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CHAPTER 1.1 - SCOPE OF THIS THESIS

Bernadette S de Bakker

“The scientific man does not aim at an immediate result.
He does not expect that his advanced ideas will be readily taken up.
His work is like that of the planter - for the future.
His duty is to lay the foundation for those who are to come,
and point the way.”
Nikola Tesla, 1934

3 D A TLAS OF H UMAN E MBRYOLOGY
The basic human body plan, the arrangement of organs in the body, is laid down
during embryonic development. Insight into the formation of this plan informs
researchers and clinicians about normal development versus the development of
congenital malformations, which have an incidence of 3% in the human population
and cause up to one-quarter of all neonatal deaths. Despite modern clinical
technologies such as three-dimensional imaging, the intricate morphogenesis of the
developing human body is difficult to understand. Textbooks on human development
are often based on the works of early embryologists, some published more than 100
years ago. Because of the limited availability of human embryonic specimens, it is
difficult or impossible to independently verify the information carried in these
textbooks, or even to assess whether this information is derived from studies on
human or animal specimen. Present-day textbook morphology is therefore becoming
increasingly schematic and deviating from the original substrate. To overcome these
issues, we created the 3D Atlas and Database of Human Embryology, that comprises
interactive three-dimensional (3D) digital models of human embryos, covering the
first two months of development. These models illustrate in an interactive fashion the
complex morphological changes that occur during development. With this atlas, we
reinstate the link between the original sections of the human embryos in the Carnegie
Collection and the interactive 3D models which enables independent verification and
further analyses by other researchers.
In chapter 1 the scope of this thesis and a general introduction on embryonic
development and growth, from the processes of hatching and implantation to
organogenesis, is provided. The 3D Atlas and Database of Human Embryology, is
presented in chapter 2. This chapter is divided in three parts. Chapter 2.1 concerns a
preliminary report of our experience in creating the 3D Atlas by using serial
histological sections of 34 human embryos of the Carnegie Collection between
Carnegie stages (CS) 7 (15–17 days) and 23 (56–60 days). Chapter 2.2, the centerpiece
of this thesis, covers all aspects of the 3D Atlas, including an extensive materials &
methods section, all 3D embryonic models in interactive 3D-PDFs and extensive
supplementary data that can serve as reference resources for scientists and clinicians.
Chapter 2.3 narrows the focus to only one of the 34 studied embryos from the atlas,
known as the Heuser embryo. We compared this embryo with two other specimens
to find out whether the Heuser embryo is truly representative for its embryonic stage.
The 3D Atlas presented in chapter 2 shows for the most part stunning resemblance to
the work of embryologists from the past century. The following chapters describe a
selection of detailed relevant findings in the field of human embryology.
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The notochord is a major regulator of embryonic patterning in vertebrates. Abnormal
notochordal development is associated with a variety of birth defects. Proper
knowledge of the development of the notochord, therefore, is important to
understand the pathogenesis of these birth defects. Textbook descriptions vary
significantly and the lack of references makes it impossible to verify the presented
data. Therefore, a verifiable and comprehensive description of the development of the
human notochord is given in chapter 3.1. In chapter 3.2, we argue to revisit the singlesite neural tube closure theory in human embryos. Since the multi-site closure theory
was first proposed in 1991 as an explanation for the preferential localizations of neural
tube defects, the mechanism of closure of the neural tube has been a contentious
topic. Although the multi-site closure theory is much cited in clinical literature, singlesite closure is most common in embryological literature. Therefore, we decided to reevaluate both theories of neural tube closure by studying human and mouse embryos.
Contemporary papers and book chapters on nephrology open with the assumption
that human kidney development passes through three morphological stages:
pronephros, mesonephros and metanephros. Current knowledge of the human
pronephros, however, appears to be based on only a handful of human specimen. In
chapter 4.1 we provide an overview of literature concerning kidney development,
and to clarify the existence of a pronephros in human embryos based on our data. Since
both genital and urinary systems are derived from the urogenital ridges, chapter 4.2
focuses on the differentiation of the male and female sex organs from the urogenital
ridge.
Chapter 5 provides an overview of the formation and changes in the structure of the
hyoid-larynx complex, from its onset of development until adulthood, which are
compared with those resulting from traumatic events. Chapter 5.1 focuses on the
development of this anatomically intricate region in the neck. A new theory
concerning the development of the hyoid-larynx complex from the pharyngeal arch
cartilages is proposed in this chapter. Chapter 5.2 concerns the anatomical variations
of the hyoid-larynx complex and we explain their etiology based on the proposed
developmental theory from chapter 5.1. Furthermore, we emphasize the relevance of
these variants to forensic sciences. Discerning a fracture of the hyoid-larynx complex,
pointing to a potential cause of unnatural death, from an anatomic variant in this region
is of utmost importance in criminal matters.
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Congenital muscle diseases, such as myopathies or dystrophies, occur relatively
frequent with estimated incidences of up to 4.7 per 100.000 newborns. To diagnose
congenital diseases in early stages of pregnancy, and to interpret the results of
increasingly advanced in utero imaging techniques, requires a profound knowledge of
morphological changes during normal human development of the locomotor and
nervous system. The muscular system, however, is an often neglected or only
generally described topic in embryology textbooks. As a start to obtain insight into
morphological muscle development we present in chapter 6 hitherto undescribed
detailed skeletal muscle anatomy in an eight weeks old human embryo, in topographic
relation with the skeletal and peripheral nervous systems.
In chapters 7 and 8 the thesis is summarized in English and Dutch, respectively.
Chapter 9 provides as addendum two manuscripts demonstrating the value of the 3D
Atlas of Human Embryology in both clinic and education. Worldwide, almost one third
of neonatal deaths is related to neural tube defects, begging for accurate evaluation of
the neural system during early development using ultrasound. In chapter 9.1 new
ultrasound rendering software is presented which allows visualization of the entire
fetal ventricular system of the brain. Since this new imaging technique presents
clinicians highly detailed but complex images of early fetal and embryonic anatomy of
the neural system, the 3D Atlas provides a reference resource for topographical
anatomy. Not only clinicians, but also students have always been struggling to grasp
the intricate morphogenesis of the developing human body by studying textbooks
since texts use static, schematic 2D images. To facilitate embryology education on an
understandable yet scientific level, we created the 3D Atlas. In chapter 9.2, we
validated whether the 3D Atlas actually has an added educational value in the
(bio)medical curriculum.
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CHAPTER 1.2 - GENERAL INTRODUCTION

Bernadette S de Bakker

As part of the following chapter:
Ganzevoort, W, Van Wassenaer-Leemhuis, AG, Painter, RC,
Steegers-Theunissen, RPM, & De Bakker, BS (2018, in press).
Embryonic & fetal growth and development.
In: EAP Steegers e.a. (red). Textbook of obstetrics and gynaecology.
A life course approach.
Houten: Bohn Stafleu van Loghum.

“All truth passes through three stages.
First, it is ridiculed.
Second, it is violently opposed.
Third, it is accepted as being self-evident.”
Arthur Schopenhauer, (1788-1860)

3 D A TLAS OF H UMAN E MBRYOLOGY
The human embryonic period is internationally defined as the first eight weeks of
development, counted from the time of conception (Streeter 1942; Streeter 1945,
1948; Streeter 1949; Streeter 1951; O'Rahilly and Müller 1987). Although the
arrangement of organs in the body is laid down during this period (de Bakker et al.
2016), not all organs are fully developed after eight weeks, when the developing
human enters the fetal phase. The first eight weeks of development can be divided
into three distinct periods. The first period starts with the fertilization and runs until
implantation. The second period covers the implantation phase and ends by the
formation of the three-layered germ disc. The third embryonic period encompasses
significant growth and organogenesis and finishes when the fetal period begins
officially after 60 days of development (O'Rahilly and Müller 1987). The first two
embryonic periods will be briefly discussed, after which the period of organogenesis
and embryonic growth will be highlighted.
During the first period (day 1-6), the fertilized egg cell or zygote becomes a morula
through the process of cleavage, after which compaction of the thus cleavaged cells
leads to the division between embryoblast (or inner cell mass, from which the embryo
and amnion will form) and trophoblast (or outer cell mass, from which the placenta
and chorion will be derived). By the process of cavitation, the blastocyst cavity arises
and the morula is now called a blastocyst. When the blastocyst hatches from its
protective shield, the zona pellucida, it is able to invade the epithelium of the uterus
endometrium to implant at day 7.
In the second period (day 7-19) the embryonic pole of the implanted blastocyst
(embryoblast) measures less than 0.5 mm in size and forms the amniotic cavity, the
epiblast and the hypoblast. The hypoblast delimits the yolk sac on the ventral side of
the embryo and the epiblast proper is the sole germ layer from which all embryonic
organs will later derive. By the process of gastrulation, the epiblast first forms the
extra-embryonic mesoderm, to provide in the embryos protection and nurture, and
subsequently the endoderm, intra-embryonic mesoderm and ectodermal layers are
formed. The embryo exists now of a three-layered germ disc and measures 0.6 mm at
day 19.
The third period of embryonic development (20-60 days) encompasses
organogenesis and significant growth. In this period, the embryo grows
exponentially; its volume increases with 25% per day and reaches a total volume of
2790 mm3 at 60 days of development (Fig. 1) (de Bakker et al. 2016). Interestingly,
there are substantial differences among the growth rates of independent organs.
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With the advancement of ultrasound techniques, enabling clinicians to monitor
pregnancies in the early first trimester, it is increasingly relevant to know the volumes
of independent organs throughout the stages of embryonic development. The 3D
Atlas and Database of Human Embryology allows to quantify relative growth between
60 independent organs at 34 time points during embryonic development (de Bakker
et al. 2016). The neural tube, the precursor of the brain and spinal cord, accounts for a
constant relative volume of ~10% of the total volume of the embryo. The liver on the
contrary, increases fast in volume between day 21 and 33, after which it also reaches a
steady relative volume of 8%. The relative volume of the notochord, the vertebral
precursor, decreases exponentially during embryonic growth, whereas the relative
volume of the kidney increases exponentially after its first appearance.
Another aspect of embryonic growth involves rather vague terminology as ‘relative
growth differences’ and ‘migration’ of organs. It has long been thought that the
kidneys migrate in cranial direction during development. A clinical example is the
horseshoe kidney, an anatomical variation with an incidence of one in 500 adults
(Glodny et al. 2009; Taghavi, Kirkpatrick, and Mirjalili 2016). The etiology of the
typical shape of the fused kidneys has always been explained as that the fused kidney
encounters the inferior mesenteric artery during ascent, thereby assuming the shape
of the horseshoe as it extends around it. Thanks to the latest 3D reconstruction and
measurement techniques (de Bakker et al. 2016) we now know that the kidneys do not
ascend during embryonic development, but that the inferior mesenteric artery
“descends” from the first to the third lumbar vertebra, giving the erroneous
impression that the kidneys ascend.
Eight weeks after conception the crown-rump length of the embryo is 3 cm and from
now on it is dubbed a fetus. But, since the urogenital and nervous systems among
others are still in the process of development at this point, it is simplistic to state that
all organs are completed after the embryonic period and that the fetus only has to grow
and ripen to reach term age. Further research is needed to quantitatively study
individual organ growth in the early fetal period.
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Fig. 1. Growth of the human embryo during the first 2 months of development.
From B. S. de Bakker et al., Science (2016) (de Bakker et al. 2016). Reprinted with permission
from AAAS. A Length of the embryo between Carnegie stages 7 and 23. Stages 7 to 12 are
enlarged. Note the large round yolk sac (y) in stage 8. Drawings (left to right) are of specimens
8752, 8671, H712, 6330, 6784, 8505A, 0836, 8314, 3512, 6517, 8521, 8524, 2114, 462, 7258, 895,
and 9226 from the Carnegie collection of the Human Developmental Anatomy Center at the
National Museum of Health and Medicine in Silver Spring, MD, USA. B Increase in body volume
with respect to days after conception (days a.c.) and Carnegie stages (x axis). Embryo volumes
are plotted on a logarithmic scale (left y axis; blue dots) and on a linear scale (right y axis; red
dots). The linear relation between log(volume) and days of development indicates a constant
growth rate of the embryos in this development period. C Relative volume of organs as
percentage of embryonic volume (y axis) with respect to days after conception and Carnegie
stages (x axis). Neural tube (not including the neural canal), liver, metanephros, and notochord
are shown as examples (see de Bakker et al. 2016 for other organs). The neural tube accounts
for a constant relative volume of ~10% of the total volume, whereas the relative volume of the
liver first increases, after which it also reaches a steady relative volume of 8%. The relative
volume of the notochord decreases exponentially, whereas the relative volume of the
metanephros increases exponentially after its first appearance.
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CHAPTER 2.1 - TOWARDS A 3-DIMENSIONAL ATLAS
OF THE DEVELOPING HUMAN EMBRYO: THE
AMSTERDAM EXPERIENCE

Bernadette S de Bakker
Kees H de Jong
Jaco Hagoort
Roelof-Jan Oostra
Antoon FM Moorman
Reprod Toxicol. 2012 Sep;34(2):225-36.
Supplementary material is available online at
http://www.3datlasofhumanembryology.com

“The distinguishing of the strata, or layers, in the embryonic membrane was a
turning-point in the study of the history of evolution, and placed later researches in
their proper light. A division of the (disc-shaped) embryo into an animal and a plastic
part first takes place. In the lower part (the plastic or vegetative layer) are a serous
and a vascular layer, each of peculiar organization. In the upper part, also (the animal
or serous germ-layer) two layers are clearly distinguishable,
a flesh-layer and a skin-layer.”
Karl Ernst von Baer, 1828

3 D A TLAS OF H UMAN E MBRYOLOGY
Abstract
Knowledge of complex morphogenetic processes that occur during embryonic
development is essential for understanding anatomy and to get insight in the
pathogenesis of congenital malformations. Understanding these processes can be
facilitated by using a three-dimensional (3D) developmental series of human
embryos, which we aim to create in this project.
Digital images of serial sections of 34 human embryos of the Carnegie
Collection between Carnegie stages 7 (15–17 days) and 23 (56–60 days) are used to
create 3D reconstructions of different organ systems. The software package Amira is
used to align the sections and to create the 3D reconstructions.
In this midway evaluation, we show the first results of the atlas, containing 34
embryos with more than 13.500 manually annotated sections. The 3D models can be
interactively viewed within a 3D-pdf. This will be the first complete digital 3D human
embryology atlas of this size, containing all developing organ systems.

Introduction
History of visualization and staging
Around the year 1510 the brilliant researcher and artist Leonardo Da Vinci (1452–1519)
drew one of the first human fetuses in a uterus (Nicholl 2004; O'Malley, Donald, and
Saunders 1952; Popham 1946). From the early 19th century onward more and more
research in this field was performed, using various animal and human embryos as
study material. Karl von Baer (1792–1876) was one of the founding fathers of
embryology and he described for the first time the fact that mammals, including
humans, develop from eggs (von Baer 1828). During his research of the germ layer
theory, which describes the transformation of the blastula into the three-layered
gastrula (von Baer 1828; Baxter 1977), he also discovered the notochord, as a first
rudiment of the spine. Based on his evolutionary theories, von Baer formulated rules
about differentiation within phylogenetic types, later described as the well-known
von Baer’s law (von Baer 1828; Russel 1916).
Another founding father of embryology, Wilhelm His (1831–1904), also known as ‘the
Vesalius of Embryology’ (O'Rahilly and Müller 1988), invented the first microtome
permitting much more detailed research on developmental series of human embryos
(Hopwood 2000). He published his research in three volumes entitled “Anatomie
menschlicher Embryonen” (Anatomy of human embryos) (His 1880, 1882, 1885)
between 1880 and 1885 and depicted the developing human embryos in a Normentafel
(a standard of default developmental stages) (His 1885; O'Rahilly 1988) in 1885
(Hopwood 2000). To make embryonic development accessible for a broader public,
His developed a reconstruction method to create wax models based on sections of
embryos (Buklijas and Hopwood 2012b). His reconstruction method, based on layers
that resemble the sections, is, in principle comparable with that deployed by modern
reconstruction techniques used for the digital 3D models.
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Two younger members of the team of His, Franz Keibel (1861–1929) and Franklin
Paine Mall (1862–1917), continued and revised his work. Using the Anatomie and the
Normentafel as a basis (Hopwood 2000), Keibel expanded the Normentafel and
investigated the normal degree of variation among embryos (Hopwood 2000), while
Franklin P. Mall founded the Carnegie Collection in 1887 by designating the first
human embryo, a stage 13 embryo (28–32 days) (Lockett 2001), as Carnegie #1
("Human Developmental Anatomy Center. National Museum of Health and
Medicine" 2012). Founding of the Carnegie Collection became official in 1902
(Buklijas and Hopwood 2012c; O'Rahilly and Müller 1987). In 1913, Mall recruited the
modeler Osborne O. Heard (1890–1983), who created many detailed reconstructions
of embryos of the Carnegie Collection in wax (Heard 1931, 1951, 1957; Yamada et al.
2006; Yamada et al. 2012). Based on these wax models, numerous famous drawings
by skillful artists like James F. Didusch (1890–1955) have been published since
(O'Rahilly and Müller 1987).
In 1914 Mall classified 266 human embryos from 2 to 25mm crown-rump
length (CRL) into 14 developmental stages, based on their characteristic external
features (Buklijas and Hopwood 2012a). George L. Streeter (1873–1948), director of
the Carnegie Collection since 1917, distinguished 23 divisions for the first seven weeks
and called each stage a horizon. He published this research between 1942 and 1957
(Streeter 1942). Ronan O’Rahilly, director of the Carnegie Collection since 1973
("Human Developmental Anatomy Center. National Museum of Health and
Medicine" 2012) and his wife Fabiola Müller (Morgan 2009), revised the horizons in
the early 1970s and they introduced the well-known Carnegie Staging (Buklijas and
Hopwood 2012a).
A selection of the Carnegie Collection embryos has re-entered the scientific
scene by the use of digital 3-dimensional reconstructions in the Virtual Human Embryo
project (Cork and Gasser 2002) by Raymond Gasser and John Cork as well as in the
project described here.
Scope of the 3D atlas project
The development of a human being from a single fertilized egg is a highly complicated
morphogenetic process, which is difficult to comprehend, but nonetheless, remains
essential for understanding the human anatomy and to get insight in the pathogenesis
of many congenital malformations. During their (bio-) medical education, students
get lectures and study text books on embryology, illustrated by drawings and other 2D
images and sometimes they even get access to3Dplastic or wax models. Even though
these tools are important for proper understanding, they fall short in bringing across
the topography of the developing 3D embryonic structures in a realistic and intuitive
fashion. The first aim of this project is to provide a three-dimensional (3D) atlas of
human development, showing the development of all organ systems over time in a
comprehensible way. Such an atlas should enable students to study the whole embryo
with all its organs in a 3Ddigital interactive environment and should permit them to
inspect how different structures relate to each other and how they develop over time.
Furthermore, the atlas can be used by biomedical researchers and clinicians as an
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accurate and comprehensive source of information concerning the morphological
development of the human embryo.
Several amazingly accurate studies on the development of the human body
originate from the first half of the previous century or even earlier (von Baer 1828; His
1880, 1882, 1885; Bailey and Miller 1921). These studies were, of necessity, only
descriptive. Knowledge on the mechanisms underlying embryonic development came
from experimental embryology on laboratory animals and the field became
revolutionized with the advent of molecular biology. This wealth of knowledge often
was assumed to be directly translatable to the human situation, albeit verification was
lacking potentially leading to erroneous interpretations (Yamada et al. 2006). As a
sequel, it gradually became unclear to what extent descriptions on human
development in current text books are based on original human specimens. Therefore,
the second aim of our project is to evaluate the published reports on human embryonic
development by comparing our data with the current literature.

Materials and Methods
Specimens
Serial sections of 34 human embryos between Carnegie stages 7 (15–17 days) and 23
(56–60 days) were used to create 3D reconstructions of all the different organs and
organ systems. Two specimens per Carnegie stage were incorporated in this atlas.
Digital images of a first series of sections from embryos of the Carnegie Collection and
one embryo from the Cambridge University, were kindly provided by the Computer
Imaging Laboratory of the Louisiana State University in New Orleans (Cork and
Gasser 2002) and a stage 20 (51–53 days) embryo of our own collection was captured
at the Academic Medical Center in Amsterdam. Additional images of a second series
of sections were captured at the Carnegie Collection at the Human Developmental
Anatomy Center of the Walter Reed Army Medical Center in Washington D.C. and
digital images of one stage 9 (19–20 days) embryo from the Boyd Collection were
provided by the Department of Physiology, Development and Neuroscience at the
University of Cambridge, United Kingdom. Additional information about the
specimens can be found in table 1. All specimens were staged using Streeter’s original
classification of embryos (Streeter 1942) and its modified version by O’Rahilly and
Müller (O'Rahilly and Müller 1987).
The Carnegie Collection only contains three stage 9 (19–21 days) embryos, all
of unsatisfactory quality. Specimen number 3709, which was staged as a very early
stage 10 (21–23 days) with 4 somites, is considered to resemble a late stage 9 based on
its external features and the number of somites (Cork and Gasser 2002). This
specimen is used as one of the two stage 9 embryos in this atlas, the other one is a
specimen from the Boyd Collection of the University of Cambridge.
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Image acquisition and processing
Nikon E800 microscopes, equipped with Plan Apo lenses and a Ludl motorized XYstage (http://www.ludl.com), were used to capture images of the sections. ImagePro Plus 5.1 with Scope-Pro (http://www.mediacy.com) was used for capturing and
tiling, resulting in image tiles with a resolution of 2000×1600 pixels. Flat field
correction and stitching was accomplished using Image-Pro Plus 7 and custom
routines in Matlab R2011b (http://www.mathworks.com). Thumbsplus 7
(http://www.thumbsplus.com) was used for batch-wise image processing like color
to grayscale conversion, cropping, resolution reduction and contrast enhancement.
Because of the large file sizes, stitching and further image processing was performed
on PCs with Windows 7 (64 bit) and 16GB RAM.
Alignment, segmentation and visualization
Amira version 5.4 (http://www.amira.com) was used for the 3D reconstruction
process, consisting of alignment, segmentation and visualization (Soufan et al. 2003).
Alignment of the stitched serial images was performed mainly automatically, but some
manual adjustments were needed, especially in the cranial region of the embryos
because the more or less round shape of the head was difficult to automatically align.
The aligned 3D images were compared with the original images of the whole mount
embryos and adjusted, if necessary.
Segmentation or ‘labeling’ of the various embryonic structures in more than
13.500 sections was accomplished by trained (bio-)medical students, under
supervision of four experienced embryologists of our department. The labels of the
various organ systems were mostly delineated by hand, with a Bamboo tablet and pen
(http://www.wacom.com), based on the pictures of the serial sections.
Segmentation was performed on the grey images in Amira, while the high-resolution
full-color dataset was displayed on a second computer screen.
Some structures, like parts of the coelomic cavity and the lumen of the neural
tube, could be segmented by using a threshold, but over 95% of the tissues were
delineated completely manually. Every student focused on a region (i.e. an organ or
organ system with its constituent and adjacent tissues) of personal interest, which was
then segmented in the different stages of development, using various labels depicting
the different parts of the organ system. In this way, every embryo was segmented by
each of the students according to their region of interest. An example of a segmented
section is shown in Fig. 1C. From the segmented images, surface files were created,
which are used for visualization in Amira. Because of the complexity and the file size,
these surfaces were smoothed and simplified in Amira, without loss of necessary
detail.
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Stage

CC
CC
CC
CC
BC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
AMC
CC
CC
CU
CC
CC
CC

Origin

7802
8752
10157
8671
H712
3709
6330
5074
6344
6784
8943
8505A
836
5541
6502
8314
721
3512
6517
8773
6520
6521
4430
6524
8965
2114
462
s2025
4090
7254
H983
895
9226
950

Specimen

a

7
7
8
8
9
10(9)
10
10
11
11
12
12
13
13
14
14
15
15
16
16
17
17
18
18
19
19
20
20
21
21
22
22
23
23

Year
of
acquisition
1940
1950
1967
1949
1957
1921
1931
1925
1931
1933
1934
1947
1914
1927
1931
1945
1913
1921
1931
1950
?
1933
1923
1933
1952
1918
1910
~1975
1922
1936
1962
1914
1954
1914

CRL
(mm)

0.42
?
1.43
1.38
1.8
1.74
2.83
3.3
2.5
5
3.9
?
4
6.0
6.7
8
9
8.5
10.5
11
14.2
12
14
11.6
19.1
19.3
20
19.8
22.2
22.5
28
26
31
31

19

P.o.
days

Acquired through

23

Hysterectomy
Hysterectomy
Hysterectomy
Hysterectomy
Hysterectomy
Abortion (EUG)
Hysterectomy

25
28
29

Hysterectomy

Abortion (EUG)
Hysterectomy

Miscarriage

32

36
39
41

50.5

56

Sex

F

F
?
F
M
M
F
M
M
F
M
M

T
(μm)

100
43
219
226
463
151
168
301
137
577
436
276
247
381
661
631
229
653
547
615
684
1063
433
957
290
309
377
647
195
283
408
421
208
556

#

6
10
8
6
4
10
12.5
10
18
6
8
8
15
10
20
8
37.5
10
16
10
15
8
30
10
40
40
40
7
80
60
53
50
120
50

Z
(μm)

e

P

6
10
8
6
4
10
5
10
6
6
8
8
15
10
10
8
15
10
8
10
10
8
15
10
8
40
40
7
40
20
10
25
12
50

d

Staining

o
o
t
t
t
t
t
t
t
t
t
t
t
t
t
t
t
t
t
c
t
t
t
t
t
t
t
t
t
t
t
t
t
t

c

Fixation medium

Hematoxylin and Eosin
Hematoxylin and Eosin
Cason
Hematoxylin and Eosin
Hematoxylin and Eosin
Erythrosin
Ehrlich’s acid hematoxylin
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Iron Hematoxylin
Hematoxylin and Eosin
Hematoxylin and Phloxin
Alum cochineal (i.e. carmine)
Alum cochineal, eosin
Hematoxylin and Eosin
Azan
Hematoxylin and Eosin
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Azan
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Aluminum Cochineal
Borax Carmine - Orange G
Aluminum Cochineal
Aluminum Cochineal
Haematoxylin-azophloxine
Alum cochineal (i.e. carmine)
Hematoxylin and Eosin
HE / trichrome / silver
Aluminum Cochineal
Azan
Aluminum Cochineal

b

Bouin
‘Unknown’
Formol
Ale. & Bouin
Formalin and Bouin
Formol
Formol
Bouin
Formalin
Formol
Zenker's Formol
Formol
Mercuric Chlorine
Formol
Could be Souza
Formol
Zenker's Formol
Formol
Corrosive Acetic Acid
Bouin
Corrosive Acetic Acid
Corrosive Acetic Acid
Corrosive Acetic Acid
Corrosive Acetic Acid
Zenker's Formol
Formalin
Formol
Bouin
Formol
Bouin
Formalin
Formol
Formol
Formalin

Table 1. An overview of the specimens used for the atlas with the available information (14;15;17;24-26)

a Origin of the specimen: CC = Carnegie Collection: Human Developmental Anatomy Center of the Walter Reed Army Medical Center in Washington D.C. USA //
BC = Boyd Collection: Department of Physiology, Development and Neuroscience, University of Cambridge, United Kingdom // AMC = Academic Medical Center,
University of Amsterdam, The Netherlands // CU = Cambridge University, United Kingdom. b Plane of sectioning: o = oblique, t = transversal, c = coronal. c Section
thic kness (μm). d Number of captured sections. e Z-resolution (μm)
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Three-dimensional pdf’s
The 3D reconstructions were exported from the Amira viewer into Adobe Acrobat 9
Pro Extended (http://www.adobe.com) to create interactive 3D portable document
format (pdf) files containing all reconstructed organ systems per stage (de Boer et al.
2011). A 3D-pdf can be viewed with a recent version of Adobe Reader (freeware,
http://www.adobe.com). The 3D-pdf enables the user to zoom in or out on a
structure, to hide it or to show it transparently, it provides the user with a clear view
of the embryo in 3D fashion, to obtain a better understanding of the relations between
the various organs in the embryo. This technique has proved its usefulness in earlier
publications of our department including Sizarov et al. (Sizarov, Ya, et al. 2011;
Sizarov, Devalla, et al. 2011; Sizarov et al. 2012), de Boer et al. (de Boer et al. 2011) and
van den Berg et al. (van den Berg et al. 2009; van den Berg and Moorman 2011). A 3Dpdf of a stage 16 (37–42 days) embryo, specimen 6517, is included in the supplementary
data.

Results
The 3D atlas encompasses 2 specimens of all stages between stage 7 (15–17 days) and
stage 23 (56–60 days) and within those 34 specimens all organ systems are
reconstructed. Examples of various embryos and organ systems are depicted in a series
of figures, showing the range of possibilities of this atlas. In Fig. 1 the different stages
of reconstructing are shown in a stage 8 (17–19 days) embryo. Due to the fixation and
embedding the yolk sac was somewhat deformed, but the 3-laminar embryonic disc
was perfectly preserved and the primitive streak and node were very clearly present
in this specimen. In Fig. 2 a younger stage, a stage 7 (15–17 days) embryo, is shown,
surrounded by its extra embryonic coelom and the trophoblast. The process of
gastrulation was clearly ongoing. Note the presence of an exocoelomic cyst in the
extra embryonic coelom, like described for example by Sadler and Larsen (Larsen
1993; Sadler 2004).
Fig. 3 shows an example of a reconstructed liver, its vessels, the gall bladder,
the pancreas and the spleen in a stage 18 (44–48 days) embryo in various views. In Fig.
3B the embryo along with its blood vessels, lungs and liver is shown in transparent
fashion. In Fig. 4 reconstructions of the lungs and the intestinal tract are shown, with
focus on the transparent lung mesenchyme and the mesentery around the gut,
surrounded by the embryo itself, also transparent. The possibility to show transparent
structures is of great value, as it provides a better understanding of the topographical
relations within the embryo.

27

2.1

3 D A TLAS OF H UMAN E MBRYOLOGY
In Fig. 5 the vascular system of a stage 19 (48–51 days) embryo is labeled in 3D,
showing the arteries and the veins, related to various organs like the heart, liver and
neural tube. Note the amount of detail in the cranial plexus and the branches of the
posterior cardinal vein. In Fig. 6 the skeleton of the same stage 19 is compared with
the skeleton of a stage 20 (51–53 days) embryo. The axial skeleton with its
intervertebral discs is the first part of the skeleton to develop in stage 14 (31–35 days)
or 15 (35–38 days). The skeletal part of the upper limbs develops in stage 16 (37–42
days) as mesenchymal compactions and the first sign of the lower limb skeleton
follows in stage 17 (42–44 days). The detailed adult configuration of the skeletal parts
of for example the wrists and the scapulae is striking in the stages 19 and 20, only 5–10
days further in development compared to the mesenchymal compactions as seen in
stage 17.
In Fig. 7 the relations between different parts of the nervous system is shown.
The different cranial nerves are individually labeled to clarify their relation to the
various parts of the neural tube. The first sign of cranial nerve development (cranial
nerves V, VII and VIII) starts in stage 11 (23–26 days) and gradually a complete set of
cranial nerves develop, as shown in this figure. Also, the body nerves with their spinal
ganglia and the sympathetic trunk are reconstructed. The developing brachial and
lumbosacral plexus are clearly present in this stage. They start to develop in stage 14
(brachial plexus) and stage 15 (lumbosacral plexus).
A developmental series of reconstructions of the inner ear is given in Fig. 8,
where the development from an otic vesicle into the almost adult anatomy of the inner
ear with its endolymphatic sac/duct, the utricle with its semicircular ducts, the saccule
and the cochlear duct. In stage 11 the otic pit rapidly invaginates from the ectoderm,
from which it detaches as otic vesicle in stage 12. The endolymphatic duct is the first
clearly distinguishable part developing from the otic vesicle in stage 16. In stage 17 the
semicircular ducts are still completely merged with the utricle but from stage 18
onward they are clearly visible as separate ducts. Also note the gradually curling
aspect of the cochlea, which curled 1.5 times already in stage 23. In adults, the cochlea
is curled 2.5 times (Netter 2006).
In Fig. 9 another advantage of the 3D atlas is shown, namely the ability to
create an observation window in an organ, to view the inner structures. In this figure,
a stage 23 embryo is shown with a transparent green-colored neural tube, showing the
internal ventricles and the central canal. In Fig. 9C an observation window in the left
cerebral hemisphere permits visualization of the inner neuro-epithelial layer of the
neural tube in green and the choroid plexus in red. Obviously, this can be done at any
possible place, in all embryos and with every structure.
Although our observations made during the process of reconstruction largely
match the descriptions in the current literature, they differ in detail and several topics
need further exploration as they seem significantly different from current knowledge,
such as the development of the notochord, the pronephros and the pericardioperitoneal canals. These topics will be the subject of subsequent papers.
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Discussion
Carnegie Collection
Although rarely attested, most specimens in the Carnegie Collection were probably
obtained during hysterectomies or termination of extra-uterine gravidities, which
explains their unmacerated, high-quality condition (Morgan 2004). Other embryos
resulted from spontaneous abortions (miscarriage). Since these embryos bear a
higher risk of congenital anomalies, they preferably were not used. However, of most
embryos of the Carnegie Institution the information about the way they were obtained
became lost over the years and our attempts to gain certainty about their origins was
unfortunately in vain. Therefore, and because of the fact that genetic investigation of
specimens of the Carnegie Collection is impossible, we can never be sure that these
embryos have no inborn defects. To minimalize the possibility of congenital anomalies
we chose to use two specimens per stage to compare them with each other and with
the specimens in the adjacent stages.
The embryo included in our series that was confirmatively obtained following a
miscarriage is a stage 16 (37–42 days) embryo, which showed an expected degree of
development when compared with the adjacent stages, and no discernable anomalies.
We decided to include this particular embryo in our atlas because of its exquisite
staining and because it was graded as ‘good’ by the staff of the Carnegie Collection.
The fact that the embryo was cut coronal appeared to be an advantage. It was easier to
align and many organs were beautifully depicted in the sections made in this plane.
Embryos in earlier publications
Many Carnegie Collection specimens have served as model for a variety of scientific
drawings and further research (Morgan 2004). For example, the stage 13 (28–32 days)
specimen 836, which also is used in this atlas, can be found in numerous publications.
This specimen was obtained after a hysterectomy and Osborne O. Heard produced
various 3D wax models based on serial sections of it (Morgan 2004). Based on these
wax models, James F. Didusch made drawings like presented in Figs. 13-3 and 13-4 in
O’Rahilly’s Developmental stages in Human Embryos, showing the vascular system of
this embryo (Cork and Gasser 2002; Morgan 2004; Cork, Gasser, and al. 2002). The
drawings appear to be very accurate considering their similarity with the
reconstructed embryo in our atlas. In Fig. 10 a comparison is made between
O’Rahilly’s Fig. 13–3 of specimen 836 and our reconstruction of this specific specimen.
Other ‘famous’ embryos used in this atlas are stage 7 7802 (O'Rahilly and Müller
1987), stage 10(09) 3709 (O'Rahilly and Müller 1987; de Vries and Saunders 1962;
Davies 1927), stage 11 3644 (O'Rahilly and Müller 1987; de Vries and Saunders 1962),
stage 16 6517 (Gasser 1975), stage 17 6520 (O'Rahilly and Müller 1987), stage 18 4430
(O'Rahilly and Müller 1987) and 23 9226 (O'Rahilly and Müller 1987; O'Rahilly,
Müller, and Meyer 1983; Müller, O'Rahilly, and Tucker 1981; Gardner and O'Rahilly
1976).
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Fig. 1. This figure displays the reconstruction process of a stage 8 (17–19 days) embryo, specimen
8671. The bars indicate 500µm. A: A picture of the whole mount embryo and its extra embryonic
structures partly situated within the extirpated uterus ("Human Developmental Anatomy Center.
National Museum of Health and Medicine" 2012). B: A stained section of this embryo. C: The grey file
as showed in the program Amira, containing the different manually and automatically (by using a
threshold) labels of the various structures. D: This panel shows the different assigned labels, without a
section as background, this forms the backbone for the reconstructions. E: A so called ‘surface cut’,
showing a single section of the reconstruction. F: Projection of the reconstruction on the surface cut,
creating a 3-dimensional volume. G: Lateral view of the complete reconstruction, showing the three
germ layers (ectoderm, mesoderm and endoderm) between the transparent yolk sac and amniotic
cavity. Note the presence of the allantois. H: Dorsal view of the embryo with the primitive node and
streak embedded in the epiblast.

Fig. 2. Reconstruction of a stage 7 (15–17 days) embryo, specimen 8752. This figure shows the
embryo and its yolk sac, surrounded by the extra embryonic coelom and the trophoblast.
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Fig. 3. Reconstruction of a stage 18 (44–48 days) embryo, specimen 6524, showing the liver,
pancreas, gall bladder and spleen. The bars indicate 1mm. A: Picture of the whole mount embryo in a
lateral view ("Human Developmental Anatomy Center. National Museum of Health and Medicine"
2012). B: Latero-frontal view of a reconstruction of the embryo is shown in transparent fashion with its
blood vessels, lungs and liver. C: Lateral view of the transparent embryo with its liver, gall bladder,
pancreas and spleen. D: Frontal view of the liver, gall bladder, pancreas and spleen. E: The same view
as in D, with a transparent liver, showing the liver vessels within the liver and the gall bladder, the
pancreas and the spleen behind and below it. F: Detailed frontal view of the gall bladder, bile duct and
the pancreas in this stage.

Fig. 4. Reconstruction of lungs and intestinal tract with mesenteries of a stage 19 (48–51 days)
embryo, specimen 2114. The bars indicate 2.5mm. A: Lateral view of the trunk of the transparent
embryo, showing the lungs and the intestinal tract. The fact that the lung mesenchyme and the
mesentery are shown transparently, enable the viewer to appreciate the relation of the lung lumen to its
mesenchyme and that of the gut to its mesentery. B: Frontal view of the same reconstructions as in A.
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Fig. 5. Reconstruction of the cardiovascular system of a stage 19 (48–51 days) embryo, specimen 2114. The bars indicate 2.5mm.
A: A picture of the whole mount embryo in a lateral view ("Human Developmental Anatomy Center. National Museum of Health
and Medicine" 2012). B: Lateral view of the transparent embryo showing the relation of the cardiovascular system to the liver and
the neural tube, also transparently shown.

Fig. 6. Reconstruction of the skeleton of a stage 19 (48–51 days) embryo, specimen 2114 and a stage 20 (51–53 days)
embryo, specimen 462. A: A picture of the whole mount stage 19 embryo in a lateral view ("Human Developmental
Anatomy Center. National Museum of Health and Medicine" 2012). B: Transparent view of the stage 19 embryo, showing
the relation of the skeleton to the whole embryo. The intervertebral discs are depicted in blue. C: Frontal view of the
skeleton of the stage 19 embryo. D: Detail of a cranial view on the left arm of the stage 19 embryo. Note the beginning of
the acromion (arrow). E: A picture of the whole mount stage 20 embryo in a lateral view ("Human Developmental
Anatomy Center. National Museum of Health and Medicine" 2012). F: Transparent view of the stage 20 embryo, showing
the relation of the skeleton to the whole embryo. G: Frontal view of the skeleton of the stage 20 embryo. H: Detail of a
cranial view on the left arm of the stage 20 embryo. Note the ‘adult’ configuration of the bones of the wrist.
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Fig. 7. Reconstruction of the central and peripheral nervous system of a stage 20 (51–53 days) embryo,
specimen 462. A: A picture of the whole mount stage 20 embryo in a lateral view ("Human
Developmental Anatomy Center. National Museum of Health and Medicine" 2012). B: Lateral view of the
transparent embryo, showing the neural tube, spinal ganglia, the sympathetic trunk and the cranial and
spinal nerves. C Close-up of the cranial region of this embryo showing the topography of the different
cranial nerves and their connection to the various parts of the neural tube.

Embryonic ages and stages
The embryos used in this atlas are aged between stage 7 (15–17 days) and stage 23 (56–
60 days). The completeness of this collection is exceptional, especially since two
embryos per stage are used, which enables us to compare the two specimens within
each stage. For most stages, there appeared to be a slight age difference between the
two. This is due to the classification system of 23 arbitrary stages in a period of 60 days,
exclusively based on external features (O'Rahilly and Müller 1987; Streeter 1942).
This means that there is an average of at least two to three days per stage and some
stages even cover 6 days. Moreover, we observed that the development of individual
organs did not always follow the same time line as one would expect based on the
description for that stage. This intraembryonic heterochrony, which has been noticed
previously (Oostra et al. 2007), adds to the arbitrarity of staging. In table 2 an
overview of the development of the different organ systems compared with the stages
is shown, as found in the 34 embryos included in this atlas.
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Fig. 8. Reconstructions of the development of the inner ear through Carnegie stages 12–23 (26–60
days). This figure shows the development from an otic vesicle into the almost adult anatomy of the inner
ear at stage 23 (56–60 days), with its endolymphatic duct, the semicircular ducts and the curled cochlear
duct.

Other imaging techniques
The resolution of Magnetic Resonance (MR), to image human embryos in a
noninvasive way, unfortunately is still not detailed enough to meet the standards of
histological sections (Yamada et al. 2012; Matsuda et al. 2003). Episcopic
Fluorescence Image Capture (EFIC) is an interesting technique to create perfectly
aligned reconstructions (Rosenthal et al. 2004; Weninger and Mohun 2002).
However, because the penetration of fluorescence in the tissue decreases when the
embryo becomes larger and thus older, this technique is only suitable for the younger
ones. Yamada et al. imaged in 2010 various embryos between stage 13 (28 days) and
stage 23 (56.5 days). They noticed that EFIC was problematic for embryos older then
stage 18 (44 days) (Yamada et al. 2010).
Unfortunately, histological sectioning has some disadvantages too. For example,
shrinkage and difficulties in the alignment makes the reconstruction sometimes
problematic. Therefore, when available, we used the whole mount pictures of the
sections used, to compare the alignment with the embryo before it was sectioned. The
fixation and staining of an embryo differs between the various embryos used in this
atlas. This was not considered as a problem, partly because the manual annotation was
performed on grey scaled images. The high resolution colored images of the sections
were used separately as a reference. Sometimes the staining appeared to be very
useful for specific structures. For example, in the case of stage 23, specimen 9226, the
Azan staining depicted perfectly the skeletal structures.
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Fig. 9. Reconstruction of the central nervous system (CNS), ventricles and choroid plexus of a stage 23
(56–60 days) embryo, specimen 9226. A: Lateral view of the transparent stage 23 embryo with a
transparent green-colored neural tube showing the lumen of the neural tube, the ventricles and the central
canal in grey. B: Frontal view of the same reconstruction as in A. C Frontal close-up of the transparent greencolored neural tube and the lateral ventricles in grey. An observation-hole in the left cerebral hemisphere
shows the inner neuro-epithelial layer of the neural tube in green and the choroid plexus in red.

Fig. 10. Comparison of a reconstruction of a stage 13 (28–32 days) embryo, specimen 836 with
O’Rahillys figures 13–3 (1987). The bars indicate 500μm. A: Drawing of the lateral view of a stage 13
embryo based on Born reconstructions of this specimen, made by Osborne O’Heard under supervision
of H.M. Evans, adapted from Fig. 13-3, O’Rahilly & Muller (1987) by Cork & Gasser in 2002 (Cork,
Gasser, and al. 2002). B: Reconstruction of the same specimen, showing the striking similarities of the
various structures.
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Human embryology: simple text book knowledge?
While reconstructing one literally has to decide where to “draw the line” tracing
structures or organs. The outlines of most structures are very well defined and easy to
segment but sometimes decisions were ambiguous. We tried to base our decisions on
knowledge from various embryology books, but this method generally appeared to be
insufficient, because most modern books only show schematic figures and rarely
original sections. Also, the fact that many modern books are based on research with
laboratory animals, made them often of less value as a source for research. Atlases, or
books that were very valuable, appeared to be the classical ‘older’ ones (i.e. pre1980s), with a clear focus on human embryology (O'Rahilly and Müller 1987; Bailey
and Miller 1921; Gasser 1975; Hamilton, Boyd, and Mossman 1972; TuchmannDuplessis and Haegel 1974). Some ‘modern’ atlases focus on human embryology as
well (Oostra et al. 2007; Cochard 2002; Blechschmidt 2004; Gray 2010).
Despite the general opinion ‘the more recent the literature, the better’, it appeared
that in human embryology the data in ‘older’ books matched much better with our
human data compared to the ‘modern’ books, currently in favor in the (bio-) medical
curricula.
The fact that relatively inexperienced biomedical students assisted with
reconstructing the organ systems had a positive outcome. The students were not yet
biased with text book embryology and were open-minded while reconstructing, and
challenged the expert embryologists to underscore their opinions. They were
instructed to segment structures exactly as shown in the sections, with as exception
tears and artifacts. Only afterwards their reconstructions were compared with the
schemes and drawings in text books and atlases. This sometimes led to different
views, which needed to be verified by a comparison with other embryos of the same
stage and embryos of younger and older stages. This research is ongoing.
Future plans
Comparing data from this atlas with published literature and other atlases will be a
major task for the upcoming years. We are currently exploring techniques to compare
our findings with immunohistochemical analyses in human embryos from the Human
Developmental Biology Resource database in Newcastle, United Kingdom and for
genetic analysis we are using knock-out mice embryos, of similar stages as the human
stages, which we will compare with wild type mice and sections and reconstructions
from this atlas.
We plan to finish the ‘rough’ version of this atlas in the summer of 2012.
However, some data reduction and additional correcting and smoothing are needed
to improve the interpretability and accessibility, while keeping the reliability.
Currently we are exploring the possibilities to improve our data set, deploying tools
that are used in the gaming world.
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Table 2. Presence of the organs and organ systems in the various Carnegie
stages

CNS
Yolk/Intestines
Notochord
Vessels
Cavities
Somites
Heart
Lung
Liver
Cr. nerves
Ear
Eye
Urogenital
Rathkes pouch
Pancreas
PNS
Thyroid
Bilary tract
Skeleton
Spleen
Vomeronasal
organ
Pineal gland

7
+
+

8
+
+
+
*

9
+
+
+
+
+
+
(+)

10
+
+
+
+
+
+
+

11
+
+
+
+
+
+
+
(+)
(+)
(+)
(+)

12
+
+
+
+
+
+
+
+
+
+
+
+
+
(+)

13
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
(+)

14
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
(+)

15
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

16
+
+
+
+
+
(+)
+
+
+
+
+
+
+
+
+
+
+
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+
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+
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+
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+
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+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+

+

+

+

+ = Organ (system) clearly present in both embryos of this stage
(+) = Minimal first or last sign of this organ (system) or this organ (system) was only present in
one of the two embryos of this stage
* Extra embryonal vessels

Conclusion
A 3D atlas is presented based on 34 serially sectioned human embryos, which
comprises more than 13.500 manually annotated sections. The 3D models can be
manipulated and virtually sectioned within a 3D-pdf. This is the first complete digital
3D human embryology atlas of this size, based purely on histological sections,
containing all developing organ systems. Publication of this material is currently in
progress.
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“The greatest progressive minds of embryology
have not looked for hypotheses;
they have looked at embryos.”
Jane Oppenheimer, 1955
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Abstract
Current knowledge about human development is based on the description of a limited
number of embryonic specimens published in original articles and textbooks, often
more than 100 years ago. It is exceedingly difficult to verify this knowledge, given the
restricted availability of human embryos. We created a three-dimensional digital atlas
and database spanning the first 2 months of human development, based on analysis of
nearly 15,000 histological sections of the renowned Carnegie Collection of human
embryonic specimens. We identified and labeled up to 150 organs and structures per
specimen and made three-dimensional models to quantify growth, establish changes
in the position of organs, and clarify current ambiguities. The atlas provides an
educational and reference resource for studies on early human development, growth,
and congenital malformations.

Introduction
The basic human body plan is laid down during embryonic development. Insight into
the formation of this plan has been shown to provide rational explanations for the
relative positions of organs in the adult, as well as for the origin of congenital
malformations. Congenital defects have an incidence of 3% in the human population
(Organization 2014) and cause up to one-quarter of all neonatal deaths (WHO 2009).
Knowledge of normal human development is therefore of great clinical interest,
particularly for pediatricians and clinical geneticists. Despite modern approaches such
as three-dimensional (3D) reconstruction, it remains difficult to map the intricate
morphogenesis of the developing human body. Current textbooks (Carlson 2014;
Moore, Persaud, and Torchia 2016; Sadler 2015; Schoenwolf et al. 2015) on human
development are usually based on the articles and textbooks of various stellar
embryologists (Broman 1927; Foster and Balfour 1874; Gasser 1975; Heuser 1932;
Heuser, Rock, and Hertig 1945; His 1880, 1882, 1885; Keibel and Mall 1910, 1912; Keith
1933; O'Rahilly and Müller 1987; Prentiss and Arey 1917; Streeter 1942; Streeter 1945,
1948; Streeter 1949; Streeter 1951), often published more than 100 years ago.
However, it is almost impossible to independently verify the information presented in
these textbooks, or even to assess whether this information is derived from studies on
human or animal material.
By visualizing development, normal embryogenesis and even malformations
can be better understood. In this study, we provide an atlas and database spanning the
entire embryonic period of human development, covering early organogenesis based
on human embryonic specimens from the Carnegie Collection (Table S1). The
Carnegie Collection consists principally of serially sectioned normal human embryos
in the first 8 weeks of development. It was started by the Carnegie Institution of
Washington’s Department of Embryology in 1914.
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Our interactive atlas allows the user to directly link the annotated organs in the 3D
reconstructions with the underlying histological sections of the Carnegie Collection,
thereby enabling independent verification and further analyses. The atlas identifies
differential growth and the changing relative positions of organs and structures during
the first 8 weeks of human development in a quantitative fashion. Initial analyses
provide new insights into these relationships.

