (Aanhaanen et al., 2009).
Because Tbx2 is expressed within the myocardium from E8.5 onwards (Aanhaanen et al., 2009), 
its inhibitory effect on proliferation does not explain the regionalization of proliferation at earlier 
stages. This early pattern might be due to an interaction via the endo- and myocardial connec-
tions, which are known sites where, via Notch signalling, proliferation and trabecular differ-
entiation are initiated (Grego-Bessa et al., 2007). Such endo- and myocardial connections are 
only present in the ventral, fastest proliferating, part of the heart tube. Evidence for myocardial 

Figure 7. Left - right difference in number of cells in chicken 
heart
The number of cardiomyocytes in the left and right side of the 
developing chicken heart was determined. The ventral and dor-
sal connection between endocardium and myocardium was used 
to distinguish left and right (Stalsberg, 1969). The difference in 
number of cells is displayed; each point represents one heart. Re-
gression analysis was performed and revealed a significant increase 
of the left-right difference with age (p=0.0001); the 95% confi-
dence interval shows that after 36 hours of development the dif-
ference is significantly higher than 0.
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differentiation was also demonstrated, using electron microscopy, to occur at the 3-4 somites 
stage (approximately E7.75 (Bard et al., 1998)), indicated by formation of gap-junctions at the 
ventral side of the heart tube (Navaratnam et al., 1986). This study also showed mitotic divisions 
within the region of formation of gap-junctions and formation of a multilayered and trabecu-
lated wall of the early heart tube (Navaratnam et al., 1986).

Proliferation and morphogenesis
Lineage analyses showed that, after formation of the primary heart tube, cells from a second 
heart field are added to the cardiac lineage at the anterior pole of the heart (Kelly et al., 2001; 
Mjaatvedt et al., 2001; Waldo et al., 2001). The primary heart tube would then originate from 
a first heart-forming field. In our reconstructions we were unable to observe a clear distinction 
between a primary heart tube stage and further growth, but rather observed a gradual growth of 
the embryonic heart. Therefore, we find it difficult to envision when the contribution of the first 
heart field would stop and the second field would begin. Subsequent to the discovery of the sec-
ond heart field, it was demonstrated that this field also contributed cells to the inflow of the heart 
(Cai et al., 2003; Meilhac et al., 2004a; Snarr et al., 2007). This late in development, the rupture 
of the dorsal mesocardium severs the contact between the forming heart tube and the pericardial 
back wall, and cells can only be added to the forming heart at the arterial and venous poles. This 
can easily be envisioned when one appreciates that the distance between the arterial and venous 
poles is only about 200 µm, or a line of about 15-20 precursor cells. In addition, transplantation 
studies and other lineage analyses, did not reveal distinct fields of cardiac precursors (De la Cruz 
and Sanchez-Gomez, 1998; Rosenquist and de Haan, 1966; Satin et al., 1987; Satin et al., 1988) 
(review: van den Berg and Moorman, (2009)). Moreover, observations show that marker genes of 
the second heart field are already expressed in the first heart field (Brade et al., 2007; Prall et al., 
2007; Yuan and Schoenwolf, 2000). Therefore, we rather propose a gradual temporal formation 
of the heart from precursors in the dorsal mesoderm.
In chicken, we showed that the cells added to both the in- and outflow of the heart tube take 
origin from a focus of rapidly proliferating precursor cells, located in the caudal pericardial back 
wall (van den Berg et al., 2009). As in the human (Sizarov et al., 2011), our current observations 
of proliferation did not reveal clear regionalization of proliferation in the pre-cardiac mesoderm 
in the mouse, which may result from the rapid development of the mouse compared to chicken. 
However, as in the human and the chicken, proliferation in the mouse myocardium is highly 
regionalized, with slow proliferation in the atrioventricular canal, outflow tract and inner curva-
ture. The patterns of clonal growth within the myocardium observed by Meilhac and coworkers 
(Meilhac et al., 2003; Meilhac et al., 2004a; Meilhac et al., 2004b), are in agreement with this 
proliferation pattern. For instance, in the slow proliferating outflow tract and atrioventricular 
canal (Fig. 6a,b,c,d) dispersed clones, orientated along the veno-arterial axis were seen, whereas 
coherent clones, larger in older embryos, were observed in the fast proliferating regions of cham-
ber formation. The lack of local proliferation data made that earlier analyses of clonal data had to 
assume a homogeneous cell cycle length (Meilhac et al., 2004a).

Formation of the trabecules
During chamber differentiation, the walls of the left and right ventricles form trabeculated myo-
cardium on the luminal side, while the remaining outer lining later differentiates into compact 
myocardium. Multiple genes are preferentially expressed in either the trabeculated myocardium 
or in the outer myocardial wall, reflecting both change in function and differential modes of 
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growth. For instance, the trabecules display a high expression of Nppa (Christoffels et al., 2000; 
Habets et al., 2002) and of the fast-conducting gap-junctional protein connexion 40 (Delorme 
et al., 1997; Soufan et al., 2004), which are not expressed in the ventricular compact layer. 
There also is preferential expression of signalling molecules, among which Tbx5 (Bruneau et al., 
1999) and genes that function in the TGF-beta pathway, such as BMP10 (Chen et al., 2004), 
the Notch-pathway (Grego-Bessa et al., 2007), and Neuregulin, signalling via the Erb receptor 
pathway (Lai et al., 2010); the latter pathways signalling occurs from the endocardium.
Our analyses of proliferation within the myocardial walls and the trabecules show the most rapid 
proliferation at the junction between the outer wall and the base of the trabecules, while prolif-
eration tapered off toward the top of the trabecules. Similarly, retroviral labelling of pre-cardiac 
mesoderm in chicken showed elongated clusters of labelled cells in the myocardial wall, spanning 
into the trabecules (Mikawa et al., 1992). Genetic lineage analyses in mouse, using randomly 
generated clones, also showed such orientation of growth in the transmural axis (Meilhac et 
al., 2003). In combination with the fast proliferation observed at the base of the ventricular 
trabecules, these data suggest growth of the ventricles by apposition, thereby elongating the trab-
ecules. This conclusion is further supported by the observation that activated Notch signalling, 
which regulates the proliferation and differentiation of the trabecules, is most abundant at the 
base of the trabecules (Grego-Bessa et al., 2007) causing an outward expansion of the ventricular 
chambers (Moorman and Christoffels, 2003). Regression of proliferation in the trabecules has 
been suggested to imply terminal differentiation into the conduction system (Sedmera et al., 
2003). Our study shows, however, that both compartments continue to proliferate at different 
rates. Furthermore, the proliferating outer-layer also differentiates, albeit in a contractile phe-
notype. Therefore an inverse relationship between differentiation and proliferation cannot be 
strictly assumed. 
Taken together, our analyses and interactive reconstructions of proliferation rate in the develop-
ing heart allow for an independent inspection of the 3D-architecture in relation to this impor-
tant parameter of growth. The presented analyses of proliferation from the initial formation of 
the heart up to the late prenatal four-chambered heart form a firm basis for future mechanistic 
studies.
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Abstract
Organ development is a complex spatial process in which local differences in cell 
proliferation rate play a key role. Understanding this role requires the measure-
ment of the length of the cell cycle in every position of the 3D structure. This 
measurement can be accomplished by exposing the developing embryo to two 
different thymidine analogues for two different durations, in which the exposure 
times partly overlap. This paper presents a method and a dedicated computer 
program to measure the resulting labelling indices and subsequently calculate and 
visualize local cell cycle lengths within the 3D morphological context of a devel-
oping organ. By applying this method to the early developing heart, we show a 
large difference in cell cycle lengths between the early heart tube and the adjacent 
mesenchyme of the pericardial wall. Later in development, a local increase in 
cell size was found to be associated with an increase in proliferation rate, i.e. a 
decrease in cell cycle length, in the region where the chamber myocardium starts 
to develop.
This application is the first that enables the study of local cell cycle parameters in 
single specimens in a 3D context. It can be applied in a wide range of research 
fields ranging from embryonic development to tissue regeneration and cancer re-
search.
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Introduction
To understand growth and morphogenesis during embryonic development it is essential to know 
local differences in morphogenetic parameters like cell size, cell cycle length and growth fraction. 
BrdU-labelling of proliferating cells in the embryo has been used to demonstrate local differences 
and stage-dependent changes in labelling indices in the developing heart (Sissman, 1966; Soufan 
et al., 2006; Stalsberg, 1969; van den Berg et al., 2009). These labelling indices have been inter-
preted to reflect proliferation rate. However, when the labelling index results from the staining 
of an event that only occurs during a specific phase of the cell cycle, the index merely indicates 
the fraction of cells in that phase. This not only holds for phosphorylated histone H3 staining to 
identify cells in M-phase (Soufan et al., 2006) or counting of mitotic figures (Stalsberg, 1969), 
but also for modern molecular approaches (Sakaue-Sawano et al., 2008). The obtained results do 
not allow for the calculation of cell cycle length or proliferation rate because multiple time-based 
parameters are unknown. E.g. the index resulting from counting the number of nuclei that have 
been labelled during the S-phase is not only dependent on the duration of the exposure to the 
label, but also on the length of the cell cycle and the S-phase (Sanders et al., 1993). The depend-
ence on exposure time hampers the comparison of such labelling indices between experiments. 
On the other hand, the use of different exposure times enables the calculation of cell cycle length 
and S-phase length (Nowakowski et al., 1989; Sanders et al., 1993; van den Berg et al., 2009). 
In these studies, several embryos were exposed to a single radioactive or halogen-conjugated 
thymidine analogue for different lengths of time before sacrifice. The relation between labelling 
index (LI), exposure time (Texp), cell cycle length (TC) and S-phase length (TS) is described by a 
linear equation: LI = (TS+Texp)/TC (Fig. 1) (Sanders et al., 1993). The slope and intercept of this 
relation can be used to calculate the cell cycle length and S-phase duration, respectively. However, 
the application of this procedure resulted in average estimates of these parameters within a region 
of interest (Nowakowski et al., 1989; van den Berg et al., 2009). For estimation of local cell cycle 
lengths in a developing organ or embryo it is required to apply a 3D registration of the different 
specimens (Sanders et al., 1993), which is close to impossible in complex and fast developing 
organs such as the heart. However, by exposing a single embryo to two distinct labels and differ-
ent exposure times, the differential exposure time theorem (Fig. 1) for the estimation of cell cycle 
length can be applied to a single organ or specimen. 
In this report we apply this method to the calculation and visualization of local cell-cycle lengths 
(in vivo, one embryo) in three-dimensional (3D) reconstructions from sections. We describe the 
differential nuclear incorporation of two different halogenated thymidine analogues (IdU and 
CldU) in one tissue (Vega and Peterson, 2005). Also, software for the detection of labelled nu-
clei, the spatial determination of labelling fractions and the derivation of local cell cycle length is 
presented. We apply this technique to early heart development, showing that the cells in the early 
heart tube have a long cycle length and that chamber development is marked by a local increase 
in proliferation rate with cell cycle lengths as short as 8 hours.

Material & Methods 
Chicken embryos were obtained by timed incubation of fertilized eggs (Drost Loosdrecht B.V.), 
and staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951). Equimo-
lar solutions of CldU and IdU were prepared: 8.6 mg CldU (Sigma, nr. C6891) was dissolved 
per ml of sterile physiological salt solution. 23 mg of IdU (Sigma, nr. I7125) was dissolved in 1 
ml of 0.1 N NaOH and then neutralized with 0.8ml of 1.5% NaCl and 0.2ml of 0.3 N HCl. 



Chapter 6

98

This resulted in a 11.5 mg/ml 
IdU solution.
To expose the embryos to the 
two thymidine analogues, 
100 µl of IdU solution was 
injected into the yolk sack 
of incubated chicken eggs 
which were placed back into 
the incubator. After 3 hours, 
an injection with 100 µl of 
CldU solution followed. After 
another hour, the embryos are 
isolated and washed in chick-
en physiological salt solution 
(0.719%).
The embryos were then fixed 
in Methanol-Acetone-Water 
(40/40/20 vol/vol), followed 
by dehydration, embedding 
in paraplast and sectioning at 
7 µm. Antigens were retrieved 
by 5 min of pressure cooking 
in antigen unmasking solu-
tion (Vector H3300). Each 
section was exposed over-
night to a mixture of anti-IdU 
(mouse-monoclonal anti-Br-
dU; BD, 347580), anti-CldU 
(rat-monoclonal anti-BrdU; 
Serotec, OBT0030CX) and 
anti-cTnI (rabbit polyclonal; 
HyTest, 4T21/2) followed by 
incubation for at least 2 hrs 
with a mixture of the fluores-

cent antibodies goat-anti-mouse-Alexa 680, goat-anti-rat-Alexa 568, goat-anti-rabbit-Alexa 405 
(Invitrogen) and Sytox green 488 (Invitrogen). Image acquisition was performed with a fluores-
cent microscope using a 4 channel setup (Leica DM6000, Chromaphor).
Morphological 3D reconstructions were made using Amira (Visage Imaging) as previously de-
scribed (Soufan et al., 2003). The myocardium was segmented based on cTnI expression; the 
dorsal mesoderm flanking the heart was manually segmented. Both structures were separately 
used as masks for cell counting. Cell counting was performed in sub-volumes (referred to as box-
els) to ensure that enough nuclei were counted to reach reliable labelling indices (Soufan et al., 
2007). Cell counting and cell cycle length computation were done using a custom written Mat-
lab (Version 2009a, The Mathworks) program (available under GPL licence). For each experi-
ment, the detection limit was re-calibrated, compensating for experiment dependent variation. 
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Figure 1. Graph to illustrate the differential exposure time theorem
The graph is based on a simulation of 500 nuclei with a fixed S-phase length 
and cell cycle length randomly entering S-phase. The S-phases are then sort-
ed and plotted in gray. The Y-axis has a length of 1 (all cells) and the X-axis 
has a length of one cell cycle (TC). The slope of the line formed by the end 
points of the S-phases is therefore by definition 1/TC. Thymidine analogues 
are incorporated into the nucleus during the S-phase (between the black 
lines). The fraction of labelled nuclei is thus determined by the length of the 
S-phase plus the time of exposure to the thymidine analogue divided by the 
total length of the cell cycle (Sanders et al., 1993). When two different expo-
sure times are applied, either by two different thymidine analogues or in two 
different animals, the difference in fraction of labelled nuclei (∆F) is linearly 
related to the difference in exposure time (∆T) (red triangle). Because the 
slope of this relation is equal to 1/TC, the cell cycle length can be calculated 
(red box). Similarly, the length of the S-phase can be determined from the 
slope in the blue triangle and the calculated TC (blue box).
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This calibration was done by setting the 
detection thresholds for IdU to a value 
where the fraction IdU-labelled nuclei 
within the CldU-labelled population ap-
proached 0.928.
The resulting quantitative information 
was imported into Amira and projected 
onto the morphological reconstruction. 
These reconstructions were incorporated 
into an interactive 3D pdf file (de Boer 
et al., 2011).
A cluster analysis was performed on box-
els using cell size and cycle length as vari-
ables. K-means clustering was applied on 
standardized data using the squared Eu-
clidean distance as distance measure.

Results

Differential exposure time theorem
The principle of the differential exposure 
time theorem is illustrated in Fig. 1. The 
main assumptions are similar to those 
of the exposure of different specimens: 
the dividing cells are assumed to be in a 
random phase of the cell cycle, cell cycle 
length is constant and the population 
does not increase in size during the ex-
posure time (Nowakowski et al., 1989). 
Under these assumptions, all cells pass 
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Figure 2. Cross-reactivity and validation of an-
tibody staining
Section of an embryo exposed to IdU shows 
specific staining using an antibody against IdU 
(Panel A). When an antibody against CldU is 
used there is no aspecific staining visible (Panel 
C). When an embryo is exposed to CldU and an 
antibody agains IdU is used some cross reactiv-
ity is observed (Panel B). Panel D shows specific 
staining for CldU. Panel E shows the relation be-
tween the number of nuclei labelled for IdU and 
for CldU at equal exposure times. Each point 
represents a section. There was no significant dif-
ference between 2 and 4 hours of exposure time. 
The linear relation shows a high correlation coef-
ficient (R2 = 0.991) and detection of 7.2% less 
IdU than CldU positive nuclei.
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once through the cell cycle when 1 TC has passed and thus the slope of the line that connects the 
end of the (sorted) S-phases is equal to 1/TC (Fig. 1). This slope is also equal to the difference in 
labelling fractions (∆F) divided by the difference in exposure times (∆T) (red triangle in Fig. 1) 
which allows the calculation of TC as ∆T/∆F (see also Appendix 3). 

Histology of Iodo- and ChlorodeoxyUridine 
A requirement for quantitative analysis of proliferation is the equimolar administration of IdU 
and CldU (Vega and Peterson, 2005). Because the antibody against IdU showed a cross reaction 
to CldU (Fig. 2B) and the antibody against CldU did not cross react with IdU (Fig. 2C) we chose 
to expose the embryos for 4 hours to IdU, the last hour combined with exposure to CldU. As a 
result, all CldU labelled nuclei were also IdU labelled which made cross reactivity between the 
IdU antibody and CldU irrelevant. 

Calibration and validation
Double labelling experiments with equal exposure time to IdU and CldU demonstrated that the 
number of detected IdU-positive nuclei was 0.928 (95% CI: 0.919-0.938) times the number of 
CldU-positive nuclei (Fig. 2E). Since this was a constant difference, independent of exposure 
time, a 7.2% compensation was implemented in the calculation of the IdU-positive fraction that 
is used in further calculations.

Detection of nuclei
Nuclei could be detected because a separate nuclear staining was applied. To identify nuclei (Fig. 
3A), noise and background were removed by application of a small Wiener filter and by sub-
tracting a moving average, respectively. The latter step is fundamental as it makes the detection 
of nuclei independent from gradients of background staining, which are present in biological 
samples. The obtained local maxima image was thresholded, resulting in a binary image in which 
the majority of the objects will be single nuclei. However, nuclei in close proximity to each other 
might have fused to larger binary objects. To resolve these objects, the median object area was 
computed. Objects larger then twice the median area were considered to be possibly multiple 
nuclei and were separated as described (Vincent, 1993). In short, this processing involved gray 
value erosion, dilation and reconstruction. 
After correct localization of the nuclei it was determined whether the nuclei are positively stained 
for IdU, CldU or both (Fig. 3A). We considered a nucleus to be positive when the mean intensity 
of the IdU or CldU signal in this nucleus was at least the mean standard deviation of all back-
ground regions higher than its local background; thus for every detected nucleus the difference 
in mean intensity of the nucleus and its local background were standardized with respect to the 
overall background. This relatively computational intensive method was necessary because of the 
speckled nuclear staining pattern of CldU and in particular IdU (Fig. 3A). 

Calculation and Visualization
To calculate cell cycle length in 3D volumes, aligned stacks of images were required (Soufan et 
al., 2003). Calculations were done in sub-volumes of 1053 µm3, which contain enough nuclei to 
determine reliable labelling indices (Soufan et al., 2007). To preserve spatial resolution, results 
were then projected into smaller volumes of 213 µm3, to which we will refer as boxels. Cell cycle 
lengths were determined using the formulas in Figure 1 (see also Appendix 3).
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Two ways of visualization are possible (Fig. 3B). The most intuitive way of visualisation is a 3D 
visualisation in which the quantitative information is projected onto the morphological recon-
struction. Another option is to project the quantitative information onto the original segmented 
sections. 

Application in early cardiac development
The early primary myocardium at stage HH9 (according to Hamburger and Hamilton (Ham-
burger and Hamilton, 1951)) showed low proliferation rates with cell cycle lengths beyond 32 
hours whereas the neighbouring caudal part of the dorsal mesoderm displayed a much higher 
proliferation rate with cell cycle lengths as short as 8 hours (Fig. 4A and 3D-pdf on the supple-
mental CD). Three stages (less than one day) later in development at HH12 the, now beating, 
S-shaped heart showed a highly localized band at the outer curvature (Fig. 4B and 3D-pdf on the 
supplemental CD) with a high proliferation rate, corresponding to the known onset of forma-
tion of the chambers. The primary myocardium, which is still present at the inflow, outflow and 
inner curvature, showed large areas with cell cycle lengths of over 32 hours. At the caudal part of 
the dorsal mesoderm, relatively high proliferation rates persisted. At stage HH16 (Fig. 4C and 
3D-pdf on the supplemental CD), high proliferation rates were not only found in the embryonic 
ventricle, but also in the newly forming atria. However, the primary myocardium retained it low 
proliferation rate. 
A cluster analysis was performed on the boxels based on the average cell size (Soufan et al., 2006) 
and cycle lengths in each boxel (Fig. 5). In the HH12 myocardium, this revealed three clusters 
of boxels with small fast-cycling cells, larger slow-cycling cells and large fast-cycling cells, respec-
tively. Spatial mapping of the resulting clusters of boxels showed separated populations (Fig. 5). 
At the inflow and outflow regions of the heart, the small rapidly proliferating cells were found, 
whereas the large and fast cycling cells were located at the developing ventricle. The medium sized 
slowly proliferating cells were found in the remaining primary myocardium.

Discussion

Methodological considerations
Traditionally, cell cycle parameters were determined by pulse-chase experiments or differential 
exposure times using (radioactive) thymidine analogues in vivo or in vitro (Aten et al., 1992; 
Voit and Anton, 1988; Wimber and Quastler, 1963). Another approach to determine cell cycle 
lengths is to use different exposure times to a single thymidine analogue, either by single (Alexi-
ades and Cepko, 1996; Sanders et al., 1993; van den Berg et al., 2009) or by repetitive injections 
(Cai et al., 1997; Nowakowski et al., 1989). For the latter approaches it is necessary to measure 
labelling indices in different specimens. The average cell cycle length in different compartments 
is then determined from the labelling indices measured at at least two different time points 
(Sanders et al., 1993). The most important innovation of the current study is the application of 
this differential exposure time theorem to determine local cell cycle lengths in a single specimen 
preserving the 3D morphology. Therefore it was no longer necessary to subdivide a specimen 
into compartments (Cai et al., 1997; Nowakowski et al., 1989; van den Berg et al., 2009), 
which might introduce a bias based on preconceptions, or to align different specimens (Sanders 
et al., 1993) by which biological variation between specimens is a source of error. This approach 
was made possible by the independent detection of two different non-radioactive thymidine 



Chapter 6

102

analogues (Aten et al., 1992; Vega and Peterson, 2005). Moreover, the implementation of meas-
urements in sub-volumes (boxels) of tissue (Sanders et al., 1993; Soufan et al., 2007) circumvents 
the variability in cell cycle length in different parts of the heart because within each boxel the 
cells can be assumed to share similar history and properties. The size of the sampling volumes 
was chosen to yield the number of cells required for reliable determination of a labelling fraction 
(Soufan et al., 2007) and determines the spatial resolution of the resulting quantitative recon-
structions. The numerical precision of the measurement is only determined by the total number 
of cells, not by the labelled cells.
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Figure 3. Image analysis and visualisation 
Panel A shows a schematic overview of the image processing steps involved in the identification of nuclei and 
recognition of IdU- and CldU-positive nuclei. Using a Sytox green staining all nuclei could be detected. For each 
nucleus within the region of interest (myocardium), the algorithm measures the signal in and around the nucleus 
in the IdU and CldU channels. The measurement of the local background excluded the locations at which other 
nuclei were detected. When the signal in the nucleus is at least a standard deviation above the background, the 
nucleus is classified as positively labelled. Panel B shows how the quantitative information can be projected onto 
a reconstruction or onto the original section. Each unit in the boxel representation has a volume of approximately 
213 µm3, and is the central boxel of the sampling volume of approximately 1053 µm3 that is required for reliable 
measurement of the labelling index (Soufan et al., 2007)
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When measuring cell cycle lengths, an important factor to keep in mind is the growth fraction, 
which is the fraction of actively cycling cells. The mathematical appendix (Appendix 3) shows 
that disregarding the growth fraction results in the population doubling time instead of the cell 
cycle length. To quantify and model growth, the numerical impact of cell cycle length combined 
with the growth fraction is equal to the impact of population doubling time. However, when 
studying the regulation of growth, one should consider that the fraction of cycling cells and the 
actual length of the cell cycle are different biological parameters. Measurement of local cell cycle 
lengths requires that, together with the labelling indices, the growth fraction at each position is 
determined using a cell cycle marker like Ki67 (Gerdes et al., 1984).
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Figure 4. Application in heart development
3D visualisation of cell cycle length in the heart at stages HH9 
(Panel A), HH12 (Panel B) and HH16 (Panel C) of chicken em-
bryonic development. For HH16 the quantitative reconstructions 
of the individual labelling indices for CldU and IdU, on which the 
cycle lengths are based, are shown. Note the heterogeneity in cell 
cycle lengths in different parts of the heart at every stage. Interac-
tive versions of the 3D-reconstructions can be found in the sup-
plemental 3D-pdf file.

Figure 5:.Cell size - cell cycle length cluster-
ing and visualisation
Panel A shows a cluster analysis of boxels 
based on their cell volume and cell cycle 
length. Panel B shows the same classified 
boxels plotted into the HH12 myocardium 
reconstruction. Although spatial informa-
tion was not used in the cluster procedure, 
the resulting clusters show clear spatial con-
tinuity.
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The observed cell cycle length is not biased when the thymidine analogues are not instantly in-
corporated into cycling cells as we show in the Appendix 3. However, the actual underestimation 
of the observed S-phase length would have been equal to such an incorporation lag. In an experi-
ment with different exposure times, we observed that from 15 minutes BrdU exposure onwards 
the resulting BrdU incorporation follows a linear relation (data not shown). This also shows that 
a 15 minutes exposure time is enough to reach a reliably detectable level of incorporation; in cell 
culture, IdU and CldU uptake required only 2 min (Aten et al., 1992). When exposure times are 
longer than the time between the end of the S-phase and the actual cell division, the population 
of labelled cells increases as a result of division of labelled cells (Wimber and Quastler, 1963). 
Therefore, the exposure time should be shorter than the length of the G2 plus M-phase. When 
this criterion is not met, cycle lengths will be underestimated (Appendix 3).
Using a series of exposure times to determine cell cycle length assumes that the cells are a ran-
domly cycling population with constant cell cycle length (Cai et al., 1997; Nowakowski et al., 
1989; Sanders et al., 1993). This is, however, not the case at every location in the developing 
heart. We know for instance that cells move from the highly proliferative growth centre in the 
flanking mesoderm into the low proliferative heart tube (van den Berg et al., 2009). At the bor-
ders between the growth centre and the heart tube, the cell cycle length increases. However, when 
the labelling indices are measured in boxels, the more homogeneous sub-populations of cells in 
each boxel will in most cases fulfil this assumption. In the border zone, results will still be affected 
by the changing cell cycle length during the exposure time. Therefore, in developmental studies, 
results should always be interpreted in the context of known morphogenetic processes.
The method also assumes that the measurements are done in a closed population of cells. As 
long as cells move as a coherent sheet, the local measurement is not affected by this movement. 
However, migrating cells, such as neural crest cells, cross into other tissues, and may change the 
population during the thymidine exposure. In many cases this problem can be tackled using 
specific markers to define the tissue of interest. In our current approach we used a cTnI staining 
to select myocardial tissue and only counted nuclei in cTnI expressing cells. This approach can 
be used to study proliferative behaviour of any sub-population of cells that plays a role in organ 
development. 

Biological application
In the caudal part of the dorsal mesoderm flanking the heart we found high proliferation rates. 
This is in agreement with previously described high labelling indices (van den Berg et al., 2009) 
and the high percentage of mitotic figures in this region (Stalsberg, 1969). In this part of the 
mesoderm we found cycle lengths that are similar to the previously described 7-7.5 hours for rat 
mesoderm (MacAuley A. et al., 1993).
The short cell cycle lengths found in the developing ventricle are also in agreement with the 
high labelling indices described previously (Soufan et al., 2006; van den Berg et al., 2009). This 
embryonic ventricle shows relatively high proliferation rates, although we found slightly longer 
cycle lengths than the average of 8.5 hours found by using a cumulative BrdU labelling in dif-
ferent animals (van den Berg et al., 2009). The latter low estimate is likely to be the result of 
exposure times to BrdU (up to 6 hours) being probably longer than the summed lengths of the 
G2 and S-phase. 
Soufan and co-workers found a relation between cell size and BrdU-labelling index showing 
small cells with high labelling indices at the inflow and ouflow region, medium sized cells with 
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low labelling indices in the primary myocardium and large cells with high labelling indices at 
the developing ventricle (Soufan et al., 2006). We found the same populations after clustering of 
cell cycle lengths and cell size, indicating that the small cells added to the heart first have to grow 
before proliferation is reinitiated in the ventricle.