Data generation and reconstruction pipeline
The degree of detail required for 3D reconstructions of distinct organ systems in early
development is currently impossible to obtain with noninvasive techniques such as
magnetic resonance imaging (Matsuda et al. 2003; Yamada et al. 2012). Moreover,
with a few exceptions, the scarcity of human embryos does not permit tissue
identification based on specific immunostaining of the individual organs. Because of
these limitations, we chose to analyze histological sections from the Carnegie
Collection, with manual identification and labeling of every organ and structure,
followed by knowledge-driven modeling to prevent loss of essential detail.
A flowchart of the methods used to generate the 3D reconstructions and
morphometric contents of the database is presented in Fig. 1. We imaged and
analyzed 17 embryonic stages, with two embryos per stage, spanning the first 2
months of development, which corresponds to Carnegie stages (CS) 7 to 23 (15 to 60
days of development; Table S1). We analyzed stages CS7 (15 to 17 days of
development), CS8 (17 to 19 days), CS9 (19 to 21 days), CS10 (21 to 23 days), CS11 (23
to 26 days), CS12 (26 to 30 days), CS13 (28 to 32 days), CS14 (31 to 35 days), CS15 (35
to 38 days), CS16 (37 to 42 days), CS17 (42 to 44 days), CS18 (44 to 48 days), CS19 (48
to 51 days), CS20 (51 to 53 days), CS21 (53 to 54 days), CS22 (54 to 58 days), and CS23
(56 to 60 days). Although analysis of two specimens per stage is insufficient to
estimate variance in development, the extensive series of embryonic stages allows
generalization of continuous patterns of growth. Images were acquired from about
15,000 histologically stained sections, and up to 150 organs and structures per
specimen were manually segmented and spatially reconstructed. Structures were
identified on the basis of anatomical and histological characteristics and named in
accordance with the international standard of embryonic terminology, the
Terminologia Embryologica ((FIPAT) 2013). The morphological reconstructions were
prepared with Amira and Blender software (see supplementary materials). The 3D
reconstructions were made in such a way that the original sections can be placed
within the reconstruction, permitting independent verification of the identification of
organs.
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The variability of the organ volumes measured by different observers ranged from
0.3% to 2% for simple and complex structures (Fig. S1). A smooth and easily
recognizable organ, such as the otic vesicle, is considered a simple structure, whereas
a small and tangled structure, such as the mesonephros and mesonephric duct,
consisting of different types of tissue, is termed a complex structure. This small
interobserver variation underscores the reproducibility of the segmentation and
reconstruction process.
Because organ morphology gradually and consistently changed both
qualitatively and quantitatively in the embryonic series studied, we conclude that no
grossly abnormal embryos were included in the study and that the staging of the
embryos was accurate.

Fig. 1. Flowchart of three-dimensional reconstruction, model generation, and data analysis.
Histologically stained sections of the embryos from the Carnegie Collection were imaged, aligned,
and segmented. Three-dimensional models were created in the 3D reconstruction package Amira;
surfaces were smoothed, without loss of essential details, by knowledge driven modeling in Blender.
The resulting 3D models were then incorporated into interactive 3D-PDF files. Data analysis was
performed on the segmented sections and the 3D models. The resource database contains the aligned
images, the segmented Amira models, the interactive 3D-PDFs, and tables and graphs of the
quantitative, topographic, and developmental data of all structures in every specimen. Green arrows
indicate quality checks; red and blue arrows indicate the flow of data toward the contents of the
resource database. Stage 20 specimen 462 was used to illustrate this flowchart.
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The applied reconstruction protocol has dual outputs: (i) a series of 14 3D
reconstructions that covers the entire embryonic period in an interactive format that
can be viewed on different computer types and smartphones (3D-PDF format), and
(ii) a set of tables and figures that provides quantitative information about the growth
of the distinct structures, as well as demonstrates the changing position of structures
relative to the vertebral column. The reconstructions provide spatial information,
including observations about the complex and changing relationships between
different structures in the developing embryo (supplementary 3D-PDFs). The
information in the tables and figures allows interpretation of organ growth relative to
the growth of the embryo (Excel S1) and enables the choice of reference points for
analysis of specific organs (Excel S2).

Fig. 2. Three- dimensional model of a stage 20 human embryo (specimen 462 of the Carnegie
Collection, 7.5 weeks of development). A: Lateral view of the original embryo before sectioning. B:
Lateral view of all reconstructed organs and structures, except for the skin. C: Three-dimensional view of
the reconstructed embryo highlighting the skeleton and neural tube. The sagittal plane cuts through the
digitized image stack. D: Cranial view on the transverse section from C through the shoulder region. E: A
detail of a transverse section through the lungs, as presented in Amira. Note the colored outline of each
annotated structure. The neural tube is represented in green, the skeleton in off-white; the transparent
body cavities enable inspection of the liver (brown). Scale bars, 2.5 mm [A to C], 1 mm [D and E].
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Interactive three-dimensional models of early human development
The supplementary 3D-PDFs comprise 14 interactive 3D-PDF files, covering the first
2 months of human development, and illustrate the complex morphological changes
that occur during development. With the interactive version, it is possible to focus on
a specific organ, or on the system related to the organ of interest. An example of a 3D
model of a CS20 embryo (51 to 53 days) is shown in Fig. 2. This view shows the
nervous system in relation to the developing skeleton. Note that the vertebral arches
are not yet closed and that the vertebral column and the spinal cord are still of equal
length; the relative ascent of the latter has yet to occur.
To illustrate the scientific potential of these models, we analyzed the
development of the vasculature in detail, summarized the results in schematics (Fig.
3, table S2, and fig. S2, A to O), and tabulated notable differences from the literature
(Carlson 2014; Moore, Persaud, and Torchia 2016; Sadler 2015; Schoenwolf et al.
2015; Gasser 1975; Gilbert 2010; Hamilton, Boyd, and Mossman 1972; TuchmannDuplessis and Haegel 1974) (Table S3). Some conspicuous differences from the
literature are in the connections of the umbilical arteries with the aorta, the origin of
the intestinal arteries, the sprouting of the pulmonary arteries, the origin of the
external carotid artery, and the absence of the fifth pharyngeal arch artery in all
embryos (Table S3). It is difficult to trace when and why the descriptions in textbooks
started to deviate from reality in the human embryo, because it is impossible to recover
the original sources of these texts.

Fig. 3. Development of the vascular system. The developing vascular system is presented in a Carnegie stage 9 embryo
(19 to 21 days; left) and a stage 13 embryo (28 to 32 days; right). Dashed lines represent developing vessels; dotted lines
represent regressing vessels. See fig. S2, A to O, for a complete schematic overview of the developing vascular system
between stage 9 (19 to 21 days) and stage 23 (56 to 60 days). Changes in the vascular system are summarized per stage in
tables S2 and S3. Abbreviations: a., artery; ao., aorta; p.a.a., pharyngeal arch arteries; v., vein. Scale bars, 250 mm (stage
9), 500 mm (stage 13).
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The organization of embryonic growth
The growth rate of the embryo, as derived from interpolation of the volumes of the
series of embryos, is remarkably constant in the first 2 months of development. During
this period, the embryo grows exponentially; its volume increases 25% per day and
reaches a volume of 2790 mm3 at 60 days of development, or CS23 (Fig. 4, A and B).
Nonetheless, there are substantial differences among the growth rates of different
organs, which lead to differential relative growth between organs and between
developmental phases (Fig. 4C and excel S1). The liver initially grows substantially
faster than does the entire embryo, but at stage 15/16 its growth rate tapers off to
match the overall growth rate (Fig. 4C, blue line). The notochord shows an
exponential decline in relative volume, whereas the metanephros grows faster than
the total embryo (Fig. 4C, green and red line, respectively). The neural tube (minus
neural canal) and its derivatives, in contrast, grow at a rate similar to that of the entire
embryo throughout the period analyzed and thus show a constant relative volume of
10% (Fig. 4C, yellow line).
We tabulated the first appearance, and sometimes disappearance, of the
different organs and structures within the human embryo for each stage, and
compared the findings with the corresponding data for mouse and chicken embryos
(Fig. S3 and excel S3). This analysis is of particular importance in teratological studies
that apply data from experimental animals to the human situation. The order of
appearance of the distinct organs in these species agrees largely with the order
reported by Butler and Juurlink (Butler and Juurlink 1987), who based their staging
exclusively on the exterior characteristics of the complete embryo. However, we
found a consistent difference of one to two stage equivalents when comparing
matched mouse and human or chicken developmental stages (Fig. S3 and excel S3).
Thus, our data show that mouse embryonic day 9.5 (E9.5) corresponds to CS12 rather
than CS10, and so on. However, we also found different timing of the appearance of
some internal organs, such as the choroid plexus, which is first recognizable in mouse
stage E11.0 but only five equivalent stages later in human (CS18) and chicken (HH27
to 28) (Excel S3). Similarly, the regression of the stalk of the pharyngeal hypophysis
is completed six stages earlier in mouse (E12.0) than in human (CS21) and chicken
(HH33 to 34) (Excel S3). The adrenal gland, in contrast, starts to develop in the same
stage in human (CS18) and mouse (E13.5) embryos, but four equivalent stages later in
chicken embryos (HH35) (Excel S3). In the current literature, the data for the timing
of development of structures within the human embryo are anecdotal (O'Rahilly and
Meyer 1979; Sissman 1970), and textbooks are inconsistent and lack references
(Carlson 2014; Moore, Persaud, and Torchia 2016; Sadler 2015; Schoenwolf et al.
2015; O'Rahilly and Müller 1987; Hamilton, Boyd, and Mossman 1972; TuchmannDuplessis and Haegel 1974; Larsen 1993). Overall, our tabulated human data are
consistent with those presented in the atlas of human development by O’Rahilly and
Müller (O'Rahilly and Müller 1987).

49

2.2

3 D A TLAS OF H UMAN E MBRYOLOGY

Fig. 4. Growth of the human embryo during the first 2 months of development. A: Length
of the embryo between Carnegie stages 7 and 23. Stages 7 to 12 are enlarged. Note the large
round yolk sac (y) in stage 8. Drawings (left to right) are of specimens 8752, 8671, H712, 6330,
6784, 8505A, 0836, 8314, 3512, 6517, 8521, 8524, 2114, 462, 7258, 895, and 9226. B: Increase in
body volume with respect to days after conception (days a.c.) and Carnegie stages (x axis).
Embryo volumes are plotted on a logarithmic scale (left y axis; blue dots) and on a linear scale
(right y axis; red dots). The linear relation between log(volume) and days of development
indicates a constant growth rate of the embryos in this development period. C: Relative volume
of organs as percentage of embryonic volume (y axis) with respect to days after conception and
Carnegie stages (x axis). Neural tube (not including the neural canal), liver, metanephros, and
notochord are shown as examples (see excel S1 for other organs). The neural tube accounts for
a constant relative volume of ~10% of the total volume, whereas the relative volume of the liver
first increases, after which it also reaches a steady relative volume of 8%. The relative volume
of the notochord decreases exponentially, whereas the relative volume of the metanephros
increases exponentially after its first appearance.
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Fig. 5. Assessment of organ position during development. A: To enable determination of the
position of organs, planes perpendicular to the notochord were generated from the intersection
of the developing vertebrae with the notochord. Left: Reconstruction of the individually
labeled vertebrae and notochord. Center: The notochord was skeletonized to a line and masked
with the colors of the vertebrae. Right and far right: The skeletonized notochord was expanded
to form a cylinder. Each colored disc corresponds to a vertebra, and the planes of these discs,
perpendicular to the notochord, now serve as rulers. The user can increase the diameter of the
discs to determine which discs intersect with the organ of interest. The most cranial and caudal
intersections of an organ with the planes of the discs then give the position of an organ relative
to the vertebrae. Stage 17 (specimen 6521) and stage 20 (specimen 462), with annotated liver
(brown) and kidneys (orange), are illustrated. Note the caudal shift of the liver from stage 17
(C7-Th10) to stage 20 (Th2-S5), whereas the kidneys remain at the same cranial position (L1),
in contrast to descriptions in textbooks. B: Cartoons based on 3D reconstructions. The relation
of the metanephros (orange), the gonad (purple), and the inferior mesenteric artery (IMA; red)
is indicated in stages 16, 17, and 20. See the text for their positional changes. C: Margins of the
position of the metanephros (orange band), the inferior mesenteric artery (red dots), and the
gonads (purple band) during development (x axis) relative to the vertebrae (y axis) (see excel
S2 for other organs). Th, thoracic; L, lumbar; S, sacral; Co, coccygeal; CS, Carnegie stage.
Scale bars in A, 1 mm.
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Changing organ topography
Regional differences in growth and migration of the organs are usually suggested to
explain the changes of the position of organs during development (Carlson 2014;
Moore, Persaud, and Torchia 2016; Sadler 2015; Schoenwolf et al. 2015; O'Rahilly and
Müller 1987; Costa et al. 2002; Müller and O'Rahilly 2011). Perhaps the most cited
example is the ascent of the primordial kidneys (Carlson 2014; Moore, Persaud, and
Torchia 2016; Sadler 2015; Schoenwolf et al. 2015; Larsen 1993). This ascent, in turn,
has led to the notion that fusion of the kidney primordia, prior to their ascent, would
account for the horseshoe lesion, the fused middle part allegedly being prevented
from ascent by the presence of the midline inferior mesenteric artery, whereas the
lateral parts have no impediment to their ascent (Carlson 2014; Moore, Persaud, and
Torchia 2016; Sadler 2015; Schoenwolf et al. 2015). The greatest weakness of these
suppositions is the almost total lack of quantitative data about the relative positions of
the different structures during development. Our 3D reconstructions permit us to
show the position of each individual organ relative to the developing vertebrae (Fig.
5 and excel S2). The primordium of the definitive kidney, or metanephros, can be
identified already at CS14, but we could first reliably relate its position to the
developing vertebrae at CS16 (Fig. 5). The kidney is then positioned within the lumbar
region extending from the fourth lumbar vertebra to the first sacral vertebra. Within a
few days, it elongates up to the level of the first lumbar vertebra (CS17). Its cranial
margin remains at this “adult” level, whereas during further development its caudal
margin “ascends” from the first sacral to the fourth lumbar vertebra, owing to a
relatively faster growth of the developing vertebral column. This raises the question
of whether such a pattern of growth implies a real ascent of the kidneys during
development.
A confounding factor that may have led to the notion of ascent of the kidneys
is the hitherto unrecognized substantial difference in growth along the entire length
of the aorta, which determines the relative position of the arterial branches (Fig. 5,
fig. S2, H to O, and excel S2). During development, the branching point of the
seventh intersegmental artery remains positioned at the level of the seventh cervical
vertebra and that of the umbilical arteries at the level of the third to fourth lumbar
vertebrae, whereas the relative positions of the three major intestinal arteries change
considerably. From CS16 to CS23, the branching point of the celiac trunk and the
superior mesenteric artery “descends” from the sixth and seventh thoracic vertebrae,
respectively, to the first lumbar vertebra; the inferior mesenteric artery “descends”
only slightly from the first to the third lumbar vertebra. As a consequence, the position
of this latter artery changes from the cranial border of the kidney at CS17 to its caudal
border from stage 20 onward. Therefore, taking this artery as the point of reference
gives the erroneous impression that the kidneys ascend.
Another example is the developing gonads, which are generally assumed to
descend during development (Moore, Persaud, and Torchia 2016; Sadler 2015;
Schoenwolf et al. 2015; Hamilton, Boyd, and Mossman 1972). Our data show that this
is not the case. During the embryonic period, the caudal margin of the developing
gonads remains approximately at the level of the fifth lumbar or first sacral vertebra.
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The cranial margin, however, does not grow proportional with the vertebral column,
and thus it “descends” from the level of the fifth thoracic vertebra in CS16 to the
second lumbar vertebra in CS23 (Fig. 5). Obviously, this does not imply that the
gonad, as an organ, truly descends in this period, but merely that it shortens relative to
the growing vertebrae. Analysis of 34 specimens of the first 2 months of human
development thus enabled us to elicit the information required to describe the
changes in the position of internal organs relative to one another (Excel S2).

2.2

Fig. 6. Schematic overview of the development of the notochord. A: The notochord develops from stages 8 to
12. Three representative transverse sections per stage are shown along with a schematic representation of the
developing notochord, showing the position of the sections and the partitions of the developing notochord. The
notochordal process and plate develop in craniocaudal direction, whereas formation of the definitive notochord
starts in the middle of the embryo, expanding in both directions. The caudal extreme of the developing notochord
widens in stage 12 (26 to 30 days) as a result of secondary development in the caudal eminence. B: Schematic
overview of the five stages of notochordal development in a transverse view. Red, gastrulation zone; green,
notochordal process with notochordal canal; yellow, notochordal plate; orange, “inverted U”–shaped notochord;
blue, definitive notochord; Ao, aorta; Nc, neurenteric canal; Ng, neural groove; Nt, neural tube. Presented
specimens are 10175, 3709, 6330, 6344, and 8505A.
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Comparative morphological analyses
In the absence of human experimental studies, medical embryologists necessarily rely
heavily on data obtained from experimental animals such as chicken and mouse. A
proper understanding of the development of birth defects thus requires insight into
the similarities and differences between human development and that of these
experimental animals. However, it is not clear whether cartoons of certain
developmental processes in medical textbooks truly reflect the human situation. The
data collected for the current atlas remedy this situation because they allow
verification of experimental findings in the developing human. We cite two examples.
The first example is the development of the notochord, represented in
textbooks as a mixture of human and animal data (Moore, Persaud, and Torchia 2016;
Sadler 2015; Tuchmann-Duplessis, David, and Haegel 1982). Figure 6 shows the
human sections of the relevant developmental stages in our atlas, along with cartoons
indicating our observations. These data show that in humans, a group of primitive cells
briefly persists after gastrulation. This transient group of cells, through which the
neurenteric canal traverses, is dubbed the notochordal process. The ventral side of this
cell cluster is incorporated into the endodermal roof of the foregut, and its dorsal side
is closely attached to the developing neural tube. This intimate association is often
ignored, even though animal studies have shown that the developing notochord
induces the formation of the floor plate of the neural tube (van Straaten et al. 1988)
and is attached to the developing neural system (Jurand 1962, 1974). Then the
notochordal process incorporates entirely into the endoderm, forming the epithelial
notochordal plate, which adopts an “inverted U” shape and remains intimately
associated with the neural tube. Subsequently, the notochordal cells detach from the
endoderm to form the definitive notochord, allowing the two dorsal aortas to fuse
between the notochord and the roof of the foregut (Fig. 6B). Similar to gastrulation,
the formation of the notochordal process and plate proceeds in the craniocaudal
direction. However, in contrast to the mechanism described in several textbooks
(Carlson 2014; Moore, Persaud, and Torchia 2016; Sadler 2015; Schoenwolf et al.
2015), the formation of the definitive notochord in humans starts in the middle of the
embryo and then proceeds in both cranial and caudal directions, similar to what is
generally assumed for the closure of the neural tube.
The second example relates to the origin of the derivatives of the pharyngeal
arches. According to current theories, the hyoid body develops by fusion of parts of
the second and third pharyngeal arch cartilages, and the thyroid cartilage by fusion of
parts of the fourth and sixth pharyngeal arch cartilages, as described for lower
vertebrates (Romer 1962). In contrast, we observed that in human development, the
body of the hyoid bone develops from a single growth center, without overt
contributions from the second and third pharyngeal arch cartilages. The thyroid and
cricoid cartilages develop separately from mesenchymal thickenings (Fig. S4).
Anatomical variations of the hyoid-larynx complex occur in up to 25% of the general
population (de Santana Jr et al. 2006). Most variants are not important in the clinical
setting, but they may be important in a forensic context if a fracture of the hyoid bone
is suspected. In that case, it is of utmost importance to distinguish between true
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fractures of the hyoid bone or the thyroid horns, and failure of these parts to fuse
during development.

Discussion
The recent expansion of molecular genetic technology has brought with it an
improved understanding of the regulatory mechanisms that control the development
of the vertebrate building plan. Although the findings in model organisms are being
extrapolated to human development, insight into the divergence and conservation of
human morphogenesis, as compared to experimental animals, remains crucial to
assess whether such extrapolations are justified. A global analysis of the changing
position of just a few structures such as the gonads, kidneys, and arteries shows
discrepancies with current textbooks and thus demonstrates the value of a 3D atlas
based on human embryonic specimens. The generated 3D models are presented in
interactive 3D-PDF files (Murienne, Ziegler, and Ruthensteiner 2008), which
facilitates the understanding of complex 3D structures and permits the reader to
develop an independent judgment about human embryology. Although new editions
of biomedical textbooks update recent molecular insights, the morphogenesis is not
updated and has become increasingly schematic as well as alienated from the original
human substrate. This 3D atlas reinstates this link because the morphological
reconstructions are connected directly to the original sections of the human embryos
in the Carnegie Collection.
Our atlas can serve as an educational and reference resource for (bio)medical
students, clinicians, and scientists interested in human development and
development-related disease. The original images and reconstructions are available
for educational use and further scientific analysis. This, in turn, will permit updates and
extension of the atlas with time, in cooperation with other research groups.
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Supplementary Materials and Methods
Human specimens
All embryos included in this study are historical specimens, which, according to
available information, have been collected between 1910 and 1975, after hysterectomy
(n=13), extra uterine pregnancy (Morgan 2009) or miscarriage (O'Rahilly and Müller
1987). Miscarriages were only included in this atlas if no other specimens of
comparable stage and quality were available and if the histologically stained sections
were of sufficient quality. Most of the embryos are from the Carnegie collection in
Silver Spring, MD, USA; two specimens are from the Boyd collection of the University
of Cambridge, UK and one specimen is from the collection of the Department of
Anatomy, Embryology & Physiology, Academic Medical Center, Amsterdam, The
Netherlands. Serial histological sections of a duplicate series of 17 embryonic stages,
spanning the first 2 months of development (Carnegie stages 7 to 23) were used. No
ethical approval was needed for this retrospective study.
After fixation and embedding, all specimens have been sectioned and stained
with different histological staining methods. Additional information about the
specimens can be found in supplementary table 1 (O'Rahilly and Müller 1987;
Streeter 1942; Streeter 1945, 1948; Streeter 1949; Streeter 1951; Morgan 2009). The
embryos were staged using Streeter’s original classification of embryos (Streeter
1942; Streeter 1945, 1948; Streeter 1949; Streeter 1951) and its modified version by
O’Rahilly and Müller (O'Rahilly and Müller 1987). Specimen number 3709 is known
in the Carnegie collection as a stage 10 (21-23 days) embryo, but because of its external
features with 4 somites it is considered to resemble a late stage 9 (19-21 days) embryo.
Sections of the other stage 9 embryos in the Carnegie collection were of
unsatisfactory quality.
Image acquisition and processing
Nikon E800 microscopes with Plan Apo lenses and a Ludl motorized XY-stage
(http://www.ludl.com), were used to capture digital images of the sections. ImagePro Plus 5.1 with Scope-Pro (http://www.mediacy.com) was used for capturing and
tiling, resulting in image tiles with a resolution of 2000x1600 pixels. Flat field
correction and stitching was accomplished using Image-Pro Plus 7 and custom
routines in Matlab R2011b (http://www.mathworks.com). Some specimens were
imaged using a macro setup consisting of a Canon EOS 500D camera, Canon EF
100mm f/2.8L Macro lens and EOS utility software for remote shooting
(http://www.canon.com). Thumbsplus 7 (http://www.thumbsplus.com) was used
for batch-wise image processing like color-to-grayscale conversion, cropping,
resolution reduction and contrast enhancement. Because of the large file sizes,
stitching and further image processing was performed on PCs with Windows 7 (64
bit) and 16GB RAM.
Alignment, segmentation and visualization in Amira
Amira (version 5.3 - 5.6, http://www.amira.com) was used for the 3D reconstruction
process, consisting of alignment, segmentation and visualization (Soufan et al. 2003).
Alignment of the stitched serial images was performed mainly automatically (leastsquares alignment mode), but some manual adjustments were needed, especially in
the cranial region of the embryos, because the rounded shape of the head hampered
automatic alignment. The aligned 3D images were compared with photographs of the
exterior of the original embryos and the alignment was adjusted, if necessary.
Segmentation of the various embryonic structures in more than 15,000
sections was done by trained analysts, under supervision of four experienced
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embryologists of our department. The various organ systems were mostly delineated
by hand, with a Bamboo tablet and pen (http://www.wacom.com), based on the
images of the serial sections. Segmentation was performed on greyscale images in
Amira, while the high-resolution full-color dataset was displayed on a second
computer screen. Some structures, like parts of the coelomic cavity and the lumen of
the neural tube, could be segmented by using a threshold, but over 95% of the tissues
had to be outlined manually. Every analyst focused on a distinct region, i.e. an organ
or organ system with its constituent and adjacent tissues, which then was segmented
in the different stages of development, using unique labels to depict the different parts
of the organ system.
From the segmentation label files, triangulated surface files were made using
the SurfaceGen function, mostly resulting in very large surface files. Depending on
the purpose, label resolution reduction (Resample), label interpolation
(InterpolateLabels), triangle reduction (Simplify) and surface smoothing
(SmoothSurface) was applied for visualization or modeling.
Inter-observer variability
The reproducibility of the manual segmentation of organs by the trained analysts,
mainly (bio)-medical students, was evaluated by comparison of the volumes of three
different annotated organs. To this end, each analyst segmented the otic vesicle (a
smooth and easily recognizable organ), the mesonephros (existing of different types
of tissue) and the mesonephric ducts (a small and tangled structure) in ten serial
sections (supplementary Fig. S1). For each structure, the volume was calculated and
variation in volumes between observers was determined. The relative standard error
ranged from only 0.3 % to 2% for simple and complex structures, respectively and
comparison of trends revealed only a small systematic bias between observers
(Friedman test: p=0.06; supplementary Fig. S1). This analysis of variability showed
that the reproducibility of manual segmentation is very high and that effects of
segmentation errors on observed volumes of organs and other structures can be
ignored.
3D modeling
For visualization purposes only, the rough but highly detailed Amira models were
transformed into smooth and informative models. To this end, the open source 3D
modeling software package Blender (version 2.51 - 2.76, http://www.blender.org)
was used to remove artifacts and minimize the complexity and thus the file size of the
models (Garwood and Dunlop 2014). Artifacts in the Amira models, caused by
sectioning, stretching, alignment or under-sampling errors, were pinpointed by
morphological experts and corrected during this knowledge-driven modeling
process. The basic technique that was used is box modeling, by which a model is
created by subdividing and refining a basic shape (e.g. cube); for more complex and
organic modeling, digital sculpting techniques were applied. The total number of
triangles of the final Blender models is about 90-99% reduced, compared to the
original Amira surface models, without loss of correct topology and essential
morphological details.
In short, the reconstructed, simplified and smoothed Amira surfaces were
exported as Stanford (.ply) files and imported into Blender. Manifold (“watertight”)
models of every separate structure were manually created by trained game
development students, using the imported models as templates. The models need to
be manifold to enable solid digital sectioning. Many Blender functions, tools and addons were used, depending on the shape and complexity of the embryonic structure.
The resulting low-poly models obtained their smooth and natural appearance by
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applying a Subdivision Surface modifier (Catmull-Clark). Because many neighboring
structures were modeled separately from each other, special care was taken to avoid
that structures overlap after combining the models into the complete embryo. Some
larger structures, such as the alimentary canal, were modeled as one structure and
subdivided by using a Boolean modifier to create sharp cutting edges.
Standardized material colors and an object tree with the structure names, in
accordance with the Terminologia Embryologica ((FIPAT) 2013), were assigned to
the complete model. As a final step the quad-based models were triangulated and the
number of triangles was reduced, where possible. For creating a 3D-PDF, the model
was exported as an Autodesk FBX (.fbx) file, which keeps the structure tree and
material colors intact.
Three-dimensional PDFs
The exported Blender models were imported into Deep Exploration (version 6.5
CSE, part of Corel DESIGNER Technical Suite X5 http://www.corel.com).
After final small corrections in the object tree and material list the models were
exported as Universal
3D
(.u3d)
file
and
imported
in
Adobe
Acrobat XI Pro (http://www.adobe.com). Interactive 3D portable document
format (pdf) files containing all modeled organs and structures per embryo were
created (de Boer et al. 2011). These 3D-PDFs can be viewed in a recent version of
Adobe Reader® (X or higher, freeware, http://www.adobe.com) on MS
Windows or MacOS systems, with javascript and playing of 3D content enabled.
We designed a user-friendly navigation panel with a structure tree,
subdivided into organ systems. Combined with options to select each separate
structure and the ‘show’, ‘transparent’ and ‘hide’ buttons, the user is now able to show
any combination of structures from any chosen angle and in any chosen zoom. Using
these interactive tools, the user is able to obtain a good understanding of the spatial
relations between the various organs in the embryo. Some predefined views were
created as examples to direct the attention of the user to certain structures. To provide
the user with a perception of size of the specimen, an ‘actual size’ page was added to
each 3D-PDF. The supplementary interactive 3D-PDFs are available via the portal
(http://3datlasofhumanembryology.com).
Quality checks
Quality checks during the image acquisition and the reconstruction process are
indicated with a green arrow in Fig. 1 of the main text. First, the quality of the available
sectioned and stained specimens was checked. This included checks of appropriate
histology of preferably transverse sections, presence of tears and artifacts in the
sections, irregular or faded stains and missing sections. When one glass in a series was
missing the embryo could not be used for reconstruction. The second check was
performed during and after alignment of the sections in Amira. The aligned stack of
sections was compared with the photograph of the original embryo before sectioning,
when available. Also, a constant spacing of the sections throughout the complete stack
is of utmost importance for a 3D reconstruction. The correct Z-value, i.e. sampling
distance, could be calculated in this phase, based on the pixel sizes of the captured
images and the photograph of the original embryo before sectioning. The third quality
check was performed during and after manual segmentation by the analysts, under
supervision of experienced embryologists. The segmentation was performed on gray
images in Amira while the aligned color images of the same sections were used as a
control. Every segmented structure in Amira had to be approved by two experienced
embryologists. The fourth quality check was performed with the reconstructed
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embryo in Amira. The reconstruction was compared again with the original embryo
before sectioning and with the reconstruction of the other embryo within the same
developmental stage and with reconstructions of previous and subsequent stages. The
last quality check concerns the knowledge-driven modeling step. Every modeled
structure was compared with the original Amira model, clipping-through issues were
corrected and the final models were approved by the embryologists.
Morphometry
Measurement of the volumes of organs and structures requires knowledge on the
magnification of the images used for 3D reconstruction and the distance between
these images. Magnification, or pixel size, was determined by measuring the real
distance between two points in the image of a histological section and dividing this
distance by the number of pixels along the same line in the image. For images that
were acquired specifically for this project, this could be accomplished by counting the
number of pixels on the known length of a simultaneously imaged microscopic ruler.
For images that were downloaded from the Carnegie collection website, the
measurement tool on the EHD webpage (http://www.ehd.org/virtual-humanembryo) served to obtain the real distance. Thus, for each embryo the magnification
of the images was determined.
For each embryo a systematic sample of sections, ranging from each section
till one section per several sections, was used for 3D reconstruction. Most often each
section was used for reconstructing. However, in some older and larger embryos a
systematic sample of one section per X sections was used to prevent the Amira data
file from becoming too large (max. 2.2 GB). However, section thickness and spacing
of the sections was not known for each embryo. Therefore, the section, or slice,
thickness to be used in the calculation of volumes was determined using the length and
width ratio that could be measured from the photograph of the exterior of the embryo
before fixation and the width that could be measured in the section at the same
position. Slice thickness can then be calculated as length times the width in a section
divided by the width in the photograph. Note that this use of the original photograph
in the estimation of voxel size corrects for differences in shrinkage between embryos.
Volumes of organs and structures are determined by counting the number of
pixels within the manual outline of the structure, summing this number for all sections
and multiplying by the voxel volume. The volumetric measurements thus follow the
principle of Cavalieri which states that, in a systematic sample of sections, an unbiased
estimate of volume can be obtained as the product of summed area times distance
(Chieco et al. 2013).
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Topography
To determine the relative position of developing organs and structures, the vertebral
column was used as ruler by which the levels of the organs were compared between
Carnegie stages 16 (37-42 days) to 23 (56-60 days). To this end, all vertebrae were
individually labeled in Amira. Thoracic vertebrae were identified by the presence of
ribs; from there the cervical vertebrae were identified in cranial direction and the
lumbar, sacral and coccygeal vertebrae in caudal direction. To take the variable
curvature of the embryo into account, the notochord was skeletonized to a line and
then expanded to form a cylinder. Such a blown-up version of the notochord keeps
the same curvature as the vertebral column. Masking of the skeletonized notochord
with the vertebrae permits its partition into differentially colored discs, or “vertebradomains”, each perpendicular to the notochord and corresponding to a vertebra.
These discs allow the unambiguous identification of the position of an organ-ofinterest by assessing which discs intersect with its most cranial and its most caudal
borders. In this way, we defined the most cranial border of an organ as the most caudal
vertebra-domain that still intersects with the most cranial point of the organ. Similarly,
the most caudal border of an organ was defined as the most cranial vertebra-domain
that still intersects with the most caudal point of the organ. In doing so, we viewed all
structures from the left and the right side of the embryo to avoid bias by asymmetries
that might be obscured by the expanded notochord disks. When the most cranial or
caudal margin of an organ extended the borders of the blown-up version of the
notochord, no position was noted. See also Fig. 5 and supplementary Excel 2 for
further details on the location of organs compared to the vertebrae.
Chronology and heterochrony
Histological sections of human, mouse and chicken embryos of different stages have
been studied for the presence or absence of several organs and structures at a
particular stage. The development of these organs and structures was compared by
using the atlas of Butler & Juurlink (Butler and Juurlink 1987). Besides the abovedescribed human specimens, specimens from the collection of the Department of
Anatomy, Embryology & Physiology, Academic Medical Center, Amsterdam, The
Netherlands, were used to study mouse (E8.5-E18.0) and chicken embryos (24 hours10 days). All human specimens were staged using Streeter’s classification (Streeter
1942; Streeter 1945, 1948; Streeter 1949; Streeter 1951) and its modified version by
O’Rahilly and Müller (O'Rahilly and Müller 1987). Mouse embryos were staged
according to Kaufman (Kaufman 1992) and the chicken embryos were staged
according to Hamburger and Hamilton (Hamburger and Hamilton 1951) and Romanoff
(Romanoff 1960). Two specimens per stage were studied for each species. When
more variation was found, three or even four mouse or chicken specimens were
studied. If additional information was necessary for studying the development of
organs or structures in the human embryo, the available 3D models were used, along
with the histological images. The results of the research in the three species were
summarized and used to construct a schematic chronology (supplementary Fig. S3)
that compared the corresponding stages according to the study of Butler & Juurlink
(Butler and Juurlink 1987). A detailed listing of all results can be found in
supplementary excel 3.
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Fig. S1. Reproducibility
of manual annotation
To test the reproducibility
of the manual tracing of
the different organs (top
panel),
16
of
the
participating
analysts
were asked to draw the
contours of 3 types of
organs on a set of ten
successive images (middle
panel). The organs ranged
from
complex
(left:
mesonephric duct) to
simple
(right:
otic
vesicle). Per organ and
analyst, the measured
volume was calculated. To
compare
the
reproducibility
in
volumes, the mean of the
volumes of the smallest
organ was set to 1 and all
measured volumes were
scaled accordingly (bar
graphs). A Friedman test
showed that the standard
deviation of the measured
volumes is independent of
the measured volume
(P=0.06). The complex
organ has the highest
coefficient of variation. To
study between-operator
bias, the geometric mean
of the volumes per organ
was set to 1 and all
volumes were scaled
accordingly (line graphs).
The crossing lines in these
graphs show that there is
no
systematic
bias
between operators.

Fig. S2A-O Stage-specific schematics of the vascular system Based on the 3D reconstructions
and histological sections of two specimens per stage, stage-specific schematics of the developing
vascular system were made. A dashed line represents a developing vessel; a dotted line
represents a regressing vessel. Specific stage-dependent changes in the vascular system are
indicated in supplementary table 2. From stage 16 onward the vertebrae are shown in
fluorescent green, to indicate the change in position of the coeliac trunk, and the superior- and
the inferior mesenteric artery. The 7th intersegmental artery or subclavian artery remains at the
cervical 7 level and the umbilical arteries, or iliac arteries remain at the lumbar 4 level. Note the
enormous shift in position into caudal direction of the coeliac trunk and the superior mesenteric
artery relative to the developing vertebrae. In the cartoons, the other vessels cannot directly be
correlated to a vertebral level, because they are projected in a single plane. See also Fig. 5 and
supplementary excel 2 for further details on the location of organs compared to the vertebrae.
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Fig. S2A
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Fig. S2B
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Fig. S2C
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Fig. S2D
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Fig. S2E
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Fig. S2F
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Fig. S2G

71

3 D A TLAS OF H UMAN E MBRYOLOGY

Fig. S2H
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Fig. S2I
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Fig. S2J

74

An interactive three-dimensional digital atlas and quantitative database of human development

2.2

Fig. S2K
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Fig. S2L
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Fig. S2M
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Fig. S2N
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Fig. S2O
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Fig. S3 Heterochrony of ear development between the human, mouse and chicken embryo.
Boxes indicating the first appearance of an organ or structure are placed on a scale indicating
equivalent stages of development of human, mouse and chicken embryos. This classification has
been published by Butler & Juurlink in 1987 and applies for the complete embryo. At the organ
level, we observed significant differences in the appearance of structures between these three
species. Therefore, we made a comprehensive comparison of the appearance of the most
prominent structures (supplementary excel 3). CS: Carnegie Stage, E: Embryonic day, HH:
Hamburger & Hamilton stage.
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Fig. S4
Developmental
series
of
the
hyoid-larynx
complex.
Histological
sections of six
human embryonic
specimens
between stages 18
and
23
are
presented in the
right panel, each
with a frontal view
of its matching 3D
reconstruction in
the left panel. The
arrows in the right
panels indicate the
hyoid body anlage
in stage 18 to 21,
which
becomes
fully incorporated
in the hyoid bone in
stage 22 and 23.
The plane and level
of
sectioning
through
the
embryo is shown in
every right upper
corner.
CS18 (44-48 days)
specimen
6524.
CS19 (48-51 days)
specimen 2114.
CS20 (51-53 days)
specimen 462.
CS21 (53-54 days)
specimen 7254.
CS22 (54-58 days)
specimen 895.
CS23 (56-60 days)
specimen
950.
Abbreviations: CS:
Carnegie stage, 2:
second pharyngeal
arch
cartilage,
L: laryngeal orifice,
T:
thyroid
cartilage.
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7
7
8
8
9
10(9)
10
10
11
11
12
12
13
13
14
14
15
15
16
16
17
17
18
18
19
19
20
20
21
21
22
22
23
23

Stage

CC
CC
CC
CC
BC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
AMC
CC
CC
CU
CC
CC
CC

Origin

a

Specimen
7802
8752
10157
8671
H712
3709
6330
5074
6344
6784
8943
8505A
836
5541
6502
8314
721
3512
6517
8773
6520
6521
4430
6524
8965
2114
462
s2025
4090
7254
H983
895
9226
950

Year
of
acquisition
1940
1950
1967
1949
1957
1921
1931
1925
1931
1933
1934
1947
1914
1927
1931
1945
1913
1921
1931
1950
?
1933
1923
1933
1952
1918
1910
~1975
1922
1936
1962
1914
1954
1914

CRL
(mm)

0.42
?
1.43
1.38
1.8
1.74
2.83
3.3
2.5
5
3.9
?
4
6.0
6.7
8
9
8.5
10.5
11
14.2
12
14
11.6
19.1
19.3
20
19.8
22.2
22.5
28
26
31
31

19

P.o.
days

Acquired through

23

Hysterectomy
Hysterectomy
Hysterectomy
Hysterectomy
Hysterectomy
Abortion (EUG)
Hysterectomy

25
28
29

Hysterectomy

Abortion (EUG)
Hysterectomy

Miscarriage

32

36
39
41

50.5

56

Table S1. Overview of the specimens used for the atlas

Sex

F

F
?
F
M
M
F
M
M
F
M
M

Bouin
‘Unknown’
Formol
Ale. & Bouin
Formalin and Bouin
Formol
Formol
Bouin
Formalin
Formol
Zenker's Formol
Formol
Mercuric Chlorine
Formol
Could be Souza
Formol
Zenker's Formol
Formol
Corrosive Acetic Acid
Bouin
Corrosive Acetic Acid
Corrosive Acetic Acid
Corrosive Acetic Acid
Corrosive Acetic Acid
Zenker's Formol
Formalin
Formol
Bouin
Formol
Bouin
Formalin
Formol
Formol
Formalin

Fixation medium

Hematoxylin and Eosin
Hematoxylin and Eosin
Cason
Hematoxylin and Eosin
Hematoxylin and Eosin
Erythrosin
Ehrlich’s acid hematoxylin
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Iron Hematoxylin
Hematoxylin and Eosin
Hematoxylin and Phloxin
Alum cochineal (i.e. carmine)
Alum cochineal, eosin
Hematoxylin and Eosin
Azan
Hematoxylin and Eosin
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Azan
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Alum cochineal (i.e. carmine)
Aluminum Cochineal
Borax Carmine - Orange G
Aluminum Cochineal
Aluminum Cochineal
Haematoxylin-azophloxine
Alum cochineal (i.e. carmine)
Hematoxylin and Eosin
HE / trichrome / silver
Aluminum Cochineal
Azan
Aluminum Cochineal

Staining

o
o
t
t
t
t
t
t
t
t
t
t
t
t
t
t
t
t
t
c
t
t
t
t
t
t
t
t
t
t
t
t
t
t

P

CS: Carnegie stage, Year: Year of acquisition, CRL: Calculated crown-rump-length in mm, Day: days post ovulation,
Z-res: Calculated Z-resolution in μm.
a Origin of the specimen: CC: Carnegie Collection, BC: Boyd Collection, AMC = Academic Medical Center
b Plane of sectioning: o = oblique, t = transversal, c = coronal

b

Z
(μm)

e

#

6
10
8
6
4
10
12.5
10
18
6
8
8
15
10
20
8
37.5
10
16
10
15
8
30
10
40
40
40
7
80
60
53
50
120
50

d

T
(μm)

100
43
219
226
463
151
168
301
137
577
436
276
247
381
661
631
229
653
547
615
684
1063
433
957
290
309
377
647
195
283
408
421
208
556

c

6
10
8
6
4
10
5
10
6
6
8
8
15
10
10
8
15
10
8
10
10
8
15
10
8
40
40
7
40
20
10
25
12
50
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Table S2. Stage-specific changes of the vascular system
CS
10
11
12
13
14

15
16
17

18

19

20
21
22
23

Major changes in the vascular system
a) Cranial part of Ao appears. b) Uvs form completely.
a) Cardinal plexus begins to form. b) Aortic sac forms. c) Both parts of dorsal Ao start
to move toward each other midways.
nd
a) 2 Paas appear. b) Superior, common and inferior Cvs appear. c) Dorsal Ao fuses
midways. d) Vit venous plexus extends into transverse septum. e) Ua form completely.
f) Venous pole forms into sinus venosus.
rd
st
a) 3 Paas appear. b) 1 Paas regress. c) Cvs increase. d) Dorsal Ao fuses further caudal
and cranial. e) Vit venous plexus turns into intrahepatic vessels. f) Cranial part of left
Uv regresses.
nd
th
th
a) 2 Paas regress. b) 4 and 6 Paas appear. c) Basilar artery and first seven
intersegmental arteries appear, forming a dorsal inter-intersegmental arterial plexus
that later becomes vertebral artery. d) Subclavian/brachial veins appear. e) Parts of the
left and right Vit veins regress. f) Ductus venosus appears. g) Right Uv regresses. h)
Left part of sinus venosus disconnects from the heart. i) Coeliac trunk appears. j) Sacral
artery appears.
a) Hepatic portal vein and superior mesenteric vein appear. b) Inferior mesenteric
artery appears. c) External iliac veins appear. d) Pulmonary veins appear.
a) Pulmonary arteries appear. b) Intersegmental arteries regress between dorsal Ao
and vertebral artery and continue their growth dorsal of the vertebral artery towards
the neural tube (not shown).
rd
th
th
a) Parts of dorsal Ao between 3 and 4 Paas regress. b) Right 6 Paa regresses. c)
th
Aortic sac becomes ascending Ao. d) Right pulmonary artery connects to left 6 Paa.
e) Caudal part of basilar artery connects to the 7Ia via the inter-intersegmental arterial
th
plexus and becomes vertebral artery. f) The part of the left 6 Paa before the
pulmonary arteries divaricate becomes the pulmonary trunk. g) Right Vit vein becomes
inferior vena cava. h) Caudal parts of inferior Cvs fuse and form a sacral vein.
a) Cranial parts of dorsal Ao become internal carotid arteries. b) External carotid
rd
th
arteries appear. c) 3 Paas become common carotid arteries. d) Left 4 Paa becomes
th
aortic arch. e) Part of the 6 Paa after the pulmonary arteries divaricate becomes ductus
arteriosus. f) 7Ia become most proximal subclavian arteries and most distal brachial
arteries. g) Part of right ventral Ao before bifurcating into the common carotid artery
and the subclavian artery becomes the brachiocephalic trunk. h) Parts of the inferior
Cvs cranial of the external iliac veins regress. i) Subcardinal vein appears. j) Internal and
external iliac arteries appear.
a) Right dorsal Ao between subclavian artery and fused dorsal Ao disappears. b)
Remaining part of inferior Cvs fuses caudal. c) Subcardinal vein bifurcates to the
external iliac veins and forms two sacral veins. d) Cardinal plexus begins to move
cranially. e) Insertion of the pulmonary veins into the left atrium moves more to left and
cranial.
a) Left brachiocephalic vein begins to form.
a) Left brachiocephalic vein forms completely.
a) Internal thoracic arteries appear. b) Renal arteries form.
a) Superior vena cava forms.

Descriptions are based on the 3D reconstructions and histological sections of two specimens per
stage, stage-specific changes of the developing vascular system were indicated. See
supplementary figures S2a-o for the accompanying illustrative stage-specific schematics of the
vascular system.
th
7Ia: 7 intersegmental arteries, Ao: Aorta, Cv(s): Cardinal vein(s), Cs: Carnegie stage, Paa(s):
Pharyngeal arch artery(arteries), Ua: Umbilical arteries, Uv(s): Umbilical vein(s), Vit: Vitelline.
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Table S3. Arterial and venous development and discrepancies with literature
Arterial discrepancies
The umbilical arteries acquire a second
connection to the aorta and lose the
original connection.
The coeliac trunk and the superior and
inferior mesenteric artery derive from the
vitelline artery.
The right 6th paa does not totally regress,
but proximally contributes to the right
pulmonary artery.
The 1st and/or the 2nd paa’s contribute to
the external carotid artery.
The 5th paa is present either in 50% of all
cases or temporarily.
The external carotid artery sprouts from
the ventral aorta.

Our results
The umbilical arteries have just one
persisting connection to the aorta.

Venous discrepancies
There are supracardinal veins that have an
anastomosis beneath the heart and
connect with the common cardinal vein.
The inferior cardinal vein regresses
totally.

Our results
The inferior cardinal vein anastomoses
beneath the heart.

Just the superior mesenteric artery is a
derivation from the vitelline artery.
Both pulmonary arteries are new vessels
that sprout very close to the aortic sac.
The external carotid artery is a new vessel.
th

We did not find the 5 paa in any of the
embryos.
The external carotid artery sprouts from the
rd
3 paa.

The subcardinal vein takes over the existing
caudal part of the inferior cardinal vein.