Concluding remarks
Although we were not yet able to distinguish the actual cell cycle length from population dou-
bling time, the current application shows clear heterogeneity in population doubling times in 
different parts of the developing heart. Our method is the first that enables the study of local cell 
cycle parameters in single specimens in a 3D context. It can be applied in a wide range of research 
fields ranging from embryonic development to tissue regeneration and cancer research.
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Abstract
To understand the relation between genes and morphogenesis one first needs 
to know which genes are expressed in which parts of the developing organ. The 
widespread application of high throughput gene expression analysis platforms has 
lead to the identification of thousands of mammalian genes and the estimation 
of their activity. However, virtually all such expression analysis is carried out on 
organ homogenates in which spatial information is lost. Only 3-dimensional (3D) 
reconstruction of specifically stained sections can provide a complete spatial ex-
pression pattern. The detailed gene expression information in 2D images or 3D 
reconstructions can be made accessible by combining such 3D reconstructions 
into a common reference model.
We spatially mapped the expression patterns of 12 genes onto a mouse reference 
heart of embryonic day 11.5. The basic 3D mapping of gene expression patterns 
was followed by a flexible volume sampling to bridge small mapping discrep-
ancies. For each location in the reference model the gene expression profile is 
then known. Hierarchical clustering was used to identify regions that have similar 
expression profiles. To restrict the number of branches of the dendrogram, we 
developed a dynamic pruning algorithm that does not require an arbitrary cut-
off value. This algorithm performs a top-down pruning of the cluster tree based 
on the mean values of each gene in the profile per cluster and stops when the 
explained variance in the tree no longer increases significantly.
This approach resulted in 18 unique regions which were visualized in the reference 
heart. These regions not only represented classical anatomical compartments but 
also regions which are not directly evident from anatomical landmarks. The great 
advantage of this genetic annotation approach is that it is fully independent of 
prior recognition of anatomic boundaries.
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Introduction
To understand the roles of genes and their regulatory networks in development one first needs to 
know which genes are expressed in which parts of the developing organ (Diez-Roux et al., 2011; 
Ko, 2001). The widespread application of high throughput gene expression analysis platforms 
has lead to the identification of thousands of mammalian genes and the estimation of their 
activity in numerous organs, in several developmental, physiological and pathological states. 
However, virtually all such expression analyses are carried out on organ or tissue homogenates 
in which all spatial information is lost. Moreover, high-throughput microarray studies on the 
embryonic mouse heart were shown to miss 20% of the genes which are regionally expressed 
(Diez-Roux et al., 2011). Similarly, changes in the expression pattern will not be detected when 
these are not reflected in the overall expression level. Therefore, gene expression profiling at the 
level of single cells or small groups of cells is required to determine gene expression and to de-
cipher gene interaction in developing tissues. In situ hybridisation (ISH) of mRNA combined 
with high resolution microscopy does provide such information at cellular level (Diez-Roux et 
al., 2011; Ruijter et al., 2004). 
However, to fully exploit ISH data, the regions with different expression profiles have to be 
distinguished and annotated. Such anatomical annotation is hampered by the fact that imaging 
of developing organ systems is “especially challenging because embryonic growth, tissue trans-
location and deformation result in a shifting terrain with moving landmarks” (Ruffins et al., 
2002). This is certainly true for the heart that in the mouse develops from a straight heart tube 
at embryonic day 8 (E8) to a four-chambered heart at E14.5 without interruption of the embry-
onic circulation (Moorman and Christoffels, 2003). It is difficult to interpret 2D images of gene 
expression patterns within the intricate 3D context of the developing heart. 
Congenital cardiac malformations are among the leading birth defects in live human births, af-
fecting 1 in 100 children (Hoffman et al., 2004; Hoffman and Christianson, 1978; Marelli et 
al., 2007). This high incidence of structural heart defects highlights the complexity of cardiac 
development and, indeed, heart development was shown to depend on an interplay of a large 
number of genes at different stages of development and in different compartments of the heart 
(Bruneau, 2002; Franco et al., 1998; Gruber and Epstein, 2004). 
Standardized morphological techniques for in situ localization of specific mRNAs and proteins 
on sections reveal information on the local patterns of gene activation. 3D reconstruction then 
provides a complete 3D expression pattern (Soufan et al., 2004). The gene expression informa-
tion in 2D images or 3D reconstructions can be made accessible by anatomical annotation (Diez-
Roux et al., 2011; Visel et al., 2007) or by combining such 3D reconstructions with a common 
reference model (de Boer et al., 2009) of the whole embryo (Venkataraman et al., 2008) or a 
specific organ (Bangs et al., 2010; Bohland et al., 2010; Fisher et al., 2008; Lein et al., 2007). 
When data are mapped onto a reference model, further handling of the information present 
in the voxels of digitized images was done using sampling volumes, which we will refer to as 
“boxels”. Statistical clustering methods can be used to cluster these boxels or genes and expose 
locations and groups of genes with similar expression profiles.
Such clustering of boxels was applied to the embryonic chicken limb bud and revealed previously 
unknown gene relationships (Fisher et al., 2008). Similarly, in different experimental conditions, 
clustering uncovered co-expressed genes that are likely functionally related (Bangs et al., 2010). 
Clustering of 3D expression volumes from the adult mouse brain resulted in clusters that showed 
a high degree of correspondence with classically-defined anatomical structures (Bohland et al., 
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2010). However, when morphological tissue boundaries are not clear, the genetic profiles result-
ing from clustering of boxels can be used to genetically annotate tissue compartments (de Boer 
et al., 2009). 
This paper is the first to describe such a genetic annotation on the developing mouse heart. We 
spatially mapped 12 gene expression patterns onto a previously published reference heart of 
E11.5 (de Boer et al., 2011). The 3D registration of the ISH gene expression reconstructions 
was followed by volume sampling to bridge small mapping discrepancies. For each boxel in the 
reference model the gene expression profile is then known. Hierarchical clustering can serve to 
identify groups of boxels that have similar expression profiles which can then be visualized as 
unique regions. To identify such clusters the number of branches in the dendrogram needs to 
be restricted. To this end, we developed a dynamic pruning algorithm which took advantage of 
the biological information in the resulting clusters. This algorithm does not require an arbitrary 
cut-off value and performs a top-down pruning of the cluster tree based on the mean values of 
each gene in the profile per cluster. It stops when the explained variance in the tree does no longer 
increase significantly. 
With this approach and using only a limited number of genes, we show that the resulting regions 
not only represent those distinguished by classical anatomy; most regions are not directly evident 
from anatomical landmarks. The great advantage of this genetic annotation approach is that it is 
fully independent of prior recognition of anatomic boundaries.

Methods

Embedding, sectioning
Wild type FVB mouse embryos were used. Embryos of E11.5 were isolated, fixated in 4% para-
formaldehyde, dehydrated using an ascending ethanol series, embedded in paraffin and sectioned 
at a thickness of 10 µm. The serial sections were mounted on AAS coated glass slides at 43ºC for 
exactly 5 minutes to reduce variations in morphology due to differential stretching times, which 
could affect the quality of the reconstructions. After stretching, the slides were dried overnight 
at 37ºC. 

In situ hybridisation
Non-radioactive in situ hybridization (ISH) was performed on the sections as described in the 
standard operating protocol (AELW_DE03; available on request). RNA probes complementary 
to cTnI (Ausoni et al., 1991), Nppa (Zeller et al., 1987), Cx40 (Delorme et al., 1995), Tbx5 
(Bruneau et al., 1999), Mlc2a (Kubalak et al., 1994), Mlc2v (Lee et al., 1992), Lbh (Briegel and 
Joyner, 2001), Pitx2c (Liu et al., 2001), Tbx2 (Bollag et al., 1994), Tbx3 (Chapman et al., 1996), 
Tbx18 (Kraus et al., 2001), Isl1 (Cai et al., 2003), and Bmp10 (Neuhaus et al., 1999) mRNA 
were used to detect expression of these genes in the sections. The sections were alternatingly 

Figure 1. Hierarchical clustering and dynamic dendrogram pruning
A. Frequency distribution of the gene expression per boxel for each gene. Because the expression values are derived 
from the gene expression domains, most values are either 0 or 1. These values formed the input for the hierarchical 
clustering, resulting in a dendrogram. B. Flowchart of the algorithm for dynamic pruning of the dendrogram to 
obtain biologically relevant clusters. The decision rules of this algorithm are described in the text. C. Dendrograms 
that form the input (black) and output (blue) of the pruning algorithm. D. Illustration of the ‘explained variance’ 
criterion used in the dynamic pruning algorithm. With an increasing number of clusters the correlation 



Genetic Annotation of the Developing mouse Heart

111

cansplit = true?

is
explained
variance

significant?

next
branching point

present?

accept split

assign
cansplit = false
to descendants

assign
cansplit = false

export clusters
draw final tree
calculate profiles

assign all:
cansplit = true

is split
profitable?

yes

yes

yes

yes

no

no

no

no

calculate
statistics

0

25

50

75

100
0.

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Nppa
Cx40
Mlc2a
Mlc2v
Lbh
Pitx2c

Tbx2
Tbx3
Tbx5
Tbx18
Isl1
Bmp10

0

0.25

0.5

0.75

1

0 10 20 30 40 50
0.0001

0.001

0.01

0.1

1

In
cr

em
en

t R

F e
xp

la
in

ed
 =

0.
00

1
R
increment R

cluster level

co
rr

el
at

io
n 

co
ef

fic
ie

nt
 (R

)

N
pp

a
C

x4
0

Tb
x5

M
lc

2a
M

lc
2v Lb
h

P
itx

2c
Tb

x2
Tb

x3
Tb

x1
8

Is
l1

B
m

p1

0

1

N
pp

a
C

x4
0

Tb
x5

M
lc

2a
M

lc
2v Lb
h

P
itx

2c
Tb

x2
Tb

x3
Tb

x1
8

Is
l1

B
m

p1

0

1

N
pp

a
C

x4
0

Tb
x5

M
lc

2a
M

lc
2v Lb
h

P
itx

2c
Tb

x2
Tb

x3
Tb

x1
8

Is
l1

B
m

p1

0

1
Cluster 1Parent clusters 1&2 Cluster 2

A

E

D

B

C

(Figure 1, continued) coefficient (R) of the cluster tree increases. However, the increment of R, which is the extra 
explained variance per level, becomes progressively smaller. In the current tree, this increase in explained variance 
is no longer statistically significant after 30 levels, which resulted in 18 clusters. E. Illustration of the ‘can split’ 
criterion used in the top-down pruning algorithm. A parent cluster is allowed to split when the resulting clusters 
display mean gene expression values that are closer to 0 or to 1. In this example, the split is driven by the expres-
sion of Pitx2c. The mean expression of this gene is 0.32 in the parent cluster; in the resulting clusters (the final 
clusters 1 and 2) it is 0.8 and 0.02, respectively. 
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stained with either two or three probes, using cTnI or Mlc2a in combination with either one or 
two of the other probes-of-interest. 

Reconstruction and segmentation
3D reconstructions were made in Amira using the previously described protocol (Soufan et al., 
2003). In the sets of images resulting from the alternate staining, the expression pattern of either 
the cTnI or the Mlc2a probe was used as a marker for differentiated myocardium. These patterns 
were used to define borders of myocardium within which the expression of Nppa, Cx40, Tbx5, 
Mlc2a, Mlc2v, Lbh, Pitx2c, Tbx2, Tbx3, Tbx18, Isl1, and Bmp10 was segmented. Gene expres-
sion was labelled as positive when it exceeded the staining level in tissues that were known not 
to express the gene. In case of a scattered gene expression type, expression domain borders were 
drawn along the domain limits. 

Registration
The expression pattern contained in the individual gene expression reconstructions was mapped 
to one common reference model (de Boer et al., 2011). The approach was to register the myocar-
dium reconstruction to the reference model and then use the same transformations to register the 
reconstruction of the gene-of-interest. First, the reconstruction was re-sampled to a manageable 
size, usually around 10x10x20 µm. Then the reconstruction was translated to the same space as 
the reference model, followed by a manual alignment of the reconstruction and reference model 
using orthoslices for orientation. Then Amira automatically registered the reconstruction using 
an affine transformation. Finally, an elastic registration was performed using label difference as 
distance metric. All applied transformations were saved and then applied to the corresponding 
gene expression reconstruction. A similar approach using Amira was used by Boerner and Duch 
(2010).

3D measurement
To enable cluster analysis, the myocardium of the reference model was divided into 3413 box-
els, with a volume of 513 µm3, which include 15x15x17 voxels of the reference model. Using a 
Matlab (Version 2009a, The Mathworks) program, the fraction of the myocardium boxels in 
each of the gene expression reconstructions that was positively labelled for a gene-of-interest was 
determined. When there was not enough myocardium label in the boxel to reliably determine 
this fraction, the sampling area was automatically expanded with the neighbouring shell of this 
individual boxel, until a gene expression fraction could be determined.