After studying the histological sections and reconstructed models, schematic overviews of the
embryological development of the blood vessels were created (Supplementary Fig. 2A-O). In
this table, the most profound discrepancies between our findings and several embryology
textbooks are presented. Paa(s): Pharyngeal arch artery(arteries).
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Supplementary Excel files
Excel S1 (accessible online)
Overview of all measured organ volumes per specimen. Volumes of organs and structures were
determined by counting the number of pixels within the manual outline of the structure on a
digital picture of a histological section, summing this number for all sections and multiplying by
the voxel volume. For further details see the Morphometry section of the supplementary
methods and Fig. 4. Worksheet 1: Absolute volumes. All measured volumes for the structures
present in each specimen are presented here and some examples of possible graphs are given,
which allows for creation of dedicated new graphs by the user to accurately describe the volume
changes of each developing structure. Note that growth as presented in these graphs is
interpolated from multiple specimens. Worksheet 2: Relative volumes. Here the volumes of
structures are presented relative to the total embryonic volume that has been set at 1.0. This
information allows interpretation of organ growth relative to the growth of the embryo. The
neural tube, for example, retains a constant relative volume of approximately 10% of the total
embryonic volume throughout development. Worksheet 3: Data figure 4. In this worksheet,
the calculated exponential growth by the developing human embryos and their neural tubes is
presented, which served as basis for Fig. 4B and C.
Excel S2 (accessible online)
Organ position relative to the developing vertebrae. Our three-dimensional reconstructions
permit us to unambiguously show the position of each individual thoracic and abdominal organ
relative to the developing vertebrae. Worksheet 1: Legend for position. The organ position was
measured relative to the developing vertebrae (see the Topography section of the
supplementary methods and Fig. 5 for further details). The numbers used in worksheet 2 and 3
correspond to the vertebrae as presented in worksheet 1. Worksheet 2: All organs all
observations. All organ positions measured relative to the developing vertebrae in both
specimens per stage are presented here. Worksheet 3: All organs average per stage. The
average organ position was calculated by averaging the vertebral level numbers of both
specimens from the same Carnegie stage. These average numbers serve as basis for the graphs
in worksheet 4. Worksheet 4: Graph examples. Examples of possible graphs are presented.
Together with worksheet 3 this sheet allows for creation of dedicated new graphs by the user
to accurately describe the changes in the relative position of each organ.
Excel S3 (accessible online)
Overview of the appearance of structures in human, mouse and chicken embryos. A
comprehensive overview of the appearance of the most prominent structures in human, mouse
and chicken embryos is presented. A yellow box indicates the first appearance, and sometimes
disappearance, of the different organs and structures in a specimen. A green box indicates that
the organ is definitely present in that specimen. Explanatory notes have been given when
necessary (red triangles). The order of appearance of the distinct organs in these species agrees
largely with the order reported by Butler and Juurlink (1987), who based their staging
exclusively on the exterior characteristics of the complete embryo. However, we found a
consistent difference of approximately 1-2 stage equivalents when comparing matched mouse
and human or chicken developmental stages. For further details see the Chronology and
heterochrony section of the supplementary methods and supplementary Fig. S3. Worksheet 1:
Human; Carnegie stage 7 - 23 (15-60 days of development). Worksheet 2: Mouse; Embryonic
day 8.5 – 18. Worksheet 3: Chicken; 24 hours – embryonic day 10.
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Supplementary PDFs (accessible online)
Stage 7 specimen 8752 (15-17 days of development)
Stage 8 specimen 8671 (17-19 days of development)
Stage 9 specimen H712 (19-21 days of development)
Stage 10 specimen 6330 (21-23 days of development)
Stage 11 specimen 6784 (23-26 days of development)
Stage 12 specimen 8505A (26-30 days of development)
Stage 13 specimen 836 (28-32 days of development)
Stage 15 specimen 3512 (35-38 days of development)
Stage 16 specimen 6517 (37-42 days of development)
Stage 17 specimen 6521 (42-44 days of development)
Stage 18 specimen 6524 (44-48 days of development)
Stage 20 specimen 462 (51-53 days of development)
Stage 21 specimen 7254 (53-54 days of development)
Stage 23 specimen 9226 (56-60 days of development)
The reconstructions on which the 3D-PDFs are based, are generated from histological sections
of human embryos, as described in the supplementary Materials and Methods section. Some
structures could be segmented in Amira by using a threshold, but over 95% of the tissues had to
be outlined manually, after which artifacts were restored by knowledge-driven modeling in
Blender. Drawbacks in this process are the inability to reconstruct very thin structures and the
time-consuming modeling process in Blender. Therefore, these 3D-PDFs serve solely as
didactic models, whereas the morphometric measurements have been performed directly on
the Amira models.
Each 3D-PDF consist of three pages; the 3D model, the actual size page and the
information page. The orientation axis in the actual size page describes the body axes by the
following abbreviations; Cr: cranial, Ca: caudal, V: ventral, D: dorsal, L: left, R: right. The PDF
files should be viewed in Adobe Reader® X or higher, available from
http://www.adobe.com/downloads/. 3D interaction is only possible on MS Windows or Mac
OS. Javascript must be enabled. For more advanced selection options, right-click on the 3D
model and choose: “Show Model Tree”.
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“Books must follow sciences and not sciences books.”
Sir Francis Bacon (1561-1626)
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Abstract
Introduction: Due to scarcity of early-stage human embryonic specimens, embryos
collected in the first decade of the 20th century form the basis for illustrations in
human embryology textbooks. Perhaps the most often depicted embryo of the
Carnegie collection is Carnegie stage (CS) 8 specimen No. 5960, known as the Heuser
embryo. Unfortunately, the link between the original sections of this embryo from
1929 and the increasingly schematic textbook illustrations has become lost over the
years.
Materials and Methods: We present a historical overview of the Heuser embryo.
Furthermore, we studied how representative this embryo is for CS8, by comparing it
with two other CS8 specimens from the Carnegie collection. To facilitate
understanding of the intricate morphology of the trilaminar germ disc, threedimensional (3D) reconstructions of all three embryos were prepared.
Results: All typical structures of CS8 are present in the three embryos and external
features of the embryos are similar. However, we observed some developmental
differences in the notochord. Also, the other specimens lacked the prominent contour
of the notochordal process that is present on the dorsal side of the Heuser embryo.
Conclusions: It is doubtful whether the Heuser specimen is representative enough to
serve as reference model. Furthermore, it is worrying that most textbooks rely on the
ever-changing appearance of illustrations based on one single CS8 specimen, often
without referencing. Our digital 3D reconstructions restore the link between
histology and modern schematic illustrations and allow the complex morphological
structure of the CS8 embryo to be fully appreciated.
Introduction
th

At the beginning of the 20 century, key embryologists as Franz Keibel (1861-1929)
and Franklin P. Mall (1862-1917) described series of embryos that form the basis of
illustrations of human embryos in embryology textbooks today (Keibel and Mall
1910). Because pregnancy tests were not available at that time these specimens were
often accidental findings upon pathology examination of resected uteruses after
hysterectomies in case of a uterine prolapse. Due to current ethical limitations
regarding the acquisition of human embryonic material, such specimens are very
scarce despite valuable initiatives that have been established to centralize collection of
embryos from clinically indicated abortions with permission of the donor
(http://www.hdbr.org/ for example). Because of this scarcity of human embryos,
specimens from historical collections serve as valuable sources for illustrations in
embryology textbooks (Hamilton, Boyd et al. 1972, Tuchmann-Duplessis, David et al.
1982, Cochard 2012, Carlson 2014, Sadler 2015, Moore, Persaud et al. 2016).
One such famous example is Carnegie stage (CS) 13 (28 to 32 days of
development) human embryo specimen No. 836 of the Carnegie collection. Drawings
of this embryo collected in 1914 can be found in embryology textbooks ever since, as
typical example of a CS13 human embryo (Morgan 2004, de Bakker, de Jong et al.
2012). Younger embryos of CS 1 to 9 (zero to 27 days) are even more scarce, because
it is very unlikely to collect such an embryo from an (induced) abortion or as a
coincidental finding from a hysterectomy (O'Rahilly and Müller 1987). Embryo No.
5960 of the Carnegie collection, also known as ‘the Heuser embryo’, is therefore the
CS8 (21 to 25 days) embryo featuring in most of today’s embryology textbooks and
atlases as embryo of the trilaminar germ disc stage (Heuser 1932, Patten 1958, Romer
1962, Blechschmidt 1963, Hamilton, Boyd et al. 1972, Patten and Carlson 1974, Gasser
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1975, O'Rahilly and Müller 1987, Hinrichsen 1990, Carlson 1994, Cochard 2002,
O'Rahilly 2006). After a preliminary report about this embryo by Dr. Chester H.
Heuser in 1930 the first thorough description accompanied with detailed illustrations
of all embryonic structures was published in a paper entitled ‘A presomite human
embryo with a definitive chorda canal’ in Contributions to Embryology by Heuser in
1932. This is how Carnegie collection specimen No. 5960 obtained its name ‘The
Heuser embryo’.
We non-exhaustively identified 11 commonly used embryology textbooks
dating from 1958 to date, that display the Heuser embryo to illustrate the gastrulation
process and the trilaminar germ disc (Fig. 1) (Heuser 1932, Patten 1958, Romer 1962,
Blechschmidt 1963, Hamilton, Boyd et al. 1972, Patten and Carlson 1974, Gasser 1975,
O'Rahilly and Müller 1987, Hinrichsen 1990, Carlson 1994, Cochard 2002, O'Rahilly
2006). As no other CS8 embryo is shown, we will first provide an overview of its
history, after which we compare the three-dimensional (3D) morphology of the
Heuser embryo with two other CS8 specimens from the Carnegie collection, i.e.
specimens No. 10574 and No. 8671, to elucidate whether the Heuser embryo is actually
‘the best representative of this phase of development in man’ (Heuser 1932).
History of the Heuser embryo
The correspondence around the Heuser embryo is well documented at the Carnegie
collection of the Human Developmental Anatomy Center at the National Museum of
Health and Medicine in Silver Spring, Maryland, USA and in Heuser’s publication
from 1932. The donor of the embryo was a 32-year-old mother of four children
between 11 years and six months of age. During the previous gestational periods, she
was most uncomfortable due to great weakness, nausea and palpitations. In addition,
she had complaints such as 15 pounds weight loss and vaginal discharge. She was
diagnosed with a fibroid uterus, a prolapsed uterus and old lacerations of the perineum
and vaginal floor. A possible pregnancy was suspected, because the cervix was
enlarged and slightly elastic, while her last menstrual period was two days late despite
a usually strictly regular menstrual cycle. Thus, her most recent ovulation was
estimated at 14 to 18 days earlier. Nevertheless, a hysterectomy took place in 1929,
since previous and current complaints made a pregnancy unwanted. Dr. Sylvester J
Goodman, Columbus, Ohio, USA surgically removed the uterus en bloc, dissected it
and put it in Kaiserling’s solution for fixation (Heuser 1932). The uterus was then
examined by Dr. JF Baldwin of the John Hopkins Hospital in Baltimore, Maryland,
USA, but he doubted if there was indeed a pregnancy. To confirm Dr. Goodman’s
finding, the specimen was send to Dr. Howard Kelly of the Carnegie Laboratory of
Embryology of the Johns Hopkins Medical School, Baltimore, Maryland, USA. In Dr.
Kelly’s absence, Dr. George L Streeter, director of the Carnegie Institution, examined
the specimen and concluded that it indeed involved a pregnancy of 14 to 18 days old
(Fig. 2-4). The embryo was preserved in 10% formalin, before it was embedded in
paraffin. Subsequently the specimen was transversely sectioned with a section
thickness of 5 µm and mounted on 54 slides. After staining with hematoxylin and eosin,
the specimen was scored as the most excellent histological quality available.
Moreover, before each section was cut, a photograph was taken of the surface of the
paraffin block (i.e. episcopic microscopy), according to the method described by
Osborne O Heard in 1931. Carnegie embryological model maker Mr. Heard created
wax plates of alternate episcopic images for the preparation of a 3D reconstruction, on
which Carnegie staff artist illustrator Mr. James F Didusch then based his famous
drawings (Heuser 1932, Altemus 1992, Wellner 2010). Dr. Erich Blechschmidt,
Professor at the Georg-August-University in Göttingen, Germany later also created a
wax reconstruction of this specimen, which is still available in the Blechschmidt
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collection in Gottingen (Blechschmidt 2004). The histological sections of the Heuser
embryo are still present in the Carnegie collection of the Human Developmental
Anatomy Center at the National Museum of Health and Medicine in Silver Spring,
Maryland, USA.

Fig. 1. Illustrations of a stage 8 human embryo (3 weeks of development). This dorsal view
of a three weeks old CS8 human embryo from 1929, specimen 5960 from the Carnegie
collection, is repeatedly found in embryology atlases since it was first published in 1932 by
Chester H. Heuser (Heuser 1932, Patten 1958, Romer 1962, Blechschmidt 1963, Hamilton, Boyd
et al. 1972, Patten and Carlson 1974, Gasser 1975, O'Rahilly and Müller 1987, Hinrichsen 1990,
Carlson 1994, Cochard 2002, O'Rahilly 2006). A picture of the original specimen before
embedding is shown. The original drawings are from James F. Didusch, an artist who worked
for the Carnegie collection between 1913 and 1955. This sole specimen with its three germ layers
has formed the basis of our embryology knowledge for almost a century. Note the artistic
freedom and the exaggerated details in some of the later copies, when compared with the
original cartoon. A dorsal view of the 3D reconstruction of the Heuser embryo was added as
comparison. Scale bar: 500 µm.
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Fig. 2. Letter from Dr. George L Streeter to Dr. Sylvester J Goodman, dated August 15,
1929, confirming the “beautiful early case of pregnancy”. Courtesy of the Human
Developmental Anatomy Center at the National Museum of Health and Medicine in Silver
Spring, MD, USA, printed with permission.
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Fig. 3. Letter from Dr. Sylvester J Goodman to Dr. George L Streeter, dated August 17, 1929, regarding the presence
of a corpus luteum. Courtesy of the Human Developmental Anatomy Center at the National Museum of Health and
Medicine in Silver Spring, MD, USA, printed with permission.

Fig. 4. A series of original photographs taken at examination of the Heuser embryo. A: photograph of the opened
uterus, with view on a fluid-filled cystic structure in endometrial cavity (the decidua capsularis). B: The fluid-filled cavity
was dissected from the uterus and opened. C: Photograph of the specimen in formalin. The yolk sac and connecting stalk
are still present. Dorsal view on the pear-shaped embryonic disc.
Note also the axial line, being the developing notochord and primitive streak. Courtesy of
the Human Developmental Anatomy Center at the National Museum of Health and
Medicine in Silver Spring, MD, USA, printed with permission.
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Materials and Methods
Carnegie stage 8 human embryo specimens No. 5960 (the Heuser embryo), No. 10574
and No. 8671 of the Carnegie collection were used to study the morphology of the
trilaminar germ disc. The histological features of the three embryos were tabulated in
table 1. All three specimens were scored as CS8 human embryos based on their
morphological appearance (O'Rahilly and Müller 1987). High-resolution images of
the histological sections of all three embryos were acquired with a digital camera
attached to a Nikon E800 microscope, equipped with Plan Apo lenses and a Ludl
motorized XY-stage (http://www.ludl.com) at the Carnegie collection of the
Human Developmental Anatomy Center at the National Museum of Health and
Medicine in Silver Spring, MD, USA (de Bakker, de Jong et al. 2012). Based on these
digitized sections, a 3D digital reconstruction was manually generated with the
software packages Amira (version 5.6; http://www.amira.com) and Blender
(version 2.76, http://www.blender.org), following the previously published
reconstruction method of De Bakker et al. (2012 and 2016). Structures were named in
accordance with the international standard of embryonic terminology, the
Terminologia Embryologica (2013). Due to the retrospective nature of this study,
approval of the ethical committee was not needed.
Results
For the sake of clarity, we would like to encourage the reader to read the results along
with the interactive 3D-PDF file in the online data supplement (available online).
Direct comparison of the histological sections between the Heuser embryo
(specimen No. 5960) and specimens No. 10574 and No. 8671 is complicated by
differences in sectioning direction (Table 1). The 3D reconstruction, however,
overcomes this problem as can be seen in figure 5A or in the supplementary 3D-PDF.
Embryo No. 10574 seems ahead in development compared to the other two
specimens, because it is already slightly folding (Supplementary 3D-PDF).
Yolk sac, amniotic cavity and external morphology
Specimen No. 5960 has a partly ruptured yolk sac, in specimen No. 10574 the yolk sac
was almost entirely resected and embryo No. 8671 is the only specimen with an intact
yolk sac. The amniotic cavity is intact in all three embryos and displays a pyramid shape
pointing towards the connection stalk. Due to their incompleteness, the extraembryonic structures of specimens No. 5960 and No. 10574 were not included in the
supplementary 3D-PDF.
Morphology of the germ layers and primitive streak
The flat embryonic disc, composed out of the three germ layers, is pear-shaped with a
broad cranial region tapering off toward a narrow caudal end (Fig. 5A,
supplementary 3D-PDF). In the histological sections, each germ layer follows the
contours of the adjacent germ layer. In all three specimens, the three different germ
layers are not in direct contact with each other, but separated by a cell-free zone. The
distance of this cell-free zone, however, varies between the specimens (Fig. 5B). The
only interruptions between the cellular borders of the germ layers are the primitive
streak, and more cranially, the developing notochord. Interestingly, in the primitive
streak region of the Heuser embryo the endoderm is neither in contact with the
mesoderm nor with the epiblast (Fig. 5C). This is in contrast to the other two embryos,
where the endoderm, or hypoblast, is in contact with the primitive streak.
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All germ layers bulge slightly out dorsally, into the amniotic cavity. Caudal from
the primitive pit, a primitive streak can be recognized on the dorsal side in all three
specimens. The primitive streak seen as a longitudinal groove is present in
embryo No. 5960 with an axial midline elevation at the notochordal
process (Supplementary 3D-PDF). Such a prominent bulging of the notochordal
process into the amniotic cavity was not noted in the two other embryos (Fig. 5B).
Embryo No. 10574 has a remarkable transversal groove, giving it an ‘x-like’
appearance in a dorsal view (Supplementary 3D-PDF). This ‘x-like’ appearance
is also present in the mesoderm and endoderm.

Table 1: Overview of the studied human Carnegie stage 8 specimens
CS

Specimen
No.

Year

Aquired
through

CRL
(mm)

Day

8

5960

1929

Hysterectomy

1.52

18

8

8671

1949

Hysterectomy

0.61

Unknown

8

10157

1967

Hysterectomy

1.16

23

Fixation
medium

Staining

Kaiserling

Al. Coch. &
eosin
Hematoxylin
and Eosin
Cason

Alcohol
& Bouin
Formol

Plane
o

Section
thickness
(μm)
5.00

t

2.70

t

5.34

CS: Carnegie stage, Year: Year of acquisition, CRL: Calculated crown-rump-length in mm,
Day: days post ovulation, Plane: Plane of sectioning; o = oblique, t = transversal
Origin of all three specimens: Carnegie collection: Human Developmental Anatomy Center of
the National Museum of Health and Medicine Silver Spring, Maryland, USA
Specimen 5960 is known as the Heuser embryo

Morphology of the developing notochord
In the 3D reconstructions, the diverse notochordal structures (i.e. prechordal plate,
notochordal plate, notochordal process and neurenteric canal) can be identified. We
will describe them in craniocaudal order, with the primitive streak as caudal boundary.
The prechordal plate, a loose configuration of mesenchymal cells at the most
cranial extreme of the developing notochord (Müller and O'Rahilly 2003), can be
recognized in the midline of all three embryos. Caudal from the prechordal plate, the
notochordal plate can be appreciated, defined by us as a single epithelial lining of four
to eight cells wide, cranial to the notochordal process and intercalated in the
endoderm. In embryo No. 8671, however, the notochordal plate could not be
identified. Because the notochordal plate is not (yet) present in this specimen, the
endodermal layer is intact ventrally from the developing notochord.
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Further caudal, the notochordal process, a slightly broader and thicker structure
compared to the primitive streak, can be recognized in the 3D reconstructions of all
three embryos (Fig. 5). This notochordal process is circular in transverse direction in
the Heuser embryo, in contrast to the two other specimens, where this perfectly
circular epithelial alignment is not as clearly present (Fig. 5). In sections of the
primitive streak, we recognize the neurenteric canal (i.e. a connection between the
amniotic cavity and yolk sac) in all three specimens. The dorsal entrance of the
neurenteric canal forms the primitive pit, the cranial margin of the primitive streak.
Since the neurenteric canal is small and partly collapsed it is not recognizable as an
open canal on the 3D reconstructions. Histological sections encompassing the
neurenteric canal are presented in figure 5B.

2.3

Discussion
Comparison of the three specimens
Histological sections of only three CS8 specimens are publicly available through the
Carnegie collection. Because the Heuser embryo is the only CS8 embryo known to
most embryologists and embryology lecturers, a comparison with two other CS8
embryos seems appropriate. It remains difficult, however, to conclude what the
specific 3D morphology of a CS8 embryo truly is. By all means we can conclude that
the primitive pit and groove, as drawn in all illustrations of the Heuser embryo (Fig. 1),
were indeed present in all three studied specimens.
The extra-embryonic structures of the three embryos, - the yolk sac, amniotic
cavity and connection stalk - are similar, apart from the damage before and during the
dissection process. The embryos show no unexpected variation in 3D appearance,
other than the differences described in the results section concerning the developing
notochord and the transversal groove in the embryonic disc of specimen No. 10574.
This extra groove is most likely an artifact due to the fixation or embedding process.
Concerning the difference in notochord development, the Heuser embryo has a round
and prominent notochordal process pushing the overlaying ectodermal layer into the
amniotic cavity (Fig. 5B). Heuser, in 1932, dubbed this contour the primitive node.
This prominent appearance is not found in the two other reconstructed specimens.
Interestingly, the structure is described in another CS8 embryo that was described in
literature, the Rossenbeck embryo (Rossenbeck 1923). Moreover, the notochordal
process, which is round in the Heuser embryo, is not round but a clustered mass of
cells surrounding the neurenteric canal in the two other specimens (Fig. 5). This
morphological discrepancy on the histological sections is probably due to differences
in sectioning plane.
In the histological sections of the three specimens, the distance between the
germ layers varied (Fig. 5B). It is very unlikely that these distances reflect the in vivo
situation. The variations are more likely to be artefacts caused by fixation of the
embryos (e.g. shrinkage by salts in Kaiserling’s solution in case of the Heuser embryo
(Heuser 1932).
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Fig. 5. Comparison of the three CS8 specimens. A: Ventral and lateral views on the 3D
reconstructions of three CS8 specimens. From left to right, at increasing age, specimens Nos.
8671, 5960 (The Heuser embryo) and 10574 are presented. The pear-shaped epiblast or
ectoderm is shown in transparent blue, the endoderm and mesoderm are not displayed. A color
legend representing the used colors is placed on the left. The developing notochord can be
recognized cranially of the primitive streak. At the most cranial extreme of the developing
notochord a broader area can be recognized as the prechordal plate. The primitive streak
becomes relatively shorter when the embryo becomes older, while the notochordal plate,
defined by us as a single epithelial lining of four to eight cells width cranial to the notochordal
process and intercalated between the endoderm, increases in relative length. Cr; cranial, Ca;
caudal. B: Histological sections taken at the level of the solid black lines in A, encompassing the
neurenteric canal of all three specimens (black arrows). The region of the neurenteric canal is
marked with a dotted line. Note how the prominent round notochordal process in the Heuser
embryo pushes the ectoderm dorsally into the amniotic cavity (dotted arrow). This bulging is
not noted in the other two specimens. Also, the distance between the three germ layers is most
prominent in the Heuser embryo. D; dorsal, V; ventral. C: Histological sections taken at the level
of the dotted lines in A, showing the relations between epiblast/ectoderm (E), mesoderm (M),
and hypoblast/endoderm (H/E) in the region of the primitive streak (PS). Note the significant
distance between hypoblast/endoderm and all other structures in the section from the Heuser
embryo, compared to the other two specimens. D; dorsal, V; ventral.
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Embryo No. 8671 has a sagittal sectioning plane with a calculated section thickness of
2.7 μm (de Bakker, de Jong et al. 2016), which complicates the determination of the
true shape of the notochordal process that is only 30μm in diameter. This embryo
encompasses no notochordal plate and the endodermal lining is present ventral to the
developing notochord (Supplementary 3D-PDF). Cranial to the neurenteric canal,
the developing notochord can be appreciated as a multi-layered cell cluster as
described in the Odgers embryo in which it is referred to as the chorda plate (Odgers
1941). The latter, however, is not similar to the notochordal plate, which is only one
cell layer thick and lies intercalated in the endoderm. Specimen No. 10574 is already
slightly folding and has a single epithelial-lined notochordal structure: the
notochordal plate. This plate is not seen in specimen No. 8671.
Most textbooks currently describe or display the disappearance of the floor of
the notochordal process, thereby forming the notochordal plate (Hamilton, Boyd et
al. 1972, Tuchmann-Duplessis, David et al. 1982, Sadler and Langman 2005, Cochard
2012, Moore, Persaud et al. 2013, Carlson 2014). This hypothesis is based on
observations in several embryos with intermitted discontinuation of the floor of the
neurenteric canal (Müller and O'Rahilly 1987, O'Rahilly and Müller 1987). The
neurenteric canal, however, does not encompass the whole axial length of the
developing notochord. This observation makes it unlikely that the notochordal plate
arises from the disappearance of the floor of the neurenteric canal. Moreover,
disruptions in such delicate structures are easily caused by artefacts during the
preservation and processing of the specimen. The multi-layered structure that
O’Rahilly refers to as the notochordal plate in specimen No. 10574 is more likely to be
the gradual transition from the notochordal plate to the notochordal process (Müller
and O'Rahilly 1987). To the best of our knowledge, there are no publically available
sections of other well-preserved CS8 embryos to further evaluate these differences.
Moreover, the human notochordal development differs too much from mouse or
chicken embryology to use laboratory animals instead (de Bakker, de Jong et al. 2016).
In conclusion, the three embryos are fairly similar, as the morphological
variation in the developing notochord can be explained by subtle differences in age
within the time frame of CS8 (17-19 days). On morphological grounds (i.e. the
presence and length of the notochordal plate and the degree of folding of the
embryo), the youngest appears to be specimen No. 8671, followed by the Heuser
embryo specimen No. 5960 and finally the specimen No. 10574 which seems to be the
oldest of the three.
Illustrations in text books
Since Heuser’s publication 1932, the Heuser embryo has been presented as the typical
example of a human CS8 embryo and has served as a reference to create illustrations
of a gastrulating human embryo in almost all major embryology textbooks and atlases
(Heuser 1932, Patten 1958, Romer 1962, Blechschmidt 1963, Hamilton, Boyd et al.
1972, Patten and Carlson 1974, Gasser 1975, O'Rahilly and Müller 1987, Hinrichsen
1990, Carlson 1994, Cochard 2002, O'Rahilly 2006). In figure 1, an overview is
presented of the ‘evolution’ that this illustration has undergone in almost 100 years.
Some of the more recent illustrations are schematic representations of the Heuser
embryo, whereas others resemble the original drawings by James F. Didusch quite
well. Comparison between these illustrations reveals the difference in interpretation
of the morphology of this specimen in the different textbooks. We noticed that in
nearly all textbooks it remains elusive whether the authors themselves assessed the
sections of the embryo or redrew the embryo from previous illustrations. In most
cases, especially when more schematic illustrations are used, references to previous
sources are lacking.
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Although some copies closely resemble the original, in others details were left out of
the illustration or were exaggerated, in particular in the more recent illustrations (Fig.
1). In this respect, it is relevant to note that our 3D reconstruction of the Heuser
specimen closely resembles the original drawing by Didusch (Fig. 1, panel 2). An
interesting aspect concerns the prominent contour of the notochordal process on the
dorsal side of the embryo, which is depicted as one of the major features of the Heuser
embryo in all illustrations in figure 1 (Heuser 1932, Patten 1958, Romer 1962,
Blechschmidt 1963, Hamilton, Boyd et al. 1972, Patten and Carlson 1974, Gasser 1975,
O'Rahilly and Müller 1987, Hinrichsen 1990, Carlson 1994, Cochard 2002, O'Rahilly
2006). Since the other two studied CS8 specimens or embryos from subsequent
stages (de Bakker, de Jong et al. 2016) lack this prominent contour, it is doubtful
whether the Heuser specimen is actually representative enough, at least with respect
to this characteristic, to serve as standard model for CS8 embryology. It is worrying
that current knowledge of the human trilaminar germ disc is based on one single CS8
specimen and its ever-changing appearance in textbook illustrations.
3D visualization
To compare human embryos that are sectioned in different planes, 3D reconstructions
are useful to visualize the complex morphological appearance. The 3D reconstructions
are directly linked to to the original sections of the specimen from the Carnegie
collection (de Bakker, de Jong et al. 2016). In addition, 3D reconstructions are superior
to get grip on the intricate morphogenesis of the human embryo, because they
facilitate better understanding of morphology and anatomy (Chekrouni 2017). In this
respect, the use of episcopic photographs of the surface of the paraffin block is
superior to the use of histological sections for the creation of 3D reconstructions
because they are perfectly aligned and do not contain artifacts due to the sectioning
process. We, however, did not identify significant differences between the original
3D wax reconstructions made by Osborne O Heard, that were based on episcopy (Fig.
6), and our own sections-based 3D digital reconstruction of the Heuser embryo.
There are, however, limitations to the accuracy of the 3D reconstructions.
Manual segmentation of embryonic structures requires that borders have to be drawn
although such clear anatomical borders might be hard to distinguish in the histological
sections (de Bakker, de Jong et al. 2012, de Bakker, de Jong et al. 2016). The exact
border between ectoderm and epiblast, for instance, cannot be identified in the
histological sections without specific staining. The sections of the Carnegie collection
are not stained with a specific marker that enables to differentiate between anatomical
structures on a molecular level.

100

The story of Carnegie stage eight embryo 5960; ‘The Heuser embryo’

2.3
Fig. 6. Original images of the 3D wax reconstructions of the Heuser embryo, made by
Osborne O Heard around the year 1930 A: Ventral view on the endodermal germ layer. B:
Lateral view. Note the prominent notochordal process (dubbed the primitive node by Heuser
in 1932) pushing the overlaying ectodermal layer into the amniotic cavity. C: A second wax
model that presents the intra- and extra embryonic structures in a longitudinal plane. Courtesy
of the Human Developmental Anatomy Center at the National Museum of Health and Medicine
in Silver Spring, MD, USA, printed with permission.

In conclusion, the Heuser embryo appears to be practically the only embryonic
specimen on which our current global textbook knowledge concerning the human
trilaminar germ disc is based. Although the difference in artist’s impressions of the
Heuser embryo might not have direct consequences, the lack of references in
textbooks is a worrying trend. We generated 3D reconstructions of the Heuser embryo
and two other CS8 embryos and observed some developmental and morphological
differences. These differences can be appreciated in 3D reconstructions, facilitating
better understanding of the complex morphological development of these early
staged embryos.
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“It is not birth, marriage, or death, but gastrulation,
which is truly the most important time in your life”
Lewis Wolpert, 1986

3 D A TLAS OF H UMAN E MBRYOLOGY
Abstract
The notochord is a major regulator of embryonic patterning in vertebrates and
abnormal notochordal development is associated with a variety of birth defects in
man. Proper knowledge of the development of the human notochord, therefore, is
important to understand the pathogenesis of these birth defects. Textbook
descriptions vary significantly and seem to be derived from both human and animal
data whereas the lack of references hampers verification of the presented data.
Therefore, a verifiable and comprehensive description of the development of the
human notochord is needed. Our analysis and three-dimensional (3D) reconstructions
of 27 sectioned human embryos ranging from Carnegie Stage 8 to 15 (17-41 days of
development), results in a comprehensive and verifiable new model of notochordal
development. Subsequent to gastrulation, a transient group of cells briefly persists as
notochordal process which is incorporated into the endodermal roof of the foregut
while its dorsal side attaches to the developing neural tube. Then, the notochordal
process embeds entirely into the endoderm, forming the epithelial notochordal plate,
which remains intimately associated with the neural tube. Subsequently, the
notochordal cells detach from the endoderm to form the definitive notochord,
allowing the paired dorsal aortae to fuse between the notochord and the foregut. The
formation of the notochordal process and plate proceeds in cranio-caudal direction.
We now show, however, that in contrast to descriptions in the modern textbooks, the
formation of the definitive notochord in human starts in the middle of the embryo, and
proceeds in both cranial and caudal directions.
Introduction
The definitive notochord is a rod-like structure situated ventral to the neural tube in
vertebrate embryos. When the body plan is laid down the notochord is crucial for the
maintenance of the left-right asymmetry and it has an important inductive and
regulatory role among adjunct tissues in early vertebrate development (Schneider and
Brueckner 2000; Lee and Anderson 2008). It is such an evolutionary well-preserved
structure that it gives the name to the Chordates, a group of animals that includes
Tunicates like sea squirts, Cephalochordates like lancelets and Vertebrates like
humans.
Abnormal notochordal development results in malformations of the gut, neural tube,
vertebrae and head region (Farkas and Chapman 2009; Cleaver and Krieg 2001; Babic
1990, 1991; Hajduk et al. 2012; Müller and O'Rahilly 1991). A specific kind of
aggressive neuraxial tumors, called chordomas, seems to develop from ectopic
remnants of the notochord and thus can be considered to result also from abnormal
notochordal development (Risbud and Shapiro 2011; Horwitz 1941; Salisbury 1993).
In 2014, Postma, et al. identified three human families with a persistent notochordal
canal, due to a mutation in the brachyury gene, which encodes a crucial gene in the
pathway of axial mesoderm differentiation (Postma et al. 2014). Insight into the origin
and clinical effects of these abnormalities requires knowledge of the normal
development of the human notochord, which, therefore, is of great clinical interest.
A century of research on the development of the notochord has not resulted
in uniform representations of this process in medical textbooks underscored by
appropriate references, (Tuchmann-Duplessis, David, and Haegel 1982; Hamilton,
Boyd, and Mossman 1972; Moore, Persaud, and Torchia 2013; Sadler and Langman
2005; Cochard 2012; Carlson 2014; Schoenwolf et al. 2015). This may indicate that the
morphological process is not clear. Apart from discrepancies in time of appearance,
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reported differences relate to the position of the first notochordal cells, the so-called
notochordal process. Most authors position the notochordal process in-between the
endoderm and ectoderm, which is the position of the definitive notochord. These cells
would then become incorporated into the endoderm, forming the notochordal plate
and subsequently would detach from the endoderm to form the definitive notochord.
Other authors position the notochordal process directly embedded in the endodermal
germ layer and then follow the same process (Fig. 1A) (Tuchmann-Duplessis, David,
and Haegel 1982; Hamilton, Boyd, and Mossman 1972; Moore, Persaud, and Torchia
2013; Sadler and Langman 2005; Cochard 2012; Carlson 2014; Schoenwolf et al. 2015).
Cartoons showing such a transient structure sometimes encompass the entire
longitudinal axis, obviously at odds with the transient nature of such a structure.
Be that as it may, the ambiguities in present-day textbooks on the
spatiotemporal development of the human notochord and current literature on
experimental animals justifiably raise the question as to the basis of current
descriptions of the development of the notochord in human.
This study describes the development of the human notochord based on
histological sections of human embryos and three-dimensional (3D) reconstructions
(de Bakker et al. 2016). The 3D visualization enables the explicit analysis of the
notochord in relation to its neighbouring structures. This provides a verifiable and
comprehensible overview of human notochordal development, which occurs from
Carnegie stages 7 to 12 (15-30 days of development).

Materials and Methods
Human embryos are staged according to the Carnegie staging criteria (O'Rahilly and
Müller 1987; Streeter 1942, 1945, 1948b, 1948a, 1951). These stages are determined
by external features that are present at that particular stage (O'Rahilly and Müller
1987). To study the development of the notochord, 23 human embryos from
Carnegie stage 7 up to and including stage 12, originating from the Carnegie
collection of the Developmental Anatomy Center at the National Museum of
Health and Medicine in Silver Spring, MD, USA, were analysed by both
histological sections and 3D reconstructions (Table 1). In addition, two stage 13
(28-32 days), 14 (31-35 days) and 15 (41 days) human embryos were used to analyze
the development of the notochord in relation to the fusion of the paired dorsal aortae.
The embryos had been sectioned in transversal or sagittal planes (Table
1). The histological sections were digitalized by acquiring high-resolution images
with a digital camera attached to a microscope as described previously by de Bakker
et al. (de Bakker et al. 2016). When more than two embryos of a stage were
available, the two embryos with the best histological quality were manually
reconstructed using the method of de Bakker et al. (de Bakker et al. 2016). The
software package Amira 5.4 (http://www.amira.com) was used to create the 3D
reconstructions.
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Fig. 1. Human notochord development textbook concepts compared to our proposed
theory. Schematic summary of the two main developmental concepts in modern textbooks.
Ventral view with removed endoderm. The black lines indicate the level of the transversal
sections (epiblast/ectoderm is superior in each section). In A: the notochord develops in two
phases. First the notochordal process (NP) extends over almost the entire length of the embryo
(left). Within the notochordal process is a luminal extension of the primitive pit. The NP
intercalates between the endoderm and the bottom of the NP ‘breaks down’ along the length
of the neurenteric canal. This process results in the notochordal plate (right), which retracts
between the mesenchyme forming the definitive notochord. B: Illustrates our proposed theory.
All precursors of the notochord are simultaneously present. We now know that the NP is
shorter in length and that the definitive notochord does not develop cranially in the embryo, but
merely in the middle region (Figs. 3 and 5).
Definitive notochord (DN): red, endoderm: light grey (in sections), epiblast or
ectoderm: dark blue, dark grey (in sections), gastrulation area (GA): purple, neurenteric canal:
white, notochordal plate (NPL): yellow, notochordal process (NPR): cyan blue, prechordal plate
(PP): brown.

Results
The development of the human notochord has three distinct phases, leading to the
definitive notochord, also dubbed the notochord proper or notochord senso stricto. It
develops in three phases between Carnegie stage 8 (17-19 days) and 12 (26-30 days).
These phases are characterized by the presence of (1) the notochordal process and
prechordal plate (or prochordal plate), (2) the notochordal plate and (3) the definitive
notochord. The description of these structures and their appearance during human
development are presented below in histological sections and 3D models (Figs. 2 and
3). Three general observations on the development of the notochord are important to
note.
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Table 1. An overview of the specimens used for the atlas with the available information (Gasser and others 2014; Lockett 2001;
Morgan 2009; O'Rahilly and Müller 1987; Streeter 1942; Streeter 1945; 1948a; 1948b; 1951)
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CS: Carnegie stage, Year: Year of acquisition, CRL: Calculated crown-rump-length in mm, Day: days post ovulation,
Z-res: Calculated Z-resolution in μm.
a Origin of the specimen: CC = Carnegie Collection: Human Developmental Anatomy Center at the National Museum of
Health and Medicine in Silver Spring, Maryland, USA // BC = Boyd Collection: Department of Physiology,
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Development and Neuroscience, University of Cambridge, United Kingdom // HDBR = Human
Developmental Biology Resource, Institute of Genetic Medicine, International Centre for Life, Newcastle Upon Tyne, United
Kigndom. b Plane of sectioning: o = oblique, t = transversal, c = coronal
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Firstly, the developing notochord is at all times tightly attached to the ventral floor of
the developing central nervous system. This is the case from its first appearance in
stage 8 (17-19 days) until the definitive notochord is formed in stage 12 (26-30 days).
Secondly, the middle region of the notochordal plate remains remarkably smaller
compared to both the cranial and caudal extremes during stage 9 to 11 (19-26 days).
Finally, the precursors of the definitive notochord develop in a craniocaudal fashion
from stage 8 to 10 (17-23 days). However, from stage 10 to 12 (23-30 days) onward the
definitive notochord establishes its final shape in a bidirectional course, from the
middle of the embryo to both cranial and caudal directions.

Fig. 2. Development of the notochord in a stage 8 (17 – 19 days) human embryo. From left
to right transversal illustrations, a schematic ventral view, transversal sections from specimen
No. 7545 and a ventral view of a 3D reconstruction of specimen No. 5960. The embryo is viewed
from ventral with the endoderm removed. Black lines indicate the level of the transversal
sections (epiblast/ectoderm is superior in each transversal section). Subsequent to the
gastrulation area (purple) the notochordal process (cyan blue) with a neurenteric canal (white
on the schematic view and black arrow in the transversal sections) is present. The notochordal
process is round, but further cranial it becomes smaller and the endoderm on its ventral side is
hard to distinguish. Cranial in the embryo, the prechordal plate (brown) emerges as a cluster of
mesenchymal cells. The prechordal plate can be identified in the 3D reconstruction as a broader
structure cranial to the notochordal plate.
Definitive notochord (DN): red, endoderm: light
grey (in cross sections), epiblast or ectoderm: dark blue, dark grey (in transversal sections),
gastrulation area (GA): purple, neurenteric canal: white, notochordal plate (NPL): yellow,
notochordal process (NPR): cyan blue, prechordal plate (PP): brown.
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Fig. 3. Development of the notochord in CS9 to CS12 (19-30 days). 3D reconstructions of specimens
Nos. 3709, 6330, 6344, and 8943. Black lines indicate the level of the transversal histological sections
(neural ectoderm is superior in each section). A: CS9 (19-21d.) embryo with notochordal plate tightly
attached to the neural tube on both lateral sides, forming a flat or U-shaped notochordal plate around the
developing neural tube. Caudally a notochordal process with a neurenteric canal, indicated with a black
arrow. B: CS10 (21-23d.) embryo, the notochordal ridges are now pointing ventral, giving the notochordal
plate the inverted U-shape. C: Left an early CS11 (23-26d.) embryo (sections of the reconstruction) with
a definitive notochord in the middle of the embryo and notochordal plate on both cranial and caudal
extremes. The late CS11 embryo specimen No. 6344 has a definitive notochord at the caudal extreme and
in the middle. D: In CS12 (26-30d.) all sections show a definite notochord. The caudal part of the
notochord has a larger diameter. Note the space between notochord and endoderm (black arrows) and
between notochord and neural tube (dotted arrows).
Endoderm: transparent green, gastrulation: purple, neural ectoderm: green, notochordal plate:
yellow, Notochordal process: cyan blue.
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First appearance of the developing notochord; the notochordal process
According to the Carnegie staging criteria the primordium of the notochord is first
seen in stage 7 (15-17 days) embryos as the notochordal process (O'Rahilly and Müller
1987). In specimens No. 7802 and No. 8572 of the Carnegie collection, the process of
gastrulation is still ongoing. However, neither a notochordal process nor a prechordal
plate were observed. Because these specimens do not have a notochordal process, they
should be considered as stage 6 embryos (13-14 days) according to the Carnegie
criterions (O'Rahilly and Müller 1987). The limited access to the Carnegie collection
makes that no other specimens have been examined for the presence of a notochordal
process in stage 7 (15-17 days).
In stage 8 (17-19 days) the notochordal process appears as an accumulation of
cells in an epithelial configuration cranial to the area of gastrulation. The notochordal
process is ventrolaterally attached to the endoderm. Based on the histologically stained
sections, continuation of the endoderm ventral to the notochordal process appears
absent but cannot be excluded. A luminal structure travels ventrodorsally through the
notochordal process between yolk sac cavity and amniotic cavity, with a clear epithelial
lining ending in the primitive pit. This indisputable lumen is the neurenteric canal (Fig.
2).
In the early stage 8 (17-19 days) embryos the developing notochord becomes
broader and thicker cranial to the notochordal process. It acquires a mesenchymal
structure rather than an epithelial configuration (Fig. 2). This structure is the
prechordal plate, which merely is a loose configuration of mesenchymal cells. There is
no single layered epithelial notochordal structure between the notochordal process
and the prechordal plate present in specimen number No. 8671. Such a structure, the
notochordal plate, however, is present to a great extent in the late stage 8 specimen
number Nos. 10157 and 5960 (de Bakker 2017).
The boundaries between the area of gastrulation, the notochordal process, notochordal
plate and prechordal plate along the craniocaudal axis are difficult to distinguish in
individual histological sections. However, these morphological structures can be more
easily recognized and distinguished from each other in 3D reconstructions (Fig. 2).
Lengthening and bending of the developing notochord; the notochordal plate
The notochordal process gradually transforms into the notochordal plate along the axial
midline in stages 9 to 10 (19-23 days), except for the most caudal part where
gastrulation is still ongoing and the notochordal process is still present. The notochordal
process is a transient structure and does never encompass the entire length of the
developing notochord. In stages 9 to 10 (19-23 days) the notochordal plate is a one-cell
layer thick concave structure embedded in the roof of the forming foregut, which
adheres tightly to the forming neural tube. In stage 9 (19-21 days) it follows the round
contours of the dorsally forming neural tube along the cranial-caudal axis, by which
the lateral margins of the notochordal plate point into dorsal direction relative to the
axial midline. The whole developing notochord is now intercalated within the roof of
the gut; there is no endodermal layer present ventral to the notochordal plate (Fig. 3).
As opposed to stage 9 (19-21 days), the lateral margins of the notochordal plate
in stage 10 (21-23 days) have folded into ventral direction relative to the axial midline.
By this process the so-called notochordal ridges are formed and the lumen of the
forming notochord protrudes entirely into dorsal direction, thereby acquiring an
inverted U-shape (Fig. 3B and C). Thus, whereas in stage 9 (19-21 days) the entire
notochordal plate followed the contours of the developing neural tube, in stage 10 (1923 days) it has assumed the form of an inverted U-shape in the middle region but in
both cranial and caudal extremes, it still follows the contours of the developing neural
tube (Fig. 3B).
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The formation of the definitive notochord
In stage 11 (23-26 days) a notochordal plate has formed along the entire cranio-caudal
axis. In the middle region of the embryo the notochordal ridges have closely
approached one another ventrally, forming the definitive notochord. At the cranial and
caudal margins of the definitive notochord, the notochordal plate is more narrow
compared to its cranial and caudal extremes and it has the typical inverted U-shape as
previously described. Although a lumen can be seen in some histological sections,
there seems to be no epithelial lining (Fig. 3C).
After its formation and detachment from the endoderm, the definitive
notochord becomes fully incorporated into the mesodermal mesenchyme, which
enables it to migrate dorsally, away from the roof of the gut, to preserve its intimate
association with the floor of the neural tube. This process proceeds from the middle of
the embryo into both cranial and caudal direction. In the late stage 11 (26 days) the
definitive notochord has formed in the caudal and middle region, still leaving a
notochordal plate at the most cranial end (Fig. 3C). At stage 12 (26-30 days) the
notochordal plate has fully transformed into the definitive notochord. In the region of
the caudal neuropore where secondary neurulation is in progress, the notochord is
substantially larger in diameter and contains more cell nuclei, compared to the cranial
part (Fig. 3D). The notochord is now fully incorporated within the mesenchyme and
is almost completely detached from the endoderm. Cranially, however, it remains in
close contact with the oropharynx and caudally in contact with the hindgut. In this
stage the notochord is cranially, but not caudally, detached from the neural tube (Fig.
3D).
Fusion of the paired dorsal aortae in relation to the developing notochord
The paired dorsal aortae can fuse when the notochord, which is intimately associated
with the floor of the neural tube, has separated from the roof of the gut. At stage 12
(26-30 days) the fusion of the paired dorsal aortae is first observed in the midline
ventral to the neural tube and notochord, and dorsal of the gut. At stage 14 (31-35 days)
the paired dorsal aortae are completely fused over their entire length, except for the
most caudal part where they will constitute the common iliac arteries. The locations of
fusion of the dorsal aortae per studied specimen are noted in table 2. Between these
stages the notochord becomes embedded further dorsally in the mesenchyme thus
creating space for the dorsal aortae to fuse. In adjacent stages, intervals of the fusing
aortae were observed, causing a ladder-like pattern. Several small connections can be
appreciated between the dorsal aortae, just before they fully merge (Fig. 4B).
Discussion
Our analysis and 3D reconstructions of 27 sectioned human embryos from Carnegie
stage 7 to 15 (15-41 days), resulted in a comprehensive description of human
notochordal development (Figs. 2, 3 and 5).
Human notochordal development
Notochordal development first starts at stage 7 (15-17 days) with the notochordal
process directly rostral to the area of gastrulation. It appears as a group of
undifferentiated cells that briefly persists from stage 8 to 10 (17 to 23 days) (de Bakker
et al. 2016; de Bakker 2017). Within the notochordal process, a connection between
the amniotic cavity and yolk-sac, known as the neurenteric canal, is established in
stages 8 to 10 (17-23 days) (Figs. 2 and 3). The neurenteric canal has been described in
several human embryos (O'Rahilly and Müller 1987). Although its existence is
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disputed by some (Blechschmidt 2004), it was clearly present in all CS8 embryos we
have studied. The ventral side of this cell cluster is incorporated into the endodermal
roof of the foregut and its dorsal side, known as the primitive pit (Sadler 2015), is
closely attached to the developing neural tube. The notochordal process then
incorporates entirely into the endoderm, forming the epithelial notochordal plate in
stages 8 to 11 (17-26 days), which acquires an “inverted U-shape” in stages 10 to 11 (21
to 26 days), relatively lengthens during these stages and remains intimately associated
with the neural tube until stage 12 (26-30 days). Subsequently, the notochordal plate
detaches completely from the endoderm to form the definitive notochord in stage 12
(26-30 days), allowing the paired dorsal aortae to fuse in-between the notochord and
the roof of the foregut from stage 12 to 14 (26 to 35 days).
Craniocaudal gradient of development
Similar to gastrulation, the formation of the prechordal plate, notochordal process and
-plate proceeds in craniocaudal direction. However, in contrast to the mechanism
described in all modern textbooks, the formation of the definitive notochord including
the initial notochordal plate's acquisition of an inverted U-shape, starts in the middle
of the embryo, and then proceeds in both cranial and caudal directions, similar to the
closure of the neural tube (de Bakker et al. 2017) and the subsequent formation of
vertebral neural arches (Mekonen et al. 2017). In contrast to the development of the
notochord as illustrated in textbooks, the human notochord does not have a stage in
which the process of gastrulation and the definitive notochord are simultaneously
present, as can be observed for instance in chick embryos (Tuchmann-Duplessis,
David, and Haegel 1982; Hamilton, Boyd, and Mossman 1972; Moore, Persaud, and
Torchia 2013; Sadler and Langman 2005; Cochard 2012; Carlson 2014; Schoenwolf et
al. 2015) (Fig. 5).
Tumors derived from the notochord, so-called chordomas, preferentially
localize in the skull base and sacrococcygeal regions. These tumors are suggested to
be entrapped remnants of the developing notochord with malignant transformation
(Yakkioui et al. 2014). This observation is in line with our proposed bi-directional
developing notochord model. It might be that notochord formation is not completed
in these regions, resulting in increased susceptibility for tumor development.
The chicken embryo displays a craniocaudal developmental gradient of the
definitive notochord, which forms directly cranial to the area of gastrulation (Fig. 6)
(Jurand 1962, 1974). In both mice and chicken embryos a notochordal process, as seen
in the human embryo, has not been observed (Jurand 1962, 1974). The mouse,
however, does have a notochordal plate in the roof of the forming gut, in contrast to
the chick embryo (Jurand 1974). Therefore, the notochordal plate as an intermediate
to the formation of the definitive notochord, could be a mammalian synapomorphy.
Further research in other mammals including Marsupial and Monotremata is
necessary to substantiate this suggestion.
In mice, the developing notochord encompasses three different
morphological processes along the craniocaudal axis; the anterior mesendoderm
(containing both the prechordal plate and anterior head process), the trunk notochord
and tail notochord (Yamanaka et al. 2007). In line, we have observed three different
regions of morphological processes in the human developing notochord. In the cranial
part, the developing notochord is formed via mesenchymal condensation forming the
prechordal plate which transforms into the notochordal plate. Caudal to the prechordal
plate, the formation of the definitive notochord occurs via the formation of the
notochordal process and also in the notochordal plate. The formation of the notochord
in the caudal eminence, where the definitive notochord is larger in diameter compared

114

The development of the human notochord
to the cranial parts, occurs via direct mesenchymal condensation (Müller and
O'Rahilly 1987; Müller and O'Rahilly 2003) (Fig. 5).
Fusion of the paired dorsal aortae
The presented model also explains, in morphological terms, the timing of fusion of the
paired dorsal aortae. In the human embryo two dorsal aortae develop dorsal to the gut
and lateral to the notochord. As long as the notochord is still in contact with the floor
of the neural tube and the roof of the developing gut, the dorsal aortae cannot fuse in
the axial midline to become the descending aorta (Fig. 4).
The secretion of the bone morphogenetic protein antagonists Noggin and
Chordin by the notochord in the chicken embryo inhibits fusion of the dorsal aortae
(Sato 2013). Additionally, Vascular Endothelial Growth Factor (VEGF) and Sonic
hedgehog are known to be expressed by the notochord and to attract the dorsal aortae
towards the midline, whilst Chordin expression is downregulated (Sato 2013). The
exact molecular pathways are however complex and not yet fully understood in the
chicken embryo.
The human paired dorsal aortae fuse in a ladder-like manner (Fig. 4B). This
sprouting of microvasculature between the paired dorsal aortae, just cranial to the
fused dorsal aorta, suggests that sprouting precedes fusion. Interestingly, VEGF is
known to stimulate the sprouting of neo-angiogenesis of blood vessels (Sato 2013).
In conclusion, here we present a model of human notochordal development
that differs significantly from the models presented in human embryology textbooks
and from chicken and mice morphology. We have shown that human notochordal
development proceeds in a two-step fashion, first the notochordal process and
notochordal plate are formed in a craniocaudal sequence. Subsequently the definitive
notochord is first formed in the middle of the embryo, which then extends into both
cranial and caudal directions and detaches from the endoderm, allowing the paired
dorsal aortae to fuse.
Table 2. Overview of sections in which the dorsal aortae are fused
CS

Specimen #

Total number
of sections

Z-res (μm)

Section numbers with
fused dorsal aortae

11

6344

137

18.83

No

11

6784

577

8.70

No

12

8505A

277

10.32

126 – 142; 144; 168 =>

12

8943

436

8.22

305 – 357; 361 - 380

13

836

247

16.55

122 - 196

13

5541

379

10.76

139 -140; 153; 162 – 166; 180 =>

14

6502

1107

5.01

541 =>

14

8314

639

8.07

312; 338 =>

CS: Carnegie stage, Z-res: Calculated Z-resolution in μm, =>: Dorsal aortae are fused further
caudally
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Fig. 4. Overview of the developing notochord in relation to the fusion of the dorsal aortae
A: 3D reconstruction of a stage 12 human embryo (26-30 days) specimen No. 8505A with
ventrolateral view of the neural tube (green), the notochord (red) and dorsal aortae (purple) in
the process of fusion. A part of the dorsal aorta is not fused at the dotted arrows, but cranial and
caudal to this region the dorsal paired aortae are already fused. B: A ventral close up of the
fusion process in stage 13 (28-32 days) human embryo specimen No. 836, which occurs in a
ladder-like pattern. Small connections between the dorsal aortae can be appreciated (dotted
arrows). C: Transversal illustrations of the fusion of the paired dorsal aortae in relation to the
developing notochord (ectoderm and is superior in each transversal section). During stages 8
to 12 (17-30 days) the paired dorsal aortae migrate from lateral to medial and fuse after the
developing notochord is separated from the endoderm.
Dorsal aorta: purple, definitive notochord (DN): red, neural ectoderm: green,
notochordal plate (NPL): yellow, notochordal process (NPR): cyan blue.
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Fig. 5. Schematic dorsal overview of the developing notochord and the fusion of the paired
dorsal aortae in humans. In CS8 (17–19d.) the notochordal process is subsequent to the
gastrulation area in direct contact with the prechordal plate. During CS8 to CS10 (17-23d.) the
notochordal plate is formed between de notochordal process and the prechordal plate. Along with
the axial lengthening of the whole embryo, the notochordal plate also lengthens, in contrast to the
notochordal process. In CS10 to CS11 (21-26d.) the notochordal plate transformed into the
definitive notochord, starting in the middle into both cranial and caudal direction. The cranial and
caudal parts (triangular shaped) of the notochordal plate and definitive notochord are larger
compared to the middle regions. In CS11 (23-26d.) the notochordal plate is cranially still present,
in contrast to the caudal eminence (dotted box), where the definitive notochord is already formed
due to the process of direct mesenchymal condensation. In this region the notochord is broader
than in the middle and cranial region and contains more nuclei (Fig. 3D).
Definitive notochord: red, gastrulation: dark purple, neurenteric canal: white,
notochordal plate: yellow, notochordal process: cyan blue, paired dorsal aortae: pink.
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Fig. 6. Transversal sections of the notochord in a 24-hour stage chicken embryo from our
lab. Caudally, gastrulation is still on-going, while cranial, the definitive notochord is already
present in the same stage. Definitive notochord: red, gastrulation: purple.
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Supplementary Fig. 1. Histological sections of three stage 8 (17 – 19 days) human embryos.
Specimens Nos. 10157, 5960 and 7545 of the Carnegie collection with cross-sections at the same level,
matching the black lines in the ventral illustration. The notochordal process becomes smaller, containing
less nuclei or cells, in the cranial direction in specimen 5960 and 7545. Furthermore, the notochordal
process is not a perfect round structure in specimen 10157, in contrast to the two other specimens.
Epiblast or ectoderm: dark blue, gastrulation area (GA): purple, notochordal process (NPR): cyan blue,
notochordal plate (NPL): yellow, neurenteric canal: white.
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“The elements that unite are single cells, each on the point of death;
but by their union a rejuvenated individual is formed,
which constitutes a link in the eternal process of Life.“
Frank R Lillie, 1919
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Abstract
Introduction Since the multi-site closure theory was first proposed in 1991 as
explanation for the preferential localizations of neural tube defects, the closure of the
neural tube has been debated. Although the multi-site closure theory is much cited in
clinical literature, single-site closure is most apparent in literature concerning
embryology. Inspired by Victor Hamburgers (1900-2001) statement that "our real
teacher has been and still is the embryo, who is, incidentally, the only teacher who is
always right", we decided to critically review both theories of neural tube closure.
Materials and Methods To verify the theories of closure, we studied serial
histological sections of 10 mouse embryos between 8.5 and 9.5 days of gestation and
18 human embryos of the Carnegie collection between Carnegie stage 9 (19-21 days)
and 13 (28-32 days). Neural tube closure was histologically defined by the
neuroepithelial remodeling of the two adjoining neural fold tips in the midline.
Results We did not observe multiple fusion sites in neither mouse nor
human embryos. A meta-analysis of case reports on neural tube defects showed that
defects can occur at any level of the neural axis.
Conclusions Our data indicate that the human neural tube fuses at a single site
and, therefore, we propose to reinstate the single-site closure theory for neural
tube closure. We showed that neural tube defects are not restricted to a specific
location, thereby refuting the reasoning underlying the multi-site closure theory.

Introduction
With an incidence of one in 1000 births, neural tube defects (NTDs) are, after
cardiovascular malformations, the second most common birth defects in humans
(Mitchell, 2005). Examples of NTDs are anencephaly, encephalocele and spina bifida
among others. Their pathology ranges from occult defects without neurological
symptoms to complete absence of neural tube formation and early fetal lethality,
depending on the severity and location(s) of the NTD. For the proper morphological
interpretation of molecular data on regulatory mechanisms controlling neural tube
closure in experimental animals it is essential to understand neural tube formation in
humans.
In human embryology textbooks, the neural tube is typically described to
close by a zipper-like process that starts in the middle of the embryo and then proceeds
bidirectionally to the cranial and caudal ends of the neural walls. Because tube closure
starts at one location this model is referred to as the single-site closure theory (Fig. 1A).
This process is completed around 24-28 days after fertilisation (O'Rahilly and Muller,
1994). In the early 90’s Van Allen (1993) proposed the multi-site closure theory (Fig.
1B), which is based on studies in mice and on the retrospective explanation for the
occurrence of multiple neural tube defects within one patient. This theory states that
the fusion of the neural walls starts at multiple locations along the neural axis instead
of one. Although the multi-site closure theory was further adapted and fine-tuned
based on studies by Nakatsu (2000) (Fig. 1C) and O’Rahilly (2002) and colleagues
(Fig. 1D), the debate on the mode of closure of the neural tube is still not closed.
The human embryo specimens that were reconstructed in three dimensions
(3D) from high resolution images for the creation of the 3D Atlas of Human Embryology
(de Bakker et al., 2016), showed no signs of multi-site closure (Figs. 2 and 1E). This is
even more remarkable, considering that one of the embryos used to create this atlas
(i.e. Carnegie stage 10 specimen 5074 (21-23 days of development)) clearly resembles
the stage 10 specimen 20297 from the Kyoto collection, both of which are often called
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upon when the multi-site closure theory is mentioned (Nakatsu et al., 2000; O'Rahilly
and Muller, 2002; Ten Donkelaar, 2014).
In this study, we reviewed the literature with respect to the single and multi-site
closure theories, and we evaluated serially sectioned human and mouse embryos to
find support for either one of these theories.
Background
Neurulation, the formation of the neural tube from which the brain and spinal cord
develop, starts in the third week of human development, when neuro-ectoderm
differentiates from the epidermal ectoderm by thickening into the neural plate. Along
the axis of the embryo, a medial hinge is formed in the neural plate and the neuroectoderm raises laterally forming the lateral neural walls and medial neural groove.
These walls raise, embrace the neural groove and eventually fuse dorsally, thus giving
rise to the neural tube (Ten Donkelaar, 2006; Ten Donkelaar, 2014).
In the embryonic period, the spinal cord fills the complete length of the
vertebral canal. At birth, the cord ends at a progressively higher level, at lumbar
vertebra three (L3), and after 12 months the cord’s end is found at its mature level of
lumbar vertebrae one or two (L1/L2). When a NTD occurs, the vertebral bow(s) that
overlies the defect in the embryonic period generally will not close. We, therefore,
assume that NTDs found at birth are at the vertebral level where the NTD occurred in
the embryonic period, because the defect hampers the upward retreat of the spinal
cord in the vertebral canal. The typical concomitant symptoms of spina bifida, i.e.
tethered cord, Chiari malformation and hydrocephalus, are all caused by traction on
the neural tube because of its inability to retreat upwards in the vertebral canal due to
the NTD. The etiology of NTD’s is very complex and in some variants, it is yet to be
understood. This is why we focused on NTD’s from which the etiology is best
understood, i.e. spina bifida, meningocele, meningeomyelocele and myeloschisis.
Materials and Methods & Results
The use of sections in mouse embryos
Our review of the research methods applied in published papers showed that studies
in which the multi-site closure in mouse embryos is mentioned used whole embryos
placed under the (electron) microscope. These studies thus determined the sites of
fusion by exterior examination of the embryos. Although some authors present
several histological sections, no conclusive evidence for multi-site closure has been
provided based on serial histological sections. Only two studies concerned sections of
mouse embryos (Greene and Copp, 2009; Pyrgaki et al., 2010; Sadler, 1998), but the
presented figures remain inconclusive to show multiple sites of fusion within one
embryo since the successive sections are lacking or the neural walls lie closely together
but show no fusion. Also, the stunning dynamic images of neural tube closure in
mouse embryos of Pyrgaki and Wang did not display this kind of fusion (Pyrgaki et al.,
2010, Wang et al., 2017). The electron microscope images published by Juriloff et al.
(1991), however, showed a degree of fusion that is significant enough to consider that
neural tube closure in mouse embryos occurs at multiple sites. To elucidate this
discrepancy, we studied histological sections of 10 different mouse embryos of the
collection of the department of Medical Biology (formerly: Anatomy, Embryology &
Physiology) of the Academic Medical Center in Amsterdam, the Netherlands. All
embryos were harvested between 8.5 and 9.5 days of gestation, fixed in Bouin to
minimalize shrinkage artefacts, and stained with hematoxylin and eosin.
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Fig. 1. The proposed theories on single or multisite fusion. Inspired by Nakatsu et al. (2000). A: The single-site fusion
theory starts dorsally and proceeds bidirectional to the cranial and caudal ends of the neural walls. B: Multi-site fusion theory
by Van Allen (1993); Fusion site one occurs in the future cervical region and continues bidirectional, fusion site two occurs
between the future prosencephalon and mesencephalon and extends bidirectional; fusion site three initiates at the cranial
tip of the neural groove and proceeds caudally to meet the fusion starting at site two; fusion site four covers the
rhombencephalon and completes neural tube closure; fusion site five closes the posterior neuropore. C: Multi-site fusion
theory by Nakatsu (2000). D: Multi-site fusion theory by O’Rahilly (2002). E: Same embryo as in figure 2C (stage 11,
specimen 6784 (23-26 days, 2.5 mm)) with our proposed theory, which supports single-site fusion theory as presented in A.
The red arrow indicates that the first fusion site should be positioned more cranially at the level of the third and fourth somite
as compared to stage 10 in figure 2A. Abbreviations: FS: fusion site, NP: neural pore: Cr: cranial, Ca: caudal, Hb: hindbrain.

Fig. 2. A series of human embryos from the 3D Atlas of Human Embryology (de Bakker et al., 2016).
Outlines of the skin are sketched. Neural tube in green, somites red, optic vesicle/cup white, otic pit/vesicle
pink, nerves yellow. A: Dorsal view on stage 10 specimen 6330 (21-23 days, 2.0 mm). The seven paired somites
are numbered. Note first fusion of the neural tube, indicated by the black arrow, at somites level 3 and 4. B:
Dorsal view on stage 11 specimen 6784 (23-26 days, 2.5 mm). Neuropores are indicated by arrows. C: Lateral
view on stage 12 specimen 8505A (26-30 days, 2.9 mm). The rhombencephalon is transparent. The cranial
neuropore is closed and the caudal neuropore is indicated by an arrow. The first seven pairs of somites are
numbered. D: Lateral view on embryo stage 13 specimen 836 (28-32 days, 4 mm). The rhombencephalon is
transparent. The first seven pairs of somites are numbered. E: Lateral view on stage 16 specimen 6517 (37-42
days, 10.5 mm). The myelencephalon is transparent. A limited number of somites in the tail, the skeleton in offwhite. Vertebrae indicated by C: cervical, T: thoracic, L: lumbar, S: sacral. Abbreviations: Cr: cranial, Ca:
caudal, L: left, R: right, V: trigeminal nerve, VII: facial nerve, XI: accessory nerve, XII: hypoglossal nerve.
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We studied the serial sections to determine the sites of fusion of the neural walls in
these embryos. Neural tube closure was histologically defined by the neuroepithelial
remodeling of the two adjoining neural fold tips in the midline. In each of the
examined embryos, we identified only one single fusion site at the rhombencephalic
level. Given the total number of studied neural tube sections and the average number
at which a continuously fused tube was observed, the chance that a second fusion site
was missed in 10 embryos can be approximated by a binomial test to be less than
-6
5.3*10 . All of the above considered, no clear evidence for multi-site closure based on
serial sections of mouse embryos has been presented. Therefore, we conclude that
neural tube closure in mouse embryos is most likely to proceed according to the longestablished single-site zipper-closure theory.
The use of sections in human embryos
Whole-mount images of stage 10 human embryos like specimen 20297 from the Kyoto
collection are often used by authors to allocate multi-site closure in humans (Nakatsu
et al., 2000; Ten Donkelaar, 2014). The stage 10 embryo (21-23 days), specimen 5074
from the Carnegie collection as used by O’Rahilly and Muller (2002) shows
comparable sites of fusion when whole-mount images are used. However, when
examining the series of sections of the latter embryo, we identified no signs of
multiple sites of fusion (de Bakker et al., 2016). We found one continuous series of
sections in which the walls of the neural groove had fused. Although in some sections
the walls were close together or touching, but not fused (Fig. 3). Our examination of
serial histological sections of 18 human embryos between Carnegie stage 9 (19-21
days) and 13 (28-32 days) of the Carnegie collection (Table 1) also showed no regions
of fusion with unfused regions in between. In every stage 10, 11 and 12 embryo, only
one continuous series of sections showed fusion.
Literature search: Specific locations for NTDs
To gain an overview of the available literature concerning the neural tube closure
theories, we performed queries in PubMed and Web of Science and reviewed 63 case
reports, empirical studies and literature reviews including neural tube defects (NTD).
For the sake of clarity, we focused on neural tube closure defects proper and excluded
other (secondary) neurulation defects, e.g. abnormal filum terminale, congenital
dermal sinuses, lipomatous malformations, neurenteric cysts, neural tube defects
associated with caudal regression and split cord malformations. We also did not
include craniorachischisis data because in these cases there is no sign of fusion of the
neural tube. They are therefore of no use in determining any site of fusion. Although
the encephalocele is often believed to be a re-opening defect of the neural tube (Copp
et al., 2013), no etiological difference can be indicated between neural tube closure
defects and re-opening defects. Therefore, we will not discriminate between these
defects.
One of the key arguments for the existence of multiple closure sites as cited in
NTD case reports, is that NTDs are found at specific locations in the neural tube
(Ahmad and Mahapatra, 2009; Bertal et al., 2011; Etus et al., 2006; Garg et al., 2014;
Mahalik et al., 2013; Singh and Singh, 2012; Srinivas et al., 2008; Tekkok, 2005; Vashu
and Liew, 2010). With respect to multi-site closure, O’Rahilly and Muller indicated
accessory loci of fusion in embryos of the mouse (2002). These loci are not restricted
to a certain point in the neural tube, but occur at variable locations in different
embryos. As these findings were based on descriptions of whole embryos and not on
serial sections, they should be considered with care. On top of that, Srinivas et al.
(2008) and Ahmad et al. (2009) found that some cases of NTDs cannot be explained
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by the 5-site model of Van Allen. A sixth site should be present in embryos to explain
some of the NTDs that were shown in humans.

b

μ

P

Acquired
through

Staining

Days

Fixation medium

CRL

Table 1. Overview of human specimens used to study neural tube closure
a

Year

Origin

Specimen

CS
Hysterectomy
No information
Curettage
Abortion
Abortion
No information
No information

4
10
10
5
5
10
5

25
28

t
t
c
t
t
t
t

(mm)
1.57
1.5
1.38
2.4
1.74
1.95

Formalin and Bouin
Formol
Formol
Paraformaldehyde
Paraformaldehyde
Formol
Formol

1957
1926
1917
2011
2008
1921
1931

BC
CC
CC
HDBR
AMC
CC
CC
CC

H712
5080
1878
N509
EMB-097
3709
6330
5074

9
9
9
9
9
9
10
10

Bouin
Formol
Formol
Formol
Formol
Paraformaldehyde
Paraformaldehyde
Paraformaldehyde

5
10
12.5
10
15
7
7
7

Abortion (EUG)
No information
No information
No information
No information
Abortion
Abortion
Abortion

t
t
o
o
o
t
t
t

-

0391
3707
3710
4216
EMB-071
EMB-075
EMB-100
6344

1.41
2.0
1.5
3.6
2.0
-

CC
CC
CC
CC
AMC
AMC
AMC
CC

1925
1907
1921
1921
1923
2008
2008
2008

10
10
10
10
10
10
10
11

Formalin
Formol
Paraformaldehyde
Zenker's Formol
Formol

6
6
7
8
10

Hysterectomy
Hysterectomy
Abortion
No information
Miscarriage

t
t
t
t
t

29
-

6784
EMB-054
8943
8505A
836

2.58
2.46
3.9
-

CC
AMC
CC
CC
CC

1931
1933
2008
1934
1947

11
11
12
12
13

15
10

Mercuric Chlorine
Formol

t
t

Hysterectomy
No information

Hematoxylin and Eosin
Al. Coch.
Hematoxylin and Eosin
Hematoxylin and Eosin
Diverse immuno
Erythrosin
Ehrlich’s acid hematoxylin
Alum
cochineal
(i.e.
carmine)
Al. Coch
I.H.
H. & or. G.
Unknown
Diverse immuno
Diverse immuno
Diverse immuno
Alum
cochineal
(i.e.
carmine)
Iron Hematoxylin
Diverse immuno
Hematoxylin and Eosin
Hematoxylin and Phloxin
Alum
cochineal
(i.e.
carmine)
Alum cochineal, eosin
32
5541

4.09
4.08

CC

1914
1927

13

CS: Carnegie stage, Year: Year of acquisition, CRL: crown-rump-length in mm, Day: days post ovulation, Thickness:
section thickness.
a Origin of the specimen: BC = Boyd Collection: Department of Physiology, Development and Neuroscience,
University of Cambridge, United Kingdom // CC = Carnegie Collection: National Museum of Health and Medicine,
Silver Spring,
Maryland, USA // HDBR = Human Developmental Biology Resource, Newcastle Upon Tyne, United Kingdom //
AMC = Academic Medical Center, Department op Medical Biology, University of Amsterdam, The Netherlands.
b Plane of sectioning: o = oblique, t = transversal, c = coronal
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To determine whether NTDs are randomly distributed over the total length of the
neural tube, we included all published case reports (n=43) describing multiple NTDs
in one child published in the period between 2000 and 2016 and all case reports (n=84)
published in the period between 2012 and 2016 describing a single NTD per case. We
used case reports of single as well as multiple defects in one patient because the
distribution of NTD’s might differ between them. Because of the large number of ever
published case reports, we used all reports containing single defects published
between 2012 and 2016 to create a standardized scheme to summarize current
literature. 17 cases containing multiple defects and 18 cases containing single defects
were excluded because the exact vertebral level was not mentioned and unable for us
to trace on (radiological) images. We further excluded 9 cases with NTDs localized on
the frontal part of the neural tube since they did not result from failure of fusion. The
levels of the neural tube defects in the 83 remaining cases were summarized in table
2.
By using the curved slice function in the software package Amira (version 5.6,
http://www.amira.com) we were able to visualize a flattened image of the neural
tube of a stage 12 human embryo (26-30 days of development) (Fig. 4). We then
included the data from the tabulated case reports from table 2 in figure 5. NTDs are
found on all levels of the neural tube but the NTD locations are not uniformly
-5
distributed over the neural tube (Chi-square test: p=2.0*10 ) but do show a
preference for the occipital region, vertebrae C6 till T3 and the region between T8 and
S1 with a peak at L5. Considering these results, we conclude that despite some
preferential locations can be indicated, NTDs occur in a range of severities at any
location along the neural axis, which means that NTD locations as such do not provide
evidence for specific sites of neural wall fusion.

3.2

Fig. 3. Whole-mount versus histological sections. An example of a whole-mount embryo (Carnegie collection stage 10
specimen 5074, (21-23 days, 1.4 mm) viewed from the dorsal side where the neural tube seems to fuse cranially at multiple
sites (arrow points D and F in close-up B). However, when the corresponding histological sections (Figs. 3C – F) at those
levels and subsequent sections were examined, no actual fusion of the neural tube could be discovered. The section at
level D appears to be a tear, but histology shows that the borders of the open neural tube are undamaged. The scale bars
indicate 50 μm.
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Table 2. Details of the NTD cases used to constitute Figure 5
Multiple NTDs in case reports between 2000 and 2016
Ref.
#
nr.
NTDs Type
Authors
Year
meningocele/
1
Richards et al
2003
2
meningomyelocele 2x
2.1
Ramdurg et al. 2015
2
encephalocele 2x
encephalocele;
meningomyelocele 2x
3
Tekkök
2005
3
4
Etus et al.
2006
2
meningomyelocele 2x
meningocele;
5.1
Ahmad et al.
2009
2
meningomyelocele
encepahlocele;
meningomyelocele
5.2
Ahmad et al.
2009
2
5.3

Ahmad et al.

2009

2

5.4
5.5
6.1

Ahmad et al.
Ahmad et al.
Srinivas

2009
2009
2008

2
2
3

6.2

Srinivas

2008

3

7

Singh

2008

2

8

Vashu et al.

2010

2

9.1

Mahalik et al.

2013

2

9.2
9.3

Mahalik et al.
Mahalik et al.

2013
2013

3
2

9.4
9.5

Mahalik et al.
Mahalik et al.

2013
2013

2
2

9.6

Mahalik et al.

2013

2

9.7

Mahalik et al.

2013

2

10

Singh

2012

2

11
12

Singh
Singh

2012b
2012a

2
2

13
14
15

Garg et al.
Canaz et al.
Srivastata

2014
2015
2016

2
2
2
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encephalocele 2x
meningocele;
meningomyelocele
meningomyelocele 2x
meningomyelocele 3x
encephalocele;
meningomyelocele 2x
meningocele;
meningomyelocele
encephalocele;
meningomyelocele
encephalocele;
meningomyelocele
meningomyelocele
2x; meningocele
meningomyelocele 2x
meningomyelocele;
dermal sinus
encephalocele 2x
meningocele; spina
bifida occulta
encephalocele;
multisegmental
meningocele
encephalocele;
meningocele
encephalocele;
meningomyelocele
encephalocele 2x
encephalocele;
meningomyelocele
encephalocele 2x
encephalocele 2x

Locations
T8-T9; L1
parietal;occipital
parieto-occipital; C3;
T12-L5
C6; L1-L4
C3-C5; L3-L4
occipital; T3-T4;
parieto-occipital
occipital
C6-T1; T11-L5
C3-C7 + T12-L4
T3-T4 + T9 + L2-L3
occipital;
unspecified;
lower thoracic
C6; T12
parietal; T10-T12
occipital; L4-L5
C5-T1; T10-L2; L5
T9-T10; L2-L5
L5 + L2-L3
occipital 2x
subocciptial; L3-L5
occipital; T8/T9-L1
occipital; thoracic
occipital; T7-T8
subocciptial
occipital; T10-T11
occipital 2x
parietal; occipital

Table 2 continued. Details of the NTD cases used to constitute Figure 5
Single NTDs in case reports between 2012 and 2016
Ref. nr. Authors
Year Type
2.2
Ramdurg et al.
2015 encephalocele
2.3
Ramdurg et al.
2015 encephalocele
2.4
Ramdurg et al.
2015 encephalocele
16
Dickman et al.
2016 encephalocele
17
Clark et al.
2016 Spina bifida occulta
18
Santos et al.
2016 encephalocele
19
Zhou et al.
2016 encephalocele
20
Dorum et al.
2016 encephalocele
21
Arishima et al.
2015 encephalocele
22
Radtke et al.
2015 encephalocele
23
Anand et al.
2015 encephalocele
24
Wood et al.
2015 encephalocele
25
Sargar et al.
2015 meningomyelocele
26.1
Hanaeiet al.
2015 meningomyelocele
26.2
Hanaeiet al.
2015 meningomyelocele
27
Paul et al.
2015 meningomyelocele
28
Meunier et al.
2014 encephalocele
29.1
Leoni et al.
2014 meningomyelocele
29.2
Leoni et al.
2014 meningomyelocele
30
Hawasli et al.
2014 encephalocele
31
Meadows et al.
2014 rachischisis
32.1
De la Calle et al.
2014 anenchephaly
32.2
De la Calle et al.
2014 anenchephaly
34.1
Perez da Rosa et al. 2013 encephalocele
34.2
Perez da Rosa et al. 2013 encephalocele
34.3
Perez da Rosa et al. 2013 encephalocele
34.4
Perez da Rosa et al. 2013 encephalocele
36
Gressot et al.
2014 meningomyelocele
38
Meuli et al.
2013 myeloschisis
39
Yang et al.
2013 encephalocele
40
Tamura et al.
2013 meningomyelocele
41
Russell et al.
2013 myeloschisis
42
Yang et al.
2013 encephalocele
43
Van Aalst
2013 meningomyelocele
44
Herman et al.
2013 encephalocele
45
Sarici et al.
2013 meningomyelocele
43
Ahmed et al.
2013 encephalocele
44.1
Dankovcik et al.
2012 encephalocele
44.2
Dankovcik et al.
2012 encephalocele
45
Vogel et al.
2012 encephalocele
46
Bear et al.
2012 encephalocele
47
Leykamm et al.
2012 encephalocele
48
Carmody et al.
2012 meningomyelocele

Locations
parietal
occipital(11x)
sub-occipital(4x)
parieto-occipital
S1
parietal
occipital
occipital
occipital
occipital
parietal
holoprosenchephaly/frontal?
L5-S1
L5-S1
L5-S1
L5-S3/S5
occipital
L5-S1
L5-S1
frontal
midcervical-sacral
occipital
parietal
parietal
parietal
C6-T3
L4-L5- sacral
occipital
sacral
T7-T12
parietal
L2-L4 (case 3)
occipital
T1-T8
orbital
parieto-occipital
parieto-occipital
occipital
occipital
parietal
T2-T3
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Fig. 4. Method to prepare a ruler for NTD localizations. A: Lateral view on stage 12 as in figure 2C. Cr:
cranial, Ca: caudal, V: ventral, D: dorsal. B: The three-dimensional (3D) labels of the neural tube and neural
canal were merged (visualized transparently), after which a centerline was extracted and smoothed (red line).
C: A curved slice (black) was created through the label file, along the centerline presented in B. D: A 2D image
of the curved slice could be extracted on which measurements were performed. Total length of the neural tube
is 5.6 mm. L: left, R: right. E: Schematic drawing of figure 4D. OP: optic vesicle, OT: otic vesicle, V: trigeminal
nerve, VII: facial nerve. Somites 1-4 are numbered. The asterix indicates the first fusion site, between somites
three and four, as in figure 2A. The region cranial from the asterix becomes the brain and caudal from the
asterix the spinal cord. F: The human vertebral column, based on images from de Bakker et al. (2016) and Satoh
et al. (2006), is placed over the spinal region of the neural tube to serve as ruler for NTD localizations (Fig. 5).
Note that the embryonic spinal cord reaches till the last coccygeal vertebra.
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Fig. 5. Location of NTDs on the neural tube. Left the neural tube ruler with vertebral levels from figure 4F. The first two columns summarize the total number of
neural tube defects (column 2) at each level (column 1). The locations of combined NTDs derived from the case reports are tabulated on the left, the single NTD case
reports on the right; each column represents a reported NTC case. The numbers correspond with the case numbers in table 2. The colors match the NTD classification
in the legend. For the sake of clarity, multiple comparable cases presented in one case report are displayed as one case with a number (i.e. 9.5, 12, 14, 2.3 and 2.4).
-5
NTDs are found over the total length of the neural tube. The locations are not randomly distributed over the neural tube (p=2.0*10 ) but show a preference for the
occipital region, vertebrae C6 till T3 and the region between T8 and S1 with a peak at L5. (Ahmad and Mahapatra, 2009; Ahmed et al., 2013; Anand and Mahmoud,
2015; Arishima et al., 2016; Bear et al., 2012; Canaz et al., 2015; Carmody et al., 2012; Clark and Davidson, 2016; Dankovcik et al., 2012; De la Calle et al., 2014; Dickman
et al., 2016; Dorum et al., 2016; Etus et al., 2006; Garg et al., 2014; Gressot et al., 2014; Hanaei et al., 2015; Hawasli et al., 2014; Herman et al., 2013; Leoni et al., 2014;
Leykamm et al., 2013; Mahalik et al., 2013; Meadows and Hayes, 2014; Meuli et al., 2013; Meunier et al., 2014; Paul et al., 2015; Perez da Rosa et al., 2014; Radtke et
al., 2015; Ramdurg et al., 2015; Richards et al., 2003; Santos et al., 2016; Sargar et al., 2015; Sarici et al., 2013; Sharma, 2016; Singh and Singh, 2012; Singh et al., 2012a;
Singh et al., 2012b; Singh, 2008; Srinivas et al., 2008; Tekkok, 2005; van Aalst et al., 2013; Vashu and Liew, 2010; Vogel et al., 2012; Wood et al., 2015; Yang et al.,
2013; Zhou and Zheng, 2016)
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Discussion
The use of sections
Besides fusion site one, we did not find any evidence for an additional site of fusion, in
human nor mouse embryos. However, we cannot rule out the possibility that we
missed additional sites of fusion in the hindbrain as described by Shiota et al. (1998)
since they are only visible in mice for a few hours. We did notice some histological
sections in which the neural walls were close together, without signs of histological
fusion. It is however impossible to determine whether the cell protrusions that
indicate the start of fusion, by looking at histological sections with a normal
microscope (Rolo et al., 2016). Another limitation is that tissue sections can contain
artefacts because of tissue shrinkage. Tissue can also be damaged or misshapen during
the sectioning process. We carefully incorporated only embryonic specimens in this
study that were of very good or excellent quality, to limit these kinds of artefacts.
Extrapolating animal data to humans
The first thing that drew our attention regarding studies on the closure of the neural
tube, was that nearly all studies were based on research with experimental animals,
especially in mice. Various authors have declared, however, that data based on
experimental animals should be treated with care when the conclusions are to be
extrapolated to humans (Harris and Juriloff, 2007; Nakatsu et al., 2000; O'Rahilly and
Muller, 2002). Nakatsu et al. (2000), who performed one of the few studies involving
human embryos, did not find any evidence for fusion at fusion sites four and five (Fig.
1C) as proposed by Van Allen (1993). Van Straaten et al. (2000) described multiple
fusion sites in both the pig and the rabbit embryo, but found that the location of these
fusion sites differed from those in the mouse (Peeters et al., 1998). Harris and Juriloff
(2007) found that cranial NTD’s occur more often in mouse mutants than in humans.
This suggests that development of the cranial neural tube in mice differs from that in
humans. This finding could be explained by the fact that at the neurulation stage,
mouse embryos have a proportionally larger brain than human embryos. This might
make the elevation of the cranial neural walls relatively more difficult (Harris and
Juriloff, 2007). On top of that, Harris and Juriloff (2007) did not find any
encephaloceles in mice that can be compared with those found in humans.
Interestingly, the initiation site of fusion in human embryos is also debated.
Initial fusion is assumed to occur in the region of the 3rd/4th somite pairs (Ten
Donkelaar, 2014) or at the 5th somite pair or cervical region (Langman Medical
Embryology 12th edition 2012), but most sources refer to an initial fusion site in the
rhombencephalic region (Ahmad and Mahapatra, 2009; O'Rahilly and Muller, 2002;
Van Allen et al., 1993). Although the latter has been shown in mice (O'Rahilly and
Muller, 2002) we observed that initial fusion of the human neural tube does not start
at that position. Figure 2 shows the 3D reconstruction of human embryos (stages 10
to 16) from the Carnegie collection. As can be seen in figure 2A, fusion site one is
located between the third and fourth somite. When evaluating the corresponding
somites in a 3D reconstruction of a human Carnegie stage 13 embryo (28-32 days), it
can be concluded that fusion in human embryos starts more caudally than the
rhombencephalon. Schematic drawings as in figure 1 are used by authors to describe
the fusion sites of the neural walls and show that fusion site one is located more
caudally than the rhombencephalon (Copp et al., 2013; Nakatsu et al., 2000; O'Rahilly
and Muller, 2002; Van Allen et al., 1993). We could not find any explanation in these
texts for the discrepancy between figures and descriptions. One needs to be careful
with indicating neural tube fusion sites on schematic drawings of an embryo that
represents a developmental stage at which the neural tube has actually already been
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closed. Although these schemes are easier to understand, they incorrectly suggest that
neural tube fusion occurs halfway down the back of the embryo, whilst it actually fuses
more cranially at the level of the third or fourth somite pairs at a stage in which the
embryo is still relatively flat because the process of folding has barely begun.
Dynamic studies
Recently impressive dynamic images of the mouse embryo were created that do not
show any evidence for fusion at multiple sites (Pyrgaki et al., 2010; Wang et al., 2017).
In the caudal region of the neural groove the only kind of closure observed in these
studies was a zipper-like fusion. However, they did observe a fusion mechanism in the
hind- and midbrain that they called “buttoning up”. Cranial from the zipper-like fusion
in this region several short and ultra-thin cellular protrusions of the neural tube were
found bridging between the two walls on a microscopic level (Copp and Greene,
2010), after which the zipper-like closure occurs. Thus, closure of the neural tube
following the zipper-up process seems to be preceded by this buttoning-up process,
after which the neuroepithelium in the adjoining neural fold tips remodels.
Multiple NTDs within one embryo
One of the key arguments for multi-site closure is based on the occurrence of multiple
NTDs within one embryo and relies on the assumption that after failure of fusion, the
neural walls are not able to fuse somewhere further along the axis of the neural
groove. Multiple NTDs within one embryo therefore would indicate that multiple
sites of fusion must be present. However, in several studies it was found that neural
tube defects are in fact not caused by failure of fusion but by reopening of the fused
neural tube walls (Huang et al., 2002; Zhang et al., 2006). It seems that excessive
apoptosis can cause reopening of the fused neural walls, which would make the
presence of multiple defects still compatible with the single site closure theory. There
are, however, also cases described in which the NTDs are indeed caused by failure of
fusion of the neural walls. Multiple NTDs would require the neural walls to be able to
fuse somewhere further along the axis of the neural groove, thereby skipping the
region of the NTD lesion. With this process in mind, Mahalik et al. (2013) proposed
that fusion of the neural walls is comparable to the so called “Mexican wave”. In this
model, each part of the neural tube has an intrinsic potential to close independent from
another segment by influence of the subjacent notochordal part, in contrast to a
‘domino-like’ zipper-process, in which the segments are dependent on each other for
fusion. Mahalik et al. proposed this mode of fusion based on studies of Ulloa and Marti
(2010), showing that focal alterations in the signaling cascade, that includes signaling
molecules Sonic hedgehog (Ssh) and Wnt, may lead to local disruptions in the fusion
of the neural walls while the fusion process continues in the segments adjacent to the
altered ones. It seems that each segment of the neural walls is primed for fusion by a
signal which gradually travels through the neural walls from the middle of the neural
tube (i.e. fusion site one) to the cranial and caudal ends. Assuming that by means of
the “Mexican wave” the walls of the neural tube remain able to fuse even when the
virtual zipper skipped some teeth. Multiple NTDs within one patient can thus be
compatible with the single-site closure theory.
Based on our observations we conclude that serial sections rather than whole mount
specimens are the substrate of choice to study fusion of the neural walls in an embryo
because a close contact between the neural walls, as seen during external
examination, can easily be misinterpreted as a fusion site. Considering studies done on
neural tube closure in the last 15 years we conclude that the multi-site closure model
in humans should be rejected in favour of the single-site closure theory.
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Bones can break, muscles can atrophy, glands can loaf,
even the brain can go to sleep, without immediately endangering our survival,
but when the kidneys fail to manufacture the proper kind of blood neither bone,
muscle, gland nor brain can carry on.”
Homer W Smith, 1943

3 D A TLAS OF H UMAN E MBRYOLOGY
Abstract
Contemporary papers and book chapters on nephrology open with the assumption
that human kidney development passes through three morphological stages:
pronephros, mesonephros and metanephros. Current knowledge of the human
pronephros, however, appears to be based on only a hand full of human specimens.
Moreover, the ongoing inconclusiveness concerning the definition of a pronephros
hampers interpretation of study results whereas there is an increased interest in using
the anamniote pronephros as a genetic model for kidney organogenesis. We aimed to
provide an overview of literature concerning kidney development, and to clarify the
existence of a pronephros in human embryos.
We performed an extensive literature survey regarding vertebrate renal
morphology and we investigated histological sections of human embryos between 2
and 8 weeks of development. To facilitate better understanding of the literature
concerning kidney development, a referenced glossary with short definitions was
composed.
The most striking difference between pronephros versus meso- and
metanephros concerns nephron architecture. The pronephros comprises exclusively
non-integrated nephrons with external glomeruli, whereas meso- and metanephros
are composed of integrated nephrons with internal glomeruli. Non-integrated
nephrons were not identified in histological sections of human embryos. Animals
whose embryos have comparatively little yolk at their disposal and hence have a free
swimming larval stage do develop a pronephros, dedicated to survival in aquatic
environments. In embryos that have no free swimming larval stage, are supplied with
a large amount of yolk, or develop within the body of the parent, the pronephros is
usually absent, incompletely developed, and apparently functionless.
We conclude that a true pronephros is not detectable in human embryos. The
most cranial part of the amniote excretory organ has often been confusingly referred
to as pronephros. The term pronephros should be avoided in amniotes unless all
elements for a functional pronephros are undeniably present.
Introduction
A kidney-related article or book chapter commonly starts with: “Human kidney
development follows three separate stages: pronephros, mesonephros and
metanephros (Fig. 1A)” (Vize et al. 1997; Hiruma and Nakamura 2003; Ryffel 2003;
Solhaug, Bolger, and Jose 2004; Raciti et al. 2008; Michos 2009; Carev et al. 2006;
Pole, Qi, and Beasley 2002; Nishinakamura 2003; Kuure, Vuolteenaho, and Vainio
2000; McCrory 1974; Wessely and Tran 2011; Sadler 2004; Cochard 2002; Patten and
Carlson 1974; Bailey and Miller 1921; Moore 1988; Tuchmann-Duplessis and Haegel
1974; Prentiss and Arey 1917; Gerlach and Wingert 2013; Hohenstein, PritchardJones, and Charlton 2015; Marra and Wingert 2014; Xing et al. 2014; Wang and Li
2015; Upadhyay and Silverstein 2014). Is this actually true? How sure are we that
human embryos pass through a pronephric phase? Doubt on the existence of this
structure might be inferred from its vague connotation as ‘transient’, ‘vestigial’
(Goodrich 1930), ‘nonfunctional’ or ‘aglomerular’ (Hamilton, Boyd, and Mossman
1972; Solhaug, Bolger, and Jose 2004; Fraser 1950; Goodrich 1930). Until the 1950s
the pronephros, referred to as the first and most primitive embryonic kidney, was
actively studied in various species and it recently regained attention because of the
establishment of zebrafish and Xenopus laevis as vertebrate models to study human
urogenital development. These animals display a transient but functional pronephros
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at some stage of their embryonic development (Kuure, Vuolteenaho, and Vainio
2000; Wessely and Tran 2011; Raciti et al. 2008; Drummond 2005; Jones 2005; Vize
et al. 1997).
In 3-6 out of 1,000 human live births, the renal system is affected (SannaCherchi et al. 2007; Schulman et al. 1993). As a possible cause of renal agenesis,
Wallace and McCrory suggested that if the pronephros or mesonephros fails to form,
the mesonephric duct, ureteric bud or ureter will be absent (McCrory 1974).
Therefore, the pronephros as a model to study human kidney development and
disease received increasing interest of researchers (Raciti et al. 2008). It is therefore
not surprising that Wessely and Tran rightly stated in 2011 that “the golden age of
pronephros development may just have begun” (Wessely and Tran 2011).
Morphology and development of the renal system in chordates have however been
subject of confusion and the literature remains inconclusive. The objective of this
study was to clarify the existence of a pronephros in the various taxa and especially in
humans, by means of a literature review and by exploring histological sections of
human embryos between Carnegie Stage 9 and 23 (19-60 days of development).
Background
The pronephros; prone to confusion and inconclusiveness
Since Johannes Müller first discovered the pronephros and its associated excretory
duct in frogs in 1829 (Vize et al. 1997; Balfour and Sedgwick 1878; Müller 1829; Müller
1830), and Bidder identified the glomus (i.e. a large external glomerulus that forms
over 2-3 body segments) as its vascular component in 1846 (Vize et al. 1997; Raciti et
al. 2008; Bidder 1846), many histological studies were performed in a range of
animals: Amphioxis (Prentiss and Arey 1917), primitive jawless fish (Prentiss and Arey
1917), cartilaginous fish (Chimenti and Accordi 2011; Fraser 1950; Goodrich 1930; Kerr
1919; Vize, Woolf, and Bard 2003), bony fish (Hiruma and Nakamura 2003; Chimenti
and Accordi 2011; Raciti et al. 2008; Nishinakamura 2003; Gilbert 2010; Szebenyi
1977; Prentiss and Arey 1917), amphibians (Vize et al. 1997; Hiruma and Nakamura
2003; Goodrich 1930; Chimenti and Accordi 2011; Raciti et al. 2008; Wrobel and Suss
2000; Nishinakamura 2003; Fraser 1950; Sedgwick 1881; Gilbert 2010; Prentiss and
Arey 1917; Vize, Woolf, and Bard 2003; Rabl 1908), reptiles (Vize et al. 1997;
Goodrich 1930; Chimenti and Accordi 2011; Fraser 1950; Vize, Woolf, and Bard 2003),
birds (Vize et al. 1997; Hiruma and Nakamura 2003; Goodrich 1930; Davies 1950;
Balfour and Sedgwick 1878; Sedgwick 1880, 1881; Gasser 1879; Balfour and Sedgwick
1879), and mammals (Vize et al. 1997; Goodrich 1930; Vize, Woolf, and Bard 2003).
Although the presence of a pronephros in human embryos was already questioned by
Fraser in 1950 (Fraser 1950), it remains inconclusive whether amniotes, mammals or
humans actually do possess a pronephros in the embryonic stage, mainly due to
confusing terminology and definitions. The nephrocoel for example (Goodrich 1930;
Kerr 1919), a fluid filled cavity in which the external glomerulus or glomus of the
pronephros protrudes, can also be named pronephric cavity (Vize et al. 1997),
glomeral space (Vize et al. 1997), pronephric chamber (Goodrich 1930; Huettner
1968), nephric chamber (Fraser 1950), or coelomic chamber (Davies 1951; Fraser
1950), depending on the source, era and background of the author. Even more
confusing is the fact that sometimes one term is used for two completely different
structures. The nephrocoel for instance has also incorrectly been named nephrotome
(Davies 1951; Fraser 1950), while nephrotomes are in fact the mesodermal segments
that form the precursors of individual pronephric branches. To facilitate better
understanding of the literature concerning kidney development, a referenced
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glossary with short definitions was composed (Supplementary data: Kidney
development glossary).
Kidney architecture
The basic architecture of a nephron shows that it is one of the best evolutionary
conserved structures in the vertebrate kingdom (Fox 1963) and to a certain extent also
in several invertebrate clades (Ruppert 1994). Despite the anatomical differences
(Fig. 2 and 3) and functions between the three kidney types, the nephron is more or
less present in all of them (Wessely and Tran 2011). Each nephron is composed of three
components; an initial filtering component (a more or less developed glomerulus), a
waste collecting unit (coelom/nephrocoel/Bowman’s capsule/Bowman’s space) and
a nephric tubule specialized for reabsorption of solutes and water, and secretion of
wastes (Fraser 1950; Sanna-Cherchi et al. 2007). Although each kidney form differs
in overall organization and complexity, they all have the nephron as their basic
structural and functional unit (Raciti et al. 2008). Gérars & Cordier divided nephrons
into two types, whether they are in open communication with the coelom (the nonintegrated nephron, Fig. 3A), or separated from it (the integrated nephron, Fig. 3B)
(Gérard and Cordier 1934a, 1934b; Fraser 1950; Dawson 1925; Lambert 1933). For
further details on the terminology concerning kidney development, see the enclosed
glossary (Supplementary data: Kidney development glossary).
Definition of a pronephros
The word ‘Pronephros’ is derived from the Greek and means ‘before kidney’ (Larsen
1993): the first and most primitive (Fox 1963; Hall 1904) kidney. The pronephros
develops from mesenchymal buds of pronephric primordia, or nephrotomes (Vize et al.
1997; Sadler 2004) at the most cranial part of the mesodermal nephrogenic cord (Vize
et al. 1997; Chimenti and Accordi 2011; Cochard 2002; Mathews 1976). These buds of
pronephric primordia hollow out to form pronephric tubules (McCrory 1974; Mathews
1976).
A typical pronephric nephron, as can be found in amphibian larvae and some
adult teleosts (Fraser 1950; Hamilton, Boyd, and Mossman 1972), consists of the
following functional units; an external glomerulus or glomus as vascular component
that filters wastes into the coelom or nephrocoel as waste-collecting unit, from which
a ciliated nephrostome leads to the pronephric tubule that drains into the pronephric duct
(Fig. 2A and 3A) (Fraser 1920; Vize et al. 1997; Chimenti and Accordi 2011;
Nieuwkoop and Faber 1994; Brandli 1999; Raciti et al. 2008; Davies 1950; Cho et al.
2011; Nishinakamura 2003; Wessely and Tran 2011; Fraser 1950; Dawson 1925;
Lambert 1933; Vize, Woolf, and Bard 2003). Vize et al. stated that when the filtering
vascular structure is one body segment in length it is referred to as a glomerulus, while
if it extends over multiple body segments it is referred to as a glomus (Vize et al. 1997;
Pole, Qi, and Beasley 2002). The pronephros proper secretes its filtered wastes from
the glomerulus or glomus directly into the coelom (Fig. 4A) or in an anatomically more
advanced pronephros in a nephrocoel, a fluid filled cavity contiguous with the coelom
in which the external glomerulus or glomus of the pronephros protrudes to filter wastes
(Fig. 4B) (Vize et al. 1997; Goodrich 1930; Chimenti and Accordi 2011; Fraser 1950;
Huettner 1968). Although the glomus hangs freely in the coelom, it is intimately
associated with the ciliated nephrostomes that transport the coelomic fluid towards
the pronephric tubuli (Fig. 2B). By contrast, more advanced mesonephric and
metanephric nephrons encompass a Bowman’s capsule or Bowman’s space
respectively as waste-collecting unit, which is integrated in the tubule and is therefore
called an integrated nephron (Vize et al. 1997; Fraser 1950; Davies 1950). Bowman’s
capsule, together with the internal glomerulus, constitute a Malpighian body (Fraser
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1950). The Malpighian body is regarded as a typical feature of the mesonephros
(Wrobel and Suss 2000). The waste-collecting unit of the pronephros on the other
hand is not integrated in the tubule, and is therefore referred to as non-integrated
nephron (Fig. 2B and 3B) (Vize et al. 1997; Davies 1950; Fraser 1950; Dawson 1925;
Lambert 1933).
The pronephros is a relatively large excretory organ in basal chordates, such as jawless
fish (Vize, Woolf, and Bard 2003; Prentiss and Arey 1917), teleosts (Vize et al. 1997;
Vize, Woolf, and Bard 2003), lungfish (Fraser 1950; Vize, Woolf, and Bard 2003;
Goodrich 1930) and amphibians (Vize et al. 1997; Hiruma and Nakamura 2003;
Goodrich 1930; Chimenti and Accordi 2011; Raciti et al. 2008; Wrobel and Suss 2000;
Nishinakamura 2003; Fraser 1950; Sedgwick 1881; Gilbert 2010; Prentiss and Arey
1917; Vize, Woolf, and Bard 2003; Rabl 1896). In the latter, it functions mainly during
their larval stage in an aquatic environment (Vize, Woolf, and Bard 2003; Gaeth,
Short, and Renfree 1999; Fraser 1950; Chimenti and Accordi 2011). Presence of a
pronephros has also been reported in some reptiles (Vize, Woolf, and Bard 2003) and
birds (Davies 1950; Gasser 1879; Balfour and Sedgwick 1878, 1879; Sedgwick 1880,
1881) like the green sea turtle (Wiedersheim 1890; Davies 1950), crocodilians (Vize,
Woolf, and Bard 2003; Wiedersheim 1890; Davies 1950), chicken (Davies 1950;
Szebenyi 1977; Sedgwick 1880, 1881; Kerr 1919; Vize, Woolf, and Bard 2003) and
duck (Davies 1950; Sedgwick 1880; Mihalkovics 1885) and it is commonly assumed to
be present in mammalian embryos including humans (Fraser 1920; Solhaug, Bolger,
and Jose 2004; Carev et al. 2006; Kuure, Vuolteenaho, and Vainio 2000; McCrory
1974; Hamilton, Boyd, and Mossman 1972; Sadler 2004; Gasser 1975; Moore 1988;
Tuchmann-Duplessis and Haegel 1974; Prentiss and Arey 1917; Felix 1912; Torrey
1954; Hiruma and Nakamura 2003; Gilbert 2010; Sadler 2015; Cochard 2012; Bailey
and Miller 1921; Hamilton 1952; Hoadley 1926; Keith 1933; Abdel-Malek 1950). In a
few species, such as the sea lamprey (Prentiss and Arey 1917), lancelet (Prentiss and
Arey 1917), hagfish (Prentiss and Arey 1917), lungfish (Prentiss and Arey 1917) and
some Teleosts like Fierasfer (Goodrich 1930), Zoarces (Goodrich 1930) and
Lepadogaster (Guitel 1906), the pronephros remains functional through adulthood.
Pronephros in human embryos?
Existence of a pronephros has often been claimed in human embryos (Fraser 1920;
Solhaug, Bolger, and Jose 2004; Carev et al. 2006; Kuure, Vuolteenaho, and Vainio
2000; McCrory 1974; Hamilton, Boyd, and Mossman 1972; Sadler 2004; Gasser 1975;
Moore 1988; Tuchmann-Duplessis and Haegel 1974; Prentiss and Arey 1917; Felix
1912; Torrey 1954; Hiruma and Nakamura 2003; Gilbert 2010; Sadler 2015; Cochard
2012; Bailey and Miller 1921; Hamilton 1952; Hoadley 1926; Keith 1933; Abdel-Malek
1950) and nowadays still many kidney-related articles or book chapters open with the
assumption that human kidney development passes through all three kidney forms.
Keeping in mind the research era in which study designs were based on the idea that
ontogeny recapitulates phylogeny (Smith 1953; Huettner 1968; Hiruma and
Nakamura 2003; Solhaug, Bolger, and Jose 2004), it could have been condoned to
study exclusively fish and amphibians, after which the findings were projected on the
early stages of human development. To support this now refuted theory, one might
have named the most cranial region of the human mesonephros ‘pronephric’ (Davies
1950; Fraser 1950). Add to this that research on human embryos has always been
hampered by their scarcity. Therefore, recent literature is almost always directly or
indirectly referring to the extensive study of the human pronephros by Felix in 1912
(Felix 1912). Since 1912, not many researchers studied the human pronephros in
particular. Most text-books are referring to Lauri Saxen’s ”Organogenesis of the
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Kidney” (1987). In the corresponding chapter the author quotes another kidney
scientist, Torrey, as his prime source for information on the pronephros, but it turns
out that Torrey did not claim at all that human embryos have a pronephros (Torrey
1954; O'Rahilly and Müller 1987). As it appears, the current knowledge of the human
pronephros is very limited, since it is based on a hand full of observations. Already in
2004 Solhoug et al. stressed the need for studies in human samples (Solhaug, Bolger,
and Jose 2004). We therefore decided to investigate the development of the nephric
system in the specimens of human embryos available to us.
Methods
Specimens
Images of serial histological sections of 43 human embryos from Carnegie stage 8 (1719 days) till 23 (56-60 days) from the Carnegie Collection in Silver Spring, MD, USA
were used to study kidney development. Details concerning the used specimens can
be found in table 1 (Gasser et al. 2014; Lockett 2001; Morgan 2009a; O'Rahilly and
Müller 1987; Streeter 1942, 1949, 1945, 1948, 1951). The pronephros is said to develop
in the third week of human embryonic development and to disintegrate at the end of
the fourth week (Solhaug, Bolger, and Jose 2004; Carev et al. 2006; Kuure,
Vuolteenaho, and Vainio 2000; McCrory 1974; Hamilton, Boyd, and Mossman 1972;
Sadler 2004; Gasser 1975; Moore 1988; Tuchmann-Duplessis and Haegel 1974; Felix
1912) Therefore, more specimens of Carnegie stage 8 (17-19 days), stage 9 (19-21
days) and stage 10 (21-23 days) were incorporated in this study (Table 1). From stage
11 (23-26 days) onwards, two specimens per stage were studied. Image acquisition and
alignment of the images was done as previously described by de Bakker et al. (de
Bakker et al. 2016; de Bakker et al. 2012).
Research method
Histological sections of human embryos belonging to Carnegie stages 8 (17-19 days)
till 23 (56-60 days) were inspected with a focus on the intermediate mesoderm or
nephrogenic cord (Hamilton, Boyd, and Mossman 1972; Sadler 2004; TuchmannDuplessis and Haegel 1974; O'Rahilly and Müller 1987), the region between the
somites (i.e. paraxial mesoderm) and the lateral plate mesoderm, from which the
urogenital tract develops. Following the previously formulated definition (Fraser
1920; Vize et al. 1997; Chimenti and Accordi 2011; Nieuwkoop and Faber 1994;
Brandli 1999; Raciti et al. 2008; Davies 1950; Cho et al. 2011; Nishinakamura 2003;
Wessely and Tran 2011; Fraser 1950; Dawson 1925; Lambert 1933; Vize, Woolf, and
Bard 2003), pronephric nephrons were distinguished from mesonephric nephrons by
the exclusive presence of external glomeruli in the former (Fig. 2 and 3).
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Results
The stage 8 embryos (17-19 days of development) portrayed only the three
undifferentiated germ layers, i.e. endoderm, mesoderm and ectoderm. In stage 9 (1921 days) the mesoderm could be differentiated into axial mesoderm (i.e. the
notochordal plate), paraxial mesoderm (i.e. the somites), the lateral plate mesoderm
and in-between these last two the intermediate mesoderm could be identified (Fig.
5A). In stage 10 (21-23 days; Fig. 5B) and stage 11 (23-26; Fig. 5C) however, the
intermediate mesoderm stood out more clearly, as a mass of undifferentiated
mesenchymal cells. The cranial margin of the nephrogenic cord was first identified in
the intermediate mesoderm at the level of the 10th somite of stage 12 (26-30 days; Fig.
5D, G) human embryos which is not in the cervical region, but merely at the level of
the umbilical cord and vitelline duct, far caudal of the developing heart and liver. The
presence of a very primitive Bowman’s capsule around a glomerulus, without a
connection to the coelom, qualifies these nephrons as mesonephric (Fig. 5G) No
structures with pronephric characteristics (i.e. external glomeruli excreting directly
into the coelom or nephrocoel) were seen in embryos of stage 12 nor in embryos of
earlier or later stages.
The mesonephros with its mesonephric duct (Fig. 5D-O and Fig. 1D) is
present from stage 12 onwards and remains present during the embryonic phase of
development, at least up to 60 days of development. Already in stage 12 or 13,
depending on the specimen, the mesonephric duct makes contact with the urogenital
sinus.
In human embryos of stage 14 (31-35 days), the metanephros anlage was first
recognized as mesenchymal packaging around the ureteric bud and in stage 15 (35-38
days) the metanephros was clearly present. Mesonephros and metanephros were
histologically easily distinguishable from each other, based on the complexity of their
nephrons. Due to embryonic growth, the mesonephros shrinks relatively in size,
compared to the metanephros (de Bakker et al. 2016). At stage 17 already, the
metanephros is found at its adult location at the level of the first lumbar vertebra. The
caudal region of the embryo, including the inferior mesenteric artery, grows further
into caudal direction, giving the erroneous impression that the kidneys migrate
upwards during development (de Bakker et al. 2016).
Discussion
The aim of the current study was to clarify whether or not a pronephros in human
embryos exists, by using histological sections. Based on these sections we can
conclude that the pronephros is not detectable in human embryos of 3-4 weeks of
development, the time frame in which we expected to find the pronephros according
to literature, nor in earlier or later stages (Fraser 1920; Solhaug, Bolger, and Jose
2004; Davies 1951; Carev et al. 2006; Kuure, Vuolteenaho, and Vainio 2000; Felix
1912; Gilbert 2010; Hamilton, Boyd, and Mossman 1972; Sadler 2004; TuchmannDuplessis and Haegel 1974; Moore 1988).
For a summary of the differences between the three kidney forms see table 2
and figures 2, 3 and 4. The most striking difference between pronephros and mesoand metanephros is that the pronephros proper consists of non-integrated nephrons,
whereas the mesonephros and metanephros consist of only integrated nephrons (Fig.
2B and 3B) (Vize et al. 1997; Davies 1950; Fraser 1950; Dawson 1925; Lambert 1933).
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Table 1. Overview of the studied human specimens
a