Clustering and pruning
A two-step clustering procedure was adopted to determine the optimal number of clusters. In the 
first step, a bottom-up hierarchical clustering was applied using Euclidean distance and Ward’s 
linkage (Ward , 1963). This combination was chosen because it matches best with the pruning of 
the dendrogram implemented in step two. The Euclidean distance d(x,y) between two boxels x 

and y is defined as 
 

 ∑



12

1i

2
yx i-i  y)d(x, , where ix and iy denote the expression fractions of 

one of the 12 genes in boxels x and y, respectively. In Ward’s linkage, boxels or clusters of boxels 
are combined based on minimal increase of the within-cluster variance. In combination with 
Euclidean distance this will lead to a minimal variance around the mean expression per gene. 
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This bottom-up clustering can be done with every statistical package that enables the export of 
cluster membership for all cluster levels. In the current paper, Matlab was used. Cluster member-
ship was saved and exported to Excel (Microsoft). 
The second step of the clustering procedure consists of a top-down pruning of the dendrogram 
(flowchart in Fig. 1B). This pruning is based on the fact that we work with expression domains, 
which implicates that the expression information per gene per boxel consists mainly of values 
close to 0 or close to 1 (Fig. 1A). When the aim is to find clusters that show co-expression of 
some of the included genes, the mean expression per gene should therefore also be close to 0 or 
1, indicating absence or presence, respectively, of expression of the gene in the cluster. According 
to this reasoning, a cluster should be allowed to split into two branches only when the gene ex-
pression profile becomes more different from 0.5. To this end, the mean value observed per gene 
per cluster is compared to 0.5 using a one-sample t-test: t = (meangene - 0.5)/SDgene resulting in a 
p-value per gene (pgene) that can be derived from the t-distribution with n-1 degrees of freedom. 
The p-values per gene are then combined to a p-value per cluster: 
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which is the chance of falsely rejecting the null hypothesis that for all genes the mean is 0.5. This 
pcluster is calculated for each cluster in a triplet of the root and the two branches at each cluster 
level. The splitting of the root is only allowed when the pooled pcluster of the two branches is lower 
than the pcluster of the root: 
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The use of (1 - pbranch) puts extra weight on less significant p-values. When a branch is thus la-
belled as ‘cannot split’ this status is inherited to all its sub-branches in the dendrogram (Fig. 1B). 
In short, the top-down pruning procedure allows a split in the dendrogram only when a profit, 
in terms of expression profiles with mean values closer to 0 or 1, is reached by splitting a cluster. 
The “profit-pruning” method is, therefore, not dependent on an arbitrary threshold. 
After each application of the profit criterion, the increase in the explained variance because of the 
split was tested. With increasing number of clusters, the total variation between boxels is divided 
into more homogeneous groups which leads to an increase in the correlation coefficient which 
reflects the variance explained by the cluster tree (Fig. 1D). The explained variance was calculated 
from the difference of the within-cluster variance before and after the split and was compared to 
the total variance using an F-test with (1, nboxels -1) degrees of freedom. A p-value of 0.001 was 
considered to indicate a non-significant increase in explained variance and the top-down splitting 
of the clusters was stopped. (Fig. 1B).
The top-down profit-pruning was implemented in a Windows program written in Pascal us-
ing Delphi (7.0; Borland Software Corporation). This program can be downloaded from www.
HFRC.nl. 

Binding experiment
The fusion constructs used in this study were PCR generated and sequenced to verify sequence 
integrity as described (Boogerd et al., 2008). Constructs encoding maltose-binding protein 
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Figure 2. Expression patterns and clustering of 
genes (left)
Gene expression patterns visualized with in situ 
hybridisation staining on sections were recon-
structed in 3D and mapped onto a common 
high-resolution 3D reference model. To display 
gene expression domains, a threshold of 50% 
was set on the number of gene-positive voxels in 
each sampling volume, dubbed “boxel”. The Isl1 
expression pattern, scattered in the original sec-
tions, is therefore less extensive than described in 
literature. For each expression pattern a ventral, 
four-chamber and dorsal view are shown in the 
left, middle and right column, respectively. Hi-
erarchical clustering of the genes, based on the 
gene expression profiles per boxel, resulted in the 
displayed dendrogram.

Figure 3. Gene expression clustering and genetic 
annotation (next page)
A. Final dendrogram, showing the 18 clusters that 
result from the dynamic pruning of the dendro-
gram resulting from clustering of the gene expres-
sion profiles in 3413 boxels. The heat map shows 
the expression levels per gene (along the top) per 
boxel; green indicates high expression. The col-
oured bar designates the boxels per final cluster. 
B-F: In each of the diagrams a group of clusters is 
mapped onto the common high-resolution refer-
ence model. The displayed groups of clusters were 
chosen to correspond to known anatomical com-
partments: atria (B), mediastinal myocardium 
and atrial back wall (C), atrio-ventricular canal 
(D), left ventricular wall and trabecules (E) and 
right ventricular wall and outflow tract (F).
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(MBP)-fusions with Tbx2 (pMAL2C-Tbx2-T-box) were based on pMAL2C (Clontech) (Boog-
erd et al., 2008). pRP265nb-based23 glutathione-S-transferase (GST) fusion constructs were 
generated to express GST-NKX2.5 (pRP265nb-Nkx2.5) and GST-PITX2C (pRP265nb-Pitx2c).

Results

Gene expression patterns
Figure 2 shows the expression patterns of the 12 genes, as they where included in the cluster 
analyses, mapped onto the E11.5 mouse reference heart. The order is determined by a cluster 
analysis between the expression patterns of the genes. The expression patterns were all according 
to available literature. Nppa is described to be expressed in the atria and ventricles, albeit that ex-
pression in the right ventricle is low compared to that in the left (Christoffels et al., 2000; Habets 
et al., 2002). Expression of Cx40 is limited to the atria, including the mediastinal myocardium, 
and the ventricles; at stage E11.5 the left ventricle expresses more Cx40 than the right (Delorme 
et al., 1997; Soufan et al., 2004). Tbx5 is expressed in the atria and left ventricle, to a lesser 
extend in the trabeculations of right ventricle (Bruneau et al., 1999) and in the atrioventricular 
canal (AVC). Mlc2a is expressed in the atria and outflow tract (OFT); the expression level in 
the ventricles is less (Franco et al., 1999) but still above background level. In contrast, only the 
ventricles and proximal part of the OFT express Mlc2v (Franco et al., 1999). Lbh is expressed 
in the AVC, OFT and the ventricles where expression is less pronounced in the trabeculations 
(Briegel and Joyner, 2001). Pitx2c is expressed in the left and ventral portion of the OFT, ventral 
parts of the ventricles and the left atrium including the primary atrial septum (Campione et al., 
2001). Tbx2 is expressed in AVC and OFT (Christoffels et al., 2004; Habets et al., 2002). Tbx3 
is expressed in the inflow region, the AVC and the inter ventricular foramen (Hoogaars et al., 
2004). Tbx18 is expressed in the sinus venosus myocardium (Mommersteeg et al., 2010) and 
to at a lower level, which we could not detect, in the inter ventricular septum (Christoffels et 
al., 2009). Isl1 is expressed in the proximal end of the OFT, and at the venous pole (Snarr et al., 
2007). Finally Bmp10 expression is restricted to the trabecular myocardium of both ventricles 
(Chen et al., 2004).

Clustering results
Figure 3A shows the dendrogram resulting from the clustering of boxels and the expression pro-
files of all boxels sorted for each of the 18 identified clusters. Figures 3B-F visualize these clusters; 
the reference model with all clusters is also available in an interactive 3D pdf (see supplemental 
CD). The following text describes the noteworthy clusters. Note that the expression profile of 
each cluster is determined by a unique combination of active and inactive genes.
The left and right atrium (cluster 1 and cluster 2, respectively; Fig. 3B) are distinguished by 
Pitx2c expression in the left atrium. Between these atria, the mediastinal myocardium, includ-
ing the primitive atrial septum (Soufan et al., 2004), is found to form cluster 3 (Fig. 3C), which 
is Cx40 positive and Nppa negative. Like the left atrium this cluster is Pitx2c positive and in 
contrast to both atria it is Tbx2 positive. The right inflow region (cluster 7) includes the venous 
valves and differs from the atrial septum cluster (cluster 3) by the absence of Pitx2c (Fig. 3C). 
The sinus node region (cluster 13) is different from the AVC cluster (cluster 11) mainly because 
of the differential expression of Tbx2 (Fig. 3D). It differs from the right atrium because of the 
expression of Lbh and Tbx3 and the absence of Nppa and Cx40. Further specification of this 
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region would require the inclusion of HCN4 (a pacemaker gene) and Nkx2.5 (Mommersteeg 
et al., 2007).
Cluster 12 (Fig. 3D) shows that an atrioventricuar bundle can be distinguished from the rest 
of the AVC myocardium; this cluster is characterized by the presence of Mlc2v and the absence 
of Tbx2 expression (Aanhaanen et al., 2010). At E11.5 Cx40 is hardly expressed in this region.
The trabeculations of the left and right ventricles cluster together (cluster 14; Fig. 3E) which dif-
fers from the left ventricular wall (cluster 15; Fig. 3E) by the expression of Bmp10 and Tbx5. The 
wall of the right ventricle (cluster 18; Fig. 3F), including the ventricular septum, differs from the 
left ventricular wall (cluster 15; Fig. 3E) in the absence of Cx40 or Nppa expression.
The gene expression profile of the OFT (clusters 16 and 17; Fig. 3F and 4A) differs from that of 
the right ventricular wall because both OFT clusters express Tbx2. The outer curvature of the 
OFT (cluster 17) differs from the inner curvature by the expression of Pitx2c (cluster 16). The 
primary myocardium of the OFT is directly connected to the lateral and ventral part of the AVC 
(cluster 11); at the right side via the Pitx2c-negative part (cluster 16) and on the left side via the 
Pitx2c positive part of the outflow (cluster 17). The latter OFT cluster invades far into the right 
ventricle, parallel to the ventricular septum.

Novel gene interaction
The observation of two clusters (Fig. 4A) with differential expression of Pitx2c within the com-
pletely Tbx2-positive OFT is notable, because these genes were clustered together based on their 
generally similar expression patterns (Fig. 2). This makes this combination of genes interesting 
to look at in more detail. To verify whether it is possible that interaction between those genes is 
involved in OFT modelling, we performed an MBP pull-down experiment. This was done using 
constructs containing the T-box encoding region of Tbx2 fused to MBP and GST fusions with 
Nkx2.5 and Pitx2c (Fig. 4B). This experiment demonstrated binding of the T-box of Tbx2 to 
Nkx2.5 as well as Pitx2c and thus indicated that these genes are able to interact with each other.

Discussion
Annotation of the developing mouse heart is not only complicated by the rapid morphological 
changes and biological variation, but also by deformations as the result of its contraction state 
and embedding artefacts of thin-walled structures. These all interfere with the accurate mapping 
of multiple 3D reconstructions to the common reference. Moreover, combining gene expression 
patterns using a common anatomical annotation is virtually impossible because the expression 
domains of regulatory genes will only be part of the existing compartments (Ruijter et al., 2004). 
The regions of the developing heart can therefore not be delineated by morphological landmarks. 
To remedy this situation, genetic annotation of compartments in the developing heart was pro-
posed (de Boer et al., 2009). The genetic annotation approach that is presented in this paper 
will be discussed with respect to the input, the image registration, sampling of gene expression 
information, clustering method, pruning of the dendrogram and visualisation. Finally, the com-
parison of two genetically distinct clusters found in the outflow tract will be used to illustrate the 
strength of this method to generate a biological hypothesis on gene interactions.

Input
In situ hybridisation or immunohistochemistry on sections is required to obtain gene expres-
sion information with cellular resolution (Diez-Roux et al., 2011; Ruijter et al., 2004). Several 
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studies have used such gene expression data to study relations between genes. Some studies used 
anatomically defined (parts of ) organs (Diez-Roux et al., 2011; Visel et al., 2007). Others used 
sampling volumes, boxels, to handle the information in the digitized images (Bangs et al., 2010; 
Bohland et al., 2010; Fisher et al., 2008; Lein et al., 2007). Statistical clustering methods were 
then used to cluster structures as well as genes. Clustering of genes reveals co-expressing genes 
whereas clustering of structures reveals organ systems with similar expression profiles.
In a high-throughput approach, staining patterns were collected from a systematic sampling of 
sections through ED 14.5 mouse embryos (Diez-Roux et al., 2011; Visel et al., 2004). Gene 
expression of over 600 genes was scored in 70 anatomically annotated (parts of ) organs and a 
cluster of genes with high expression levels in the brain was shown to share regulatory DNA 
sequences (Visel et al., 2007). Such clusters of co-expressed genes, observed in the embryo, were 
considered to have predictive value for the adult (Diez-Roux et al., 2011). These studies were 
based on known anatomical compartments. 

Registration
In the developing mouse heart anatomical landmarks are absent or shifting and therefore ana-
tomical compartments cannot unequivocally be distinguished. Moreover, cells in the heart do 
not remain necessarily in the same compartment. For instance, cells from the outflow tract move 
into the right ventricle (Rana et al., 2007) and cells from the atrioventricular canal into the left 
ventricle (Aanhaanen et al., 2009). Therefore we chose to map complete 3D gene expression re-
constructions to an age-matched 3D reference model generated with episcopic image capturing 
(de Boer et al., 2011; Weninger et al., 2006). Similar mapping of expression patterns to reference 
models is applied in large scale expression profiling efforts (Bohland et al., 2010; de Boer et al., 
2009; Venkataraman et al., 2008). Although the sequence of manual, affine and elastic registra-
tion of reconstructions to the reference model results in robust and reproducible results, not all 
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Figure 4. Primary myocardium clusters and gene interaction
A. Detailed view of the clusters that together form the primary myocardium of the AVC, OFT and sinus node 
region. B. MBP-pull-down assays using the T-box of Tbx2. The T-box of Tbx2 is able to bind to Nkx2.5 and 
Pitx2c. Sizes of molecular weight marker proteins (M, kDa) are shown on the right.
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parts of the embryonic mouse hearts can be precisely fitted. Especially thin walled structures 
(atria and outflow tract) were problematic. Where these were in close proximity to other parts 
of the heart, misalignments were unavoidable. However, most of these mismatches could be 
bridged by the implemented volume sampling procedure.

Sampling of gene expression information
Gene expression data were not determined per anatomical structure but the tissue was divided 
into cubic volumes (Bangs et al., 2010; Fisher et al., 2008). In the current method such a system-
atic sampling of gene expression data was implemented not only to obtain a manageable number 
of data points, but also to achieve other goals. The gene expression is expressed as the fraction of 
the boxel volume occupied by tissue expressing the gene and the sample volume was dynamically 
increased when necessary to reach the required level of confidence in each boxel (Soufan et al., 
2007). Note that the resulting fraction is projected onto the 513 µm3 centre boxel. As in other ap-
plications (Bohland et al., 2010; Lein et al., 2007) this volume sampling thus served to smoothen 
the data. But it also preserved the spatial resolution of the data set at a level of only a few cells 
(Soufan et al., 2006). The volume sampling thus implemented was as a trade-off between spatial 
resolution and quantitative precision. Moreover, the sample volume helped to bridge small mis-
alignments of the individual gene expression reconstructions to the 3D reference model: because 
of the span of the sample volume an exact fit of the whole 3D reconstruction was not required. 
Although the sampling resulted in a gene expression profile for each boxel in the reference model, 
it was impossible to visualize such a number genes at once in 3D; finding patterns by visual 
inspection becomes unfeasible with a large number of datasets (Venkataraman et al., 2008). Be-
cause it has been shown that cluster analysis of annotated gene expression patterns is an approach 
to identify components of signalling cascades (Diez-Roux et al., 2011; Visel et al., 2007) and our 
approach was aimed at identifying compartments in the developing mouse heart based on their 
distinct gene expression profiles, clustering of the boxels based on their gene expression profile 
should also reveal relations between genes.