CS

#

Origin

8

5960

CC

1929

8

7545

CC

1938

8

7568

CC

1938

8

7972

CC

1942

8

8671

CC

1949

8
9

10157
1878

CC
CC

1967
1907

9

3709

CC

1921

9

5080

CC

1926

9

H712

BC

1957

Hysterectomy
No
information
No
information
No
information
Hysterectomy

9

N509

HDBR

2011

Abortion

2.40

10

0391

CC

1907

No
information

10

3707

CC

1921

10

3710

CC

1921

10

4216

CC

1923

10

5074

CC

1925

10

6330

CC

1931

11

6344

CC

1931

No
information
No
information
No
information
Abortion
(EUG)
No
information
Hysterectomy

11

6784

CC

1933

Hysterectomy

2.46

Formol

12

8505A

CC

1947

Miscarriage

2.86
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Table 1 continued. Overview of the studied hu man specimens
CS: Carnegie stage, Year: Year of acquisition, CRL: Calculated crown-rump-length in mm, Day: days post ovulation,
Z-res: Calculated Z-resolution in μm.
a Origin of the specimen: CC = Carnegie Collection: Human Developmental Anatomy Center at the National Museum
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Fig. 1. Organization of kidney development. A: Diagrammatic sketch illustrating the three sets of excretory structures as
supposed to be present in a human embryo during the fifth week (about 32 days, Carnegie stage 14) (After Moore,
1988).(Moore 1988) Cr: cranial, Ca: caudal. B: Reconstruction of the urogenital system of a stage 16 human embryo
specimen 6517 (37-42 days), including meso- and metanephros and their ducts (de Bakker et al. 2016). Cr: cranial, Ca: caudal,
D: dorsal, V: ventral. C: Section through the mesonephric region of a stage 17 human embryo specimen 6521 (42-44 days).
D: dorsal, V: ventral. D: Enlarged part of the section in C. A: arteriole, BC: Bowman’s capsule, C: coelom, D: mesonephric
duct, G: gonad, GL: glomerulus, L: liver, MB: Malpighian body, PV: postcardinal vein, T: mesonephric tubules, V: vein.
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The pronephros; a matter of definition?
Providing clear definitions on the developmental aspects of the pronephros has
proven to be a challenge. The pronephros can be defined strictly as non-integrated
nephrons, where others like Davies (1951) defined it as ‘the most cranial part of the
amniote excretory organ’ (Pole, Qi, and Beasley 2002; Larsen 1993; Vize, Woolf, and
Bard 2003). The notion put forward, mainly by early German researchers, and above
all by Felix (1912), that the vertebrate excretory system was made up of three sets of
organs, the pronephros, the mesonephros and the metanephros, which were laid
down all along the trunk and succeeded one another in time (Fig. 1A), has long ago
been shown to be merely a hypothesis for which no real proof has ever been found
(Fraser 1950). The idea that vertebrates carry three sets of kidneys has first been
explained by the existence of a common ancestral kidney, the archinephros, which
becomes differentiated into pro-, meso-, and metanephros, according to the needs of
the animal (Fox 1963; Goodrich 1930; Balfour and Sedgwick 1876; Renson 1883;
Weldon 1883; Wiedersheim 1890; Field 1891; Price 1897, 1904; Brauer 1902; Kerens
1907; Burland 1913; Borcea 1905; Kerr 1919). The obsolete terms holonephros (Price
1897; Brauer 1902; Torrey 1954) and mononephros (Audigé 1910) which have also
been used in literature to indicate the entire excretory system (Smith 1953, 1943) have
added to the confusion.
The exclusive existence of nephrostomes and peritoneal funnels have long
been regarded as typical differences between pro- and mesonephros. However,
literature remains inconclusive on which of the two features is typically pronephric or
mesonephic, due to returning terminology issues. Peritoneal funnels and
nephrostomes are both ciliated tubules, which complicates the distinction between
the two (Goodrich 1930; Kerr 1919). A ciliated nephrostome links the waste collecting
unit (i.e. the coelom (Fig. 4A), nephrocoel (Fig. 4B) or Bowman’s capsule (Fig. 4D))
to the proximal nephric tubule (Vize, Woolf, and Bard 2003), whereas a narrow
ciliated peritoneal funnel links the coelom to the encapsulated glomerulus, the
precursor of Bowman’s capsule (Fig. 4C). The ciliated nephrostome is always present
in the non-integrated nephron of a pronephros (Fig. 4A and B) but can also be present
in a mesonephros (Fig. 4D). As such, it does not discriminate between the two. The
gradually ligating wide connection between coelom and nephrocoel in the
pronephros has sometimes even been regarded as peritoneal funnel, but we
recommend not to use this term if there are no cilia present.
The nephron in figure 4C, which includes both a peritoneal funnel and a
nephrostome, as found in embryos of ruminants such as sheep and cattle, has been
identified by Vize in the anterior-most tubules of the mesonephros (Davies 1951; Vize,
Woolf, and Bard 2003; Wintour et al. 1996). To avoid ambiguity, we suggest to refer
to these anterior-most intermediate nephrons (i.e. nor non-integrated, nor integrated
nephrons) as an evolutionary transition zone between pro- and mesonephros (Fraser
1920; Mihalkovics 1885; Renson 1883; Sedgwick 1881; Davies 1950; Hiruma and
Nakamura 2003), since the waste collecting unit is still in contact with the coelom (a
typical pronephric feature) and the peritoneal funnel has confusingly been regarded
as both pronephric (Davies 1951; Hamilton, Boyd, and Mossman 1972; Fraser 1950;
Goodrich 1930) as well as mesonephric (Vize, Woolf, and Bard 2003). Therefore, we
do not entitle the peritoneal funnel as an exclusive feature of pro- or mesonephros,
but advocate this characteristic to be a reflection of a gradual evolutionary change
from pro- to mesonephros, as Wiedersheim already postulated in 1890 based on his
observations in crocodile and turtle embryos (Davies 1950; Hiruma and Nakamura
2003; Wiedersheim 1890).
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Pronephros in amniotes
In amniote embryos that have no free swimming larval stage, which are supplied with
a large amount of yolk, or which develop within the body of the parent (i.e.
elasmobranchii, reptilia, aves and mammalia) the pronephros is usually not present or
incompletely developed, and therefore functionless (Fraser 1950; Sedgwick 1881;
Rabl 1896). However, functional pronephroi with external glomeruli, ciliated
nephrostomes and three to four well-differentiated tubules, have been reported in
some reptilia, e.g. turtles and crocodiles (Davies 1950; Vize, Woolf, and Bard 2003;
Wiedersheim 1890). Nevertheless, since the main observation in reptiles date back to
Wiedersheims work from 1890 (Wiedersheim 1890), it is advisable to reinvestigate
these observations following the correct definition of a pronephros.
Based a range of different definitions, the pronephros has often been
described in aves (Gasser 1879; Balfour and Sedgwick 1878, 1876; Sedgwick 1880,
1881; Mihalkovics 1885; Kerr 1919; Huettner 1968; Szebenyi 1977; Patten and Carlson
1974; Hiruma and Nakamura 2003; Vize et al. 1997; Goodrich 1930; Davies 1950; Rabl
1896), but it is almost never regarded as functional (Vize et al. 1997; Hiruma and
Nakamura 2003; Goodrich 1930; Davies 1950; Sedgwick 1881; Abdel-Malek 1950;
Patten and Carlson 1974; Huettner 1968; Hamilton 1952; Rabl 1896; Sedgwick 1880).
At the utmost, the avian pronephros is considered to have particular minor functions
like secreting some wastes into the body cavity (Vize et al. 1997; Needham 1931;
Waddington 1938; Jacob, Jabob, and Christ 1977), because the tubules are not hollow
(Huettner 1968). Nevertheless, detailed descriptions of the external glomeruli in aves
are given by Gasser (Gasser 1879), Balfour & Sedgwick (Balfour and Sedgwick 1878,
1876), Sedgwick (Sedgwick 1880, 1881) and Mihalkovics (Mihalkovics 1885).
The pronephros in mammals, including human, has most often been
considered as vestigial and non-functional (Goodrich 1930; Chimenti and Accordi
2011; Solhaug, Bolger, and Jose 2004; Nishinakamura 2003; Fraser 1950; Gilbert 2010;
Hamilton, Boyd, and Mossman 1972; Sadler 2004; Cochard 2002; Prentiss and Arey
1917; Vize, Woolf, and Bard 2003; Rabl 1896; Sedgwick 1880), or not present at all
(Davies 1951; Guitel 1906). On the other hand, there have also been authors
describing a pronephros in embryos, not only of humans, as stated above, but also in
mice (Nishinakamura 2003; Kobayashi et al. 2007; Kuure, Vuolteenaho, and Vainio
2000) and other mammals (Davies 1951; Fraser 1920; Goodrich 1930; Pole, Qi, and
Beasley 2002; Vize et al. 1997; Vize, Woolf, and Bard 2003). The most cranial part of
the amniote excretory organ is then often confusingly referred to as transient, vestigial
(Goodrich 1930), nonfunctional or aglomerular (Goodrich 1930; Solhaug, Bolger, and
Jose 2004; Fraser 1950; Hamilton, Boyd, and Mossman 1972) pronephros (Fraser
1920; Davies 1951; Fraser 1950; Goodrich 1930; Larsen 1993). Although in the absence
of distinctive morphological characteristics, no real distinction can be made between
remnants of an incomplete, vestigial pronephros and the gradually degenerating
cranial nephrons of the mesonephros (Hiruma and Nakamura 2003; Keith 1933;
Abdel-Malek 1950; Hamilton 1952; Hoadley 1926), the term pronephros should be
avoided in amniotes (Fraser 1950) because the elements for a functional pronephros
(including a fully developed external glomerulus, hollow ciliated nephrostomes and
hollow pronephric tubules) are undeniably never present.
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Pronephros in anamniotes
Animals whose embryos have comparatively little yolk at their disposal (mesotecithal)
and pass through a free swimming larval stage develop a pronephros (Goodrich 1930;
Sedgwick 1881; Rabl 1896), dedicated to water excretion (Vize, Woolf, and Bard
2003) and survival in aquatic environments (Howland 1916; Raciti et al. 2008; Prentiss
and Arey 1917). In general, all anamniote embryos have well-developed pronephroi
(Vize et al. 1997; Fox 1963; Goodrich 1930; Nieuwkoop and Faber 1994; Wrobel and
Suss 2000; Nishinakamura 2003; Kuure, Vuolteenaho, and Vainio 2000; Wessely and
Tran 2011; Fraser 1950; Gilbert 2010; Prentiss and Arey 1917; Huettner 1968; Vize,
Woolf, and Bard 2003; Kerr 1919; Howland 1916; Jaffee 1963; Christensen 1964;
Armstrong 1932; Howland 1921; Fales 1935; Holtfreter 1944; Brauer 1902), except for
most sharks and rays (Vize et al. 1997; Goodrich 1930; Kerr 1919). In basal chordates,
e.g. Amphioxus, Cyclostomes and Dipnoi, the pronephros functions generally as their
adult kidney (Hamilton, Boyd, and Mossman 1972; Prentiss and Arey 1917; Vize,
Woolf, and Bard 2003; Bertrand and Escriva 2011). In bony fish and amphibians, the
pronephros functions as the embryonic kidney. However, in some Dipnoi (Prentiss
and Arey 1917) and Teleosts, e.g. Fierasfer (Goodrich 1930), Zoarces (Goodrich 1930)
and Lepadogaster (Guitel 1906), the pronephros remains functional through
adulthood, often alongside the functional mesonephros (Hamilton, Boyd, and
Mossman 1972). The number of pronephric nephrostomes differs between species.
Anurans generally have three nephrostomes between coelom and pronephric tubules,
most urodeles have two and teleosts usually have only one nephrostome connecting
its single pronephric tubule (Vize et al. 1997).
Evolutionary aspects of kidney development
We sought to verify the existence of a pronephros in the different vertebrate taxa to
get a grasp on the evolutionary aspects of the three subsequent kidney forms (see Fig.
6 and supplementary table 1). Although evolution has provided more advanced
vertebrates with complex adult kidneys, they continue to utilize simple evanescent
kidneys during embryogenesis (Vize et al. 1997). Basal vertebrates with simple adult
kidneys use even more uncomplicated versions during early developmental stages
(see also Figs. 6 and 7 and supplementary table 1) (Vize et al. 1997). In the end, it is
much easier to form a pronephros, than it would be to form a more complex meso- or
metanephros in a short period of time. The advantages of a simple temporary kidney
to serve the free-swimming larva are obvious: provide time for a complex kidney to
form. The same genes are involved in the development of all three vertebrate kidney
forms (Nishinakamura 2003; Kuure, Vuolteenaho, and Vainio 2000; Carroll and Vize
1996; Heller and Brandli 1997). Among these genes are Pax2 (Bouchard et al. 2002;
Kobayashi et al. 2007; Nishinakamura 2003; Kuure, Vuolteenaho, and Vainio 2000;
Carroll and Vize 1996; Heller and Brandli 1997; Dressler et al. 1990; Dressler and
Douglass 1992), Pax8 (Bouchard et al. 2002; Kobayashi et al. 2007), Tbx2 (Cho et al.
2011), BMP (Gilbert 2010), Hey1 (Cho et al. 2011), Gremlin (Cho et al. 2011), Xlim1
(Nishinakamura 2003), and WT1 (Nishinakamura 2003; Kuure, Vuolteenaho, and
Vainio 2000; Carroll and Vize 1996; Heller and Brandli 1997). No genes have yet been
discerned that are exclusively involved in pronephric development. This strong
genetic conservation of kidney organogenesis (Kuure, Vuolteenaho, and Vainio
2000) ironically hampers differentiation between pro-, meso and metanephros on a
genetic level but also substantiates the theory that pro- and mesonephric development
features merely a gradual evolutionary transition from external- to internal
glomerulus.
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Fig. 2. Schematic drawings of pro-, meso- and metanephros. A: Schematic drawing of the non-integrated nephron
of a pronephros in frogs. The glomus, a single glomerular unit that is formed over 2-3 body segments and later becomes
more compact, is supplied by arterial sprouts from the dorsal aorta and filters wastes directly in the fluid of the coelomic
cavity (Gerth, Zhou, and Vize 2005). The glomus is not integrated in the tubules but it lies in the immediate vicinity of
them, so there is almost no space between the glomus and nephrostomes. These ciliated nephrostomes collect the
coelomic fluid and through the pronephric tubules the primitive urine will be collected via the pronephric duct in the
cloaca. See also figure 3A. B: Schematic drawing of the integrated nephrons of a mesonephros. The glomeruli are
supplied by arterial sprouts from the aorta that pass behind the coelom and filter wastes into Bowman’s cavity. The
glomeruli are therefore integrated in the tubules. The collected wastes are transported through the mesonephric
tubules toward the mesonephric duct and collected in the urogenital sinus. See also figure 3B. The ureteric bud which
initiates metanephric development and will become the ureter is an outgrowth of the mesonephric duct. The cranialmost metanephric nephrons degenerate over time. Note that these degenerate nephrons have often been wrongly
presumed as pronephric. C: Schematic drawing of a metanephros and its supplying renal artery are situated retroperitoneal, so dorsal of the coelom. The metanephric nephron with its Bowman’s space and extensive tubule is firmly
embedded within the renal cortex (brown) and renal pyramids (lighter triangles). Urine is collected in the renal pelvis
and transported through the ureter toward the bladder. A: aorta, B: bladder, C: coelom, Ca: caudal, Cr: cranial, DA:
dorsal aorta, PD: pronephric duct, US: urogenital sinus, U: ureter, UB: ureteric bud, MD: mesonephric duct.
Fig. 3. Detailed architecture of a pro- and mesonephric
nephron. A: Pronephric anatomy: the non-integrated
nephron. A typical pronephric nephron, as can be found in
amphibian larvae and some teleosts (Fraser 1950), consists
of the following functional units; the coelom/nephrocoel
with an external glomerulus or glomus, from which a
ciliated nephrostome leads into the pronephric tubule that
lastly drains into the pronephric duct (Fraser 1920; Vize et
al. 1997; Chimenti and Accordi 2011; Nieuwkoop and Faber
1994; Brandli 1999; Raciti et al. 2008; Davies 1950; Cho et
al. 2011; Nishinakamura 2003; Wessely and Tran 2011;
Fraser 1950; Dawson 1925; Lambert 1933). The glomerulus
or glomus is not integrated in the tubule. B: Mesonephric
anatomy: the integrated nephron. The mesonephric
tubules develop a Bowman’s capsule that encloses a
vascularised internal glomerulus supplied by branches of
the dorsal aorta (McCrory 1974). So the glomerulus is
integrated in the tubule. Bowman’s capsule, together with
the internal glomerulus, constitute a malpighian body
(Fraser 1950). The malpighian body is regarded as a typical
feature of the mesonephros (Wrobel and Suss 2000). The
mesonephros differs from the pronephros by the absence
of external glomeruli (Vize et al. 1997; Chimenti and
Accordi 2011; Davies 1950; Wrobel and Suss 2000; Davies
1951; Hamilton, Boyd, and Mossman 1972; Nelson 1953).
The mesonephros is formed in all vertebrates, but while it
degenerates and relinquishes its function to the
metanephros in more advanced vertebrates, it
serves as the adult kidney in fish and amphibians (Wessely
and Tran 2011). DA: dorsal aorta, L: lateral, M: medial, VA:
vas afferens, VE: vas efferens.
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Fig. 4. Different manifestations of pronephric and mesonephric nephrons. The nephrons in A and B are
purely pronephric as the external glomerulus or glomus hangs freely in the coelom (A) or nephrocoel (B).
The nephrons in D and E are typical mesonephric because the connection with the coelom is lost and the
internal glomerulus is enclosed by Bowman’s capule. The nephron in C, which includes both a peritoneal
funnel (PF) and a nephrostome (NS), has been regarded by Vize as mesonephric (Vize, Woolf, and Bard
2003). To avoid ambiguity, we however suggest to refer to these nephrons as evolutionary transition zone
(Fraser 1920; Mihalkovics 1885; Renson 1883; Sedgwick 1881; Davies 1950; Hiruma and Nakamura 2003),
since the glomerulus is still in contact with the coelom (a typical pronephric feature) and the PF has been
regarded both pronephric (Davies 1951; Hamilton, Boyd, and Mossman 1972; Fraser 1950) as mesonephric
(Vize, Woolf, and Bard 2003), depending on the source. This kind of nephron might actually represent the
gradual evolutionary change from pro- to mesonephros (Davies 1950; Hiruma and Nakamura 2003;
Wiedersheim 1890). C: coelom, G: glomerulus, G/G: glomerulus/glomus, L: lateral, M: medial, NS:
ciliated nephrostome, which links the coelom or nephrocoel with the proximal tubule, PF: ciliated peritoneal
funnel, which links the coelom to the encapsulated glomerulus (primitive Bowman’s capsule), T: Tubule.
Fig. 5. Histological features of the human nephrogenic development (right page). A: Transverse
section through the caudal region of a stage 9 (26-30 days) human embryo specimen H712. The
intermediate mesoderm (IM) is still hard to discern from somite (paraxial mesoderm) and lateral plate
mesoderm (LM) B: Transverse section through the caudal region of a stage 10 (21-23 days) human embryo
specimen 5074. The intermediate mesoderm is recognizable as a clump of undifferentiated mesenchymal
cells. C: Transverse section through the caudal region of a stage 11 (23-26 days) human embryo specimen
6344. The intermediate mesoderm is still undifferentiated. D: Transverse section through the caudal
region of a stage 12 (26-30 days) human embryo specimen 8943. The nephrogenic cord (NC) is now
present. E: Transverse section through the mesonephric region of a stage 13 (28-32 days) human embryo
specimen 836. F: Transverse section through the mesonephric region of a stage 14 (31-35 days) human
embryo specimen 6502. G: Enlarged part of the section in D. A very primitive glomerulus is recognizable,
surrounded by a primitive Bowmans capsule. Bowmans capsule is not in contact with the coelom, also not
on the adjacent and subsequent sections. The mesonephric duct is not yet lumenized at this stage. H:
Enlarged part of the section in E. The glomerulus and Bowman’s capsule still appear in a primitive stage.
The mesonephric duct becomes lumenized. I: Enlarged part of the section in F. The definitive morphology
of the mesonephros is recognizable. The glomerulus and Bowman’s capsule together constitute the
malpighian body. The mesonephric duct and tubule are is well defined and lumenized. At this stage the
mesonephros can be assumed to be in function. Between stage 14 and stage 17 (L,O) the histological
features of the mesonephros remain constant. J: Transverse section through the mesonephric region of a
stage 15 (35-38 days) human embryo specimen 721. K: Transverse section through the mesonephric region
of a stage 16 (37-42 days) human embryo specimen 6517. L: Transverse section through the mesonephric
region of a stage 17 (42-44 days) human embryo specimen 6520. M: Enlarged part of the section in J. N:
Enlarged part of the section in K. Two Bowmans capsules are present in this section. Also note the clear
presence of a gonadal ridge. O: Enlarged part of the section in L. Two glomeruli can be appreciated in this
section. A: Arteriole, AO: Aorta, BC: Bowman’s capsule, C: coelom, D: mesonephric duct, G: Gonadal
ridge, GL: glomerulus, IM: intermediate mesoderm, LM: lateral plate mesoderm, N: notochordal plate
(CS 9, 10, 11) or notochord (CS 12, 13, 14), NC: nephrogenic cord, NG: neural groove, NT: neural tube,
PV: postcardinal vein, S: somite, T: mesonephric tubule.
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Fig. 6. Overview of the appearance of a pronephros in animal species, presented as
evolutionary cladogram. For details and references, see supplementary table 1. Yellow
(Cephalochordata and Cyclostomata): pronephros functioning as adult kidney. Orange
(Chondroichthyes, Actinopterygii, Sarcopterygii and Amphibia): pronephros functioning in
the larval stage. However, the pronephros seems to be absent in those Elasmobranchii that have
no larval stage, and in the Amniota which develop within the body of the parent (Fraser 1950).
Blue (Squamata, Crocodylia and Aves): Although a pronephros has been described in embryos
of some of these animals (supplementary table 1), the term pronephros should be used with
much restraint (Fraser 1950). Further research in these species is needed to clarify the
contradictions that appeared in the literature as a result of the use of different definitions. Green
(Mammals): no pronephros is present.
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Fig. 7. General concept for renal evolution. Vertical columns: different kidney forms (i.e. promeso- and metanephros). Horizontal columns: different classes of species. The blue boxes
indicate the larval or embryonic stage of a certain class, and the light brown boxes indicate adult
stages of the respective classes. In most jawless fish, like Amphioxus and hagfish, the
pronephros remains functional through adulcy, often alongside a functional mesonephros.
Larvae of teleosts and anamnia (e.g. tadpoles) generally pass a pronephric stage, whilst adult
specimens (e.g. frogs) use a mesonephros for secretion. Embryos of amniotes (e.g. humans) do
not pass a pronephric stage, but do use the mesonephros during the embryonic phase and the
metanephros through fetal development, in childhood and in adulcy. The used kidney form thus
gradually shifts from simple pronephric kidney as used by adult jawless fish, via the intermediate
mesonephric kidney in more basal vertebrates towards the intricate metanephric kidney as used
by more advanced vertebrates.
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The main tool of vertebrates to survive in varying circumstances, from fresh to salt
water and from desert to rain forests, is the renal system which provides the
vertebrates to either excrete large amounts of water or retain as much water as
possible. The three vertebrate kidney forms are suitable for different habitats and are
used in diverse combinations by the vertebrates with specific physiological
requirements in the various stages of their life (Raciti et al. 2008). Water excretion
seems to be the most common characteristic for species that show pronephros
development (Vize and Smith 2004). This is in line with Frasers theory, that the
pronephros seems to be absent in those Elasmobranchii that have no larval stage, and
in the Amniota which develop within the body of the parent (Fraser 1950).
As mentioned before, the need for a pronephros also depends on the amount
of yolk available for the embryo. Embryos supplied with large amounts of yolk
(macrolecithal) generally show less developed pronephric tubuli, whereas embryos
with comparatively little yolk at their disposal develop extensive and functional
pronephroi (Fraser 1950; Rabl 1896; Sedgwick 1880). The placenta also influences the
degree of kidney development. The mesonephros is less developed in species that
exhibit an intimate relation between extraembryonic membranes and placenta (e.g.
humans and mice), whereas species with less effective placental systems (e.g. pigs)
show better developed mesonephroi (Nelson 1953; Vize et al. 1997; Carlson 1988).
Thus, in the presence of a yolk sac or a placenta as efficient waste disposal systems,
kidney development is not essential for waste disposal or osmotic regulation prior to
birth (Vize, Woolf, and Bard 2003). It can therefore be reasoned that the appearance
of the yolk sac and placenta featured the gradual disappearance of the pronephros in
more advanced vertebrates. It would be interesting to study the presence of a
pronephros in egg laying mammals (Protheria) since Fraser stated that Marsupiala
(Metatheria) do develop a pronephros that functions in the larval stage
(supplementary table 1). To better grasp the evolutionary development of the
pronephros, more research is also needed to dispel the ambiguous presence of a
pronephros in egg laying amniotes, i.e. birds and reptiles (supplementary table 1).
The fate of the pronephros
In both Teleost and Ganoid fish, the pronephric filtration unit relinquishes its
excretory task to the mesonephros (Vize, Woolf, and Bard 2003), which leaves a
lymphoid organ with hematopoietic function (Hansen and Kaattari 1996; Vize et al.
1997; Vize, Woolf, and Bard 2003). This transition from excretory to lymphoid organ
occurs relatively late, beyond the sixth developmental week in zebrafish (Drummond
2000; Vize, Woolf, and Bard 2003). Further research is needed to seize the process
which underlies the pronephric transition from excretory to lymphoid organ. The
amphibian pronephros degenerates during metamorphosis (Vize, Woolf, and Bard
2003). By stopping the metamorphosis process, through blocking thyroid function
(Fox and Turner 1967; Hurley 1958) or by thyroid- or hypophysectomy (Fox 1963),
degeneration of the pronephros can be inhibited (Vize, Woolf, and Bard 2003). How
the degeneration of the pronephros exactly occurs remains however unclear, since in
neotene amphibians (e.g. Caudata like Axolotl or Olm salamanders) who stay in their
larval phase, the pronephros is also only described in early life (Duellman 1994). Some
authors proposed apoptosis as key element in this process (Chimenti and Accordi
2011; Ellis and Youson 1990; Pole, Qi, and Beasley 2002; Vize, Woolf, and Bard 2003),
others suggested autolysis followed by phagocytotic activity of reticular macrophages
and autophagic bodies (Fox 1970; Chimenti and Accordi 2011) or the breakup of
rudiments into mesenchyme (Fraser 1950). Another argument could be that when the
pronephros stops developing after the embryonic stage and other organs expand
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towards their adult size, the pronephric remnants become untraceable, due to
differential growth.

Table 2. Similarities and differences between the excretory organs
Pronephros
Nephron
Filtering
component
Waste
collecting
unit
Ciliated
peritoneal
funnel
Nephrostome

Evolutionary
Transition zone
Intermediate
Intermediate
glomerulus

Mesonephros

Metanephros

Integrated
Internal
glomerulus

Integrated
Definitive
internal
glomerulus

Primitive
Bowman’s capsule

Bowman’s capsule

Bowman’s
space

Absent

Present

Absent

Absent

Connected to
coelom/nephrocoel

Absent/connected
to
Bowman’s capsule
Segmental
Intermediate
Pro/Mesonephric
duct

Absent/connected
to
Bowman’s capsule
Segmental
Intermediate
Mesonephric duct

Absent

Non-integrated
External
glomerulus/glomus/
coelomic epithelium
(Vize et al. 1997)
coelom/nephrocoel

Architecture
Complexity
Collecting
duct

Segmental
Simple
Pronephric duct

Cellular

Parietal epithelial
cells not yet
described in the
pronephric
glomerulus (Wessely
and Tran 2011).

Branched
Advanced
Ureteric bud
Parietal
epithelial cells
present in
Bowman’s
space.
(Wessely and
Tran 2011)
Dedicated cell
types like
pericytes and
mesangial cells
to form the
filtration
barrier (Vize,
Woolf, and
Bard 2003).

161

4.1

3 D A TLAS OF H UMAN E MBRYOLOGY
Conclusion
The aim of this study was to clarify the presence of a pronephros in human embryos.
With our referenced glossary and extensive literature survey we strived to clarify the
definitions concerning kidney development. The pronephros proper consists of nonintegrated nephrons, whereas the mesonephros and metanephros consist of only
integrated nephrons. We observed that the pronephros as such is not detectable in
human embryos. The peritoneal funnel is not entitled as exclusive feature of pro- or
mesonephros, but we advocate an evolutionary transition zone as representation of the
gradual evolutionary change from pro- to mesonephros. Environmental conditions
(i.e. life of water) and the rise of the yolk sac and placenta affected the gradual
disappearance of the pronephros in more advanced vertebrates. Thus, as Elizabeth
Frazer already stated in 1950, the term pronephros does therefore not apply to human
or even mammalian embryos, and should be used with much restraint in other
amniotes.
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Appendix I, Kidney development glossary
Index
Abdominal kidney see Metanephros
Archinephric duct see also Archinephros,
Pronephric- and Mesonephric duct
Archinephros see also Pronephros
Body cavity see Coelom and Internal glomerulus
Bowman’s capsule and space
Cervical kidney see Pronephros
Coelom
Coelome see Coelom
Coelomic chamber see Nephrocoel
Collecting duct see Pronephric duct, Metanephros
and Ureteric bud
Connecting tubule
Definitive kidney see Metanephros
Distal tubules see Tubules and Pronephric tubules
First kidney see Pronephros
Glandular tubules see Pronephric tubules
Glandular tube see Pronephric tubules
Glomerular capillaries see Glomerulus
Glomerular space see Nephrocoel
Glomerulus
Definitive glomerulus
External glomerulus
Internal glomerulus
Glomi see Glomus
Integrated glomerulus see Internal glomerulus
Intermediate glomerulus see Peritoneal funnel and
Transition zone
Intermediate kidney see Mesonephros
Intermediate nephron see Peritoneal funnel and
Transition zone
Intermediate tubules see Tubules
Intermediate zone see Transition zone
Glomus
Head-kidney see Pronephros
Head-kidney duct see Pronephric duct
Holonephros see also Mononephros and
Pronephros
Kopfniere (DU) see Pronephros
Malpighian body
Malpighian corpuscle see Malpighian body
Mesonephric duct
Mesonephric tubules see Mesonephros and
Nephrostome
Mesonephros
Metanephric diverticulum see Ureteric bud
Metanephros
Mid-kidney see Mesonephros
Mononephros
Müllerian body see Pronephros
Nephric chamber see Nephrocoel

Nephric duct see Mesonephric duct
Nephrocoel
Nephrocoele see Nephrocoel
Nephrocoelostome see Nephrostome
Nephrogenic cord
Nephron
Integrated nephron
Nonintegrated (simple) nephron
Nephrostomal funnel see Nephrostome
Nephrostomal tubules see Tubules and
Nephrostome
Nephrostome
Nephrotome see Pronephric primordia
Oernier (NL) see Mesonephros
Opinephros
Opisthonephros see also Nephrostome,
Nephrocoel and Mesonephros
Peritoneal funnel
Primärer Harnleiter (DU) see Pronephric duct
Primary mesonephric duct see Pronephric duct
Primary nephric duct see Pronephric duct
Primitive Bowman’s capsule see Peritoneal funnel
and Transition zone
Pronephric anlage see Pronephric primordia
Pronephric capsule see External glomerulus and
Glomus
Pronephric cavity see Nephrocoel
Pronephric chamber see Nephrocoel
Pronephric duct
Pronephric primordia
Pronephric sinus
Pronephric tubules
Pronephros
Proximal tubules see Tubules, Connecting tubule
and Nephrostome
Segmental duct see Pronephric duct
Slanchnocoele see Coelom
Splanchnocoel see Coelom
Thoracic kidney see Mesonephros
Transition zone
Tubules see also Pronephric tubules
Ureteric bud
Urniere (German) see Mesonephros
Voornier (Dutch) see Pronephros
Vorniere (German) see Pronephros
Waste collecting unit
Wolffian body see Mesonephros
Wolffian duct see Pronephric- and
Mesonephric duct
Wolffian ridge see Nephrogenic cord
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Archinephric duct: (Archi-: Greek for original, ancient, primitive.) Duct of the
archinephros (Kuhn, Stolte, and Reale 1975), a hypothetical common ancestral kidney
(Fox 1963; Wessely and Tran 2011), which becomes differentiated into pro-, meso-,
and metanephros (Goodrich 1930). The pronephric- and mesonephric ducts (Mathews
1976) are sometimes referred to as archinephric duct, but once the pronephros and
mesonephros can be clearly segregated this term should be avoided.
Archinephros: (Archi-: Greek for original, ancient, primitive.) A hypothetical
common ancestral kidney (Fox 1963; Goodrich 1930; Wessely and Tran 2011; SannaCherchi et al. 2007) with an archinephric duct, which becomes differentiated into promeso-, and metanephros, according to the needs of the animal (Goodrich 1930).
Bowman’s capsule and space: Fluids from the glomerular capillaries pass into the
coelom in case of external glomeruli (pronephros), or into the cavity of Bowman’s
capsule or Bowman’s space, in case of internal or definitive glomeruli (mesonephros
and metanephros respectively) (Vize et al. 1997; Sanna-Cherchi et al. 2007). The
nephrocoel is the pronephric precursor of the mesonephric Bowman’s capsule.
(Goodrich 1930) The distal ends of the nephric tubules develop a Bowman’s capsule
with a flat visceral epithelium enclosing the glomerulus (McCrory 1974; Fraser 1950).
Parietal epithelial cells form the epithelial cell layer surrounding the metanephric
Bowman’s space and are the only cell type not yet described in the pronephric
glomerulus (Wessely and Tran 2011). Bowman’s capsule, together with the glomerulus
and tubule is typically known as nephron (Fraser 1950; Sanna-Cherchi et al. 2007).
Coelom: (Greek for hollow or cavity.) Also: splanchnocoel (Fraser 1950)/
slanchnocoele (Fraser 1950) / body cavity (Balfour and Sedgwick 1878; Fraser 1950) /
coelome (Vize and Smith 2004; Huettner 1968). The coelom, or body cavity, develops
in the lateral mesoderm by the confluence of coelomic vesicles. The coelomic cavities
are filled with a clear fluid and are lined with a mesodermal derived serous epithelium.
In external glomeruli, fluids from the glomerular capillaries pass directly into the
coelom (Vize et al. 1997; Kuure, Vuolteenaho, and Vainio 2000; Sanna-Cherchi et al.
2007). When no external glomeruli are present, the coelomic epithelium might also
excrete wastes into the coelomic fluid (Vize et al. 1997; Holz and Raidal 2006).
Pronephric tubules are connected to the (pericardial) coelomic cavity (Zapata et al.
1984; Vize, Woolf, and Bard 2003) by thin ciliated epithelial tubules called
nephrostomes to collect wastes excreted into the coelom by the external glomeruli
and/or the coelomic epithelium (Vize et al. 1997; Holz and Raidal 2006).
Connecting tubule: The term connecting tubule has sometimes been used to refer to
the common region of the proximal tubules in pronephric nephrons, or to link the distal
segment of the pronephric tubules to the pronephric duct (Vize et al. 1997; Raciti et al.
2008; Vize, Woolf, and Bard 2003).
Glomerulus: Plural glomeruli. A glomerulus is the blood filtrating unit of a nephron,
which contains of glomerular capillaries. The pronephros contains external glomeruli
(Vize et al. 1997; Davies 1950, 1951; Sanna-Cherchi et al. 2007; Hamilton, Boyd, and
Mossman 1972; Felix 1912; Vize, Woolf, and Bard 2003), the mesonephros contains
internal glomeruli (Fraser 1920; Vize et al. 1997; Davies 1950; Wrobel and Suss 2000;
Sanna-Cherchi et al. 2007; Hamilton, Boyd, and Mossman 1972; Vize, Woolf, and
Bard 2003) and the metanephros contains definitive glomeruli.
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Definitive glomerulus: The metanephric glomerulus resembles that of the
metanephros, though larger and more advanced (McCrory 1974), with a capillary tuft
which forms a close network with dedicated cell types like pericytes and mesangial
cells to form the filtration barrier. The definitive glomerulus is surrounded by
Bowman's space (Vize, Woolf, and Bard 2003).
External glomerulus: Also: pronephric capsule (Huettner 1968). A glomerulus is
considered to be ‘external’ when it hangs freely into the coelom (Balfour and
Sedgwick 1878, 1879; Davies 1950; Gasser 1879; Hamilton, Boyd, and Mossman 1972;
Sedgwick 1880, 1881). External glomeruli are found in the region anterior to the first
true Malpighian body of the mesonephros. The absence of external glomeruli in the
mesonephros is the most important difference between pronephros and
mesonephros. The most caudal external glomeruli are in some species (duck (Davies
1950; Hiruma and Nakamura 2003), turtle (Wiedersheim 1890), corocodile
(Wiedersheim 1890)) continuous with the Malpighian bodies of the mesonephros
through a short transition zone (Davies 1950; Fraser 1920; Mihalkovics 1885; Renson
1883; Sedgwick 1881).
Internal glomerulus: Also: integrated glomerulus (Vize, Woolf, and Bard 2003). A
glomerulus is considered ‘internal’ when it lies enclosed within Bowman’s capsule in
the nephrogenic cord (Vize et al. 1997; Davies 1950). Bowman’s capsule and the
internal glomerulus together constitute a Malpighian body (Davies 1950; Fraser 1950).
The absence of external glomeruli and the sole existence of internal glomeruli
(Malpighian bodies) in the mesonephros is the most remarkable difference between
pronephros and mesonephros (Davies 1950).
Glomus: Also: glomi, plural glomera (Vize et al. 1997). The pronephros’ glomerulus,
or pronephric capsule, is considered to be an ‘external’ glomerulus (Balfour and
Sedgwick 1878, 1879, 1876; Davies 1950; Mihalkovics 1885; Sedgwick 1880, 1881;
Wiedersheim 1890), because its vascular tuft protrudes directly into the coelom,
(Fraser 1950) without encapsulating sheath (Chimenti and Accordi 2011). Vize et al.
stated that when the vascular structure is one body segment in length it is referred to
as a glomerulus, while if it extends over multiple body segments it is referred to as a
glomus (Vize et al. 1997; Pole, Qi, and Beasley 2002). In frogs, it develops over 2-3
body segments, and later compacts to about one segment which lies in the immediate
vicinity of the pronephric tubules so there is almost no space between the glomus and
nephrostomes (Gerth, Zhou, and Vize 2005). The glomus was first identified as the
blood filtration unit of the pronephros by Bidder in 1846 (Adelmann 1966; Bidder
1846; Vize et al. 1997). As longitudinal vascular ridge (Goodrich 1930), it filters waste
material directly into the fluid of the coelom (Vize et al. 1997; Raciti et al. 2008; Pole,
Qi, and Beasley 2002; Kuure, Vuolteenaho, and Vainio 2000; Wessely and Tran 2011;
Fraser 1950; Sanna-Cherchi et al. 2007) and is therefore besides the pronephric tubule
and pronephric duct considered as one of the three distinct components of the
pronephric nephron (Vize et al. 1997; Brandli 1999; Raciti et al. 2008; Cho et al. 2011;
Nishinakamura 2003). Wessely and Tran stated in 2011 that the glomus is composed of
at least three cells types (Fox 1963; Hall 1904; White et al. 2010; Gerth, Zhou, and Vize
2005): fenestrated endothelial cells (Doherty et al. 2007), mesangial-like cells and
podocytes (Takahashi-Iwanaga 2002; Wessely and Tran 2011). Parietal epithelial
cells, which form the epithelial cell layer surrounding Bowman’s space in the
mesonephros and metanephros, are the only cell type not yet described in the
pronephric glomus (Wessely and Tran 2011).

171

4.1
4.2

3 D A TLAS OF H UMAN E MBRYOLOGY
Holonephros (Fraser 1950; Hamilton, Boyd, and Mossman 1972; Price 1897; Torrey
1954): (Holo-: Greek for whole, entire, complete.) Prince first used this slightly
obsolete term in 1897 to describe the entire excretory system of Bdellostoma embryos
(Fraser 1950; Price 1897). The whole vertebrate excretory system is regarded as one
unit that arises from the intermediate cell-mass (Fraser 1950; Sedgwick 1881; Balfour
1877), parts of which may develop more or less separately both temporally and
spatially (Hamilton, Boyd, and Mossman 1972; Torrey 1954). There is striking
uniformity in the structure and function of the various parts of the excretory system
(Fraser 1950).
Malpighian body: Also: malpighian corpuscle (McCrory 1974). Bowman’s capsule,
together with the (internal) glomerulus, constitute a Malpighian body (Davies 1950;
Fraser 1950). The Malpighian body is regarded as a typical feature of the mesonephros.
The completed mesonephric Malpighian body resembles that of the metanephros,
though the latter is larger and more advanced (McCrory 1974).
Mesonephric duct: Also: Wolffian duct / nephric duct / (archinephric duct*).
The excretory duct of the mesonephros is formed initially by the caudal growth of
the pronephric duct towards the cloaca (Raciti et al. 2008; Pole, Qi, and Beasley
2002; Mathews 1976; Prentiss and Arey 1917). The mesonephric duct, or
Wolffian duct, develops in craniocaudal direction from the intermediate mesoderm,
thereby acting as a signaling center for the induction of nephric tubules in both
the meso- and metanephric mesenchyme (Vize et al. 1997; Nishinakamura
2003; Kuure, Vuolteenaho, and Vainio 2000). In amphibians, the mesonephric
duct becomes the duct of the adult kidney (opisthonephros) and in amniotes
it contributes to metanephros formation by forming the ureteric bud
(Kobayashi et al. 2007; Nishinakamura 2003; Mathews 1976). The mesonephric
duct mostly degenerates in adult female amniotes (Chimenti and Accordi 2011;
Sainio et al. 1997), except for the rete ovarii (Mathews 1976; Vize, Woolf, and Bard
2003). In adult males, it constitutes the ductus epididymis (Chimenti and Accordi
2011; Michos 2009; Saxen and Sariola 1987), ductus deferens and seminal vesicles
(Mathews
1976;
Vize,
Woolf,
and
Bard
2003).
* The pronephric- and mesonephric duct are sometimes referred to as archinephric
duct, but once pronephros and mesonephros can be clearly segregated this term
should be avoided.
Mesonephros: (Meso-: Greek for middle, intermediate, between.) Also: thoracic
kidney (Solhaug, Bolger, and Jose 2004)) / mid-kidney (Prentiss and Arey 1917; Gray
2010) / Wolffian body (Vize et al. 1997; Raciti et al. 2008; Foster and Balfour 1874) /
urniere (DU) (Vize, Woolf, and Bard 2003) / oernier (Langman 1976) / intermediate
kidney (Vize, Woolf, and Bard 2003) / opisthonephros (Vize et al. 1997; Mathews
1976; Kerr 1919). The mesonephros is formed in all vertebrates, but while it
degenerates and relinquishes its function to the metanephros in advanced
vertebrates, it serves as the adult kidney in fish and amphibians (Wessely and
Tran 2011). The mesonephros is developed from the intermediate mesoderm of the
nephrogenic cord (Vize et al. 1997; Gilbert 2010; Hamilton, Boyd, and Mossman
1972; Sadler 2004), caudal to the pronephros, if present (Vize et al. 1997; Solhaug,
Bolger, and Jose 2004; Kobayashi et al. 2007; Michos 2009; Pole, Qi, and Beasley
2002; Kuure, Vuolteenaho, and Vainio 2000). Nephrons arise in a craniocaudal
direction (Vize et al. 1997) from a condensed mass of cells adjacent to the
mesonephric duct (Nishinakamura 2003; Kuure, Vuolteenaho, and Vainio 2000;
McCrory 1974). The mesonephric tubules do develop a Bowman’s capsule that
encloses a vascularised glomerulus supplied by branches of the dorsal aorta
(McCrory 1974). Bowman’s capsule, together with the (internal) glomerulus,
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constitute a Malpighian body (Fraser 1950). The Malpighian body is regarded as a
typical feature of the mesonephros (Wrobel and Suss 2000). The mesonephros
differs from the pronephros by the absence of external glomeruli (Vize et al. 1997;
Chimenti and Accordi 2011; Davies 1950; Wrobel and Suss 2000; Davies 1951;
Hamilton, Boyd, and Mossman 1972; Nelson 1953).
The mesonephros is well developed in basal vertebrates, where it is the adult
kidney form (Vize et al. 1997). In these species, the mesonephros is sometimes
referred to as the opisthonephros, to describe a mesonephros that functions as an adult
kidney in animals that do not form the more complex metanephros (Vize et al. 1997;
Mathews 1976). The mesonephros in birds is also well developed (Carlson 1988). The
degree of mesonephric development seems to be correlated to the development of
the placenta. In species where the extraembryonic membranes are intimately
associated with the placenta (e.g. humans and mice), mesonephroi tend to be less well
developed compared to species with a less intimate association, like the pig, which
have extensive mesonephroi (Carlson 1988; Nelson 1953). The mesonephros, which
is functional in human embryos, develops from embryonic day 26 and degenerates in
early fetal life, after 60 days of development (de Bakker et al. 2016).
Metanephros: (Meta-: Greek for after, behind.) Also: abdominal kidney (Solhaug,
Bolger, and Jose 2004) / definitive kidney (Solhaug, Bolger, and Jose 2004; Hamilton,
Boyd, and Mossman 1972; Blechschmidt 2004; Langman 1976). The metanephros, the
most complex kidney which is only found in amniota like reptiles, birds and mammals,
serves as their adult kidney (Vize et al. 1997; Goodrich 1930; Wessely and Tran 2011).
It develops in a yet more caudal portion of the nephrogenic cord (Hamilton, Boyd, and
Mossman 1972) than the mesonephros and its tubules connect with a special duct, the
ureter, which arises as a diverticulum from the mesonephric duct (Hamilton, Boyd, and
Mossman 1972). The two essential components that trigger and sustain metanephric
kidney formation are the outgrowth of the ureteric bud and its interaction with the
surrounding metanephric mesenchyme to form the nephrons and collecting ducts
(Solhaug, Bolger, and Jose 2004). Although similar cellular interactions, molecules,
and signaling pathways are involved, the organization of the three kidneys is quite
distinct (Vize et al. 1997). The metanephros differs from the pronephros and
mesonephros by its branched architecture and its formation from the ureteric bud
(Vize et al. 1997), whereas the pro- and mesonephros have a segmented architecture
and comprise a pro- or mesonephric duct. An adult human metanephros contains
almost one million nephrons (Vize et al. 1997; Smith 1951).
Mononephros: (Mono-: Greek for one, alone, single.) Audigé lanced in 1910 the
term mononephros, in preference to the term holonephros, used by Prince since 1897
(Fraser 1950; Price 1897; Audigé 1910). The term mononephros as it was used by
Audigé describes the entire teleost kidney (Fraser 1950; Audigé 1910).
Nephrocoel: Also: nephrocoele (Goodrich 1930; Kerr 1919) / pronephric cavity (Vize
et al. 1997) / glomeral space (Vize et al. 1997) / pronephric chamber (Goodrich 1930;
Huettner 1968) / nephric chamber (Fraser 1950) / coelomic chamber (Davies 1951;
Fraser 1950) / (nephrotome*) (Fraser 1950; Rückert 1888). The nephrocoel or
pronephric chamber is a fluid filled cavity in which the external glomerulus or glomus of
the pronephros protrudes to filter wastes (Vize et al. 1997; Goodrich 1930; Chimenti
and Accordi 2011; Fraser 1950; Huettner 1968). It is initially contiguous with the
coelom in both amphibians and fish but later they separate into distinct cavities (Vize
et al. 1997). The nephrocoel is the pronephric precursor of the mesonephric Bowman’s
capsule (Goodrich 1930). When the nephrocoel communicates with the coelom by a
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narrow ciliated peritoneal funnel (Fraser 1950; Patten and Carlson 1974; Bailey and
Miller 1921; Huettner 1968) we call it primitive Bowman’s capsule. These nephrons
belong to the transition zone. The pronephric tubule is an outgrowth from the dorsal
wall of the nephrocoel and runs downstream into the pronephric duct (Fraser 1950).
* The nephrocoel is sometimes incorrectly named nephrotome. Nephrotomes are the
mesodermal segments that form the precursors of individual pronephric branches,
which are preferably referred to as pronephric primordia, or anlagen (Vize, Woolf, and
Bard 2003).
Nephrogenic cord: Also: Wolffian ridge. The intermediate mesoderm gives rise to a
nephrogenic cord; a solid, initially unsegmented mass of mesenchymal tissue, from
which the excretory organs and their ducts develop (Vize et al. 1997; Chimenti and
Accordi 2011; Sadler 2004; O'Rahilly and Müller 1987). The nephrogenic cord
differentiates progressively from the cervical to the caudal region and cleaves into
nephrotomes (Tuchmann-Duplessis and Haegel 1974). The most cranial segments
roughly constitute the pronephros, the intermediate segments the mesonephros, and
the most caudal segments the metanephros (Hamilton, Boyd, and Mossman 1972;
O'Rahilly and Müller 1987; Sadler 2004; Tuchmann-Duplessis and Haegel 1974).
Nephron: (Nephros: Greek for kidney.) Each nephron is composed of three
elements; an initial filtering component (a more or less developed glomerulus), a
waste collecting unit (coelom/nephrocoel/Bowman’s capsule/Bowman’s space) and a
nephric tubule specialized for reabsorption of solutes and water and secretion of
wastes (Fraser 1950; Sanna-Cherchi et al. 2007). Although each kidney form differs
in overall organization and complexity, they all have the nephron as their basic
structural and functional unit (Raciti et al. 2008). Gérars & Cordier (Gérard and
Cordier 1934a, 1934b) divided nephrons into two types, whether they are in open
communication with the coelom (the non-integrated nephron), or separated from it
(the integrated nephron) (Fraser 1950; Dawson 1925; Lambert 1933).
Integrated Nephron: Integrated nephrons are found in the mesonephros and
metanephros, where the glomerulus is directly integrated into the kidney tubule
within the nephrogenic cord, through Bowman’s capsule or space respectively (Vize et
al. 1997).
Nonintegrated (simple) Nephron: This form of nephron is found only in the
pronephros, where the capillary filtration unit (glomus or glomerulus) hangs freely in
the coelom or nephrocoel and is therefore not directly linked to the kidney tubule (Vize
et al. 1997; Pole, Qi, and Beasley 2002). The structure and number of nonintegrated
nephrons varies between species, amphibians for example usually have two to three
nephrons (Kuure, Vuolteenaho, and Vainio 2000) or the pronephros is merely seen as
one large, nonintegrated nephron (Vize et al. 1997).
Nephrostome: Also: nephrocoelostome (Goodrich 1930) / nephrostomal funnel. From
the dorsal wall of the coelom, nephrocoel or Bowman’s capsule arises a thin ciliated
tubular outgrowth, the nephrostome (Fraser 1950; Vize, Woolf, and Bard 2003),
which connects the coelom, nephrocoel or Bowman’s capsule with the tubule (Fraser
1950; Bailey and Miller 1921; Huettner 1968; Vize, Woolf, and Bard 2003). As ciliated
epithelial tubule, it draws in dissolved wastes from the waste collecting unit into the
direction of the pronephric or mesonephric tubules (Vize et al. 1997; Davies 1950;
Fraser 1950; Mathews 1976; Prentiss and Arey 1917; Huettner 1968; Tytler 1988;
Marshall and Smith 1930). Nephrostomal tubules are narrower in overall diameter
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than the proximal tubules (Vize et al. 1997). A nephrostome is not a typical feature of
the pronephros, since it has also been observed in the mesonephros (Vize, Woolf, and
Bard 2003). It is therefore important to make a clear distinction between
nephrostomes and peritoneal funnels, since they are both ciliated (Goodrich 1930;
Vize, Woolf, and Bard 2003; Kerr 1919). A peritoneal funnel links the coelom to the
primitive Bowman’s capsule in the transition zone, whereas the nephrostome links the
coelom or nephrocoel in the pronephros or Bowman’s capsule in the mesonephros to
the nephric tubule (Vize, Woolf, and Bard 2003). Another important point of
terminology is the distinction between nephrostomes and nephrotomes. While
nephrostomes are ciliated tubules, nephrotomes are the mesodermal segments that
form the precursors of individual pronephric branches (Vize, Woolf, and Bard 2003).
Opinephros: Graham Kerr (1919) stated that: ‘In many of the lower vertebrates there
is no separation between mesonephros and metanephros, the two forming a
continuous structure which acts as the functional kidney. Such a type of renal organ
consisting of the series of tubules corresponding to mesonephros together with
metanephros may conveniently be termed opinephros’ (Kerr 1919; Fraser 1950).
However, basal vertebrates do not possess a metanephros that resembles the final
kidney of advanced vertebrates so this term is obsolete and one must only speak of a
mesonephros as the final kidney in basal vertebrates.
Opisthonephros: (Opistho-: Greek for backward; behind, at the back, after,
posterior.) The term opisthonephros was first used by Kerr in 1919 (Kerr 1919) to
describe a mesonephros that functions as an adult kidney in amphibians, in contrast to
the mesonephros of advanced vertebrates, which will later relinquish function to the
metanephros (Vize et al. 1997; Mathews 1976). Opistho- means behind or posterior
and refers to the development of the mesonephros, which develops from the entire
posterior region of the nephrogenic cord, whereas in advanced vertebrates part of this
cord is reserved for the metanephros (Vize et al. 1997).
Peritoneal funnel: A primitive Bowman’s capsule sometimes communicates with the
coelom by a narrow, ciliated peritoneal funnel (Goodrich 1930; Fraser 1950; Vize,
Woolf, and Bard 2003). Peritoneal funnels and nephrostomes are both ciliated, which
complicates the distinction between the two (Goodrich 1930; Kerr 1919). A peritoneal
funnel links the coelom to the primitive Bowman’s capsule, whereas the nephrostome
links the coelom or nephrocoel in the pronephros or Bowman’s capsule in the
mesonephros to the nephric tubule (Vize, Woolf, and Bard 2003). We reckon nephrons
contemplating peritoneal funnels in the transition zone in-between pronephros and
mesonephros.
Pronephric primordia: Also: (nephrotome*) / pronephric anlage. The intermediate
mesoderm lateral to the somites and at the cranial end of nephrogenic cord cleaves into
nephrotomes*, the pronephric primordia (Vize et al. 1997; Tuchmann-Duplessis and
Haegel 1974; Prentiss and Arey 1917). These blocks are thought to be mesodermal
segments which hollow out to form tubules, being the precursors of individual
pronephric nephrons (Mathews 1976; Tuchmann-Duplessis and Haegel 1974; Vize,
Woolf, and Bard 2003). The pronephric duct precursors arise from the posteriorventral
portion of the pronephric primordia (Vize et al. 1997).
*To avoid confusion with the term nephrostome, a ciliated tubule that swipes fluids
from the coelom/nephrocoel/Bowman’s capsule into the pro- and mesonephric tubules,
Vize suggested to avoid the term nephrotome by referring to these mesodermal
masses as the pronephric primordia, or anlagen (Vize, Woolf, and Bard 2003).
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Pronephric duct: Also: primary nephric duct / segmental duct / head-kidney duct /
primärer Harnleiter / primary mesonephric duct / collecting duct / (archinephric duct*).
The pronephric duct forms ventral to the most cranial somites from a cell cord in the
intermediate mesoderm (Vize, Woolf, and Bard 2003; Hiruma and Nakamura 2003;
Gilbert 2010). The cranial region of the duct induces the adjacent mesenchyme to form
the pronephros (Gilbert 2010). The caudal free end of the duct then extends lateral to
the nephrogenic cord in caudal direction, until it reaches, and perforates, the cloaca or
urogenital sinus (Pole, Qi, and Beasley 2002; Mathews 1976; Prentiss and Arey 1917).
The pronephric duct thereby serves as an inducer of the mesonephric mesenchyme
and the ureteric bud, a caudal outgrowth of the mesonephric duct, initiates
metanephros formation (Vize et al. 1997).
Holtfreter (1944) and Vize et al. (1995) have refuted the common theory that
the pronephric duct forms by fusion of the terminal ends of the pronephric tubules,
since they both showed that the pronephric duct could form in the complete absence
of any pronephric tubules (Vize et al. 1997; Vize, Jones, and Pfister 1995; Holtfreter
1944). The current view is that the pronephric duct and pronephric tubules form
simultaneously from pronephric mesoderm, and that the duct receives additional
contribution from the neural crest (Vize, Woolf, and Bard 2003).
In larval stages of basal vertebrates, with a functioning pronephros (Fraser
1950; Mathews 1976), molecules and fluids not resorbed in the pronephric tubules are
transported through the pronephric duct towards the cloaca or urogenital sinus (Vize
et al. 1997; Mathews 1976). Then, instead of forming a duplicate duct, the succeeding
kidney (mesonephros) adopts the pronephric duct to transmit its excretory products
(Huettner 1968). Therefore, the pronephric duct automatically becomes the
mesonephric duct (Wolffian duct) with the arrival of the mesonephros (Huettner
1968).
* The pronephric- and mesonephric duct together are sometimes referred to as
archinephric duct, but once pronephros and mesonephros can be clearly segregated
this term should be avoided.
Pronephric sinus: The pronephric sinus describes the venous network that surrounds
the pronephric tubules. Resorbed nutrients and water are returned into the circulation
through this venous sinus. It receives blood from various sources, in particular the vas
efferentia of the glomus, the anterior and posterior cardinal veins, the branchial vein,
and the external jugular vein. Blood exits the pronephric sinus through the duct of
Cuvier (Vize, Woolf, and Bard 2003; Viertel and Richter 1999).
Pronephric tubules: Also: glandular tubules (Vize et al. 1997) / glandular tube
(Goodrich 1930). The pronephros, when functional, consists of paired, segmentally
arranged convoluted pronephric tubules that perform the resorptive and excretory
functions of the pronephros (Vize et al. 1997; Chimenti and Accordi 2011; Raciti et al.
2008; McCrory 1974). Pronephric tubules can be subdivided into broad proximal and
narrow distal tubules (Vize et al. 1997; Raciti et al. 2008; Vize, Woolf, and Bard 2003).
The pronephric tubules are upstream (proximal tubule) connected to the nephrocoel or
coelom (Mathews 1976) by thin ciliated epithelial tubules called nephrostomes and
downstream (distal tubule) connected to the cloaca or urogenital sinus by the
pronephric duct (Raciti et al. 2008; Mathews 1976; Prentiss and Arey 1917).
Pronephric tubules collect wastes excreted into the coelomic fluid by the
coelomic epithelium or external glomerulus through the nephrostome (Vize et al. 1997;
Pole, Qi, and Beasley 2002). Fluids are moved by ciliary action through the
nephrostome into the pronephric tubules (Vize et al. 1997; Davies 1950; Fraser 1950;
Mathews 1976; Prentiss and Arey 1917; Huettner 1968; Tytler 1988; Marshall and
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Smith 1930). The tubules are surrounded by a blood sinus (pronephric sinus) through
which reabsorbed nutrients and water recovered from the filtrate are returned to the
blood stream (Vize, Woolf, and Bard 2003; Viertel and Richter 1999). Remnants are
disposed via the pronephric duct (Kuure, Vuolteenaho, and Vainio 2000).
Pronephric tubules arise from the pronephric primordium (Vize et al. 1997;
Tuchmann-Duplessis and Haegel 1974; Prentiss and Arey 1917). Buds of pronephric
primordia hollow out to form tubules (Vize et al. 1997; Mathews 1976). It is likely that
the pronephrogenic mesenchyme is induced by the surrounding tissues (Vize et al.
1997; Chimenti and Accordi 2011) to form the tubules as an outgrowth from the dorsal
wall (Fraser 1950) of the nephrocoel or coelom. It was thought that the distal ends of
the pronephric tubules linked together to form the pronephric duct, but Holtfreter
(1944) and Vize et al. (1995) proved that even in the complete absence of pronephric
tubules, a pronephric duct could develop (Holtfreter 1944; Vize, Jones, and Pfister
1995). The current view is that the pronephric duct and pronephric tubules form
simultaneously from pronephric mesoderm, and that the duct receives additional
contribution from the neural crest (Vize, Woolf, and Bard 2003).
Pronephros: (Pro-: Greek for before, for. (Larsen 1993)) Also: cervical kidney
(Solhaug, Bolger, and Jose 2004) / head-kidney (Balfour and Sedgwick 1878;
Sedgwick 1880; Gray 2010) / first kidney (Larsen 1993; Kuure, Vuolteenaho, and
Vainio 2000; Cochard 2002; Kobayashi et al. 2007) / Müllerian body (Balfour and
Sedgwick 1878) / Vorniere (Balfour and Sedgwick 1878) / Kopfniere (Balfour and
Sedgwick 1878) / voornier (Langman 1976). Plural, pronephroi. The first and most
primitive (Fox 1963; Hall 1904) kidney. Johannes Müller discovered the head-kidney
in amphibian larvae in 1829 (Vize et al. 1997). It was spoken of as the Müllerian body
(Balfour and Sedgwick 1878) before it was named pronephros. The pronephros is a
large organ in basal vertebrates and functions during their larval stage in an aquatic
environment (Vize, Woolf, and Bard 2003; Gaeth, Short, and Renfree 1999; Fraser
1950; Chimenti and Accordi 2011).
The pronephros develops from mesenchymal buds of pronephric primordia, or
nephrotomes (Vize et al. 1997; Sadler 2004) at the most cranial part of the mesodermal
nephrogenic cord (Vize et al. 1997; Chimenti and Accordi 2011; Cochard 2002;
Mathews 1976). These buds of pronephric primordia hollow out to form pronephric
tubules (McCrory 1974; Mathews 1976). One end of each tubule is connected through
a nephrostome with the coelom or nephrocoel into which penetrates an external
glomerulus (Goodrich 1930; Chimenti and Accordi 2011; Fraser 1950; Mathews 1976;
Prentiss and Arey 1917; Huettner 1968). The tubules connect on the other end and
drain into the pronephric duct (Mathews 1976), which grows dorsally along with the
somites towards the cloaca (Mathews 1976; Prentiss and Arey 1917; Pole, Qi, and
Beasley 2002).
A typical pronephric nephron, as can be found in amphibian larvae and some
teleosts (Fraser 1950), consists of the following functional units; the coelom or
nephrocoel with an external glomerulus or glomus, from which a ciliated nephrostome
leads into the pronephric tubule that lastly drains into the pronephric duct (Fraser 1920;
Vize et al. 1997; Chimenti and Accordi 2011; Nieuwkoop and Faber 1994; Brandli
1999; Raciti et al. 2008; Davies 1950; Cho et al. 2011; Nishinakamura 2003; Wessely
and Tran 2011; Fraser 1950; Dawson 1925; Lambert 1933). Parietal epithelial cells,
which form the epithelial cell layer surrounding of Bowman’s capsule or space in the
internal glomerulus in meso- and metanephros, are the only cell type not yet described
in the pronephros (Wessely and Tran 2011). In other words; the pronephros proper
consists of non-integrated nephrons, whereas the mesonephros and metanephros
consist of only integrated nephrons (Vize et al. 1997; Davies 1950; Fraser 1950;
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Dawson 1925; Lambert 1933). According to this definition, “the term pronephros
should only be applied to the organ in larval anamnia and to that of a few teleosts”, as
Fraser stated already in 1950 (Fraser 1950).
Note on the amniote pronephros: The most cranial part of the amniote excretory
organ is often referred to as transient, vestigial (Goodrich 1930), nonfunctional or
aglomerular (Goodrich 1930; Solhaug, Bolger, and Jose 2004; Fraser 1950; Hamilton,
Boyd, and Mossman 1972) pronephros (Larsen 1993). Though no real distinction can
be made between the actual remnants of an incomplete, vestigial pronephros and the
gradually degenerating cranial nephrons of the mesonephros (Hiruma and Nakamura
2003; Keith 1933; Abdel-Malek 1950; Hamilton 1952; Hoadley 1926), the term
pronephros should not be used in amniotes (Fraser 1950).
Transition zone: Also: intermediate zone (Davies 1950; Hiruma and Nakamura 2003).
At this level, external glomeruli of the pronephros and internal glomeruli of the
mesonephros are homodynamous with each other and nephrons share both
pronephric as mesonephric characteristics (Fraser 1920; Mihalkovics 1885; Renson
1883; Sedgwick 1881). We call these nephrons intermediate nephrons since their
intermediate glomeruli are not exclusively external, nor exclusively internal and they
comprise a ciliated peritoneal funnel, connecting the coelom with the primitive
Bowman’s capsule. Wiedersheim noted in 1890 that the transition zone is well
developed in the crocodile and turtle where it involves about fifteen tubules, including
the pronephros (Wiedersheim 1890). Based on his observations he considered the
transition zone to represent a gradual cranio-caudal transition from the pronephros to
the mesonephros (Davies 1950; Hiruma and Nakamura 2003; Wiedersheim 1890).
Tubules: Tubules perform the resorptive and excretory functions of the nephron
(Vize et al. 1997; Chimenti and Accordi 2011; McCrory 1974). Pronephric and
mesonephric tubules can be subdivided into broad proximal tubules, situated
downstream of the nephrostomes (also: nephrostomal tubules), and narrower ‘Sshaped’ distal tubules (Vize et al. 1997; Balfour and Sedgwick 1878; O'Rahilly and
Müller 1987), linking the proximal tubules to the nephric duct (Vize et al. 1997; Raciti
et al. 2008; Vize, Woolf, and Bard 2003). Pronephric intermediate tubules, situated
between the proximal and distal tubules, have also been mentioned in amphibians and
reptiles (Raciti et al. 2008; Chimenti and Accordi 2011). See also Pronephric tubules.
Ureteric bud: Also: metanephric diverticulum. In amniotes, the mesonephric duct
contributes to the metanephros by forming the ureteric bud (Solhaug, Bolger, and
Jose 2004; Kobayashi et al. 2007; Michos 2009; Kuure, Vuolteenaho, and Vainio
2000; McCrory 1974; Hamilton, Boyd, and Mossman 1972; Mathews 1976). Its
outgrowth triggers and sustains metanephric kidney formation and by its interaction
with the surrounding metanephric mesenchyme the nephrons and collecting ducts are
formed (Vize et al. 1997; Solhaug, Bolger, and Jose 2004; Saxen and Sariola 1987). A
branched architecture and its formation from the ureteric bud is unique for the
mesonephros, as opposed to the pro- and mesonephros, which have a segmented
architecture and comprise a pro- or mesonephric duct (Vize et al. 1997; Michos 2009).
If ureter formation fails, the kidney will be absent and often, the development of the
lung and the testes, epididymis and vas deferens in males or the ovaries and Gartner’s
duct in females will be affected (McCrory 1974).
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Waste collecting unit: Wastes and fluids are filtered by the glomerulus/glomus and
collected into the coelom/nephrocoel in the pronephros and in Bowman’s capsule or space in the meso- and metanephros respectively, before they are transported
towards the tubules (Vize et al. 1997; Sanna-Cherchi et al. 2007). The serous coelomic
epithelium might also excrete wastes directly into the coelomic fluid (Vize et al. 1997;
Holz and Raidal 2006). Depending on the type of kidney, the waste collecting unit is
the coelom (Vize et al. 1997; Kuure, Vuolteenaho, and Vainio 2000; Sanna-Cherchi et
al. 2007) or nephrocoel (Vize et al. 1997; Goodrich 1930; Chimenti and Accordi 2011;
Fraser 1950; Huettner 1968) (in the pronephros), Bowman’s capsule (Vize et al. 1997;
McCrory 1974; Sanna-Cherchi et al. 2007) (in the mesonephros) or Bowman’s space
(Vize et al. 1997; Sanna-Cherchi et al. 2007) (in the metanephros).
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The indifferent stage
At embryonic day 19, the human embryo is a 0.6 mm wide three-layered germ disc.
The three intra-embryonic germ layers, the endoderm, intra-embryonic mesoderm
and ectoderm have been formed by the process of gastrulation in the so-called
primitive streak. Already at 21 days, a subdivision in the mesodermal layer can be
recognized (Fig. 1). From medial to lateral the following mesodermal components are
formed; the axial mesoderm (or notochordal plate), the paraxial mesoderm from
which the somites develop, the intermediate mesoderm that constitutes the urogenital
system and the lateral plate mesoderm from which the body wall and circulatory
system will be formed. We now focus on the intermediate mesoderm, because at
embryonic day 26, when the embryo measures less than 3 mm, the first embryonal
precursors of the urogenital system can be appreciated; the mesonephros and its
mesonephric duct (Wolffian duct) (Fig. 2). The intermediate mesoderm constitutes
the urogenital ridge, from which the embryonic kidney, the mesonephros, and the
definitive kidney, the metanephros develop. Also, the paramesonephric duct
(Müllerian duct) and the gonads are derivatives of the urogenital ridge. Because the
urogenital ridge constitutes both the definitive kidneys and the internal genitalia,
anatomical variants of the internal genitalia are often accompanied by the absence or
dislocation of one or two kidneys, or presence of a horseshoe kidney.
The most ventral of the three germ layers, the endoderm, also contributes to the
urogenital system. From de endodermal layer, the foregut, midgut and hindgut
develop. It is the hindgut that contributes to the urogenital system since it forms the
cloaca in very early staged embryos. The cloaca collects wastes from both the kidneys
and the gut. At its ventral part, the cloaca passes into the allantois, a tubular structure
that runs in the umbilical cord. The allantois serves as waste-collecting unit in animals
that develop in eggs, because they are unable to wash out their waste products
through the placenta. When the lumen obliterates in the fetal period, the allantois is
called urachus. It can be recognized in adults as the median umbilical ligament
(Xander’s ligament) on the ventral body wall. Although the function of the allantois in
humans has not been fully elucidated yet, it does serve as the axis along which the
umbilical arteries develop. Embryological remnants of the allantois or urachus
sometimes form cysts in the trajectory of the median umbilical ligament, from the apex
of the bladder to the umbilicus. When the lumen of the allantois failed to obliterate
completely, urine can drain from the bladder to the umbilicus through a urachal fistula.
From day 31, the ureteric bud forms from the dorsolateral wall of the cloaca. It
thereby initiates the surrounding mesoderm of the urogenital ridge to form the
mesonephros. The ureteric bud will form the ureters, the calyces and the renal pelvis.
Around day 42, when the embryo is approximately one cm in length, the cloacal
membrane disappears, which means that the embryo is now able to dispose wastes
from the cloaca in the amniotic fluid. When the cloaca becomes separated from the
primordial rectum and anal canal by the urorectal septum, the ventral part of the cloaca
is called the urogenital sinus (Fig. 3). This separation completes around 50 days of
development, when the crown rump length is approximately 1.5 cm. The urogenital
sinus will form bladder and urethra in males. In females, the urethra still needs to
become separated from the vagina in the fetal period, by means of the urogenital
septum (Fig. 3).
Besides the mesonephros, the mesonephric duct and the metanephros, the gonads
also derive from the urogenital ridge. Since the urogenital ridges in an early stage of
development bulged ventrally into the coelomic cavity, the gonads are lined with
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coelomic epithelium. On the ventral surface of each of the two ridges the coelomic
epithelium thickens. Together with gonadal mesenchyme from the urogenital ridge it
constitutes the gonadal ridge from day 30. This gonadal ridge covers almost the entire
ventral length of the urogenital ridge. It starts as a long flat ridge, but later in
embryonic development it becomes relatively shorter and thicker. When the gonadal
ridge is no longer a ridge but merely an oval shaped organ, it is dubbed a gonad.
Depending on the genetic makeup of the embryo, the gonads will become ovaries in
females or testes in males. An ovotestis is a gonad which contains both testicular and
ovarian tissue (Ortenberg et al. 2002). This condition was formerly known as true
hermaphroditism and it can occur bilateral, when both gonads are affected, or
unilateral, when the other gonad is a normal ovary or testis. The testicular tissue in an
ovotestis should be removed or carefully monitored due to its increased risk of
gonadal cancer. Though this condition has not been thoroughly studied, mosaicism
with a Y bearing cell line in the gonad is a plausible explanation for this rare variant
(Andrade et al. 2017; Ortenberg et al. 2002).

4.2

5.1
Fig. 1. Mesodermal differentiation in a human embryo of 22 days of development (5
pregnancy weeks). Left a dorsal view on a 3D reconstruction of the embryo. In green the
developing neural tube which is already closed and covered with skin in the middle region. The
dashed line indicates the level where the transverse histological section was positioned. Above
right the histological section, and below it a schematic representation of the same section,
where the mesodermal differentiation is presented. The urogenital system develops from the
intermediate mesoderm. The 3D reconstruction and histological section depict human embryo
specimen No. 6330 of the Carnegie Collection of the Human Developmental Anatomy Center
at the National Museum of Health and Medicine in Silver Spring, MD, USA, as published in the
3D Atlas of Human Embryology by de Bakker et al., 2016, with permission.
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Fig. 2. The alimentary, respiratory and urogenital system in a human embryo of 28 days
(6 pregnancy weeks). Left the outer features of this human embryo specimen No. 8505A of the Carnegie
Collection of the Human Developmental Anatomy Center at the National Museum of Health and Medicine
in Silver Spring, MD, USA. It measures 2.9 mm in length. Right the different parts of the alimentary,
respiratory and urogenital system are indicated. Note that of the urogenital system only the mesonephros,
the mesonephric duct, the cloaca and allantois have been formed so far at this stage. 3D reconstructions are
taken from the 3D Atlas of Human Embryology by de Bakker et al., 2016, with permission.

The primordial germ cells form at the time of gastrulation in the caudal region of the
endoderm. They migrate through the initially loose mesoderm along the hindgut
towards the gonadal ridge, where they become incorporated in the gonadal
mesenchyme. The primordial germ cells will later constitute the oocytes or
spermatozoa, the reproductive cells in females or males respectively. When a germ
cell does not reach the gonadal ridge, it can become a germ cell tumor (e.g. a teratoma
or germinoma) later in life. These tumors are often found along the migration
trajectory of the primordial germ cells, but also in other regions of the human body.
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Genital ducts
Already at embryonic day 26, the mesonephros and its mesonephric duct (Wolffian
duct) are present. It will take another two weeks until the paramesonephric duct
(Müllerian duct) finally starts to develop, around day 43 (Fig. 4). Both ducts and their
male or female derivatives will be discussed (Table 1).
The mesonephric duct first functions as excretory duct of the mesonephros, the
embryonic kidney. It develops in craniocaudal direction from the intermediate
mesoderm, thereby acting as a signaling center for the induction of nephric tubules in
both the meso- and metanephric mesenchyme (Vize et al. 1997; Nishinakamura 2003;
Kuure, Vuolteenaho, and Vainio 2000). The mesonephric duct reaches and opens into
the cloaca around day 30. The mesonephric tubules who actually collect the embryonic
urine in the mesonephros and pass it on to the mesonephric duct will later become the
efferent ductiles of the testis (FIPAT, 2013), while the mesonephric duct constitutes
the epididymis (including its duct and appendix) (Chimenti and Accordi 2011; Michos
2009; Saxen and Sariola 1987; 2013), the ductus deferens (vas deferens) and the
seminal gland (Mathews 1976; Vize, Woolf, and Bard 2003). In both males and
females, part of the mesonephric duct becomes intercalated in the bladder as bladder
trigone (Lieutaud). In females, scattered rudimentary mesonephric tubules that are
sometimes found next to the ovary and uterine tube (Fallopian tubes, salpinges) are
called an epoöphoron, and presence of even smaller rudimentary tubules in the broad
ligament between epoöphoron and uterus is called a paroöphoron (Fig. 5). Except for
the bladder trigone, the mesonephric duct regresses completely in females, although
a mesonephric (or Gardner or Wolffian) duct cyst can develop later in life in the
anterolateral wall of the superior portion of the vagina from remnants of the
mesonephric duct (Siegelman et al. 1997; 2013).
The paramesonephric duct (Müllerian duct) develops around embryonic day 43 as an
ingrowth from the coelomic cavity into the most cranial part of the urogenital ridge. It
grows directly lateral from the mesonephric duct towards the caudally positioned
urogenital sinus, where both paramesonephric tubes meet and fuse with the
urogenital sinus around day 55. The unfused part of the paramesonephric duct in
females constitutes the uterine tubes, the fused part will develop into the body and
cervix of the uterus and the proximal one third of the vagina. Since the
paramesonephric duct is an outgrowth of the coelomic cavity towards the vagina, it
naturally connects the abdominal cavity with the outside world. Sperm cells can
therefore also fertilize an ovum in the abdominal cavity, instead of in the uterine tube
itself. More research is needed to elucidate the intricate process of fertilization.
Though there is some debate about the male remnants of the paramesonephric duct,
they are generally believed to be the prostatic utricle (vagina masculine) and the
appendix testis (hydatid of Morgagni) (Shapiro et al. 2004; 2013).
A wide variety of anatomical variations is caused by the incomplete formation
or fusion of the paramesonephric ducts in females (Fig. 6). The mean prevalence of
congenital malformations in the female genital tract found in the general population is
up to 7% (Saravelos, Cocksedge, and Li 2008). However, because these anomalies are
often asymptomatic and not always detected, their true prevalence in the general
population remains unknown (Acien and Acien 2011). Examples of anatomical variants
caused by the incomplete formation of the uni- or bilateral paramesonephric duct(s)
are the unicornuate uterus or uterine agenesis respectively. A partially double
developed paramesonephric duct can be the cause of an accessory ostium of the
uterine tube or an extremely rare complete accessory uterine tube. However, most
anatomical variants are caused by the incomplete fusion of the paramesonephric ducts
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in the embryonic or early fetal period. Examples of those variants are the arcuate
uterus, bicornuate uterus, subseptate uterus, septate uterus, bicervical uterus, uterus
didelphys and a double uterus (Fig. 6). Note that the uterus, the cervix and the vagina
can all be affected by the incomplete formation or fusion of the paramesonephric ducts
in more or less extend (Acien and Acien 2011). This makes that the nature of
anatomical variations in this region is very diverse.

Fig. 3. Schematic overview of the development of the urogenital system between 30 and 60
days of human embryonic development (6-10 pregnancy weeks). At 30 days only the
mesonephros and mesonephric duct are present. At 40 days, the mesonephric ducts are in
contact with the urogenital sinus and the metanephros has formed. At 52 days, the gonad and
paramesonephric duct can be appreciated. At 60 days, the paramesonephric ducts have reached
the urogenital sinus and are in the process of fusing. These figures are based on human embryo
specimen Nos. 836, 6517, 462 and 9226 of the Carnegie Collection of the Human
Developmental Anatomy Center at the National Museum of Health and Medicine in Silver
Spring, MD, USA, as published in the 3D Atlas of Human Embryology by de Bakker et al., 2016,
with permission.
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Fig. 4. The differentiation of the mesonephric and paramesonephric ducts towards male
and female anatomy. On top the ducts in their indifferent stage as they are found at the end of
the embryonic period at 60 days of development (10 pregnancy weeks) (Fig. 3). During the
fetal period the ducts will further differentiate towards male (left) or female (right) anatomy
(Table 1).
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Fig. 5. Remnants of the mesonephric duct in females. Remnants of mesonephric nephrons or
duct can sometimes be found in the broad ligament as epoöphoron, paroöphoron or Gartner’s
duct, depending on the location.

Table 1. The embryonic precursors of the male and female genitalia
Embryonic structure
Internal genitalia
primordial germ cells
mesonephric tubules
mesonephric duct
paramesonephric duct

External genitalia
genital tubercle

Male derivative

Female derivative

spermatozoa
efferent ductiles of the
testis
bladder trigone,
epididymis, ductus
deferens and seminal gland
prostatic utricle(?)
appendix testis

oocytes
epoöphoron, paroöphoron1
bladder trigone,
mesonephric
duct cyst1
uterine tubes, body and
cervix of the uterus and
proximal one third of the
vagina

glans and dorsal part of the glans and body of the clitoris
body of penis
genital swellings
scrotum
labia majora
urethral folds
ventral part of the body of labia minora
the penis
1) Note that the epoöphoron, paroöphoron and mesonephric duct cyst are normally not present in
females. When present it concerns an anatomical variant.
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The mesonephric duct differentiates towards male anatomy under the direct
stimulation of testosterone, which is synthesized by Leydig cells in the testicle
(Svechnikov et al. 2010). On top of that, Sertoli cells in the testicles of the male fetus
produce Anti-Müllarian hormone to inhibit further development of the
paramesonephric ducts towards female anatomy (Taguchi et al. 1984). In the absence
of a proper functioning sex determining region of Y chromosome (SRY), as in females
(XX) or in Turner syndrome (X0) for example, the genital ducts will thus
automatically follow the developmental pathway towards female anatomy. It should
hover be noted that differentiation towards male or female sex is subject to many more
factors than just the presence or absence of a proper functioning SRY gene.
Further development towards the female genital system
Under the absence of the sex determining region of Y chromosome (SRY), the female
gonad will constitute the ovarium. The ovarium develops apart from the uterine tube
and has its own peritoneal coverage and mesentery (mesovarium). The ovary is
connected with the ovarian ligament to the uterus horn nearby the entrance of the
uterine tube. This ligament is continuous with the round ligament of the uterus that
extend via the inguinal canal to the labium minus. In male fetuses, shortening of the
gubernaculum, a mesenchymal band between the caudal end of the gonad and the
scrotum or labia majora in males and females respectively (Fig. 7), causes the relative
descend of the testis into the scrotum. The round ligament is a remnant of the female
embryonic gubernaculum. Whether the ovarian ligament is also a remnant of the
gubernaculum is debated (Acien et al. 2011). The ovaries are situated in the posterior
part of the broad ligament. The broad ligament of the uterus connects the lateral sides
of the uterus with the pelvic walls and floor. This peritoneal fold forms the
mesenteries of the uterus (mesometrium), the uterine tubes (mesosalpnx) and the
ovaries (mesovarium). Its anatomy varies with the degree of fusion of the
paramesonephric duct (Miller, Hong, and Hutson 2004).
The vagina is a fibromuscular tube that connects the external world with the uterine
cavity. The proximal one third of the vagina is derived from the paramesonephric duct,
whereas the distal two third finds its origin in the urogenital sinus. At short distance of
the vaginal orifice, at the level of the pelvic floor, the hymen or its remnants can be
present. This membrane is a result from the early embryonic period when the vagina
separated from the urethra by the urogenital septum (Fig. 3). Normal variations range
from completely absent, thin perforated or incomplete to thick membranous circular
hymens without perforations (imperforate hymen). Other anatomical variations in
this region can be vaginal agenesis, in which the uterus is present but the vagina failed
to develop from the urogenital sinus (Fig. 3), or a double vagina, due to the incomplete
fusion of the paramesonephric ducts (Fig. 6).
Further development towards the male genital system
Under influence of the sex determining region of the Y chromosome (SRY), the
indifferent gonads develop further towards the testes in male embryos. As for the
ovaries, the testes are also covered by coelomic epithelium. The indifferent gonads are
longitudinal shaped organs, that extend from the level of the fifth thoracic vertebra to
the level of the fifth lumbar or first sacral vertebra around 40 days of development.
Three weeks later in development, the cranial margin of the gonads can be found at
the level of the second lumbar vertebra, while the caudal margin remained at the same
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Fig. 6. Overview of the most common anatomical variants of the female genital tract. Most
depicted variants are due to the incomplete formation (above right) or incomplete fusion
(middle row) of the paramesonephric ducts. Below two very rare variants due to (partially)
double developed paramesonephric ducts.

level. Thus, the gonads become relatively shorter, giving the erroneous impression
that they descend during embryonic development (de Bakker et al. 2016). Before
birth, however, they actually do descend through the inguinal canal towards the
scrotum. In their path downward, they ‘pull’ all vessels and nerves with them and even
the ductus deferens is following the testes. In their relative descend towards the
scrotum, the testes are more or less ‘pulled’ out of the abdominal cavity by the
gubernaculum (Fig. 7) and take (parts of) the muscular layers of the abdominal wall
with them. The ductus deferens (the muscular transportation tube from the testes)
therefore makes a strange loop, from the scrotum outside of the abdominal cavity
inward, behind the inferior epigastric artery, behind the urinary bladder piercing
through the prostate to connect with the urethra and leave the pelvis via the penis.
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Fig. 7. Histological features of the gubernaculum in a human embryo of 60 days (10 pregnancy
weeks). A: Transverse section at the level of the pelvis. Bones in blue and muscles and organs in
purple. On the ventral part two legs and the umbilical cord with physiologically herniated gut can be
appreciated. B: Lateral view on the human embryo of 60 days development. Its crown-rump length
measures 3 cm. The dotted line indicates the level of the transverse section in A and C. C: Enlarged part
of the section in A. Note how the gubernaculum, a mesenchymal band, connects the gonad with the
ventral body wall. In later stages the caudal end of the gonad will reach the scrotum or labia majora in
males and females respectively where its traction causes the relative descend of the gonads. The round
ligament is a remnant of the female embryonic gubernaculum. The histological sections in A and C and
3D reconstruction in B depict human embryo specimen No. 9226 of the Carnegie Collection of the
Human Developmental Anatomy Center at the National Museum of Health and Medicine in Silver
Spring, MD, USA, as published in the 3D Atlas of Human Embryology by de Bakker et al., 2016, with
permission.
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Fig. 8. Schematic overview of the development of the external genitalia. On top the
development of the outer genitals in the indifferent stage during the embryonic period, after
which the external genital development will continue towards male (left) or female (right)
anatomy.
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Failure of the testes to descend can lead to the common condition criptorchism
(undescended testis) or, when an unusual pathway has been followed, an ectopic
testis can be found at rare locations like in the abdomen, in front of the thigh, in the
femoral canal, under the skin of the penis or behind the scrotum (Stevenson 2006;
2013).
Development of the external genitalia
By the process of embryonic folding and formation of the body wall, external genital
progenitor cells which originate at the lateral edges of the lateral plate mesoderm form
the region of the external genitalia (Herrera and Cohn 2014). In the embryonic period,
th
so before the 8 week of development, the external genitalia are identical in the two
sexes (Fig. 8). It is in the differentiating phase that the genital tubercle of the fetus
differentiates under influence of androgens secreted by the testes in male fetuses into
the glans and dorsal part of the body of penis. Also, the coronary groove (coronary
sulcus) becomes more eminent in male fetuses, thereby delineating the glans from the
body of the penis. Without the influence of androgens, the genital tubercle becomes
the body and glans clitoris in female fetuses.
The genital swellings (labioscrotal swellings) constitute the labia majora in
females and the scrotum in males. In contrast, the labia minora in females are formed
by the urethral (urogenital) folds, which contribute to the ventral part of the body of
the penis in males. The urethral groove lies as a temporary linear indentation in
between the two urethral folds. Failure of urethral groove closure results in varying
degrees of hypospadias. The incidence of hypospadias approaches 0.4% of all male
newborns (Feldkamp et al. 2017). Hypospadias are located on the ventral side of the
penis and can concern the glans penis, (part of) the body of the penis, in the
penoscrotal or perineal regions and even a bifid penis can occur. In epispadias, a far
more rare malformation (Mouriquand 1998; Dees 1949), the urinary meatus is
localized on the dorsal side of the penis (dorsal cleft of the penis), or clitoris in females
(bifid clitoris). This condition often includes extrophy of the bladder, i.e. the
epispadias-extrophy complex, due to disruption of body wall closure (Herrera and
Cohn 2014; Mollard, Basset, and Mure 1997).
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“The less general structural relations are formed after the more general,
and so on until the most special appear.
The embryo of any given form, instead of passing through the state of other definite
forms, on the contrary separates itself from them.
Fundamentally the embryo of a higher animal form never resembles
the adult of another animal form, but only its embryo.”
Karl Ernst von Baer, 1828
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Abstract
Introduction: The hyoid-larynx complex is highly prone to anatomical variation. The
etiology of anatomical variants like Eagle's syndrome and the aberrant hyoid
apparatus can be explained from embryonic development. Modern textbooks
state that the hyoid bone body develops from second and third pharyngeal arch
cartilages and that thyroid cartilage derives from fourth and sixth arch
cartilages. This description, however, is incompatible with various anatomical
variants and it is unclear whether it was based on observations in human embryos or
on comparative embryology.
Material and Methods: Histological sections of 14 human embryos from the
Carnegie collection between Carnegie stage 17 and 23 (42-60 days) were
examined. Three-dimensional models were prepared in an interactive format. These
anatomical models provide crucial spatial information and facilitate interpretation.
Results: We observed a less complicated development of the hyoid-larynx
complex than as it is currently described in textbooks. The body of the hyoid bone
originates from a single growth center, without overt contributions from second
and third pharyngeal arch cartilages. The fourth and sixth arch cartilages were not
detected in human embryos; the thyroid and cricoid cartilages develop as
mesenchymal
condensations
in
the
neck
region.
Discussion: Despite new research techniques, theories about hyoid-larynx
complex development from the beginning of the twentieth century have not
been refuted properly and can still be found in modern literature. Based on
observations in human embryos we propose a new and relatively simpler
description of the development of the hyoid-larynx complex, to facilitate better
understanding of the etiology of anatomical variants.
Introduction
Anatomical variants of the hyoid-larynx complex have an incidence of 4-30% in the
general population (De Paz et al. 2012; de Santana Jr et al. 2006; Petrovic et al.
2008), with Eagle’s syndrome and the aberrant hyoid apparatus as most diagnosed
variants. Hyoid-larynx anomalies are of great importance for radiological
examination and surgery of the neck region. Because fractures in this region are
important indicators for strangulation and blunt trauma on the neck, significance of
this complex has been well recognized in forensic sciences. The embryonic
development of this complex, however, has been poorly described, and it is unclear
whether current descriptions, which form the basis for the explanation of the
development of these variants, are based on observations of original human
embryos or on comparative embryology.
Dwight stated already in 1907 that the process of hyoid-larynx
complex development provides a great diversity in shapes of the hyoid bone
(Pollanen and Ubelaker 1997). Therefore, it is of both clinical and forensic
relevance to describe normal embryonic development of the hyoid-larynx complex
in an understandable fashion. Descriptions of the development of this complex
in human embryos, however, are lacking. Modern textbooks provide conceptual
descriptions that are historically based on the comparative embryology of this
complex in other animals, instead of being traceable to observations in real human
embryos (Fig. 1B) (de Bakker et al. 2016). Furthermore, current theories about the
development of the hyoid-larynx complex from the second, third, fourth and sixth
pharyngeal arch cartilages remain inadequate in elucidating some of the observed
anatomical variants (de Bakker et al. submitted). Therefore, we initiated this study
based upon the analysis of sections of original human embryos.
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We studied the embryonic development of the hyoid-larynx complex in human
embryos from the Carnegie Collection in Silver Spring, MD, USA, to verify the
established scheme of the development of this complex from second, third, fourth and
sixth pharyngeal arch cartilages (Fig. 1B). Our data suggest a new and less complex
process (Fig. 1C), in which the body of the hyoid bone originates from a single growth
center, without overt contributions from second and third pharyngeal arch cartilages.
Furthermore, the fourth and sixth pharyngeal arch cartilages were not detected in
human embryos; the thyroid and cricoid cartilages develop as mesenchymal
condensations in the neck region.
The hyoid-larynx complex
The adult hyoid-larynx complex is described as the combination of the hyoid apparatus
or stylohyoid chain - consisting of the styloid processes of the temporal bones of the
skull, the stylohyoid ligaments and the lesser horns of the hyoid bone -, the body and
greater horns of the hyoid bone, the thyroid cartilage including its superior and
inferior horns, cricoid cartilage, arytenoid cartilages and their ligaments. A schematic
overview of the normal anatomy of the hyoid-larynx complex is shown in figure 1A.
As part of the viscerocranium, the hyoid bone is a solitary horseshoe-shaped
bone in the anterior midline of the neck, just above the thyroid cartilage, to which it is
connected with the medial and lateral thyrohyoid ligaments (D'Souza, Harish, and
Kiran 2010; Gok, Kafa, and Fedakar 2012; Leksan et al. 2005). The hyoid bone consists
of a body and two paired processes, the lesser and greater horns (Gok, Kafa, and
Fedakar 2012; Porrath 1969). The lesser and greater horns are normally united to the
quadrilateral shaped hyoid bone body by fibrous tissue or a true joint, which may
become ankylosed later in life (D'Souza, Harish, and Kiran 2010; Gok, Kafa, and
Fedakar 2012; Gupta et al. 2008; Hänsch 1977; Miller, Walker, and O'Halloran 1998;
Pollanen and Chiasson 1996; Porrath 1969; Soerdjbalie-Maikoe and van Rijn 2008;
Ubelaker 1992). The lesser horns are also known in literature as cornu minus, epihyal,
hypo-hyal or apohyal (Dwight 1907; Lesoine 1966) and the greater horn as cornu
majus.
Functionally, the hyoid bone aids in tongue movement and swallowing and it
maintains patency of the pharynx. It therefore serves as an anchor for the suprahyoid
muscles (digastric, stylohyoid, mylohyoid, geniohyoid and the middle pharyngeal
constrictor muscle) and the infrahyoid muscles (sternohyoid, omohyoid and
thyrohyoid) (Gray 2010; Urbanova et al. 2013; Schünke et al. 2006; Lesoine 1966).
The three auditory ossicles (i.e. malleus, incus and stapes) are not part of the
hyoid-larynx complex, but since they develop from first and second pharyngeal arch
cartilages they were also incorporated in this research.
Anatomical variants
The hyoid-larynx complex is one of the most polymorphic regions in the human body.
The hyoid bone reveals a large variance, most often due to the lack of symmetry in the
greater and lesser horns (Di et al. 2004; Papadopoulos, Lykaki-Anastopoulou, and
Alvanidou 1989; Pollanen and Ubelaker 1997). Common anatomical variations of the
hyoid bone can be found in the process of ankylosis of the joints between the hyoid
body with the greater and/or lesser horns. Ankylosis is a physiological process that
progresses with age (D'Souza, Harish, and Kiran 2010; Gok, Kafa, and Fedakar 2012;
Gupta et al. 2008; Hänsch 1977; Miller, Walker, and O'Halloran 1998; Pollanen and
Chiasson 1996; Porrath 1969; Soerdjbalie-Maikoe and van Rijn 2008; Ubelaker 1992).
Morphological variations of the hyoid bone are closely related to sex (Gok, Kafa, and
Fedakar 2012; Kindschuh, Dupras, and Cowgill 2012; Miller, Walker, and O'Halloran
1998; Urbanova et al. 2013), race (Gok, Kafa, and Fedakar 2012; Kindschuh, Dupras,
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and Cowgill 2010, 2012), body proportions (weight and length) (Pollard et al. 2011;
Urbanova et al. 2013) and age (D'Souza, Harish, and Kiran 2010; Gok, Kafa, and
Fedakar 2012; Gupta et al. 2008; Hänsch 1977; Miller, Walker, and O'Halloran 1998;
Pollanen and Chiasson 1996; Porrath 1969; Soerdjbalie-Maikoe and van Rijn 2008;
Ubelaker 1992; Urbanova et al. 2013). Multiple variations can be found in the same
person and variations can occur either unilaterally or bilaterally and even absence of
the hyoid bone has been reported (de Santana Jr et al. 2006; Di et al. 2004; Eagle 1958;
Vougiouklakis 2006). Hyoid abnormalities have been related to other clinical
conditions such as Pierre Robin Sequence, micrognatia and cleft lip and palate cases
(El Amm and Denny 2008; Gok, Kafa, and Fedakar 2012).
Significant anatomical variants can cause symptoms like foreign body sensation in the
throat (de Santana Jr et al. 2006; Eagle 1948, 1949; Lesoine 1966; Shul'ga, Zaitsev,
and Zaitseva 2006) and dysphagia (de Santana Jr et al. 2006; Lesoine 1966; Shul'ga,
Zaitsev, and Zaitseva 2006) in Eagle’s syndrome for example, or restriction of neck
movement (Lykaki and Papadopoulos 1988) and dysphagia (Dwight 1907) in the
aberrant hyoid apparatus. The main cause for Eagle’s syndrome can be found in partial
ossification of the stylohyoid ligament on the cranial side, providing elongation of the
styloid process (Shul'ga, Zaitsev, and Zaitseva 2006). Since there is a continuum
between Eagle’s syndrome and aberrant hyoid apparatus these variants are often
intermingled in literature, but Eagle’s syndrome proper only describes symptoms due
to anatomical variation of the styloid process, whereas in the aberrant hyoid apparatus
the complete stylohyoid chain may be affected.