Clustering and pruning
Clustering of boxels instead of anatomical compartments reveals sub-regions of clusters which 
share a strong genetic relationship. This was observed in brain: clustering of boxels based on cor-
relation (Lein et al., 2007) or Euclidian distance (Bohland et al., 2010) both showed (spatially 
continuous) sub-populations within anatomically defined compartments. But also in embryonic 
limb bud clusters of boxels with a similar expression profile were identified (Bangs et al., 2010; 
Fisher et al., 2008). Similarly, clustering based on gene expression per anatomic compartment 
was proposed (Diez-Roux et al., 2011) and used to identify genes with a common regulation 
(Visel et al., 2007). To exploit this possibility clustering tools have been added to the interface of 
the EMAGE database of gene expression patterns for mouse embryonic development (Venkata-
raman et al., 2008).
However, in each of these approaches the authors use different distance measures, linkage algo-
rithms and decision rules to decide upon the optimal number of clusters. Because of the virtually 
binary nature of the gene expression data in our study (Fig. 1A) using the correlation coefficient 
(Bangs et al., 2010; Diez-Roux et al., 2011; Lein et al., 2007) would be incorrect and therefore 
the Euclidean distance (Bohland et al., 2010; Fisher et al., 2008) was used. Because the discrimi-
nating feature of the resulting clusters would be the profile represented by the mean expression 
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of each gene, Wards clustering, that aims for minimal variation within clusters, was deemed ap-
propriate. A bottom-up clustering procedure thus resulted in a complete dendrogram. 
The purpose of pruning of this dendrogram was to obtain clusters with firm biological informa-
tion. When the number of compartments is known, K-means clustering can be used to this end 
(Bohland et al., 2010) but in hierarchical clustering the dendrogram has to be pruned by setting 
a cut-off level to the distance measure (Bangs et al., 2010; Diez-Roux et al., 2011). Using a fixed 
cut-off value often leads to a few big clusters and a large number of small ones (Spek and Klusen-
er, 2011) and thus clusters in which the variation between members has no biological uniformity. 
A dynamic threshold can result in clusters that more closely reflect the variation in the data set 
(Langfelder et al., 2008). However, such an approach still requires the setting of a number of 
cut-off values on the properties of the resulting clusters. In some cases, the shape of the dendro-
gram allows a dynamic cutting of ‘long branches’ (Fisher et al., 2008). In the present method, 
the strongly bimodal distribution of the input data for most of the genes (Fig. 1A) enabled us to 
formulate a decision to be made at each split in the top-down pruning of the dendrogram. A split 
would only be allowed when the expression profiles of the genes were further from 0.5 than they 
were before the split. When implemented, the rejection of the non-profitable splits would still 
result in 38 clusters (with an input of 240 dendrogram levels) containing the initial 3413 boxels. 
However, the explained variance, defined as the reduction in residual variance, for each approved 
split can be compared to the total variance in the data set and thus used to decide when further 
branching of the dendrogram is no longer considered statistically significant. The combination of 
these two tests at each level of the top-down tree-traversal, results in a limited number of clusters 
with a gene expression profile in which the mean per gene is as close as possible to 0 or 1. Note 
that both criteria are required: only the explained variance test would not suffice to steer the 
branching into the desired direction whereas the profit criterion on its own would not prevent 
the split of a cluster that has already reached the desired profile.
As in the analysis of the brain (Bohland et al., 2010) the resulting clusters are largely spatially 
continuous, even though spatial information was not included in the method. In the brain more 
clusters led to subdivision of larger areas. In the embryonic heart, the extra clusters that ap-
pear when the explained variance criterion is not used, are all concentrated in one of the main 
branches. The branches that identify the atria, ventricles and the outflow tract (Fig. 3 B,E and F) 
remained without further divisions. This shows that cluster analysis reveals those compartments 
of the organ with a more refined substructure (Lein et al., 2007). An anatomical annotation can 
thus be extended and specified with a genetic description, or vice versa.

Visualisation
To visualize the resulting clusters, the 513 µm3 boxels were projected onto the original 33µm3 

voxels of the reference model. This visualization is very helpful because of its superior anatomical 
detail. However, it should be noted that the resolution of the presented clustering information is 
still limited to the applied boxel size. As in other gene-clustering applications AMIRA (Bangs et 
al., 2010; Fisher et al., 2008) and 3D-pdf files (Bangs et al., 2010; de Boer et al., 2011) can be 
used for interactive study of the clustering result. 

A biological hypothesis
We found two clusters with differential expression of Pitx2c within the completely Tbx2 posi-
tive OFT, which is notable because these genes were clustered together based on their generally 
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similar expression patterns in the heart (Fig. 2). This prompted us to check for a possible inter-
action between those genes. The MBP pull-down experiment indeed demonstrated that Tbx2 
and Pitx2c interact with each other (Fig. 4B). Moreover, knock-out of Tbx2 (Harrelson et al., 
2004) and Pitx2c (Bajolle et al., 2006) are both reported to cause severe OFT malformations 
such as double outlet right ventricle (DORV) or transposition of the great arteries, both related 
to rotation defects. However, Tbx2 knock-out in FVB mice in contrast to a mixed 129/C57/
ICR  background did not show such severe malformations, which indicates the effect to be 
dependent on genetic background (Aanhaanen et al., 2009). Although Tbx3 is not expressed in 
the myocardium of the OFT, its expression pattern largely overlaps with that of Tbx2, including 
OFT cushion mesenchyme and AVC myocardium; a functional redundancy of these two genes 
has been described (Hoogaars et al., 2004). Moreover, knock-out of Tbx3 is also known to cause 
DORV (Bakker et al., 2008). Given that the OFT is directly connected to the inner curvature of 
the AVC (Fig. 4A) and that half of this connection is Pitx2c positive, one may hypothesize that 
rotation of the outflow tract is facilitated by differential regulation of growth within the AVC as 
result of an interplay of Tbx2, Tbx3 and Pitx2c.

Concluding remarks
The current study shows that it is possible to identify regions in the developing mouse heart that 
have similar expression profiles using hierarchical clustering based on the expression patterns of 
12 genes. By applying a dynamic pruning algorithm, we were able to identify 18 continuous 
domains, each with its own unique expression profile, Further analysis of two domains in the 
OFT, revealed a novel gene interaction, which shows that this approach can be used to generate 
hypotheses on genetic interactions.
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Summary
Congenital cardiac malformations are among the leading birth defects in human live births, af-
fecting 1 in 100 children. This high incidence of structural heart defects highlights the complex-
ity of cardiac development and, indeed, heart development was shown to depend on an interplay 
of a large number of genes at different stages of development and in different compartments of 
the heart. In mouse, heart development takes place at a terrific pace. Developing, while func-
tioning, in only a few days from a linear primitive tube to a complex four chambered heart. To 
enable this transformation, cells are added to the heart at both poles. Moreover, cells in the heart 
do not necessarily remain in the same compartment: cells from the outflow tract move into the 
right ventricle and cells from the atrioventricular canal into the left ventricle. Local differences in 
proliferation rate are another important parameter in heart morphogenesis. 
To comprehend the processes involved in cardiac morphogenesis we need tools to understand 
morphology, to measure and visualize morphogenetic parameters and to interpret associations 
in gene expression patterns. Enormous amounts of in situ gene expression data are available in 
literature, but exploration of this wealth of information is hampered by the fact that each paper 
reports on a limited number of genes, studied in various developmental stages and species. To 
remedy this situation, several initiatives bring these data together in spatio-temporal gene expres-
sion atlases. In Chapter 1, eleven atlases, describing developing vertebrates and covering at least 
100 genes, were reviewed. This review focused on: (1) the used anatomical framework, (2) the 
handling of input data and (3) the retrieval of information. The aim was to provide insights into 
the possibilities of the atlases, as well as to describe what more than a decade of developmental 
gene expression atlases can teach us about the requirements of the design of the ‘ideal atlas’. Most 
ingredients needed to develop the ideal atlas were already applied to some extent in at least one 
of the discussed atlases. The review concluded that the ideal atlas should be based on a spatial 
framework, i.e. a timed series of 3D reference models, which is anatomically annotated using an 
ontology with sufficient resolution, both for relations as well as for anatomical terms.
The development of a program for TRacing the Anatomical Context of Tissue Sections (TRACTS) 
was based on such a spatial framework. The aim of this program which fits 2D sections into 3D 
reference reconstructions and thus enables the retrieval of their correct location and orientation, 
was twofold. Firstly, placing sections in a cardiac reference model helps in the exact annotation of 
the cardiac compartments present in the section which will be of help to the non-morphological 
scientist in need of a histological confirmation of a gene expression profile. Moreover, much of 
the disagreement among embryologists may merely be based on miscommunication, because it 
is far from easy to form a mental image of a dynamically changing three-dimensional structure, 
even for experts. Secondly, TRACTS can be used to collect the gene expression patterns visible 
in the fitted sections within one common spatial framework. In Chapter 2 we show that a basic 
version of the program, using a primarily brute force pixel-based approach, already gave promis-
ing results. The performance of this basic program could be substantially improved when the 
program was extended with the use of some relatively simple image features. The initial perform-
ance of TRACTS, i.e. how well TRACTS fitted a section, was judged by experts in morphology. 
In this version of TRACTS, the reference model was reconstructed from histological sections 
stained with myocardium-specific markers. 
In the final version of TRACTS, the spatial framework was improved by using a reconstruction 
based on episcopic images which are not subject to deformations due to sectioning and stretch-
ing. Now the performance of TRACTS was compared to that of the five experts in morphology 
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(Chapter 3). The program placed sections correctly, robustly and as precisely as the best of the 
fits achieved by the five experts. In the same chapter is described how 3D objects can be embed-
ded into a pdf document. Without this, dissemination of 3D data is severely hampered by the 
2D medium of print publication. Interpretation of the results of anatomical and embryological 
studies relies heavily on proper visualization of complex morphogenetic processes and patterns 
of gene expression in a three-dimensional (3D) context. Many insights gained from studying the 
3D object are very hard to convey using only 2D images and are consequently lost or cannot 
be verified independently. We have developed a protocol that describes, step by step, how 3D 
objects can be embedded into a pdf document. This allows interaction with the 3D structure on 
one’s own computer screen which is ideal in the understanding of the intricate morphology of 
developing embryos. Both the use of TRACTS and the inclusion of 3D objects in pdf documents 
can help in the interpretation of 2D and 3D data, and will thus optimize communication on 
morphological issues in developmental biology.
The quantification of morphological parameters and their changes within a region of interest is a 
key concern in embryological studies. In Chapter 4, we describe a tool to measure the distance 
between two points which was used to measure the speed at which cells migrate from the growth 
center in the caudal pericardial wall into the non-proliferating primary heart tube. These distance 
measurements have to follow a track through the tissue when measuring in sheet-like or con-
torted organs like the developing heart. Three existing neighborhood estimators were compared; 
two of Verwer and one of Kiryati, all originally designed to compute chamfer distances in data 
sets with isotropic, cubic voxels. The estimators were, therefore, adjusted to handle non-isotropic 
data sets. Moreover, the shortest path along a user-defined track within a given tissue was calcu-
lated. The measurement of known distances, through a simplified model of an early heart tube 
with anisotropic voxels, was used to decide which of the three estimators should be implemented. 
The observed Root Mean Square (RMS) errors were similar to the ones reported in literature 
in the unrestrained isotropic case. The isotropy-adjusted Verwer estimator measuring in a 53 

neighborhood performed best by far with the lowest mean and RMS errors. Application of this 
method was used to show that cells from the growth center migrate into the primary heart tube 
at a speed of 70 µm per hour. 
Much of our current knowledge on cardiac development is derived from the mouse model, per-
mitting molecular analyses along with genetic lineage tracing. Important as these analyses are, 
they cannot fully be exploited when not supplemented with a clear insight of the growth of the 
embryonic heart, which is currently lacking. In Chapter 5, a comprehensive series of interactive 
3D reconstructions is presented, showing the mouse heart development throughout the com-
plete gestational period, each supplemented by the pattern of proliferation. We show that the 
splanchnic mesoderm is highly proliferative and that upon recruitment to the cardiac lineage the 
proliferation rate drops, as in human and chicken. These observations were done using morpho-
logical and quantitative 3D reconstructions. The latter are based on BrdU-labelling experiments. 
BrdU is a thymidine analogue, which is incorporated during DNA synthesis, in the S-phase, of 
the cell cycle. Proliferation rate locally increased at the sites of chamber formation, generating 
heterogeneous patterns of proliferation. Further quantitative analyses showed a gradual decrease 
in proliferation rate of the ventricular walls with progression of development, and a base-to-top 
decline in proliferation activity in the trabecules. Our data offer clear insights into the growth 
and morphogenesis of the mouse heart and provide a firm basis for future mechanistic studies.
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Although the BrdU-labelling indices are related to the length of the cell cycle, a direct inter-
pretation as such is hampered by the relative length of the S-phase compared to the total cell 
cycle length. Therefore, Chapter 6 presents a method and a dedicated computer program to 
measure the actual local cell cycle lengths. This method relies on the labelling, for two different 
exposure times, with the two thymidine analogues IdU and CldU, in which the exposure times 
partly overlap. The observed difference in labelling indices, together with the known difference 
in exposure time, enables calculation of the cell cycle length. This method was applied on early 
chicken heart development and showed an extremely heterogeneous pattern of cell cycle lengths, 
with lengths ranging from less than 8 hours in the growth center in the caudal pericardial wall, 
less than 16 hours in the forming primitive ventricle, to days in the primary myocardium. The 
resulting quantitative 3D reconstructions of cell cycle lengths are the first to show this informa-
tion based on labelling of 1 specimen.
As was described in chapter 1, anatomical annotation is often controversial because of anatomical 
nomenclature and definition of borders. These controversies can be, at least partially, solved by 
using annotated reference models. Since the meaning of terms used in anatomically annotated 
reference models will be clarified by their 3D spatial depiction in the models, it will be evident 
from the reference models what the defined borders of named structures are. This will remove 
most of the ambiguity in the terms used in anatomical annotations. A complicating aspect of us-
ing anatomical annotation is that gene expression patterns do not necessarily respect the borders 
of anatomical structures.
To address the latter problem it was proposed in chapter 1, to combine the anatomical annota-
tion of a spatial framework with an annotation based on the expression profiles of a limited set 
of genes with known expression domains. To this end we spatially mapped, in Chapter 7, the 
expression patterns of 12 genes onto a previously published mouse reference heart of embryonic 
day 11.5. Hierarchical clustering was used to identify regions that have similar expression pro-
files. To restrict the number of branches of the dendrogram, we developed a dynamic pruning 
algorithm that does not require an arbitrary cut-off value. This algorithm performs a top-down 
pruning of the cluster tree based on the mean values of each gene in the profile per cluster and 
stops when the explained variance in the tree no longer increases significantly. This approach 
resulted in 18 continuous domains, each with its own unique expression profile. Most of these 
domains represented classical anatomical compartments, but we also observed novel domains 
that cannot be distinguished by any anatomical landmark.
The presented methods are tools to define and communicate on the anatomy and morphomet-
rics of the developing heart. Application of the described methods provided new findings and 
biological insights into the morphogenesis of the heart. Our tools will enable the integration of 
quantitative morphological and gene expression data within a single spatial framework, which in 
turn, will allow a system biological approach of cardiac development.
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Samenvatting
Congenitale hartafwijkingen behoren, met een incidentie van ongeveer 1 op 100 in levend 
geboren kinderen, tot de meest voorkomende aangeboren afwijkingen bij de mens. Deze hoge 
incidentie van structurele hartafwijkingen wijst op de complexiteit van de ontwikkeling van het 
hart. De ontwikkeling van het hart blijkt in de praktijk inderdaad af te hangen van een samenspel 
van een groot aantal genen in de verschillende stadia van ontwikkeling en in de verschillende 
compartimenten van het hart. In de muis vindt deze ontwikkeling in een zeer hoog tempo 
plaats. Het hart ontwikkelt zich namelijk, al functionerende, in enkele dagen van een lineaire 
primitieve buis tot een complex hart met vier kamers. Om deze transformatie mogelijk te maken 
worden cellen toegevoegd aan beide zijden van het hart en blijven cellen in het hart niet op de 
zelfde plaats: cellen uit de uitstroom-kanaal verplaatsen zich naar het rechter ventrikel en cellen 
uit het atrioventriculaire kanaal naar het linker ventrikel. Daarnaast vormen lokale verschillen in 
snelheid van celdeling een belangrijke parameter in de morfogenese van het hart. 
Om de processen die betrokken zijn bij hartmorfogenese te doorgronden zijn instrumenten 
nodig om de morfologie te begrijpen, om morfogenetische parameters te meten en te visualiseren 
en om associaties tussen genexpressie patronen te interpreteren. Zo zijn bijvoorbeeld grote 
hoeveelheden van in-situ genexpressie gegevens beschikbaar in de literatuur, maar wordt de 
interpretatie van deze rijkdom aan informatie gehinderd doordat elk los artikel een beperkt 
aantal genen bestudeerde in wisselende stadia in de ontwikkeling en een bepaalde diersoort. Om 
deze situatie te verbeteren zijn er diverse initiatieven genomen om deze gegevens te bundelen in 
spatio-temporele genexpressie atlassen. In Hoofdstuk 1 wordt een review gegeven van elf atlassen, 
die zich richten op de ontwikkeling van gewervelde dieren en expressie informatie van minstens 
100 genen bevatten. Deze review richtte zich met name op: (1) het gebruikte anatomische kader, 
(2) hoe wordt omgegaan met ingevoerde data en (3) hoe informatie weer teruggevonden kan 
worden. Het doel van de review was om inzicht te verkrijgen in de mogelijkheden van de atlassen 
en om lering te trekken uit een decennium van ontwikkelings-genexpressie atlassen. Hiermee 
werden de eisen voor het ontwerp van de 'ideale atlas' achterhaald. De meeste ingrediënten die 
nodig zijn voor de ontwikkeling van de ideale atlas zijn, tot op zekere hoogte, al in tenminste 
één van de besproken atlassen geïmplementeerd. Er kon worden geconcludeerd dat de ideale 
atlas dient te worden gebaseerd op een ruimtelijk kader, dat wil zeggen op een tijdreeks van 
3D-referentie modellen die anatomisch geannoteerd zijn met behulp van een ontologie met 
voldoende resolutie van relaties en anatomische termen. 
De ontwikkeling van een programma voor het traceren van de anatomische context van weefsel 
coupes (TRacing the Anatomical Context of Tissue Sections: TRACTS) werd gebaseerd op 
een dergelijk ruimtelijk kader. Het doel van dit programma, dat automatisch 2D-coupes in 
3D-referentie modellen plaatst, is tweeledig. Ten eerste maakt het plaatsen van losse coupes in een 
geannoteerd 3D-referentiemodel precieze annotatie mogelijk van de cardiale compartimenten die 
aanwezig zijn in de coupes. Dit helpt de niet-morfologische wetenschapper bij de histologische 
interpretatie van een genexpressie profiel. Bovendien kan daarmee een groot deel van de onenigheid 
tussen embryologen, die vaak gebaseerd is op miscommunicatie, worden weggenomen; het is 
namelijk zelfs voor deskundigen verre van eenvoudig om een mentaal beeld van een dynamisch 
veranderende driedimensionale structuur te vormen. Ten tweede kan TRACTS worden gebruikt 
om de genexpressie patronen die zichtbaar zijn in de gekleurde coupes te verzamelen binnen een 
gemeenschappelijk ruimtelijk kader. In Hoofdstuk 2 laten we zien dat een basisversie van het 
programma, gebaseerd op een benadering om met behulp van brute rekenkracht doorsneden 
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op pixel niveau te vergelijken, al veelbelovende resultaten gaf. De prestaties van deze basisversie 
konden aanzienlijk worden verbeterd wanneer het programma werd uitgebreid met het gebruik 
van een aantal relatief eenvoudige beeldkarakteristieken. De eerste prestaties van TRACTS 
werden beoordeeld door morfologen die evalueerden hoe goed TRACTS een coupe plaatste. 
In deze versie van TRACTS was het referentiemodel gereconstrueerd uit histologische coupes 
gekleurd met myocardium-specifieke markers. 
In de definitieve versie van TRACTS werd het ruimtelijke kader verbeterd door de reconstructie 
van histologische coupes te vervangen door een reconstructie op basis van episcopische beelden. 
Deze beelden zijn niet onderworpen aan vervormingen als gevolg van het snijden en onregelmatig 
strekken van de coupes. Nu werden de prestaties van TRACTS vergeleken met de prestaties van 
de vijf morfologen (Hoofdstuk 3). Het programma plaatst coupes correct, robuust en even 
nauwkeurig als de beste van de plaatsingen bereikt door de vijf experts. In hetzelfde hoofdstuk 
wordt beschreven hoe 3D-objecten kunnen worden ingebed in een PDF-document. Zonder deze 
mogelijkheid wordt de verspreiding van 3D-gegevens ernstig belemmerd door het 2D-medium 
van de gedrukte publicatie. Interpretatie van de resultaten van anatomische en embryologische 
studies leunt zwaar op een adequate visualisatie van complexe morfogenetische processen en 
patronen van genexpressie in een driedimensionale (3D) context. Veel inzichten, verkregen uit 
het interactief bestuderen van een 3D-object, zijn zeer moeilijk over te brengen door middel van 
2D representatie en gaan daardoor verloren of kunnen niet onafhankelijk worden geverifieerd. 
We hebben een protocol ontwikkeld dat stap voor stap beschrijft hoe 3D-objecten in een PDF-
document kunnen worden opgenomen. Een dergelijk document is ideaal voor het begrip van de 
ingewikkelde morfologie van het zich ontwikkelde embryo, omdat men op de eigen computer 
het object kan hanteren. Zowel het gebruik van TRACTS als het opnemen van 3D-objecten 
in PDF-documenten kunnen helpen bij de interpretatie van 2D en 3D gegevens. Dit maakt 
efficiënte communicatie over morfologische kwesties in de ontwikkelingsbiologie mogelijk. 
De kwantificering van morfologische parameters en hun veranderingen binnen een regio van 
interesse is belangrijk in de embryologie. In Hoofdstuk 4 beschrijven we een programma om 
via het weefsel de kortste afstand tussen twee punten te meten. Dit programma is gebruikt om 
de snelheid waarmee cellen vanuit het groeicentrum in het caudale deel van de pericardiale 
wand migreren naar de niet-delende primaire hartbuis. Bij afstandsmetingen in plaatvormige 
of gevouwen structuren, zoals het ontwikkelende hart, is het noodzakelijk om een pad te volgen 
via het weefsel. Drie bestaande afstandschatters werden vergeleken, twee van Verwer en één 
van Kiryati, alle oorspronkelijk ontworpen om afstanden in datasets met isotrope, kubische 
voxels te bepalen. De schatters werden aangepast om anisotrope datasets te kunnen verwerken. 
Bovendien moest de kortste weg berekend worden langs een door de gebruiker gedefinieerd 
pad binnen een weefsel. Om te beslissen welke van de drie schatters het meest geschikt was, is 
een vereenvoudigd model van een vroege hartbuis gebruikt met anisotrope voxels, waarin alle 
afstanden bekend waren. De waargenomen fouten van de schatters waren vergelijkbaar met de 
in de literatuur gerapporteerde fouten voor isotrope datasets. De voor anisotropie gecorrigeerde 
schatter van Verwer in een 53 omgeving bleek het best te presteren met veruit de kleinste fouten. 
Deze methode werd vervolgens gebruikt om aan te tonen dat cellen vanuit het groeicentrum de 
primaire hartbuis in migreren met een snelheid van 70 µm per uur. 
Veel van onze kennis over de ontwikkeling van het hart is afgeleid van het muizenmodel, dat het 
toestaat moleculaire analyses te combineren met analyse van de (morfo)genetische afstamming 
van de weefsels. Belangrijk als deze analyses zijn, de resultaten ervan kunnen niet volledig 
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worden benut zonder te zijn aangevuld met, het nu nog ontbrekende, inzicht in de groei van het 
embryonale hart. In Hoofdstuk 5, wordt een uitgebreide reeks van interactieve 3D-reconstructies 
getoond, van de eerste tekenen van ontwikkeling van het muizenhart tot laat in de zwangerschap, 
elk aangevuld met het patroon van de celdeling. We laten zien dat er veel delingsactiviteit is 
in het splanchnische mesoderm en dat deze proliferatie snelheid daalt wanneer dit weefsel 
differentieert tot hartweefsel, net zoals dat in mens en kip het geval is. Deze waarnemingen 
werden gedaan met behulp van morfologische en kwantitatieve 3D-reconstructies. De laatste 
zijn gebaseerd op BrdU-labeling experimenten; BrdU is een analoog van thymidine en wordt 
opgenomen in het DNA tijdens de DNA-synthese in de S-fase van de celcyclus. Op de locaties 
waar kamervorming plaatsvindt bleek de celdelingactiviteit te zijn verhoogd, wat een heterogeen 
patroon van proliferatie opleverde. Verdere kwantitatieve analyses toonden een geleidelijke 
afname van de proliferatie van de ventriculaire wand met voortgang van de ontwikkeling, en een 
daling van de proliferatie activiteit van de basis naar de top van de trabekels. Onze data bieden 
een helder inzicht in de groei en morfogenese van het muizenhart en een basis voor toekomstige 
mechanistische studies. 
Hoewel de BrdU-labeling indices zijn gerelateerd aan de lengte van de celcyclus, wordt zo’n directe 
interpretatie gehinderd door de relatieve lengte van de S-fase in vergelijking met de totale lengte 
van de celcyclus. Daarom presenteert Hoofdstuk 6 een methode en een computerprogramma 
om de werkelijke lokale celcycluslengtes te meten. Deze methode is gebaseerd op labellen van 
delende cellen, met twee verschillende blootstellingduren, met de thymidine-analogen IdU en 
CldU, waarbij de blootstellingtijden elkaar deels overlappen. Het gemeten verschil in labeling 
en het bekende verschil in blootstellingduur geeft dan de mogelijkheid om de celcycluslengte 
te berekenen. Deze methode werd toegepast op de vroege ontwikkeling van het kippenhart en 
toonde een uiterst heterogeen patroon van celcycluslengtes, met lengtes variërend van minder 
dan 8 uur in het groei centrum in het caudale deel van de pericardiale wand, minder dan 16 uur 
in het vormende ventrikel, tot dagen in het primaire myocard. De gepresenteerde kwantitatieve 
3D-reconstructies van de celcycluslengtes zijn de eerste die deze informatie tonen gebaseerd op 
dubbel-labeling binnen een enkel embryo.
Zoals beschreven in hoofdstuk 1, is anatomische annotatie vaak controversieel vanwege de 
gebruikte nomenclatuur en de onduidelijke definitie van grenzen. Deze controverses kunnen, 
ten minste gedeeltelijk, worden opgelost met het gebruik van geannoteerde referentiemodellen. 
Omdat de betekenis van anatomische termen in deze referentie modellen wordt verduidelijkt 
door de 3D ruimtelijke presentatie in de modellen, zal de afbakening van de grenzen van de 
genoemde structuren evident zijn. Dit voorkomt veel van de dubbelzinnigheid van de termen 
die gebruikt worden in anatomische annotaties. Een complicerende factor van het gebruik van 
anatomische annotatie is dat de genexpressie patronen zich niet altijd houden aan de grenzen van 
anatomische structuren. 
Om het laatste probleem aan te pakken werd, zoals voorgesteld in hoofdstuk 1, de anatomische 
annotatie van een ruimtelijk kader gecombineerd met een annotatie op basis van de genexpressie 
profielen van een beperkte set genen. Daartoe hebben we in Hoofdstuk 7 de expressiepatronen 
van 12 genen ruimtelijk overbracht in het, in hoofdstuk 3, gepubliceerde muizen referentiehart 
van embryonale dag 11,5. Hiërarchische clustering werd gebruikt om regio's met een vergelijkbaar 
expressieprofiel te identificeren. Om het aantal takken van het dendrogram te beperken, 
ontwikkelden we een dynamisch algoritme dat geen gebruik maakt van een willekeurige cut-off 
waarde. Dit algoritme snoeit de clusterboom van boven naar beneden op basis van de gemiddelde 
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waarden van elk gen in het profiel van elk cluster en stopt wanneer de verklaarde variantie in 
de boom niet langer significant toeneemt. Deze aanpak resulteerde in 18 continue domeinen, 
elk met een eigen uniek expressie profiel. De meeste van deze domeinen vertegenwoordigen 
klassieke anatomische compartimenten, maar we hebben ook nieuwe domeinen gevonden die 
niet kunnen worden onderscheiden met anatomische herkenningspunten. 
De gepresenteerde methoden zijn instrumenten om anatomische structuren te definiëren en 
morfometrische variabelen van het zich ontwikkelde van hart te meten en te communiceren. 
Toepassing van de beschreven methoden verschaft nieuwe bevindingen en biologische inzichten 
in de morfogenese van het hart. Onze methoden zullen bijdragen aan de integratie van 
kwantitatieve morfologische en genexpressie data binnen een ruimtelijk kader. Dit zal op zijn 
beurt een systeembiologische benadering van hartontwikkeling mogelijk maken.
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Appendix 1: Supplementary 3D-pdf protocol
Version 10-09
Publishing three-dimensional structural information through Adobe's Portable Document For-
mat (pdf ); A Protocol for Biologists