Fig. 1. Conventional versus proposed view on the embryonic development of the hyoidlarynx complex. A: Lateral view of a schematic representation of the normal anatomy of the
adult neck region including anatomical annotations. B: The current opinion of the division of
the neck region in 5 pharyngeal arch zones, depicting the origin of each component of the
hyoid-larynx complex (Cochard 2012; Moore, Persaud, and Torchia 2016; Sadler 2015; Carlson
2014; Gok, Kafa, and Fedakar 2012; Lesoine 1966; Soerdjbalie-Maikoe and van Rijn 2008; Gray
2010; Hamilton, Boyd, and Mossman 1972; Schünke et al. 2006). C: Proposed view on the
development of the hyoid-larynx complex. Only the first three pharyngeal arch cartilages
develop as pharyngeal arch cartilages, the thyroid and cricoid cartilages develop separately from
each other from mesenchymal condensations. The body of the hyoid bone develops from one
growth center (anlage), without the contribution from the second and third pharyngeal arch
cartilages (Dwight 1907; Rodriguez-Vazquez et al. 2011).
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Materials and Methods
Fourteen human embryos of the Carnegie Collection, ranging in age from 42 to 60
days of development, corresponding to Carnegie stages 17 to 23 (O'Rahilly and Müller
1987; Streeter 1942), were used to study the development of the hyoid-larynx
complex. Histological sections of two specimens per stage were analyzed. Details
about the specimens can be found in table 1.
Detailed three-dimensional (3D) reconstructions of the hyoid-larynx
complex were made by manually segmenting each structure in histologically stained
sections, using the software package Amira (version 5.4, http://www.amira.com).
The segmented structures were: first pharyngeal arch cartilages (Meckel’s), second
pharyngeal arch cartilages (Reichert’s), greater horns of hyoid bone, the auditory
ossicles (i.e. malleus, incus and stapes), body of hyoid bone, thyroid cartilages, cricoid
cartilage, arytenoid cartilages and tracheal rings. Each structure was bilaterally
segmented in each embryo if present in the studied specimen. In the framework of the
making of an interactive three-dimensional digital atlas and quantitative database of
human development, all other organs and structures were reconstructed as well,
permitting reliable positioning of the hyoid-larynx complex relative to other
structures (de Bakker et al. 2016).
Interactive 3D models (3D-PDFs) of one specimen per stage were created in
order to clarify the three-dimensional appearance of the developing hyoid-larynx
complex. To this end, the Amira reconstructions were first processed in the open
source software package Blender version 2.68a (https://www.blender.org) to
reduce the number of polygons, which gives a reduction in file size and a smoother
appearance of the 3D model, without loss of significant detail. Thereafter, the 3D
model was exported into Adobe Acrobat 9 Pro Extended (http://www.adobe.com)
to create 3D-PDF files, containing all reconstructed structures per stage (de Boer et al.
2011). The 3D-PDF with all stages was added to this manuscript as supplementary data
and can be viewed with a recent version of Adobe Reader (freeware,
http://www.adobe.com).

4.2

5.1
Results
The reader is encouraged to read the results along with the interactive 3D-PDF file in
the online data supplement (accessible online).
An overview of the reconstructed specimens is given in figure 2. Stage 17 (4244 days) showed only the first faint signs of mesenchymal condensations in the neck
region. The first clearly distinguishable structures were the first and second
pharyngeal arch cartilages and the hyoid body anlage in stage 18 (44-48 days). In stage
18, this cylindrical shaped growth center is located ventrally along the cranio-caudal
axis in-between left and right second pharyngeal arch cartilage. In subsequent stages,
more mesenchymal derived cartilaginous tissue was added to this anlage until the
adult shape of the hyoid bone body was reached, as shown in figure 3. This anlage was
described by Rodríguez-Vázquez et al. as a triangular and plate-like condensation, but
the 3D reconstruction of this anlage in stage 18 reveals a mere cylindrical appearance
(Rodriguez-Vazquez et al. 2011). In the stage 18 embryo the auditory ossicles (i.e.
malleus, incus and stapes) could not be sufficiently separated yet and therefore this
region of mesenchymal condensation was referred to as ‘Bone-forming Region’. From
stage 19 (48-51 days) onwards, malleus, incus and stapes could be morphologically
clearly separated. In stage 19 the cartilaginous bars of the greater horns were
identified as third pharyngeal arch cartilages. Presence of a fourth and sixth
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cartilaginous bar as was expected from literature (Hamilton, Boyd, and Mossman
1972; Soerdjbalie-Maikoe and van Rijn 2008; Gray 2010; Cochard 2012; Gok, Kafa,
and Fedakar 2012; Carlson 2014; Sadler 2015; Moore, Persaud, and Torchia 2016) was
not confirmed. Instead, the shape of the thyroid cartilage was immediately discernable
as condensed mesenchyme in stage 19, without being preceded by a cartilaginous bar
of pharyngeal arch cartilage. In stage 20 (51-53 days) the shape of the cricoid cartilage
also became discernable as mesenchymal packaging. The first tracheal rings and the
arytenoid cartilages could first be distinguished in stage 22 (54-58 days). The hyoidlarynx complex in stage 23 (56-60 days) resembled that of stage 22.
Table 1. Overview of embryonic specimens used to examine the development of
the hyoid-larynx complex
CS

Origin

17

a

Year

CC

Specimen
#
6521

1933

CRL
(mm)
10.6

Sex

17

CC

6520

1932

12.2

18*

CC

6524

1933

9.7

18

CC

4430

1923

15.9

F

19*

CC

2114

1918

12.6

F

19

CC

8965

1952

17.7

20*

CC

462

1910

15.9

M

20

AMC

s2025

~1975

19.8

M

21*

CC

7254

1936

17.4

M

21

CC

4090

1922

19.4

F

22*

CU

895

1914

21.2

F

22

CC

H983

1962

28.0

M

23*

CC

950

1914

23.8

M

23

CC

9226

1954

30.0

M

Fixation
medium
Corrosive
Acetic Acid
Corrosive
Acetic Acid
Corrosive
Acetic Acid
Corrosive
Acetic Acid
Formalin
Zenker's
Formol
Formol
Bouin
Bouin
Formol
Formol
Formalin

a

Formalin
Formol

Staining
Alum cochineal
(i.e. carmine)
Alum cochineal
(i.e. carmine)
Aluminum
Cochineal
Alum cochineal
(i.e. carmine)
Aluminum
Cochineal
Borax Carmine Orange G
Aluminum
Cochineal
Haematoxylinazophloxine
Hematoxylin and
Eosin
Alum cochineal
(i.e. carmine)
Aluminum
Cochineal
HE / trichrome /
silver
Aluminum
Cochineal
Azan

Z-res
(μm)
10.0
17.9
10.2
37.2
40.8
60.7
42.4
30.5
60.1
99.6
50.5
53.0
42.7
144.3

CS: Carnegie stage Origin of the specimen: CC, Carnegie Collection: National Museum of Health and
Medicine, US Army, Silver Spring, MD, USA; AMC, Academic Medical Center, University of
Amsterdam, The Netherlands; CU, Cambridge University, United Kingdom. CRL: crown-rump length
in mm. Z-res: Calculated Z-resolution in μm
* A three-dimensional reconstruction of this specimen is included in the supplementary 3D-PDF.
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Discussion
A new description for hyoid-larynx development
As compared with current descriptions in literature (Fig. 1B) (Hamilton, Boyd, and
Mossman 1972; Soerdjbalie-Maikoe and van Rijn 2008; Gray 2010; Cochard 2012;
Gok, Kafa, and Fedakar 2012; Carlson 2014; Sadler 2015; Moore, Persaud, and Torchia
2016), we observed a less complicated development of the hyoid-larynx complex from
only the second and third pharyngeal arch cartilage, in combination with a single hyoid
body anlage (Dwight 1907; Rodriguez-Vazquez et al. 2011). The fourth and sixth
pharyngeal arch cartilages that were expected to give rise to thyroid and cricoid
cartilages were not observed as cartilaginous bars. Instead, the thyroid and cricoid
were immediately discernable as mesenchymal condensations in the neck region,
without being preceded in their development by a cartilaginous bar (Fig. 1C).
The textbook view on the development of the hyoid-larynx complex (Fig. 1B)
states that the body of the hyoid bone derives from second and third pharyngeal arch
cartilages, contributing to the upper and lower part of the hyoid bone body,
respectively (Hamilton, Boyd, and Mossman 1972; Soerdjbalie-Maikoe and van Rijn
2008; Gray 2010; Cochard 2012; Gok, Kafa, and Fedakar 2012; Carlson 2014; Sadler
2015; Moore, Persaud, and Torchia 2016). Anatomic variations that match this notion
of a dual origin of the body of the hyoid bone have not been reported. Also, the
development of the thyroid cartilage is described as a joint contribution of fourth and
sixth pharyngeal arch cartilages in the same fashion as the hyoid bone body, with an
upper part derived from the fourth pharyngeal arch cartilage and a lower part derived
from the sixth pharyngeal arch cartilage (Hamilton, Boyd, and Mossman 1972;
Tuchmann-Duplessis and Haegel 1974; Cochard 2012; Carlson 2014; Sadler 2015).
Again, variants which fit in such a description of the dual origin of the thyroid cartilage
have not been reported and it remains ambiguous why the fifth pharyngeal arch
cartilage is not mentioned in human development of this complex.
The evolutionary development of the hyoid-larynx complex can be deduced
from comparative anatomy between animal species (Romer 1962). The hyoid-larynx
complex is thought to derive from a series of arcuate structures, i.e. the pharyngeal
arch cartilages, that develop into the branchial arches or gill arches in fish. Some of the
most primitive chordates have over 50 pairs of gills. The more basic vertebrates such
as jawless fish usually have seven pairs of cartilaginous gill arches. The more advanced
vertebrates as cartilaginous fish display five to seven pairs of gill arches and bony fish
only have three pairs. It is therefore to be expected that further advanced vertebrates
like humans do not display more than three pairs of pharyngeal arch cartilages during
embryonic development. In human embryos, we indeed observed only the first three
cartilaginous bars of the pharyngeal arches, whereas the presence of a fourth and a
sixth cartilaginous bar was expected based on the established literature concerning
human development (Hamilton, Boyd, and Mossman 1972; Soerdjbalie-Maikoe and
van Rijn 2008; Gray 2010; Cochard 2012; Gok, Kafa, and Fedakar 2012; Carlson 2014;
Sadler 2015; Moore, Persaud, and Torchia 2016). We therefore propose that the
cartilaginous structures caudal of the third pharyngeal arch cartilage, i.e. the thyroid,
cricoid and arytenoid cartilages, develop directly from pharyngeal arch derived
mesenchyme, instead of being preceded in their development by a cartilaginous bar.
The rationale behind the textbook view on development of the hyoid-larynx
complex (Fig. 1B) can be explained by the strong influence of the recapitulation
theory by Ernest Haeckel (Haeckel 1891). This theory describes that animals go
through the evolutionary stages of their remote ancestors during embryonic
development. In this conventional view, segmented pharyngeal arch cartilages join
together to form a hyoid-larynx complex. Authors were, particularly before the 1930s,
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often inspired by Haeckels recapitulation theory and tried to incorporate the anatomy
of more basic vertebrates in their view on human development (Haeckel 1891). From
that time on, modern laboratory animals and lab techniques became available for
researchers, but despite these new techniques, theories from the beginning of the
twentieth century have not been refuted properly and can still be found in modern
papers and textbooks. We propose a new and simpler theory on the development of
the hyoid-larynx complex based on findings in human embryos (Fig. 1C), hoping that
in future literature it will replace the ancient animal-based schemes.

Fig. 2. Developmental series of embryonic development of the hyoid-larynx complex. A:
Lateral view on the six reconstructed stages of embryonic development. From left to right stage
18 (44-48 days), 19 (48-51 days), 20 (51-53 days), 21 (53-54 days), 22 (54-58 days) and 23 (56-60
days) are shown. An interactive three-dimensional PDF, containing these reconstructions, is
incorporated in the supplementary data. Cr: cranial, Ca: caudal, V: ventral, D: dorsal. B:
Detailed ventral view on the developing hyoid-larynx complex. The colors are explained in the
legend. Cr: cranial, Ca: caudal, L: left, R: right. Note how the hyoid body anlage develops in
stage 18 (44-48 days), the greater horns (third pharyngeal arch cartilages) and thyroid
cartilages develop in stage 19 (48-51 days) and the cricoid cartilage first arises in stage 20 (51-53
days). It takes approximately 55 days for the tracheal rings to develop.
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Clinical and Forensic relevance
The hyoid-larynx complex is one of the most polymorphic regions in the human body.
Fractures in this complex occur often in a forensic setting and are one of the best
indicators of strangulation or other instances of blunt trauma on the neck (Gok, Kafa,
and Fedakar 2012; Kindschuh, Dupras, and Cowgill 2010; Urbanova et al. 2013).
However, a fracture of these structures is not necessary to conclude these types of
trauma as presence of a hemorrhage in the neck region is a strong indicator for these
diagnoses. In forensic examination of the hyoid-larynx complex, great care should be
taken since some anatomical variants mimic fractures in the hyoid-larynx complex (de
Bakker et al. submitted). Furthermore, symptoms of anatomical variants in the hyoidlarynx complex are often not recognized by clinicians (Shul'ga, Zaitsev, and Zaitseva
2006). It is therefore advisable that clinicians involved in the examination of the neck
(e.g. otolaryngologists, surgeons, radiologists and dentists) and forensic experts in
particular take note of the development and anatomical variety of the hyoid-larynx
complex.

4.2

5.1
Fig. 3. Histological sections of six human embryonic specimens between Carnegie stage 18
and 23. The arrow indicates the hyoid body anlage in stages 18 to 21, which becomes fully
incorporated in the hyoid bone in stages 22 and 23. The plane and level of sectioning is shown in
every right upper corner. A: stage 18 (44-48 days) specimen 6524. B: stage 19 (48-51 days)
specimen 2114. C: stage 20 (51-53 days) specimen 462. D: stage 21 (53-54 days) specimen 7254.
E: stage 22 (54-58 days) specimen 895. F: stage 23 (56-60 days) specimen 950.

209

5.1

3 D A TLAS OF H UMAN E MBRYOLOGY
Conclusion
A solid basic knowledge of the embryonic development of the hyoid-larynx complex
enables understanding of the etiology of various anatomical variants. It is therefore of
utmost importance that embryonic development of the hyoid-larynx complex is
known by clinicians and forensic experts. We propose that the development of the
hyoid-larynx complex is less complicated than as it is described in modern textbooks.
The second and third pharyngeal arch cartilages contribute to the formation of the
styloid process and lesser and greater horns of the hyoid bone. The hyoid bone body
however, derives from the hyoid body anlage without overt contributions from
second and third pharyngeal arch cartilages. The fourth and sixth pharyngeal arch
cartilages were not observed as cartilaginous bars. So instead of being preceded in
their development by the fourth and sixth pharyngeal arch cartilages, the thyroid and
cricoid were immediately discernable as mesenchymal condensations in the neck
region.
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“Let us only imagine that birds had studied their own development and that it was
they in turn who investigated the structure of the adult mammal and of man.
Wouldn't their physiological textbooks teach the following?
Those four and two-legged animals bear many resemblances to embryos, for their
cranial bones are separated, and they have no beak, just as we do in the first live or
six days of incubation; their extremities are all very much alike, as ours are for about
the same period; there is not a single true feather on their body, rather only thin
feather-shafts, so that we, as fledglings in the nest, are more advanced than they
shall ever be ... And these mammals that cannot find their own food for such a long
time after their birth, that can never rise freely from the earth, want to consider
themselves more highly organized than we?”
Karl Ernst von Baer, 1828
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Abstract
Introduction: The hyoid-larynx complex is one of the most polymorphic regions in
the human body. Anomalies of this complex, e.g. Eagle's syndrome and the
aberrant hyoid apparatus, are of great importance for radiological examination and
surgery of the neck region. The significance of this complex has also been well
recognized in forensic sciences, as fractures in this complex are important
indicators for strangulation or blunt trauma on the neck. We aimed to provide an
overview of the anatomical variations of the hyoid-larynx complex and explain their
etiology based on its development.
Material and Methods: To assemble an overview of the deviations from
normal anatomy, 284 radiological scans of excised hyoid-larynx were
examined and supplemented with rare cases described in literature and from a
historical anatomical collection.
Results: Two third of the examined hyoid-larynx complexes deviated from the
anatomical standard. This was mostly due to minor variations like age-dependent
ankylosis of the hyoid and presence of triticeal cartilages in the lateral
thyrohyoid ligament. One fifth of the cases, however, comprised striking
anatomical variants, mostly in the trajectory of the second pharyngeal arch cartilage.
Discussion: Our recent observations on the development of the hyoidlarynx complex in human embryos explains the etiology of a variety of anatomical
variations. Eagle's syndrome and the aberrant hyoid apparatus should be
considered as two expressions of one entity, preferably referred to as ‘second
pharyngeal arch cartilage anomalies’. As some variants mimic a fracture of the
hyoid-larynx complex, we emphasize the importance of our work for forensic
experts.
Introduction
Anatomical variations of the hyoid-larynx complex occur in 4-30% of the
general population (De Paz et al. 2012; de Santana Jr et al. 2006; Petrovic et al.
2008; Naimo et al. 2015). Anomalies of this complex are of great importance
for radiological examination and surgery of the neck region (De Paz et al. 2012;
Gok, Kafa, and Fedakar 2012). The significance of anomalies has also been well
recognized in forensic sciences, as fractures in this complex are important
indicators for strangulation and blunt or penetrating trauma on the neck (Gok,
Kafa, and Fedakar 2012; Kindschuh, Dupras, and Cowgill 2010; Urbanova et al.
2013; Saukko 2015).
The aim of this study was to provide an overview of variations in the hyoidlarynx complex and explain their etiology based on its development. Our data
will be discussed in the light of the currently available literature concerning
clinical and forensic relevance, providing an overview of this highly polymorphic
complex, from development to death.
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Anatomical variants
Normal anatomy
The normal adult hyoid-larynx complex (Fig. 1A) is described as combination of hyoid
apparatus (i.e. styloid processes, stylohyoid ligaments and lesser horns of the hyoid),
body and greater horns of the hyoid bone, uncalcified thyroid-, cricoid- and arytenoid
cartilages and their ligaments proper. The thyroid cartilage encompasses its superior
and inferior horns. No additional cartilaginous structures are present in the trajectories
of the stylohyoid ligaments, median thyrohyoid ligament and lateral thyrohyoid
ligaments and no ankylosis of the joints between hyoid body and greater and/or lesser
horns has occurred. Normal length of the styloid process is generally described as 2030 mm (De Paz et al. 2012; de Santana Jr et al. 2006; Eagle 1949, 1958; Wellinger,
Dugast, and Desnos 1966).

5.1
Fig. 1. Overview of the normal adult human anatomy of the neck region. A: Lateral view of
a schematic representation of the normal anatomy of the adult neck region. B: Ventral view of
the hyoid bone, thyroid and cricoid region with emphasis on the anatomical structures
mentioned in this paper. Note that the arytenoid cartilages (dashed lines) lie in fact dorsally of
the thyroid cartilage.

Minor variations
Minor variations in hyoid-larynx comprise age-related fusion of the body with greater
and/or lesser horns by ankyloses of the joints (Fig. 2A2-6), age-related calcification
of the thyroid and presence of a triticeal cartilage in the lateral thyrohyoid ligament
(Fig. 2D2) (Di et al. 2004; Pollanen and Chiasson 1996; Soerdjbalie-Maikoe and van
Rijn 2008; Watanabe, Kurihara, and Murai 1982; Radlanski and Renz 2010).
Morphological variations of the hyoid are closely related to sex (Gok, Kafa, and
Fedakar 2012; Kindschuh, Dupras, and Cowgill 2012; Miller, Walker, and O'Halloran
1998; Urbanova et al. 2013), race (Gok, Kafa, and Fedakar 2012; Kindschuh, Dupras,
and Cowgill 2010, 2012), body proportions (Pollard et al. 2011; Urbanova et al. 2013)
and age (D'Souza, Harish, and Kiran 2010; Gok, Kafa, and Fedakar 2012; Gupta et al.
2008; Hänsch 1977; Miller, Walker, and O'Halloran 1998; Pollanen and Chiasson
1996; Porrath 1969; Soerdjbalie-Maikoe and van Rijn 2008; Ubelaker 1992; Urbanova
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et al. 2013). European hyoids are broader and shorter than African ones (Kindschuh,
Dupras, and Cowgill 2012). Distal ends of the greater horns are significantly longer in
women than in men (Gok, Kafa, and Fedakar 2012; Miller, Walker, and O'Halloran
1998; Pollanen and Ubelaker 1997), whereas male hyoids are generally larger than
female ones (Jelisiejewa, Szmurlo, and Kuduk 1968; Miller, Walker, and O'Halloran
1998; Reesink et al. 1999; Shimizu et al. 2005). Inward curving and flattening of the
greater horns are typical for the male hyoids (Urbanova et al. 2013). Furthermore,
male hyoids are more susceptible to age modifications (Urbanova et al. 2013). Besides
that, males show a higher degree of thyroid ossification, ultimately leading to the
completely ossified os thyroideum (Jurik 1984; Di et al. 2004). Finally, hyoid muscle
attachment sites also show some individual variation. These minor variations occur so
often that they cannot be considered as anatomical variants (Soerdjbalie-Maikoe and
van Rijn 2008).
Age-related ankylosis
Recently, hyoid bone density and ankyloses of the joints between hyoid body and
greater and/or lesser horns are getting more attention as possible predictor for age
and sex in victim identification (Fisher et al. 2016; Naimo et al. 2015). Age-related
ankylosis (Fig. 2A2-6) is a physiological process that increases with age (D'Souza,
Harish, and Kiran 2010; Gok, Kafa, and Fedakar 2012; Gupta et al. 2008; Hänsch 1977;
Miller, Walker, and O'Halloran 1998; Pollanen and Chiasson 1996; Porrath 1969;
Soerdjbalie-Maikoe and van Rijn 2008; Ubelaker 1992). D’Souza reported a mean age
of unilateral (Fig. 2A4-5) and bilateral (Fig. 2A2-3) fusion in males of 39.9 and 41.77
years respectively and in females of 37.5 and 45 years (D'Souza, Harish, and Kiran
th
th
2010). Body and greater horns usually do not fuse until the 35 to 45 year (Porrath
1969; Pendergrass, Hodes, and Schaeffer 1956) and they might even never fuse
(Hänsch 1977; Porrath 1969). Fusion was not reported before the age of 18 (Vanezis
1989) or 20 (D'Souza, Harish, and Kiran 2010; Fisher et al. 2016). Non-fusion (Fig.
2A1) or unilateral fusion (Fig. 2A4-5) has been found in people after the age of 60,
which makes this process highly polymorphic (D'Souza, Harish, and Kiran 2010;
Miller, Walker, and O'Halloran 1998). Miller et al. suggested that fusion is not a
continuous ageing process, but that genetic predisposition is the driving force behind
this process (Miller, Walker, and O'Halloran 1998). Furthermore, sex seems to be of
no importance to the fusion process (D'Souza, Harish, and Kiran 2010; Miller, Walker,
and O'Halloran 1998). Therefore, fusion of the hyoid body with the greater horns can
therefore not be used as an indicator for age or sex (D'Souza, Harish, and Kiran 2010).
Pharyngeal arch cartilage anomalies
Significant anatomical variants are due to the persistence of embryological cartilage
(Dwight 1907). One example is the complete ossification of the lateral thyrohyoid
ligament between greater horns of the hyoid bone and superior horns of the thyroid
cartilage, called the congenital hyothyroid bar (Fig. 2D6-7) (Dwight 1907; Porrath
1969). Other cases comprise anomalies of the second pharyngeal arch cartilage, such
as stylohyoid syndrome (Eagle’s syndrome) (Fig. 2E2) and the aberrant hyoid apparatus
(Fig. 2E3-7). The exact incidence of anatomical changes in the stylohyoid chain is
difficult to determine, since Eagle’s syndrome and the aberrant hyoid apparatus are
often intermingled in literature (De Paz et al. 2012). It seems to vary from 4% or 5%
(De Paz et al. 2012; de Santana Jr et al. 2006; Petrovic et al. 2008) to 28% or 30% (de
Santana Jr et al. 2006; Shul'ga, Zaitsev, and Zaitseva 2006). Less than 10% of the
patients in this group displays clinical symptoms (Chiang, Chang, and Chou 2004; De
Paz et al. 2012; de Santana Jr et al. 2006; Petrovic et al. 2008).
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Fig. 2. The anatomical variations of the hyoid-larynx complex. Normal anatomy is shown in the first
vertical column. The hyoid bone is shown in purple, second pharyngeal arch cartilage derivatives are shown
in blue, third pharyngeal arch cartilage derivatives are shown in yellow and the thyroid complex and the
thyrohyoid ligaments are shown in red. Cr: cranial, Ca: caudal, L: Lateral, V: ventral, D: dorsal. Each arrow
indicates the location of the variation. The A row shows the normal anatomy of the hyoid bone (A1) and
various degrees of ankylosis in ventral view (A2-A6). Ankylosis of the joints of the hyoid bone is considered
as normal variation and happens frequently during ageing. A7: Two examples of exostoses of the hyoid bone
body; median process and split median process (Di et al. 2004). The B row shows anatomical variations of
the greater horn of the hyoid bone in lateral view. B1: normal anatomy, B2: Hypoplastic, B3: Intermittent,
note the ankylosis between body and greater horn, B4: Exostosis, B5: Curving upward, B6: Curving
downward, B7: Accessory bone. The C row shows the anatomical variations of the lesser horn of the hyoid
bone in ventral view. C1: Normal anatomy, C2: Unilateral absence, C3: Bilateral absence, C4: Hypoplastic,
C5: Unilateral hyperplastic, C6: Bilateral hyperplastic, C7: Asymmetrical hyperplastic. The D2-6 show the
anatomical variations of the thyrohyoid membrane and of the body of the hyoid bone in lateral view. D1:
Normal anatomy, D2: The uni- or bilateral physiological triticeal cartilage is so common that it’s not
considered as an anatomical variation but merely as a variation. D3: Non fusion of the superior horn of the
thyroid to the thyroid cartilage, this could easily be mistaken for a fracture. D4: Unilateral hypoplastic
superior horn of the thyroid cartilage. D5: Uni- or bilateral (P van Driessche, personal communication)
absence of the superior horn of the thyroid cartilage. D6: An articulating connection between the greater
horn of the hyoid bone and the superior horn of the thyroid cartilage. D7: The same as in D6 but with a
triticeal cartilage interposed between the two horns. D8: Rare case with a nearly circumferential ankylosed
hyoid bone (caudal view) (Klovning and Yursik 2007). The E row shows a lateral view on the anatomical
variations of the stylohyoid complex and the stylohyoid ligament, the latter was subdivided by Olivier in 1923
in 3 main types (Lykaki and Papadopoulos 1988). E1: Normal anatomy, E2: Elongation of the styloid process
(SP); Eagle’s syndrome. E3: A keratohyal (KH) bone in the stylohyoid ligament. E4: Fundamental type with
three bones (stylohyal (SH), keratohyal (KH) and hypohyal (HH)). E5: Major type A (stylohyal, keratohyal,
keratohyal and hypohyal). E6: Major type B (stylohyal, keratohyal, keratohyal, hypohyal and hypohyal). E7:
Restricted type with a fused keratohyal and hypohyal bone, the so called keratohypohyal (KHH) bone.
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Aberrant hyoid apparatus
Dwight stated in 1907 that Marchetti of Padua’s report from 1652 was the earliest
reference to the aberrant hyoid apparatus (Dwight 1907), also known as
(incompletely or completely) ossified hyoid apparatus (Lykaki and Papadopoulos
1988; Porrath 1969; Vougiouklakis 2006). Reichert noted the anatomical connection
between styloid process and hyoid in 1837, and assigned its origin to the second
pharyngeal arch cartilage (Reichert 1837). The hyoid apparatus consists of styloid
process, stylohyoid ligament and lesser horn of the hyoid (De Paz et al. 2012; Porrath
1969; Vougiouklakis 2006; Wellinger, Dugast, and Desnos 1966). This chain is
completely derived from the second pharyngeal arch cartilage (Reichert’s) and can be
subdivided into five, or even seven (Wellinger, Dugast, and Desnos 1966),
osteocartilaginous elements from the base of the cranium to the hyoid (Table 1) (von
Lanz and Wachschmuth 1955; De Paz et al. 2012; Dwight 1907; Eagle 1958; Harburger
1925; Lesoine 1966a; Marcucci 1959; Petrovic et al. 2008; Vougiouklakis 2006;
Wellinger, Dugast, and Desnos 1966). In 1923 Olivier designated the (partly) ossified
hyoid apparatus into three main types, depending on the number of bones in the
trajectory of the hyoid apparatus (Table 1) (Lykaki and Papadopoulos 1988).
Partial ossification of the hyoid apparatus is not uncommon but the
appearance of a complete bony chain is rare in humans (Vougiouklakis 2006). This
condition is usually bilateral where both sides can differ in symmetry (Dwight 1907),
but it also occurs unilaterally (Dwight 1907; Porrath 1969; Vougiouklakis 2006). This
chain passes between internal and external carotid arteries (Dwight 1907). There is
usually some movement possible by a joint or a ligamentous connection between
different parts of the chain or at least between the ossified chain and hyoid body
(Dwight 1907).
Table 1. Terminology concerning the (ossified) hyoid apparatus, as described by
Olivier
Terminology concerning the hyoid apparatus from cranial to caudal
Tympanohyal
Intrapetrosic part of the styloid process
Stylohyal
Styloid process
Keratohyal
Stylohyoid ligament
Accessory Keratohyal Stylohyoid ligament
Hypohyal
Lesser horn hyoid bone
Three types of ossified hyoid apparatus described by Olivier

Fig.

The fundamental type with 3 bones
> stylohyal, keratohyal and hypohyal

2E4

The mayor type A with 4 bones
> stylohyal, keratohyal, accessory keratohyal and hypohyal

2E5

The mayor type B with 5 bones
> stylohyal, keratohyal, accessory keratohyal, accessory hypohyal
and hypohyal
The restricted type with 2 bones
> stylohyal and the keratohypohyal (= fused keratohyals and
hypohyal)

2E6
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2E7

%
cases
64%

12%

24%
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The aberrant hyoid apparatus is hypothesized to originate from persisting second
pharyngeal arch cartilage that continued to grow and gradually ossified into a bony
chain (Dwight 1907; Wellinger, Dugast, and Desnos 1966). The joints in the chain
often show some degree of bone clubbing, which implies a continuation of growth
(Dwight 1907).
Symptoms include difficulty in swallowing (Dwight 1907) and restriction of
neck movement (Lykaki and Papadopoulos 1988), but they rarely occur before the age
of 40 because of the age dependent ossification of the cartilaginous bar
(Vougiouklakis 2006). However, striking examples have also been seen in children
(Porrath 1969). Associated compressive pathologies (De Paz et al. 2012), like
glossopharyngeal neuralgia (Graf 1959) or referred pain due to irritation of the
sensory nerve branches (Frommer 1974) have been noted. Also, arterial anomalies in
the affected region are not uncommon (Vougiouklakis 2006).
Eagle’s syndrome
The stylohyoid syndrome, or Eagle’s syndrome (Fig. 2E2), describes a collection of
clinical symptoms related to anomalies in size and location of the styloid process,
which disturbs surrounding anatomical structures (Chi and Harkness 1999; De Paz et
al. 2012; de Santana Jr et al. 2006; Eagle 1948, 1949, 1958, 1962; Lesoine 1966a;
Petrovic et al. 2008; Porrath 1969; Shul'ga, Zaitsev, and Zaitseva 2006). This
condition may be uni- or bilateral and varies in severity (Eagle 1949, 1958). The styloid
process consists of the tympanohyal and stylohyal part (Table 1) (Dwight 1907; Eagle
1958). This cylindrical, needle shaped bone, with a cartilaginous tip that normally lies
between the internal and external carotid artery, projects ventrocaudally from the
inferior side of the petrous bone (De Paz et al. 2012; Eagle 1949, 1958). It provides an
anchorage for the stylopharyngeus, stylohyoid and styloglossus muscles (De Paz et al.
2012). During normal development, the cranial part of the second pharyngeal arch
cartilage ossifies and forms the styloid process, which is connected to the lesser horn
of the hyoid through the stylohyoid ligament (Reichert 1837). There is no agreement
on normal length of the styloid process (Shul'ga, Zaitsev, and Zaitseva 2006). It is
described as 20-30 mm (De Paz et al. 2012; de Santana Jr et al. 2006; Eagle 1948, 1949,
1958; Wellinger, Dugast, and Desnos 1966), 30-35 mm (Shul'ga, Zaitsev, and Zaitseva
2006) or even 45 mm (Jung et al. 2004). The length might be age dependent since an
elongated process is more often observed in patients of 30 years and older (De Paz et
al. 2012; de Santana Jr et al. 2006; Eagle 1949; Jung et al. 2004) though it has recently
also been described in a 9-year-old boy (Garriz-Luis et al. 2017).
The otolaryngologist Watt Eagle described two clinical presentations of
stylohyoid syndrome (Eagle 1948, 1949, 1958, 1962). First the more common classic
type, which is characterized by foreign body sensation in the throat (de Santana Jr et
al. 2006; Eagle 1948, 1949; Lesoine 1966a; Shul'ga, Zaitsev, and Zaitseva 2006) and
dysphagia (de Santana Jr et al. 2006; Lesoine 1966a; Shul'ga, Zaitsev, and Zaitseva
2006). The recurrent dull and not sharply localized facial and cervical pain (Chi and
Harkness 1999; de Santana Jr et al. 2006; Eagle 1948, 1949; Petrovic et al. 2008;
Porrath 1969; Shul'ga, Zaitsev, and Zaitseva 2006), radiates towards temporomandibular joint (Eagle 1962; Shul'ga, Zaitsev, and Zaitseva 2006), mandible
(Shul'ga, Zaitsev, and Zaitseva 2006), maxillar or mandibular teeth (Shul'ga, Zaitsev,
and Zaitseva 2006), ear (De Paz et al. 2012; de Santana Jr et al. 2006; Eagle 1948;
Porrath 1969; Shul'ga, Zaitsev, and Zaitseva 2006), mastoid region (de Santana Jr et
al. 2006), neck (De Paz et al. 2012; Shul'ga, Zaitsev, and Zaitseva 2006), tongue (De
Paz et al. 2012), and throat. Pain usually increases toward the end of the day, with
turning of the head and after long speaking or singing (Shimada and Gasser 1988;
Shul'ga, Zaitsev, and Zaitseva 2006). Eagle also included all cases with distortion of

221

5.1
5.1
5.2

3 D A TLAS OF H UMAN E MBRYOLOGY
nerve function by the elongated styloid process, involving sensory and motor fibers of
th
th
th
th
the 5 , 7 , 9 and 10 cranial nerves (Eagle 1948; Lesoine 1966a). Patients can suffer
from increased salivation (de Santana Jr et al. 2006; Eagle 1948), a distorted sensation
of taste (Eagle 1948), esophageal and pharyngeal spasms and recurrent coughing
(Eagle 1948; Lavallee and Turcotte 1984). The above described symptoms generally
occur immediately after tonsillectomy and Eagle believed that the cause of the
symptoms was the scar tissue formation, stretching the nerve endings (Eagle 1948,
1949; Petrovic et al. 2008).
In the second clinical presentation of stylohyoid syndrome, the stylo-carotid
syndrome, symptoms are found along the distribution of the internal or external
carotid artery, due to impingement on the vessel. The styloid process affects the
circulation of the carotid arteries and induces irritation of sympathetic nerves in their
arterial sheaths (Eagle 1949; Lesoine 1966a). With an affected internal carotid artery,
patients will complain of parietal headaches and pains in the distribution area of the
ophthalmic artery (Eagle 1948, 1949; Lesoine 1966a; Petrovic et al. 2008). The
elongated styloid process can push the internal carotid artery laterally, which may be
painful on palpation (Eagle 1948). When the external carotid artery is affected, pain
will be referred to the temple and infraorbital region (Eagle 1949; Lesoine 1966a).
There is even a hypothesis that tinnitus can be caused by stylo-carotid syndrome. This
could be explained because pulsating waves from the artery are conducted through
the elongated styloid process towards skull and cochlea (Eagle 1948; Lesoine 1966a).
A vegetative syndrome, including pallor, sweating, hypotension and even
brief loss-of-consciousness episodes, due to irritation of the carotid perivascular
plexus or carotid body by the elongated styloid process, has also been reported (De
Paz et al. 2012; de Santana Jr et al. 2006; Lesoine 1966a; Warot 1976). Wilmoth and
Leger described this phenomenon as ‘Syncope styloidea’, which occurred in patients
with a combination of a high bifurcation of the common carotid artery and an
elongated styloid process (Lesoine 1966a).
The elongated styloid process can be palpated in the tonsillar fossa during
clinical examination (de Santana Jr et al. 2006; Eagle 1948). For radiological imaging,
the computed tomography (CT) preferably with 3D reconstruction is the modality of
choice (de Santana Jr et al. 2006; Petrovic et al. 2008). Sagittal CT-angiography can
be useful in diagnosing stylo-carotid syndrome.
Differential diagnostic considerations for Eagle’s syndrome are numerous
cranio-facio-cervical pain syndromes (De Paz et al. 2012; Petrovic et al. 2008), e.g.
neuralgias of the glossopharyngeal nerve, trigeminal nerve (De Paz et al. 2012) and
pterygopalatine ganglion (Eagle 1949), temporomandibular disorders (Eagle 1949;
Zaki et al. 1996), dental problems (De Paz et al. 2012; Eagle 1949), cervical
arthropathies or pharyngeal infections and tumors (De Paz et al. 2012).
Therapy consists of conservative management with anti-inflammatory drugs and
analgesics, or transoral surgical resection of the styloid apophysis (de Santana Jr et al.
2006; Eagle 1948; Lesoine 1966a; Petrovic et al. 2008), an operation that has been
performed since 1872 (Eagle 1958).
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Materials and Methods
Radiology
Two-hundred eighty-four excised hyoid-larynx complexes were radiologically
examined and collected in a forensic-radiological database between 2002 and 2013 (de
Bakker et al. 2016). Age ranged from 0 to 98 years (mean: 44 years), male-female
ratio was 1:1. Radiological examination of the excised complexes in 8 directions started
in the early 2000s with the use of a mammograph and was then continued by
radiography in 8 directions with a digital bucky and CT of the excised complex. This
combination became the gold standard. In later phases of the study a whole-body CT
was often performed before autopsy, in addition to radiological examination of the
excised complex with bucky and CT. The complex could then be virtually extracted
from the whole-body CT dataset: see de Bakker et al (2016) for protocols (de Bakker
et al. 2016). An independent researcher together with an experienced radiologist
scored all radiological cases for deviations from standard anatomy as shown in figure
1.
Vrolik specimens
In addition to the radiological cases, we studied some profound cases with anatomical
variants from the anatomical museum of the Academic Medical Center of the
university of Amsterdam, Museum Vrolik (de Rooy and van den Bogaard 2010).
Images of these cases served as illustration of rare variants.
Results
Radiological examination of the 284 excised hyoid-larynx complexes showed that
only 37% met the anatomical standard (Fig. 1). A remarkable 63% of the 284 cases
showed various degrees of anatomical variants. Two variations were most observed:
the age-dependent uni- or bilateral ankylosis of the hyoid body with the greater horns
(n=33 and 70 respectively) and uni- or bilateral presence of triticeal cartilages in the
lateral thyrohyoid ligament (n=11 and 12 respectively) (Table 2). These minor
variations do not have clinical implications. Nineteen percent of this sample of 284
excised complexes, however, portrayed relevant anatomical variants (Table 2, last
column).
All variations found in this study (Table 2) supplemented with rare cases described in
literature and from Museum Vrolik were summarized in figure 2, in an attempt to
provide an overview of all currently known deviations from normal anatomy of the
hyoid-larynx complex. Moreover, 27 out of 33 cases with unilateral fusion between
hyoid body and greater horn from which laterality and sex were known, were
tabulated in table 3. Right sided fusion was observed more frequently (n=17) than left
sided fusion (n=10) in both sexes.
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Table 2. Overview of hyoidal and stylohyoidal variations found in 284 forensic
radiological hyoid-larynx scans
Variation