Method
The programs we use in this protocol are Amira 5.2, Adobe Acrobat Pro Extended 9.3, Adobe 
Reader 9.3 and Adobe Illustrator CS4. From here on we will refer to these programs as Amira, 
Acrobat, Adobe Reader and Illustrator, respectively. Furthermore, we will refer to the 3D ob-
ject as object (e.g. a 3D reconstruction of a heart) and the parts this object is composed of as 
structure(s) (e.g. myocardium and lumen), both in Amira and Acrobat. The protocol assumes 
that the user is already familiar with creating 3D reconstructions. Although this protocol starts 
with a 3D reconstruction created in Amira, it can be adapted for other 3D visualisation pro-
grams. 
The protocol consists of two parts. Firstly, a basic protocol describes how to embed a 3D surface 
reconstruction from Amira into a pdf. It describes how to configure Amira and Acrobat and how 
to properly export the 3D surfaces from Amira into a pdf. This pdf can then be saved as a basic 
3D-pdf (Fig. S2) and the embedded 3D surface (we will refer to it as object) can be handled 
interactively using the Adobe Reader user interface (Fig. S1).
The second part of the protocol describes advanced steps requiring a little more computer and 
scripting expertise. This part describes five (independent) additions; 1) creating views and anno-
tations of the object, 2) applying layout to the design, 3) adding buttons, hyperlinks and 4) scripts 
for interaction and functionality; and 5) preparing and displaying cross sections. A pdf containing 
these additional steps will be referred to as an advanced pdf (Fig. S3).
Finally, we would like to note that possible updates to the protocols and scripts described herein 
will be made available at the download page of http://3d.hfrc.nl. 
Please refer to the main publication when a protocol or script described herein has been applied.

Basic protocol
Configure Acrobat

•	 Start Acrobat and open the 3D Capture window by selecting File > Create PDF > From 
3D Capture from the File menu. 

•	 Start Amira and load and display a simple surface. Select the Amira Viewer window and 
press the Print Screen button on the keyboard, whereupon Acrobat will display a popup 
asking if the user wants to enable capturing from Amira. 

•	 Click ‘yes’ and restart both Amira and Acrobat.
•	 Reload and display the simple surface again in Amira, select the Amira Viewer window 

and initiate a capture once more by pressing Print Screen.  
•	 In Acrobat; in the 3D Capture Settings (which only appears the first time)

 ‐ Verify that Enable 3D Capture for this application is checked
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 ‐ Under the OpenGL tab, set the Capture units to those used in Amira. (Unfortunately, 
it seems that micrometers are not properly shown as units in Acrobat, but an update 
might solve this).

 
•	 In the Acrobat 3D Conversion dialogue;

 ‐ Under the General tab;
* Set Default Background Color to white (or another suitable flavour).
* Set Default Lighting to ‘CAD Optimized lights’.
* Set Default Rendering Style to ‘Solid’.
* Set Default Animation Style to ‘None’.
* Uncheck Add default views.

 ‐ Under the Document tab, 
* Set the Page Setup to A4, Landscape

 ‐ Under the Optimize tab,
* Set the 3D format in PDF to ‘U3D ECMA 3’.
* Set U3D: Mesh Quality to 50% 

 ‐ Save these 3D Conversion Settings as default presets for capture from Amira by clicking 
the ‘+’ button. (e.g. Amira_capture)

Load surface file
Your object should be a 3D surface, stored by Amira as an Amira Surface file (.surf ). As a rule of 
thumb; keep the complexity of the object below 100,000 triangles. If you are not familiar with 
surface simplification, consult the Amira documentation. 

•	 Load your object into Amira,
•	 Connect a SurfaceView to the object.

Prepare the surfaceviewers
The object properties of Amira are problematic, as each structure is dual layered (i.e. has an inner 
and outer surface, each with its own color) and intersections between structures are also exported 
as separate surfaces. This has been solved using a custom script which enables proper export of 
the object. For each structure of the object this script creates a separate surface, makes the inside 
color equal to the outside colour, connects a separate SurfaceViewer with correct render settings 
and renames the surfaces and viewers with correct structure names and numbers.

•	 Verify that the SurfaceView connected to the object is named SurfaceView.
•	 Load (or drag and drop) the script surf2pdf.hx (see supplementary scripts) into Amira.
•	 Hide -or remove- the structures you do not wish to export.

3D capture
•	 Ensure that Acrobat is running.
•	 Ensure that the Amira Viewer is the active window (i.e. selected).
•	 Press the Print Screen button on the keyboard.
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•	 In Acrobat; accept the conversion dialog using the preset for Amira (e.g. Amira_capture), 
which generates a pdf of your 3D object.

Rename structures
The structures need to be renamed as the names assigned to the structures in Amira are lost by 
the capture procedure and reappear in Acrobat as numbers. 

•	 Right click on the object in Acrobat and select Edit in 3D Reviewer, which will start the 
program ‘Adobe 3D Reviewer’ with the object loaded.

•	 On the left panel, expand the object tree till the structure names are shown. These will be 
named M0, M1..Mn and are under Models.

•	 Rename each structure by right clicking on its tree entry and selecting Rename. By 
placing the Amira window adjacent to the Adobe 3D reviewer one can easily refer to the 
original names.

•	 Save the changes by selecting Save back in PDF from the File menu of the Adobe 3D 
Reviewer.

•	 Close Adobe 3D Reviewer and click ‘cancel’ in its save changes dialog.

Save the 3D pdf 
•	 In Acrobat; save the resulting file (by default called LastCapture_<timestamp>.pdf ) 

under an appropriate new name. 
The pdf contains a 3D object and can be opened and viewed in Adobe Reader, the freeware ‘read-
only’ program for Adobe’s portable document format (pdf ). The 3D object can now easily be 
shared with others, but make sure that their version of Adobe Reader is up-to-date.

Interaction tools
For the resulting 3D-pdf, interaction with the object can be done with the default tools imple-
mented in Acrobat and Adobe Reader. By default the object is shown as a static image. Clicking 
on the object will activate the interaction with the object and also show the 3D toolbar with the 
interaction tools (Fig. S1, panel e). These interaction tools enable rotation and resizing of the 3D 
object. If the 3D toolbar is hidden, right-clicking on the object and selecting Tools>Show Toolbar 
will uncover it. Furthermore, right-clicking on the object and selecting Show Model Tree or click-
ing the button (Fig. S1, button 6) will show the model tree containing the structures of the object 
(Fig. S1, g). The tree can be expanded by clicking on the plus symbol and structures therein can 
be made (in)visible by toggling the checkboxes.

Advanced steps
The above basic protocol can be used to generate a simple 3D-pdf of a reconstructed 3D object. 
To obtain an advanced 3D-pdf (Fig. S3) enhancements need to be applied to this basic 3D-
pdf. These enhancements are independent of each other, so a single (or multiple) modification 
-as described below- can be applied, whatever suits the document or paper at hand. The main 
purpose of these enhancements is to present the reader a polished document which is easily and 
intuitively used. By adding annotations and prepared views, the disseminator can better convey 
the insights obtained from the object. Also, functionality and robustness can be added by apply-
ing scripts to buttons and the document itself.
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Views and annotations
Adding views and annotations comes highly recommended, as these are the simplest steps of the 
advanced additions and allow the disseminator to better convey the insights obtained from the 
object.

•	 Views can be added and managed in the model tree (Fig. S1, panel g). The model tree 
can be opened in multiple ways; right clicking on the activated object and selecting the 
Show Model Tree or pressing on the Show Model Tree button (Fig. S1, button 6)

•	 Position the object interactively into a required view
•	 Once a suitable view has been set up, pressing the Create View button (Fig. S1, button 8) 

will add a view to the Model Tree. The View panel also contains buttons to delete views, 
or to set a default view (i.e. the view that is set upon opening the document).

Adding annotations to the object is possible -as of Acrobat version 9.1-. This annotation of struc-
tures should not be confused with adding annotations to the document (e.g. sticky note, callout 
tool, Text Box tool). Annotating the 3D object is just to identify structures.

•	 Add Annotations using the Add 3D Comment option of the 3D toolbar. By default, the 
toolbar is shown at the top of the object, or you can select these tools by right clicking 
on the object and selecting tools

•	 You can set the colour of the comments in (Edit > Preferences > Measuring (3D) > 3D 
Measuring Line Colour).

Layout
To apply or create the content for your layout, the vector graphics editor Illustrator is the ideal 
application to use, as vector graphics keep the file size to a minimum. Furthermore, Illustrator 
belongs to the same software suite which avoids compatibility problems. The first thing to con-
sider is what the appropriate size and ratio for you document should be. This is dependent of 
your end product, e.g. A4 when you want to include the object in a standard ‘paper’ document or 
a 4:3 ratio if the document is meant to snugly fit a digital presentation, as the majority of displays 
and beamers use a 4:3 ratio (note that 16:9 is steadily advancing).
We recommend to include the following content; a header, a placeholder for the 3D object and 
buttons to either interact with the 3D object or to serve as hyperlinks to the accompanying paper 
and affiliated institute. We recommend to design the buttons yourself, as opposed of creating 
them in Acrobat because this keeps design separated from function. The functional part of hy-
perlinks and buttons is discussed in the next chapter. 
Start by creating a new file in Illustrator: File > New and set the page to its appropriate size and 
aspect ratio.

•	 Create the minimum graphics; 
 ‐ A clear header with a description of the object(s). 
 ‐ A simple rectangle which will function as a placeholder for the 3D object.
 ‐ Graphics for buttons and hyperlinks to the original paper and your department’s or 

group’s website.
•	 Once finished with the design, save the file as a design-pdf. 
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 ‐ Set the Adobe PDF Preset in the save dialogue to Smallest File Size, which will decrease 
the file size and remove the layer structure of Illustrator which is currently not fully 
compatible with 3D objects. 

After having created this design-pdf, the 3D object from the basic-pdf created with the basic 
protocol needs to be pasted into this design;

•	 Open both the basic 3D-pdf and the design-pdf files in Acrobat 
•	 Use the Select Object Tool (Fig. S1, button 2) under the Advanced Editing Tools to select 

and copy  (ctrl+c) the 3D object
•	 Paste (ctrl+v) the 3D object into the design pdf.
•	 Position the object into your placeholder. Positioning can be improved by turning off 

Snap to Grid or by using guides. 
•	 Minor changes to aspects of the design or fields of text can be done using the TouchUp 

Object tool (Fig. S1, button 4) under the Advanced Editing Tools. Using this tool, items 
can be selected and nudged or moved into the right direction.

Supplemental Figure S1.

 Overview of the 3D pdf as viewed in Acrobat. The myriad of panels (purple; alfabetized) and tools (black; num-
bered) are: a) Acrobat toolbar. b) Acrobat advanced editing tools (Not available in the Adobe Reader) c) Opened 
document d) 3D object embedded in the document. e) 3D toolbar to edit or interact with 3D object (Adobe 
Reader does not have the edit tools). f ) Custom panel within the document containing custom buttons created 
with Acrobat and Illustrator as described in the advanced segment. g) Model Tree navigation panel to interact with 
the 3d object. 1) Select tool 2) Select Object tool 3) Button tool 4) TouchUp object tool 5) Add 3D Comment 
button 6 and 7) Show Model Tree button 8) Create View button.
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•	 Major changes can be achieved, by right-clicking the selected objects and selecting Edit 
Object to open Illustrator which allows more degrees of freedom in editing. Saving the 
edited item will automatically save the changes back into the 3D-pdf opened in Acrobat.  

•	 Save the resulting 3D-pdf. 
The 3D-pdf now contains your custom graphics from Illustrator and a 3D object from Acrobat.
Note: Never load the 3D-pdf in its entirety into Illustrator because Illustrator is not able to cor-
rectly handle and save the embedded 3D object within, which will be lost.

Buttons and hyperlinks
The functionality of the 3D-pdfs can be enhanced with buttons. Storing specific views and/or 
hiding specific structures can also be achieved using the default interaction tools. However, to 
enhance and simplify interacting with the objects, buttons with similar -or more complex- func-
tionality can be created and behaviour can be added by scripts.

•	 Using Illustrator, add the appropriate button graphics to your document as described in 
the layout chapter.

•	 Using Acrobat, overlay these graphics with buttons using the Button Tool (Fig. S1, 
button 3). The buttons can then be edited using the Button Tool or the Select Object Tool 
(Fig. S1, button 2). Both tools can also be found under Tools > Advanced Editing in the 
menu.

•	 Assign a proper name to each button, either by right clicking on it using the Button Tool 
or use the Select Object Tool and select Properties or Rename Field.

•	 Go to the Appearance tab in Properties (see above) and hide the superimposed buttons by 
setting their colour to ‘none’. 

After setting up your buttons, assign functionality to them, either by what is provided by Acrobat 
or assign custom scripts to them (see Scripting chapter below). 

•	 To make a button link to a website, i.e. hyperlink; 
 ‐ Select the button using the Select Object tool or Button tool
 ‐ Right-click the button and select Properties, then the Actions tab

* Set the Select Trigger to Mouse up
* Set Select Action to Open a web link and press Add...
* Enter the URL / link to the site

Scripting
Scripting is the most complicated part of the enhancements, and although the examples pro-
vided in this paper are not very complicated, programming experience is highly recommended. 
Documentation on how to create scripts can be found at http://www.adobe.com/devnet/acrobat/
javascript.html and code regarding Javascript and Acrobat 3d can be found at http://www.adobe.
com/devnet/acrobat/javascript_acrobt_3d.html.
In a 3D-pdf containing a 3D object, JavaScript can be applied at two levels; the document level 
and the object level. The only piece of script we applied at the object level in the example pdf is 
the disable select script. By default, clicking on a structure selects it and renders it in red, which is 
unwanted, as we use colours to convey the different types of structures in the object. The ‘disable 
select’ script will remove this behaviour from all structures in the object. The other script will 
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be applied at the document level, which allows this script to be called (i.e. used) by all buttons. 
An overview of every script at the document level can be found on the Acrobat menu Advanced 
> Document Processing > Edit all Javascript. In our published documents, we mainly used func-
tions to hide, show and make structures transparent. The implementation of these functions to 
buttons is what we will describe here. By using functions, you will centralize the functionality of 
your document which makes it easier to change this functionality or duplicate it. Furthermore, 
the functions (if properly coded) are page independent which is very important as it will ensure 
that the buttons will keep working irrespective of changes in page numbering / order. (e.g. by 
appending the 3D-pdf to a publication or after combining multiple 3D-pdf files into one pdf )

•	 To prevent the default select behaviour, load the disable_select.js file into the object. 
 ‐ Edit the 3D object properties by right-clicking on the object and select Properties

* under the 3D tab select browse to load the script.
•	 To add the custom functions go to Advanced > Document Processing > Document 

JavaScripts
 ‐ enter a new script name, e.g. ‘custom_functions’, push the Add button, and replace the 

existing (empty) function with the supplemented code (see custom_functions.txt in 
the supplementary scripts).

•	 The functions pasted in the document script can now be called by using the buttons (or 
any other event). To apply a function to a button:
 ‐ Select the button using the Select Object tool or Button tool
 ‐ Right-click the button and select Properties, then the Actions tab

* Set the Select Trigger to Mouse up
* Set Select Action to Run a Javascript and press Add...
* In the Javascript Editor type the call to the appropriate function (or write custom 

code), such as hide(“Lumen”); to hide the structure named Lumen. Make sure that 
the names of the structures in the model tree match those written within quotation 
marks (note that Javascript is case-sensitive). 

Cross sections
A SurfaceCut can be used to clip a part of the object in Amira. This clipping cannot be trans-
ferred to Acrobat, but after preparation in Amira, the SurfaceCut(s) can be exported to Acrobat 
and visualized in the 3D-pdf, even with clipping. 

•	 Load the .surf file into Amira, connect a SurfaceView
•	 Follow the steps Prepare the surfaceviewers from the basic protocol
•	 Connect one (or more) SurfaceCut(s) to the .surf file and choose the desired orientation 
•	 Follow the steps 3D Capture  from the basic protocol

The structures and cuts should now be present in a pdf. Check this in the structure tree. The 
structures and cuts should be separate groups. In rare cases, the model tree is built incorrectly, so 
verify this. If it is not correct; close and delete the pdf file. In Amira; remove the SurfaceCut(s),  
hide and subsequently unhide the structures, recreate the SurfaceCut(s) and repeat the 3D cap-
ture step. 
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When all structures and cuts are present in the captured pdf, it can be further processed in Ac-
robat.

•	 Write down the numeric codes of the structures and cuts (M0-Mn) and the structure 
names to which they should be renamed

•	 Follow the steps Rename structures from the basic protocol
•	 The structure names of the first cut should be renamed to <structurename>_cut1 

for the supplied ‘custom_functions’ script to work correctly. Repeat this for every 
additional cut, while incrementing the number (i.e. the second cut should be renamed to 
<structurename>_cut2)

•	 Edit the “custom_functions” script (see Scripting step) to change the number of cuts 
(noc) variable (e.g. 2 cuts; change “noc = 0” to “noc = 2”)

•	 Emulate the clipping of SurfaceCuts in Acrobat by;
 ‐ Hide everything (uncheck in the model tree)
 ‐ Unhide the cut you wish to show and rotate it so that the cut is perpendicular to your 

line of sight. 
 ‐ Click on the Toggle Cross Section button (Fig. S1, button 9)
 ‐ Click on the Cross section properties (the small triangle next to the Cross Section button)
 ‐ In the cross section Properties

* Check Enable Cross Section
* Uncheck Show Intersections
* Uncheck Show Cutting Plane
* Click on Align to 3 Points to align the orientation of the cross section of Acrobat 

with the cut produced in Amira. For this you need to select three points on the 
visible structures of this cut 

* unhide the object structures (check in the model tree)
* (un)check flip, depending on the half you wish to show
* Nudge the Offset to +0.1% or -0.1%, depending on the direction of the cut. 

Sometimes the angles are correctly calculated, but the offset is not. Try and nudge 
the offset dragger until you find the correct spot.

* Drag the cross section Properties interface to the side (or close it)
 ‐ Unhide the structures you wish to show and / or hide the structures within the cut 
 ‐ Press on the Create View button to store this viewpoint, make sure that the Camera 

Properties, Cross section information and Node visibility are checked
•	 Repeat the above step for each cut (or inverse cut)
•	 Link the views to buttons as described in the scripting part

Supplementary scripts (see supplementary_scripts.zip on CD)
•	 surf2pdf.hx
•	 disable_select.js
•	 custom_functions.txt
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Appendix 2: Methods of TRACTS
Normalized error measure 
The difference between the section found by TRACTS and the position of the expected section 
is measured by the normalized fit error. This error measure takes into account both the angle 
between the planes of the sections and the average distance of the centres of mass of each section 
to the other section. 
Let S and T be two sections and let V be the plane through S and W the plane through T. Then 
we define the first component of the fit error as follows.

where α is the angle between planes V (trough section S) and W (trough section T).
For the second component, we use the fact that the distance of a point x to a plane V can be com-
puted by |nV∙(x-aV)|, where nV  is the unit normal of the plane V and  aV is an arbitrary point on 
the plane V. (See Weisstein, E.W. "Point-Plane Distance." From MathWorld--A Wolfram Web 
Resource. http://mathworld.wolfram.com/Point-PlaneDistance.html). The distance between 
two sections is defined as 

where  nV is the unit normal of the plane V,  mT is the centre of mass of section T,  aV is arbitrary 
point on the plane V, and nW, mS and aW are defined analogously.
To make Dp equal in weight to D∠(S,T), which ranges from 0 (at 0 degrees) to 1 (at an angle of 90 
degrees),   is divided by the size of the reference model (3) before both components are combined 
into the fit error (4). 

where Ax  is the length of the x-axis of reference model M, and Ay and Az are defined analogously.
Fe(S,T)is normalized to be 100 at maximum

Pre-processing of input section
Before an input section can be compared to the reference model, pre-processing of this image has 
to take place. After input into TRACTS a bounding box is fitted around the segmented heart 
and the image is cropped. The resulting binary image is rotated in 32 steps and mirrored at each 
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position. The resulting 64 images are processed like the pre-computed reference sections (refer-
ence model images): determine its size, resize to 128x128 pixels, determine features, compute 
contour, and distance transform. These images are then used for fitting to the virtual sections of 
the reference model.

Similarity metric
The similarity between the input image and the cross section from the reference model (reference 
section) is given by a similarity measure that is based on the mean Euclidean distance between 
the inner and outer contours of the heart in the input section to the contours in reference section, 
and vice versa. The contour is considered to be a good representation of the shape of the heart. 
To compute this similarity measure the input section and the reference sections are all resized 
to 128x128 pixels from which the contour is derived. From these contour images a distance 
transformed image is generated. The pixel values in these distance transformed images represent 
the Euclidean distance to the heart contour. To find the similarity between the two contours, 
the distance transformed image of one contour image is masked by the contour of the other im-
age and vice-versa. The mean distance is determined from the remaining distance values in the 
contour masks. By using the sum of both average distance values the resulting similarity metric 
is symmetric, that is, the resulting value would be the same when comparing a reference section 
to an input section and the other way around. 

Reference model images
The database of cross sections of the reference model contains sections that are generated at every 
second voxel over the three main axes of the reference model. At every position 64 cross-sections 
are computed with a different combination of tilting angle and tilting direction. The tilting angle 
ranges from 0 to 40 degrees (in steps of 10 degrees) and the number of tilting directions increases 
with each increment of the tilting angle. The number of tilting directions is determined in such 
a way that the normal vectors of the resulting sections are distributed approximately uniformly 
in 3D space. The small, nearly cubic, voxels of an episopic reconstruction are such that cross sec-
tions in all directions can be made without loss of morphology. All model sections are converted 
to a pixel size equal to the original x and y resolution of the model. Only those sections contain-
ing over 20 pixels of myocardium are used. Every section is cropped to the bounding box around 
the heart. The size of this bounding box is determined and stored. Then the model images are 
resized to a standard size of 128x128 pixels. The contours of the heart in those resized images 
are determined and their distance transformed images are computed. Both the contour and the 
distance transformed images are stored. For the E11.5 reference model this results in 32813 im-
age pairs stored in the database. The positional and size information are stored in an index table.

Selection of images on features 
To reduce computation time, not all sections from the reference model are compared to the input 
section. Initially only those that are similar in size are selected. The size difference between input 
and reference section may not exceed 20%, which is based on expert knowledge that embryonic 
hearts never differ over 20% in size at the same developmental stage. In an attempt to exclude the 
misplaced sections additional features were implemented. Since selection based on these features 
results in a lower number of distance transform-based comparisons, it has the added benefit of 
making the program faster. The decision which features to use is based on an analysis in which 
experts did a visual assessment of input sections and the recovered reference sections (de Boer et 
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al., 2007). Features that exclude the unsatisfactory fit results without affecting the well fitted im-
ages were preferred. Several potential features were tested, and three of these were selected based 
on their individual performance. These features were (1) centre of mass, (2) overall tissue density 
and (3) regional tissue density. Thresholds for each of these features where determined after some 
experimentation and in consultation with experts. All these features are based on the myocardial 
area of a cross section.
1. The centre of mass feature is defined as the average position of the myocardial tissue of a 

cross section. This feature was used to avoid that images with a very different tissue distribu-
tion are matched. 

2. The overall tissue density is measured by counting the number of pixels containing tissue in 
the resized images. The density feature was applied because the basic program regularly fitted 
sections with a large amount of tissue, for instance a section containing a thick ventricular 
wall, to sections with a small number of tissue pixels, for instance a section containing only 
a thin atrial wall. Such a difference in wall thickness is reflected by the part of the section 
containing tissue. 

3. The last feature uses a regional tissue density measure. For this feature the density in the four 
corners of every section is measured. To compensate for both technical and biological defor-
mations of the tissue, the density measurement of the input sections is done by moving the 
measurement areas 6 pixels around each quarter of the image and selecting the minimum 
and maximum tissue area of each quarter.

Reference
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Appendix 3: Mathematics of cell cycle lengths 
derived from labelling indices
The fraction labelled cells (F) is determined by the exposure time and the unknown lengths of 
the S-phase and the cell cycle , TS and TC, respectively (Sanders et al., 1993). Using two different 
thymidine analogues (IdU and CldU) and two different exposure times these unknowns can be 
derived.

Derivation of the equation for TC

According to the equation given by Sanders and co-workers (Sanders et al., 1993) the labelling 
fraction after CldU (FCl) exposure is given by:

in which TCl is the exposure time to CldU. Eq. [1] can be solved for TS:

Similarly, the exposure to IdU results in the labelling fraction (FI) of:

Substitution of Eq. [2] into Eq. [3] gives:

which can be solved for TC:

With Eq. [6] it is easy to see that an incorporation lag (TL) has no effect on observed TC, because 
such a lag affects both exposure times in the same way:
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The labelling fraction after exposure to CldU for a population with a growth fraction (FD) is 
given by Equation 1a (Nowakowski et al., 1989; Sanders et al., 1993). This equation is used to 
derive the equation for TC, including the growth fraction (the equations are in the same order 
as above):

which can be solved for TS∙FD:

The similar exposure to IdU results in the labelling fraction of:

Substitution of Eq. [2a] into Eq. [3a] results in:

which can be simplified to:

Equation 5a shows that the observed TC of a population, i.e. the population doubling time, is the 
cell cycle length of the dividing cells multiplied by the growth fraction of the population.

Derivation of the equation for TS
The equation given by Sanders and co-workers (Sanders et al., 1993) states that the labelling 
index after exposure to CldU is given by:

which, solved for TC reads like:
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Similarly the exposure to IdU results in the labelling fraction of:

Substitution of Eq. [8] in Eq. [9] then gives

This can be rearranged to give the following equation for TS:

When the growth fraction (FD), which is the fraction of cells that is dividing is constant, TS is 
derived as follows (the equations are in the same order as above):

In Eq. [10a] it is clear that FD disappears from the equation. Therefore, the growth fraction has 
no influence on the calculation of the S-phase length.
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The bias due to the insertion a lag time (TL) between injection and incorporation, on determined 
S-phase is equal to the incorporation lag. With the definition of TS in Eq. [11] and a lag phase 
TL, the real TS can be defined as

which after re-arrangement reads as:

The first part on the right is the TS that will be observed because the presence of a lag phase is 
unknown, the second part simplifies to TL:

Equation [14] shows that the observed S-phase length is too short when an incorporation lag is 
present. The length of this lag has to be added to obtain the real S-phase length.

Division of labelled cells
When the exposure time to the first label (IdU) is longer than TG2 + TM, cells that were labelled 
during TS reach the end of TM and will divide. In that case, the fraction of labelled cells at the 
moment of fixation that was defined as FI, is also equal to the fraction of cells in S, G2 and M 
(FS, FG2 and FM, respectively) plus a fraction of cells (Fdivision) that results from the cell division:

or

With

and Eq. [3] for FI, Fdivision (Eq. [16]) can be re-written as
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which simplifies to

Equation [19] shows that for exposure times (TI) longer than the sum of TG2 and TM, an extra 
group of dividing cells is counted and added to FI. This will increase the denominator in Eq. [5] 
and the observed TC will thus be underestimated. Therefore, the exposure time should be kept 
shorter than the sum of TG2 and TM.
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te leggen, heb ik veel van je geleerd. Ik ben je daar bijzonder dankbaar voor. Jaco, ook jou wil 
ik bedanken voor de gezellige samenwerking en het maken van al die 3D pdf ’s. Gert, bedankt 
voor de samenwerking, ik denk dat we samen een paar mooie stukken hebben geschreven. Piet, 
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every single internship resulted in very useful outcomes. Daniela, Antoine en Yara, ook jullie ben 
ik dankbaar dat jullie ervoor gekozen hebben om bij mij stage te lopen. Er zijn erg leuke dingen 
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gevonden dat je als vriend van mij bij Alex stage hebt gelopen. Dat was een gezellige tijd, en je 
kunt in het laatste hoofdstuk zien dat je stage tot iets moois heeft geleid!
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Natuurlijk wil ik ook al mijn vrienden en familie hierbij bedanken. De interesse in mijn onderzoek 
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