Panel
figure 2

#
Cases

Percentage of
284

Corrected
%*

Hyoid body
Bilateral ankylosis body with
A2/A3
70
24.6
greater horns
Unilateral ankylosis body with
A4/A5
33
11.6
greater horns
Unilateral ankylosis greater and
A6
2
0.7
0.7
lesser horn
Exostosis median process
A7
7
2.5
2.5
Subtotal
112
39.4
3.2
Hyoid greater horn
Hypoplastic on one side
B2
1
0.4
0.4
Intermittent, ankylosis body and
B3
1
0.4
0.4
greater horn
Exostosis
B4
1
0.4
0.4
Curved upwards
B5
2
0.7
0.7
Curved downward
B6
1
0.4
0.4
Accessory bone
B7
3
1.1
1.1
Articulates with superior horn
D6
1
0.4
0.4
Articulates with triticeal and
D7
1
0.4
0.4
superior horn
Subtotal
11
3.9
3.9
Hyoid lesser horn
Unilateral absence
C2
9
3.2
3.2
Bilateral absence
C3
7
2.5
2.5
Hypoplastic on both sides
C4
1
0.4
0.4
Unilateral hyperplastic
C5
3
1.1
1.1
Bilateral hyperplastic
C6
3
1.1
1.1
Asymmetrical hyperplastic
C7
4
1.4
1.4
Subtotal
27
9.5
9.5
Thyroid superior horn
Unilateral triticeal cartilage
D2
11
3.9
Bilateral triticeal cartilage
D2
12
4.2
Non fusion between superior
D3
2
0.7
0.7
horn and thyroid
Unilateral hypoplastic
D4
1
0.4
0.4
Unilateral absence
D5
1
0.4
0.4
Subtotal
27
9.5
1.4
Stylohyoid complex
Keratohyal bone
E3
1
0.4
0.4
Fundamental type
E4
1
0.4
0.4
Subtotal
2
0.7
0.7
Total
63.0
18.7
* The corrected percentage of cases comprises only the relevant anatomical variants, without
the uni- or bilateral ankyloses of the greater horns and the uni- or bilateral presence of triticeal
cartilages that do not have clinical implications.
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Discussion
Two thirds of the examined hyoid-larynx complexes deviated from the anatomical
standard (Fig. 1). This was mostly due to minor variations like age-dependent
ankylosis of the hyoid and presence of triticeal cartilages. Almost one fifth of the cases
comprised more striking anatomical variants. Some of these variants have not been
described in literature before. Note, however, that this sample of 284 cases may be a
biased sample, because it is based on the suspicion of the pathologist of a fracture in
the hyoid-larynx complex in a forensic context. Also, we examined explanted
complexes and therefore elongation of the styloid process could not be determined.
Embryonic etiology of anatomical variants
When comparing the most profound deviant cases with 3D reconstructions of
embryonic development (de Bakker et al. submitted to The Laryngoscope), we noted
how their etiology could be explained by embryonic development (Fig. 3).
The median process
A median process of the hyoid body (n=7) can be explained by the body’s
embryological origin (Fig. 3A). The hyoid bone anlage (Dwight 1907; RodriguezVazquez et al. 2011), a cylindrical shaped growth center ventrally positioned along the
cranio-caudal axis in-between the left and right-sided bar of the second pharyngeal
arch cartilage, marks the first appearance of the hyoid body (de Bakker et al. submitted
to The Laryngoscope). We hypothesize that the median process is a remnant of this
cylindrical shaped anlage.
Second pharyngeal arch cartilage anomalies
Elongation of lesser horns (Fig. 3B), styloid process (Fig. 3E2) and ossification of the
hyoid apparatus (Fig. 3C) can all be explained by a degree of stylohyoid ligament
ossification. The second pharyngeal arch cartilage persisted as cartilaginous bar in this
trajectory after which it ossified partially (Fig. 3B1 and E2) or completely (Fig. 3C1).
Up until now, Eagle’s syndrome (Fig. 2E2) and the aberrant hyoid apparatus (Fig.
2E3-7) are traditionally discussed in literature as two separate entities, leading to
much confusion concerning definitions and clinical presentation. Considering the
embryonic etiology of these syndromes, we propose that they are merely two
expressions of a broad spectrum, all due to the partial or complete persistence of the
second pharyngeal arch cartilage. These anomalies are all found in the trajectory
between the lesser horn of the hyoid and the styloid process. Therefore, they should
be considered as one entity, preferably referred to as ‘second pharyngeal arch
cartilage anomalies’.
Third pharyngeal arch cartilage anomalies (congenital hyothyroid bar)
The 3D reconstructions of the embryological development of the hyoid-larynx
complex show a clear connection between the dorsal part of the bars of the third
pharyngeal arch cartilages and the superior horns of the thyroid, derived from
condensed mesenchymal tissue. This profound connection will become the lateral
thyrohyoid ligament. Figures 3D1, E1 and F1 all show various degrees of a persisting
connection between greater and superior horns. The most common variation in this
trajectory is presence of a triticeal cartilage (n=11 unilateral and n=12 bilateral). In
figure 3D1 the left greater horn describes a 90-degree angle pointing caudal towards
superior horn. In figure 3E1 an accessory bone articulates between the elongated
superior and greater horns. In figure 3F1 the greater horn articulates directly with the
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ossified superior horn. These cases can be explained by ossification of persisting
embryological cartilaginous components in the trajectory of the lateral thyrohyoid
ligament and is therefore referred to as congenital hyothyroid bar (Porrath 1969).
One case of duplication of the greater horns has been reported (Gok, Kafa,
and Fedakar 2012). The hyoid would miss the lesser horns and shows a duplication of
the greater horns. We suggest that these duplicated horns, in fact, are more likely to
be elongated lesser horns (Fig. 2C6-7).
Clinical relevance
Symptoms of variants in the hyoid-larynx complex are often not recognized by
clinicians (Shul'ga, Zaitsev, and Zaitseva 2006). Great care should be taken in
situations of tracheal intubation in these patients, because of the risk of regurgitation
and aspiration (Ames and McNiellis 1998; Aris, Elegbe, and Krishna 1992;
Brimacombe et al. 2004). Anomalies of this complex are of great importance for
radiological examination and surgery of the neck region, but they should also be
known by forensic experts, anthropologists, anatomists and dentists (De Paz et al.
2012; Gok, Kafa, and Fedakar 2012) to appreciate the clinical impact of these variants
and to avoid judicial errors in cases of assumed strangulation or blunt neck trauma.
Forensic relevance
Fractures in the hyoid-larynx complex are one of the best indicators of strangulation
(Gok, Kafa, and Fedakar 2012; Kindschuh, Dupras, and Cowgill 2010; Urbanova et al.
2013; Saukko 2015), but they can also be caused by for instance hanging, traffic
accidents, osteoporosis senilis, sporting accidents and after intubation (D'Souza,
Harish, and Kiran 2010; Dunsby and Davison 2011; Kleinberg 1934; Lesoine 1966b;
Marcucci 1959; Porr, Laframboise, and Kazemi 2012; Soerdjbalie-Maikoe and van Rijn
2008; Ubelaker 1992; Saukko 2015). Due to the considerable frequency of anatomical
variations of the hyoid-larynx complex, great care should be taken when diagnosing
traumatic lesions of this complex (Di et al. 2004; Gok, Kafa, and Fedakar 2012; Saukko
2015).
In the normal process of ageing, the triticeal cartilage (Fig. 2D2) in the lateral
thyrohyoid ligament often calcifies, which enables radiographic detection. However,
when this cartilage is intensely and inhomogeneous calcified, it should not be
mistaken for an avulsed fracture of the upper horn of the thyroid cartilage (Khokhlov
1997; Porrath 1969). Therefore, oblique radiographs should be used for further
radiological examination, to distinguish a fracture from an inhomogeneously calcified
cartilage (Di et al. 2004).
Most fractures are found in the upper thyroid horns (Saukko 2015). Fracturing
of the hyoid occurs mainly between greater horns and body, when ankylosis is
incomplete, or in the posterior part of the greater horn (Lesoine 1966b; Pollanen,
Bulger, and Chiasson 1995; Soerdjbalie-Maikoe and van Rijn 2008; Saukko 2015).
Since ankylosis of the hyoid joints is age dependent, fractures occur more frequent in
persons aged above 30 (D'Souza, Harish, and Kiran 2010; Gok, Kafa, and Fedakar
2012; Gupta et al. 2008; Hänsch 1977; Leksan et al. 2005; Miller, Walker, and
O'Halloran 1998; Pollanen and Chiasson 1996; Porrath 1969; Soerdjbalie-Maikoe and
van Rijn 2008; Ubelaker 1992; Saukko 2015). D’Souza even stated that when a victim
is over 38 years, clinicians and forensic experts can expect a fractured hyoid, after
pressure on the neck (D'Souza, Harish, and Kiran 2010). Joint luxation between hyoid
body and greater horn has also been reported in cases of strangulation (Lesoine
1966b).
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Table 3. Number of cases with left or right sided fusion of the hyoid body
with the greater horn
Left sided fusion
Right sided fusion
Total

Male
8
12
20

Female
2
5
7

Total
10
17
27

5.1
Fig. 3. Anatomical variants of hyoid explained by embryological development. Overview of
six of the most profound anatomical variants on the left sides, compared with the embryonic
development of that part of the hyoid-larynx complex on the right sides (de Bakker et al.
submitted to The Laryngoscope). The hyoid bone (anlage) is shown in purple, second pharyngeal
arch cartilage derivatives are shown in blue, third pharyngeal arch cartilage derivatives are
shown in yellow and the thyroid cartilages are shown in red. The ‘L’ indicates the left side of the
patient. Each arrow indicates the location of the variant. The shown variants are: conventional
radiograph of an exostosis of the hyoid body (A1)(Fig. 2A7), conventional radiograph of an
elongation of both lesser horns (B1)(Fig. 2C7), dried specimen of an ossified hyoid apparatus;
the fundamental type (C1)*(Fig. 2E4), conventional radiograph of the left greater horn curved
downward (D1)(Fig. 2B6), conventional radiograph of a bony connection between the greater
and the superior horn, i.e. the congenital hypothyroid bar (E1 & F1)(Fig. 2D7 & D6).
*On display in Museum Vrolik. Collection Louis Bolk, 1912. Photo by Sanne Mos & Marco de
Marco; courtesy of Museum Vrolik, Academic Medical Center, Amsterdam. With permission.
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Some anatomical variants resemble fractures. All examples in figure 2 should be kept
in mind when the hyoid-larynx complex is examined during medico-legal examination
but especially examples B3, B7, D2, D3, D5 and D6 should always be considered when
a suspected fracture is found in those locations. When the difference between variant
and fracture remains ambiguous after autopsy and radiological examination,
histological examination of the affected part should be performed.
Conclusion
We provided an overview of the known anatomical variants of the hyoid-larynx
complex, with relevance for clinicians and forensic experts. Etiology of the variants
has been declared by their development. Since the aberrant hyoid apparatus and
Eagle’s syndrome are often intermingled in literature as they are both explained by
persistence of second pharyngeal arch cartilage, we propose to refer to them as
‘second pharyngeal arch cartilage anomalies’.
Acknowledgments
AFM Moorman and KH de Jong are acknowledged for their useful input in the
research design. We acknowledge all pathologists, radiologists, pathology assistants
and forensic radiographers who have contributed to our forensic-radiological
database. We thank L de Rooy and M de Marco of Museum Vrolik and photographer
Sanne Mos for providing the picture for Figure 3C1. A Sizarov is acknowledged for
translating the Russian literature. RJ Oostra, MJB van den Hoff and JM Ruijter are
acknowledged for critically reading the manuscript.

228

Variants of the hyoid-larynx complex with forensic implications and consequence for Eagle’s syndrome

References
Ames, W.A., and N. McNiellis. 1998. 'Stylohyoid ligament calcification as a cause of
difficult intubation?', Anaesthesia, 53: 415-16.
Aris, A.M., E.O. Elegbe, and R. Krishna. 1992. 'Difficult intubation stylohyoid
ligament calcification', Singapore Med. J, 33: 204-05.
Brimacombe, J., E. Brands, J. Wells, and J. Douglas. 2004. 'Difficult LMA insertion
due to prominent stylohyoid ligaments', Anaesth. Intensive Care, 32: 595-96.
Chi, J., and M. Harkness. 1999. 'Elongated stylohyoid process: a report of three
cases', N. Z. Dent. J, 95: 11-13.
Chiang, K.H., P.Y. Chang, and A.S.B. Chou. 2004. 'Eagle's syndrome with 3-D
reconstructed CT: two cases report.' In Chin J Radiol, 353-57.
D'Souza, D.H., S.S. Harish, and J. Kiran. 2010. 'Fusion in the hyoid bone: usefulness
and implications', Med. Sci. Law, 50: 197-99.
de Bakker, H.M., V. Soerdjbalie-Maikoe, B. Kubat, A. Maes, and B.S. de Bakker.
2016. 'Forensic imaging in legal medicine in the Netherlands: Retrospective
analysis of over 1700 cases in 15 years' experience.', J. Forensic Radiol.
Imaging, 6: 1-7.
De Paz, F.J., C. Rueda, M. Barbosa, M. Garcia, and J.F. Pastor. 2012. 'Biometry and
statistical analysis of the styloid process', Anat. Rec. (Hoboken. ), 295: 74247.
de Rooy, L, and H. van den Bogaard. 2010. Forces of Form: The Vrolik Museum
(Amsterdam University Press: Amsterdam).
de Santana Jr, P.J., K.I.S.S. Teixeira, P.P.T.S. Torres, R.T. Daher, P.K.V. Santana, and
A.C.V. Aurione. 2006. 'Which is your diagnosis?' In Radiol Bras, XI-XII.
Di, Nunno N., S. Lombardo, F. Costantinides, and Nunno C. Di. 2004. 'Anomalies
and alterations of the hyoid-larynx complex in forensic radiographic studies',
Am. J. Forensic Med. Pathol, 25: 14-19.
Dunsby, A.M., and A.M. Davison. 2011. 'Causes of laryngeal cartilage and hyoid
bone fractures found at postmortem', Med. Sci. Law, 51: 109-13.
Dwight, T. 1907. 'IX. Stylo-hyoid Ossification', Ann. Surg, 46: 721-35.
Eagle, W.W. 1948. 'Elongated styloid process; further observations and a new
syndrome', Arch. Otolaryngol, 47: 630-40.
———. 1949. 'Symptomatic elongated styloid process; report of two cases of styloid
process-carotid artery syndrome with operation', Arch. Otolaryngol, 49:
490-503.
———. 1958. 'Elongated styloid process; symptoms and treatment', AMA. Arch.
Otolaryngol, 67: 172-76.
———. 1962. 'The symptoms, diagnosis and treatment of the elongated styloid
process', Am. Surg, 28: 1-5.
Fisher, E., D. Austin, H. M. Werner, Y. J. Chuang, E. Bersu, and H. K. Vorperian.
2016. 'Hyoid bone fusion and bone density across the lifespan: prediction of
age and sex', Forensic Sci Med Pathol, 12: 146-57.
Frommer, J. 1974. 'Anatomic variations in the stylohyoid chain and their possible
clinical significance', Oral Surg. Oral Med. Oral Pathol, 38: 659-67.
Garriz-Luis, M., P. Irimia, J. M. Alcalde, P. Dominguez, and J. Narbona. 2017.
'Stylohyoid Complex (Eagle) Syndrome Starting in a 9-Year-Old Boy',
Neuropediatrics, 48: 53-56.
Gok, E., I.M. Kafa, and R. Fedakar. 2012. 'Unusual variation of the hyoid bone:
bilateral absence of lesser cornua and abnormal bone attachment to the
corpus', Surg. Radiol Anat, 34: 567-69.

229

5.1
5.1
5.2

3 D A TLAS OF H UMAN E MBRYOLOGY
Graf, C.J. 1959. 'Glossopharyngeal neuralgia and ossification of the stylohyoid
ligament', J. Neurosurg, 16: 448-53.
Gupta, A., A. Kohli, N.K. Aggarwal, and K.K. Banerjee. 2008. 'Study of age of fusion
of hyoid bone', Leg. Med. (Tokyo), 10: 253-56.
Hänsch, C.F. 1977. 'Throat-skeleton fractures by strangulation.' In Z. Rechtsmed,
143-47.
Harburger, A. 1925. 'Étude anatomique clinique et radiologique de l'appareil
hyoïdien normal et anormal chez l'homme.' In Arch. int. Laryng, 933 and
1047.
Jelisiejewa, T., J. Szmurlo, and I. Kuduk. 1968. 'Studies on the morphology of the
hyoid bone in man', Folia Morphol. (Warsz. ), 27: 189-98.
Jung, T., H. Tschernitschek, H. Hippen, B. Schneider, and L. Borchers. 2004.
'Elongated styloid process: when is it really elongated?', Dentomaxillofac.
Radiol, 33: 119-24.
Jurik, A.G. 1984. 'Ossification and calcification of the laryngeal skeleton', Acta Radiol
Diagn. (Stockh), 25: 17-22.
Khokhlov, V.D. 1997. 'Injuries to the hyoid bone and laryngeal cartilages:
effectiveness of different methods of medico-legal investigation', Forensic
Sci. Int, 88: 173-83.
Kindschuh, S.C., T.L. Dupras, and L.W. Cowgill. 2010. 'Determination of sex from
the hyoid bone', Am. J. Phys. Anthropol, 143: 279-84.
———. 2012. 'Exploring ancestral variation of the hyoid', J. Forensic Sci, 57: 41-46.
Kleinberg, S. 1934. 'Brief communications: Fracture of the hyoid bone.' In Annals of
Surgery, 547-48.
Klovning, J.J., and B.K. Yursik. 2007. 'A nearly circumferential hyoid bone', Am. J.
Otolaryngol, 28: 194-95.
Lavallee, M., and J.Y. Turcotte. 1984. 'Changes in the stylohyoid chain and Eagle's
syndrome', Union Med. Can, 113: 413-16.
Leksan, I., M. Marcikic, V. Nikolic, R. Radic, and R. Selthofer. 2005. 'Morphological
classification and sexual dimorphism of hyoid bone: new approach', Coll.
Antropol, 29: 237-42.
Lesoine, W. 1966a. 'Anomalies of the hyoid bone chain', HNO, 14: 70-73.
———. 1966b. 'On fractures and dislocations of the hyoid bone', HNO, 14: 122-24.
Lykaki, G., and N. Papadopoulos. 1988. 'The ossified hyoid apparatus--morphology,
interpretation, clinical and functional significance. Presentation of a rare
case and highlights of the literature', Anat. Anz, 166: 187-93.
Marcucci, L. 1959. L'Apparato Joideo: Anatomia, Fisiopatologia e Clinia (Richerche ed
Osservazioni Personali) (Parma: Edizioni "L'Ateneo Parmense.").
Miller, K.W., P.L. Walker, and R.L. O'Halloran. 1998. 'Age and sex-related variation
in hyoid bone morphology', J. Forensic Sci, 43: 1138-43.
Naimo, P., C. O'Donnell, R. Bassed, and C. Briggs. 2015. 'The use of computed
tomography in determining development, anomalies, and trauma of the
hyoid bone', Forensic Sci Med Pathol, 11: 177-85.
Pendergrass, E.P., P.J. Hodes, and J.P. Schaeffer. 1956. The Head and Neck in
Roentgen Diagnosis (Charles C. Thomas, Publisher: Springfield, Ill.).
Petrovic, B., D. Radak, V. Kostic, and N. Covickovic-Sternic. 2008. 'Styloid
syndrome: a review of literature', Srp. Arh. Celok. Lek, 136: 667-74.
Pollanen, M.S., B. Bulger, and D.A. Chiasson. 1995. 'The location of hyoid fractures
in strangulation revealed by xeroradiography', J. Forensic Sci, 40: 303-05.
Pollanen, M.S., and D.A. Chiasson. 1996. 'Fracture of the hyoid bone in
strangulation: comparison of fractured and unfractured hyoids from victims
of strangulation', J. Forensic Sci, 41: 110-13.

230

Variants of the hyoid-larynx complex with forensic implications and consequence for Eagle’s syndrome

Pollanen, M.S., and D.H. Ubelaker. 1997. 'Forensic significance of the polymorphism
of hyoid bone shape', J. Forensic Sci, 42: 890-92.
Pollard, J., M.D. Piercecchi-Marti, L. Thollon, C. Bartoli, P. Adalian, A. BecartRobert, G. Tournel, V. Hedouin, M. Panuel, D. Gosset, and G. Leonetti.
2011. 'Mechanisms of hyoid bone fracture after modelling: evaluation of
anthropological criteria defining two relevant models', Forensic Sci. Int, 212:
274-75.
Porr, J., M. Laframboise, and M. Kazemi. 2012. 'Traumatic hyoid bone fracture - a
case report and review of the literature', J. Can. Chiropr. Assoc, 56: 269-74.
Porrath, S. 1969. 'Roentgenologic considerations of the hyoid apparatus', Am. J.
Roentgenol. Radium. Ther. Nucl. Med, 105: 63-73.
Radlanski, R.J., and H. Renz. 2010. 'An atlas of prenatal development of the human
orofacial region', Eur. J. Oral Sci, 118: 321-24.
Reesink, E.M., A.A.H. Van Immerseel, R. Brand, and TJ.D. Bruintjes. 1999. 'Sexual
Dimorphism of the Hyoid Bone?' In International Journal of
Osteoarchaeology, 357-60.
Reichert, C. 1837. 'Ueber die Visceralbogen der Wirbelthiere im Allgemeinen und
deren Metamorphosen bei den Vögeln und Säugethieren.' In Archiv für
Anatomie, Physiologie und wissenschaftliche Medicin, 120-222.
Rodriguez-Vazquez, J.F., J.H. Kim, S. Verdugo-Lopez, G. Murakami, K.H. Cho, S.
Asakawa, and S. Abe. 2011. 'Human fetal hyoid body origin revisited', J.
Anat, 219: 143-49.
Saukko, P.; Knight, B. 2015. Knight's Forensic Pathology, 4th edition (CRC Press,
Taylor & Francis Group: Boca Raton).
Shimada, K., and R.F. Gasser. 1988. 'Morphology of the mandibulo-stylohyoid
ligament in human adults', Anat. Rec, 222: 207-10.
Shimizu, Y., H. Kanetaka, Y.H. Kim, K. Okayama, M. Kano, and M. Kikuchi. 2005.
'Age-related morphological changes in the human hyoid bone', Cells
Tissues. Organs, 180: 185-92.
Shul'ga, I.A., N.V. Zaitsev, and V.S. Zaitseva. 2006. 'Variants of the structure of the
stylohyoid complex', Vestn. Otorinolaringol: 72-73.
Soerdjbalie-Maikoe, V., and R.R. van Rijn. 2008. 'Embryology, normal anatomy, and
imaging techniques of the hyoid and larynx with respect to forensic
purposes: a review article', Forensic Sci. Med. Pathol, 4: 132-39.
Ubelaker, D.H. 1992. 'Hyoid fracture and strangulation', J. Forensic Sci, 37: 1216-22.
Urbanova, P., P. Hejna, L. Zatopkova, and M. Safr. 2013. 'The morphology of human
hyoid bone in relation to sex, age and body proportions', Homo, 64: 190204.
Vanezis, P. 1989. Pathology of Neck Injury (Butterworths: London).
von Lanz, T., and W. Wachschmuth. 1955. Praktische Anatomie, Bd. 1/2 Hals, S.69
(Springer: Berlin-Heidelberg-New York).
Vougiouklakis, T. 2006. 'Overview of the ossified stylohyoid ligament based in more
than 1200 forensic autopsies', J. Clin. Forensic Med, 13: 268-70.
Warot, P. 1976. 'Elongated styloid apophysis', Rev. Otoneuroophtalmol, 48: 145-52.
Watanabe, H., K. Kurihara, and T. Murai. 1982. 'A morphometrical study of laryngeal
cartilages', Med. Sci. Law, 22: 255-60.
Wellinger, C., P. Dugast, and J. Desnos. 1966. 'The hyoid apparatus', Rhumatologie,
18: 15-26.
Zaki, H.S., C.M. Greco, T.E. Rudy, and J.A. Kubinski. 1996. 'Elongated styloid
process in a temporomandibular disorder sample: prevalence and treatment
outcome', J. Prosthet. Dent, 75: 399-405.

231

5.1
5.1
5.2

CHAPTER 6.1 - HITHERTO UNKNOWN DETAILED
MUSCLE ANATOMY IN AN 8 WEEKS OLD EMBRYO

Moritz V Warmbrunn*
Bernadette S de Bakker*
Jaco Hagoort
Pauline B Alefs-de Bakker
Roelof-Jan Oostra
* = both authors contributed equally to the manuscript.
Journal of Anatomy, minor revisions
Supplementary material is available online at
http://www.3datlasofhumanembryology.com

"It is not the strongest of the species that survives,
nor the most intelligent that survives.
It is the one that is the most adaptable to change."
Charles Darwin (1809-1882)

3 D A TLAS OF H UMAN E MBRYOLOGY
Abstract
Congenital muscle diseases, such as myopathies or dystrophies, occur relatively
frequent with estimated incidences of up to 4.7 per 100.000 newborns. To diagnose
congenital diseases in the early stages of pregnancy, and to interpret the results of
increasingly advanced in utero imaging techniques, profound knowledge of normal
human morphological development of the locomotor system and the nervous system
is necessary. Muscular development however, is an often neglected or only generally
described topic in embryology textbooks and papers.
To provide the required detailed and updated comprehensive picture of
embryologic muscular anatomy, three-dimensional (3D) reconstructions were
created based on serial histological sections of a human embryo at Carnegie stage 23
(eight weeks of development, crown-rump length of 23.8 mm), using Amira
reconstruction software. Reconstructed muscles, tendons, bones and nerves were
exported in a 3D-PDF file to permit interactive viewing.
Almost all adult skeletal muscles of the trunk and limbs could be individually
identified in their relative adult position. The pectoralis major muscle was divided in
three separate muscle heads. The reconstructions showed remarkable highly
developed extraocular, infrahyoid and suprahyoid muscles at this age but surprisingly
also absence of the facial muscles that were described to be present at this stage of
development.
The overall stage of muscle development suggests heterochrony of skeletal
muscle development. Several individual muscle groups were found to be developed
earlier and in more detail than was described in current literature.

Introduction
Congenital muscle diseases, such as myopathies or dystrophies, occur relatively
frequent and form a heavy burden for society but firstly for the affected child and its
family. Global incidences of congenital muscular dystrophies are unknown, but
described incidences of 4.7 live born per 100.000 inhabitants in north-eastern Italy
between 1979-1993 (Mostacciuolo et al. 1996) and a prevalence of 3.95 cases per
100.000 inhabitants in northern England (Norwood et al. 2009) provide an indication.
An epidemiological study of neuromuscular disorders in children under the age of 16
in western Sweden showed a prevalence of 63.1 per 100.000 inhabitants (Darin,
Tulinius 2000). Comprehensive understanding of congenital muscle diseases requires
knowledge of muscle anatomy and physiology. In adults, imaging techniques such as
ultrasound and magnetic resonance imaging (MRI) are already contributing to
diagnose the type of muscle disease (Wattjes, Kley & Fischer 2010) and could
therefore also be used for in-utero imaging. However, little is known about late
embryonic morphological development.
Since fetal medicine is developing rapidly (Danzer, Johnson 2014,
Moldenhauer 2014) and prenatal diagnostics are regularly performed in modern
medical practice, the need for detailed anatomical knowledge in clinical settings
becomes more pressing. Because skeletal muscles contribute significantly to the total
volume of the human body, they can often be used as anatomical landmarks (De
Battista et al. 2011). Accurate knowledge of late embryonic and fetal spatial anatomic
relations is therefore crucial for effectively interpreting high resolution prenatal
imaging techniques. Procedures such as sonography or fetoscopy during prenatal
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diagnostics and fetal surgery can even predict embryonic health, as it is already in use
for fetal health (Hutchinson, Kieser & Kramer 2014, D'Addario et al. 2005).
Morphological muscle development is an often neglected or vaguely
described topic in embryology textbooks and articles (Deries, Thorsteinsdottir 2016,
Pu, Huang & Brand-Saberi 2016, Schoenwolf et al. 2009, Sadler 2012). Based on our
experience in creating the 3D Atlas of Human Embryology (de Bakker et al. 2016), we
hypothesized that human embryonic muscle anatomy is more advanced than would be
concluded from descriptions in literature. To provide a more detailed and
comprehensive picture of embryonic muscular anatomy, we used Amira
reconstruction software to create three-dimensional (3D) reconstructions based on
serial histological sections of a human embryo at Carnegie stage 23 (CS23, eight weeks
of development), the final stage of embryonic development, with a crown-rump
length of 23.8 mm. Reconstructed muscles, tendons, bones and nerves were exported
in a 3D-PDF file to permit interactive investigation of the morphology of skeletal
muscles at CS23. Comprehensive muscle reconstructions are novel to our knowledge
and were not included in previous publications from our research group.
Materials and Methods
3D Reconstructions
Image acquisition and alignment was done as previously described by de Bakker et al.
(2016, 2012). Digital images were captured from the series of sections of a CS23
specimen number 950 of the Carnegie collection in Silver Spring, MD, USA. This male
specimen was collected after a miscarriage in 1914 and has been graded by specialists
of the Carnegie collection as ‘good’ (O'Rahilly, Müller 1987). This specimen was fixed
in formalin, transversally sectioned in 42.71 µm and then stained with an aluminum
cochineal staining (de Bakker et al. 2016, O'Rahilly, Müller 1987). Based on the section
thickness and number of slices we calculated an approximate crown-rump length of
23.8 mm. Labeling of the 557 serial sections was accomplished by trained medical
students, under the supervision of a physical therapist and four experienced
embryologists. Skeletal muscles and tendons were manually segmented, with a
Bamboo tablet and pen (http://www.wacom.com) based on digital images of the
serial sections. Segmentation of structures on the serial sections was performed on
grey scale images in Amira® software (version 5.3 - 5.6, http://www.amira.com),
while the high-resolution full color dataset was displayed on a second computer
screen. This way, every single muscle, including its tendons, was traced from origin to
insertion. The nerves and bones of this specimen were already reconstructed in
previous studies (de Bakker et al. 2016, de Bakker et al. 2012) and could therefore give
information about the topographic position of muscles relative to bones or nerves. The
use of bones and nerves as anatomical landmarks allowed distinction between
different types of tissues and provided topographical orientation throughout the
body. If demarcation between individual muscles was not possible, muscles were
labeled as muscle groups.
Structure identification
After reconstructing, muscles and tendons were identified using adult human
anatomy atlases (Gilroy et al. 2009, Netter 2014, Drake et al. 2014) by establishing
their origin and insertion and topographic relation to bones, nerves and surrounding
organs. English names of the muscles were used, based on ‘Terminologia Anatomica’
(Baud, Neumann & Sprumont 1998).
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Interactive 3D-PDF
Amira surface files of the 3D reconstructions were converted to a .u3d file with Fiji
(ImageJ, https://imagej.net). Deep Exploration (version 6.5 CSE, part of Corel
DESIGNER Technical Suite X5 http://www.corel.com) was used for grouping and
labeling of structures. Finally, Adobe Acrobat XI Pro (http://www.adobe.com)
allowed to create an interactive 3D-PDF file containing all reconstructed structures
and a custom user interface. A 3D-PDF can be viewed with a recent version of Adobe
Reader® (X or higher, freeware, http://www.adobe.com) on MS Windows or
MacOS systems, with javascript and playing of 3D content enabled.
The Adobe Reader program allows users to not only view the 3D-PDF file, but
also to zoom in or out on a structure, to hide it or to show it transparently. It provides
the user with a clear view of the embryo in a 3D interactive fashion and thus to obtain
a better understanding of the spatial relations between segmented organs and
structures, in this case the musculoskeletal system in the embryo. This technique has
proved its usefulness in earlier publications (de Bakker et al. 2016, de Bakker et al.
2012, Sizarov et al. 2011, Sizarov et al. 2012, de Boer et al. 2011, van den Berg et al. 2009,
van den Berg, Moorman 2011).

Fig. 1. Transversospinal muscle reconstructions. A: Left lateral view of the head and vertebral
column of a stage 23 human embryo (56-60 days of development), specimen number 950. Note
that the semispinalis capitis and semispinalis cervicis muscles (green) are depicted as one
structure because they were histologically inseparable. The same holds for the rotatores and
multifidi muscles (red). B: Dorsal view of the same reconstruction as in A. The semispinalis
capitis and semispinalis cervicis muscles are relatively large in size compared to the rotatores
and multifidi muscles, whereas in adults the differences in size between these muscles are
minimal, possibly due to a craniocaudal developmental gradient that causes craniocaudal
differences in size. The scale bar indicates 5 mm.
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Fig. 2. Vertebrate muscles of the neck. A: Right lateral view of the head region of a stage 23 human embryo (56-60
days of development) specimen number 950. Longus capitis (Lca, yellow) and longus colli (Lco, blue) muscles depicted
on vertebrate column, head bones and neck cartilage. B: Caudofrontal view of head and neck region of the same
specimen as in A. LCa and LCi depicted on vertebrate column, head bones and cartilage. To increase clarity, the first
pharyngeal arch, hyoid and thryoid bone were excluded. Note that the relative size and shape of the muscles to the skull
and vertebrae are identical as would be expected in mature humans (Gilroy et al. 2009). The scale bar indicates 5 mm.
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Fig. 3. Head and neck muscles. Left lateral view of the head and neck region of a stage 23 human embryo (56-60 days
of development) specimen number 950. Skeletal structures are depicted in white, eye and neck musculature in pink,
suprahyoid muscles in blue, infrahyoid muscles in green and muscles of mastication in purple. Suprahyoid and
infrahyoid muscles show highly individual segmentation of muscles. Note that the muscles of mastication have a small
size relative to the bones and surrounding muscles when compared to the adult relative sizes. Suprahyoid and
infrahyoid muscles are already individually partitioned from the surrounding muscles and have the same position as in
adulthood (Gilroy et al. 2009). The sternocleidomastoid muscles are excluded. The scale bar indicates 5 mm.
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Fig. 4. Erector spinae muscles. A: Dorsal view of the back of a stage 23 human embryo (56-60 days of development)
specimen number 950. Erector spinae muscles are depicted along with the bones of the body. The different muscles
are the iliocostalis muscle (light green), longissismus muscle (green), spinalis muscle (blue) and spinalis cervicis
muscle (pink). On the right side the spinalis muscle is excluded as are other muscles. B: Transversal serial section
view of the left erector spinae muscles of the same specimen as in A, at the level of T7. Note that the erector spinae
muscles have separated bodies and hence, are already individually recognizable at this stage of development. RMM:
rotatores and multifidi muscles, SM: spinalis muscle, LNGM: longissimus muscle, ICM: iliocostalis muscle. The scale
bar indicates 5 mm.

Fig. 5. Abdominal muscles. A: Ventral view of the trunk of a stage 23 human embryo (56-60 days of development)
specimen number 950. Depicted are the external abdominal oblique muscle (light blue), internal abdominal oblique
muscle (dark blue), rectus abdominis muscle (yellow), transversus abdominis muscle (green), quadratus lumborum
muscle (pink) and ribcage, vertebrae and pelvic bones (white). All other muscles and bones are excluded. B: Detail of
a transversal serial section superior view of the abdominal muscles of the same specimen as in A. Thin muscles as the
transversus abdominis and internal oblique muscles are already distinctively separated from each other as can be seen
on the serial section. Left side of the abdomen illustrates the rectus abdominis muscle (RA), the external oblique
abdominal muscle (RO), the internal oblique abdominal muscle (IO) and the transversus abdominis muscle (TA). The
scale bar indicates 5 mm.
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Fig. 6. Pectoralis major muscle. A: Frontal view of the reconstructed pectoralis major portions
of a stage 23 human embryo (56-60 days of development) specimen number 950. All other
muscles are hidden. Depicted are three heads of the pectoralis major: clavicular head (light
blue), sternocostal head (red) and abdominal head (yellow) and bones (white). B: Transverse
section of the left shoulder region. The pectoralis major muscle is divided in three heads at this
stage and is therefore even more partitioned than in adulthood (Gilroy et al. 2009). The tree
heads of the left pectoralis muscle and the second rib and humerus of the same specimen as in A
are tagged. PM: pectoralis major muscle; CH: clavicular head, SCH: sternocostal head, AH:
abdominal head. The scale bar indicates 5 mm.

4.2

Results
The reader is encouraged to read the results along with the interactive 3D-PDF file in
the online data supplement (accessible online). A total of 318 muscles and 48 tendons
were reconstructed. We here describe the most remarkable findings, in addition to a
representative illustration of skeletal muscle development at CS23.
Head & Neck
Head and neck muscles showed differing degrees of development. All extraocular
muscles were identified except for the levator palpebrae muscle. Three extrinsic
tongue muscles were identified, i.e. the genioglossus, hyoglossus and the
styloglossus. Origin of the styloglossus muscle was at the first pharyngeal cartilage
and the insertion was at the tip and medial sides of the tongue. The levator veli palatine
was located cranio-medial from the medial pterygoid muscle. The semispinalis capitis
and cervicis muscles appeared relatively large in size when compared to the
surrounding small muscles such as the rotatores and multifidi muscles (Fig. 1),
possibly due to a craniocaudal developmental gradient that causes craniocaudal
differences in size. The small longus capitis and longus colli muscles were already at
their adult location and also had the similar relative shape and position on vertebrae
and bone landmarks as in adults (Fig. 2).
The suprahyoid muscles (anterior and posterior digastric, stylohyoid,
mylohyoid and geniohyoid muscles) and infrahyoid muscles (sternohyoid,
sternothyroid and omohyoid muscles) had the same relative shape as in adults, origins
and insertions were also as in adulthood. The temporalis and masseter muscles were
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relatively small compared to other muscles in this region such as head and neck
muscles (Fig. 3). Extraocular muscles were already similar in size and shape to mature
anatomy relative to the rest of the head.
Trunk
The erector spinae muscle was the second most profound muscle layer of the back,
positioned superficial compared to the transversospinal muscles and erector spinae
muscles were distinguishable separately. The iliocostalis, longissimus and spinalis
muscles had different oriented fibers and were separated by fasciae which allowed
distinction between the three muscles (Fig. 4). The transversospinal muscles were
present on their adult location but were only identified as muscle group because of
their relatively small size (Fig. 1).
In contrast to the above-mentioned trunk muscles, abdominal muscles do not
appear in their final position and shape in this specimen. The rectus abdominis muscles
showed a widened rectal diastasis, resulting from the relatively large diameter of the
umbilical cord due to physiological herniation of the gut, which is at this stage in the
process of disappearance (Mekonen et al. 2015). The internal and external oblique
muscles defined the abdominal outlines of the embryo (Fig. 5). The quadratus
lumborum muscle still has a cylindrical shape which will grow out towards a
quadrilateral appearance when mature (Gilroy et al. 2009), underlining the difference
in relative size favoring cranial structures over caudal structures as seen in the neck
region.
Limbs
Upper limb
Differences in size between upper and lower limbs are apparent; the upper limbs
appear larger in size than the lower limbs, according to the craniocaudal
developmental gradient. Muscles of the vertebral column that are part of the upper
limb (Baud, Neumann & Sprumont 1998), stood out as the largest muscles in size,
relative to other muscles of the embryo. The trapezius muscle as most superficial
dorsal upper limb muscle covered a wide area, from the skull to T9. The latissimus
dorsi muscle had its origin on thin fascia-like fibers at the level of T7-L3 and the
insertion was in a common tendon of the three muscle parts on the humeral
intertubercular groove. The left serratus posterior superior was not in contact with the
spine or the nuchal ligament, which is the usual origin. Thoracic wall muscles, which
are also part of the upper limb muscles (Baud, Neumann & Sprumont 1998), were also
large in size and close to their final position compared to other muscles in this region.
The serratus anterior muscle fanned out from the medial margin of the scapula to the
first eight ribs as in adult anatomy according to Gillroy and co-workers (2009). The
pectoralis major muscle which is known to be one large muscle body with different
origins which are interconnected in adults (Gilroy et al. 2009), had three distinct
muscle heads clearly separated from each other starting at their origins converging
only just before their insertion on the humerus. The 3D reconstruction shows origins
as expected from adult anatomy: cranially at the clavicle, intermediate on the sternum
and inferior on the lower part of the sternum, the common insertion was at the crista
of the major tubercle on the humerus as depicted in figure 6. The reconstruction of
the triceps brachii muscle showed three heads with origins and insertions as in
adulthood.
All muscles of the forearm were individually recognized and were positioned
as in adulthood. The palmaris longus muscle for example had its origin at the medial
epicondyle of the humerus and the insertion at the flexor carpi radialis tendon, as other
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forearm muscles, the palmaris longus was already positioned as in adult anatomy. The
belly of the muscle formed a small oval corps and had a tendon similar to the palmaris
longus.
Not all muscles of the hand could be individually identified as some were too small to
distinguish. Two thenar muscular structures were seen, one of which was identified
as the adductor pollicis muscle. The other one was a common muscle belly at the
location of the opponens pollicis, flexor pollicis brevis and abductor pollicis brevis
muscles. Three lumbrical muscle bellies were found palmar of the third, fourth and
fifth metacarpal bones.
Lower limb
Spatial organization and orientation of the muscles of the lower limbs were
recognizable as in adult anatomy (Gilroy et al. 2009). Muscles of the iliac region
reached from T12 to the lesser trochanter of the femur. From origin to insertion the
major psoas and iliacus muscles were clearly separated from each other. In contrast,
this distinction is not easily made in adult anatomy, where the psoas major and the
iliacus muscles meet at their inferior ends to form the iliopsoas muscle. The gluteus
maximus muscle already appears in the typical round shape. The lateral rotator
muscles are small and appeared mostly in an elongated shape, possibly, because of the
flexed position of the femur in the hip joint.
Discussion
The results of our study differ from what we expected based on the available
literature. Except for the two studies of Mekonen et al. from 2015 and 2016, the state
of muscle development at eight weeks of development is described at the level of
muscle fibers (Musumeci et al. 2015) rather than discernable anatomical structures.
Textbooks are brief about muscular ontogeny and mention that all skeletal muscles are
present after eight weeks of development (Schoenwolf et al. 2009, Moore, Persaud
& Torchia 2013), but do not go into morphological detail. The state of muscular
development is graphically depicted as grossly arranged groups of muscles which are
still in the process of separation into smaller individual muscles (Schoenwolf et al.
2009, Moore, Persaud & Torchia 2013). However, our reconstructions show that
individual segmentation of most muscle groups is already completed when the
embryo measures less than 3 cm. In fact, some muscles, e.g. the pectoralis major or
iliopsoas muscles are even more partitioned than in adult anatomy and will probably
converge later in development. In contrast, facial muscles that were thought to be
present at CS23 (Gasser 1967) were not yet differentiated enough to be distinguished
in our studied specimen.
Skeletal muscles are derived from paraxial mesoderm and early muscle
development has been broadly described in the literature (Musumeci et al. 2015).
Cells from the paraxial mesoderm form somites and differentiate into myogenic
precursors. These myogenic precursors fuse together and express typical proteins of
muscle tissue such as proteins of the myogenic regulatory factor family (Musumeci et
al. 2015). Also, several factors are identified which orchestrate growth patterns later
in muscular development such as fibroblast growth factor and Msh homeobox to
stimulate and repress individual proliferation patterns, respectively, allowing
different shapes of muscle bellies to develop depending on the location in the body
(Musumeci et al. 2015, Buckingham et al. 2003). The ultimate stage of myogenesis can
be histologically identified by the presence of transverse striation, a sign of muscle
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fiber maturation. This ultimate step marks myotube formation. The first myotubes in
humans are apparent during week five and by the end of the eighth week most
myotubes are differentiated into muscle fibers (Musumeci et al. 2015).
Some studies describe the 3D morphology of selected muscle groups such as
epaxial muscles (Mekonen et al. 2016) or muscles of the ventral body wall (Mekonen
et al. 2015) but the general state of muscular development at the late embryonic stage
is currently undescribed. Therefore, we investigated the 3D morphological presence
and appearance of all embryonic skeletal muscles at eight weeks of development.
Head & Neck
Most extraocular muscles and muscles of mastication were individually identified.
Gasser (1975) wrote that muscles of mastication and facial muscles begin to
differentiate laterally in the lower region of the face in the eighth week of
development. Except for the stylohyoid muscle and the posterior belly of the digastric
muscle, none of the muscles innervated by the seventh cranial nerve (facial nerve)
were found in our studied specimen.
All extraocular muscles appear in their relative adult position and shape
already at eight weeks of development, except for the levator palpebrae muscle which
was not present at this stage. It is described in fetuses that the levator palpebrae muscle
can have numerous anatomical variations such as accessory medial muscle bellies or
broad lateral insertions of the aponeurosis towards the tissue adjacent to the lacrimal
glands (Plock, Contaldo & von Ludinghausen 2005). However, literature about its
embryonic development is absent. Therefore, we can only speculate that the levator
palpebrae muscle develops in a later stage than CS23. As seen in figure 3, most head
and neck muscles are already discernable at this point, but differ in position from
adulthood in relation to other structures. For example, muscles of mastication e.g. the
temporalis muscle and the masseter muscle, have to fan out cranially and reach the
parietal and sphenoid bone and zygomatic arch and maxilla from the coronoid process,
respectively (Gilroy et al. 2009). Generally, most muscles that are innervated by the
third and fifth cranial nerve are perfectly recognizable at this stage (Table 1).
Trunk
The large trunk muscles show remarkable differences in size based on their position.
More cranial situated structures are larger than caudal structures, as can be seen in
figure 1, probably due to the craniocaudal growth gradient. The semispinalis capitis
and cervicis muscles are relatively large in size compared to the rotatores and multifidi
muscles (depicted together in figure 1), whereas in adults the differences in size
between these muscles are minimal (Gilroy et al. 2009).
The existence of the spinalis muscle at CS23 is controversial. Based on the
observed location the muscle could not be found in a study assessing 7-13 weeks old
fetuses (Sato et al. 2011) but was present at a stage 23 human embryo according to
Mekonen et al. (2016). In accordance with Mekonen et al. (2016), the spinalis muscle
was also identified (Fig. 4) in our study. Sato et al. (2011) concluded from their
findings that the spinalis muscle must be formed out of the interspinalis muscle based
on their assumption that parts of the primitive interspinalis muscle detach and make
new connections. We cannot confirm this hypothesis because tissue in this region was
not sufficiently individually partitioned to identify the interspinalis muscle.
Even though most muscles are already distinctively recognizable at the end of
the embryonic period (CS23), this does not mean that the reconstructed muscles
already reached their final position, relative size and shape as compared to adult
anatomy. For example, the serratus posterior inferior muscle is still in a rather lateral
position compared to adult anatomy. And as previously described (Mekonen et al.
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Table 1. Overview of muscle presence classified per cranial nerve
Cranial nerve

Muscle

III (Oculomotor)

Levator palpebrae Superioris
Superior rectus
x
Medial rectus
x
Inferior rectis
x
Inferior oblique
x
Superior oblique
x
Masseter
x
Temporal
x
Medial pterygoid
x
Lateral pterygoid
x
Tensor veli palatini
Mylohyoid
x
Anterior belly of digastric
x
Tensor tympani
Lateral rectus
x
Posterior belly of digastric
x
Stylohyoid
x
Stapedius
Occipitofrontalis muscle
Temporoparietalis muscle
Procerus muscle
Nasalis muscle
Depressor septi nasi muscle
Orbicularis oculi muscle
Corrugator supercilii muscle
Depressor supercilii muscle
Auricular muscles (anterior, superior and posterior)
Orbicularis oris muscle
Depressor anguli oris muscle
Risorius
Zygomaticus major muscle
Zygomaticus minor muscle
Levator labii superioris
Levator labii superioris alaeque nasi muscle
Depressor labii inferioris muscle
Levator anguli oris
Buccinator muscle
Mentalis
Stylopharyngeus

IV (Trochlear)
V (Trigeminal)

VI (Abducens)
VII (Facial)

IX (Glossopharyngeal)
X (Vagus)

XI (Accessory)
XII (Hypoglossal)

Fully
Present

Partly
Present

Cricothyroid muscle
Levator veli palatini muscle
x
Salpingopharyngeus muscle
Palatoglossus muscle
Palatopharyngeus muscle
Superior, middle and inferior pharyngeal constrictors
Muscles of the larynx (speech)
Sternocleidomastoid
x
Trapezius
x
Genioglossus
x
Hyoglossus
x
Styloglossus
x
Intrinsic tongue muscles
Geniohyoid
x

Not
Present
x

n
n

n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
n
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n
n
n
n
n

n

Stage 23 human embryo (56-60 days of development) specimen number 950 has been used for this table. Note the
differences in presence of muscles depending on the particular cranial nerve. Most muscles of cranial nerves III, IV,
V, VI, XI and XII were present at this stage, whereas most muscles of cranial nerves VII and X were absent.
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2015) at 6-9 weeks of development, the abdominal muscles show a widened diastasis,
which is precisely how our reconstructed rectus abdominis muscles appear (Fig. 5). In
advanced stages of fetal development, the relative diameter of the umbilical cord will
decline (Gasser 1975). Also, the quadratus lumborum muscle has not yet attained its
final shape as in adults. Instead of a quadrilateral appearance it looks rather cylindrical,
implicating that the morphological development has not yet been finalized at eight
weeks of development.
We studied the morphological state of the skeletal muscles in one eight weeks
old human embryo. This highlights the main limitation of this study. More research is
necessary to gain more profound knowledge about morphological development and
to allow for generalization of results to all human embryos.
Limbs
Muscles of the upper and lower limbs were clearly individually identifiable. Following
the craniocaudal developmental gradient the upper limbs are relatively larger in size
and have a relatively more mature morphology compared to the lower limbs (Gilroy
et al. 2009).
Upper limbs
Although the three different portions of the pectoralis major muscle have a common
point of insertion, their origins differ. In our reconstructions, the muscle bellies are
spatially separated before they converge just before their insertion (Fig. 6). Since the
clavicular and abdominal portion have independent innervation and vascularization
(Chaffai, Mansat 1988, Kim et al. 2015), these portions of the pectoralis muscle can be
used for flap surgery independent from other portions (Chaffai, Mansat 1988,
Chomiak, Dungl 2008, Tobin 1985). In adults, the three muscle bellies are combined
from their origin until their insertion (Gilroy et al. 2009), this suggests that further
growth after CS23 results in a connection and ultimately fusion of the three muscle
heads. Another muscle that will expand in size in the subsequent weeks of
development is the latissimus dorsi. At 19 weeks of development this muscle has been
reported to extend until the iliac crest (Ben Hadj Yahia, Vacher 2011), but in our
reconstructions, the muscle fibers only reach until level L3 and L2 on the left and right
side respectively. The connection of the latissimus dorsi with the spinous processes as
was described in older fetuses and adult humans (Gilroy et al. 2009, Ben Hadj Yahia,
Vacher 2011) is also not yet established. The latissimus dorsi muscle did not reach the
spinous processes in the reconstructions, but the serial sections showed connective
tissue between the muscle fibers and the spinous processes, identifiable as fascia or
aponeurosis. This illustrates that while some muscles appear in their relative position
and shape as in adulthood by this time, others still have to grow out after CS23.
The triceps brachii muscle is reported to attain the typical three headed shape at ten
weeks of development (Grzonkowska et al. 2014). Our reconstructions now show
that around the eighth week of development this particular shape is already
established.
Anatomical variations are described for some muscles of the forearm, even
ipsilateral absence of the palmaris longus muscle has been described (Albay et al. 2013,
Sater, Dharap & Abu-Hijleh 2010). However, we did not identify noticeable
differences between the left and right side in this studied specimen. Lumbrical
muscles were identified earlier than described before. The earliest description of
development of lumbrical muscles to our knowledge is that muscle tissue is starting to
th
be recognized in the eighth week and by the 13 week of development the lumbrical
muscles are easily individually recognizable (Cho et al. 2012). Muscle reconstructions
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in the hands of our eight weeks old specimen showed three distinct lumbrical muscles;
suggesting earlier development of the lumbrical muscles than thought before.
Lower limbs
Gluteal muscles are very illustrative for our hypothesis of earlier partitioning of adult
muscle morphology than described in current literature. Despite their caudal location,
gluteal muscles are already highly segmented and developed at eight weeks of
development. Previous research described the gluteus maximus recognizable in final
shape and position as in adulthood after 17 weeks of development (Kedzia et al. 2014).
Our 3D reconstructions show separated gluteal muscles (gluteus maximus, medius
and minimus) in mature morphology already in an embryo of 23.8 mm crown-rump
length, indicating earlier segmentation than described so far. For an overview of
earlier segmented muscles see table 2.
Table 2. Overview of earlier segmented muscles compared to literature
Region
Muscle
Earlier
Source
Segmentation
Head
Extraocular
x
NS
and neck
(except
levator
palpebrae muscle)
Facial nerve*
Gasser 1975
Trunk
Spinalis**
x
Sato et al. 2011
Upper limb
Triceps brachii
x
Grzonkowska et al. 2014
Pectoralis major
x
NS
Forearm
x
NS
Lumbrical
x
NS
Lower limb Gluteal
x
Kedzia et al. 2014
Stage 23 human embryo (56-60 days of development) specimen number 950 has been used for this
table. Eight muscle(s) (groups) are notable more segmented at this stage of development than can
be expected from the current literature. Sources of that indicate earlier development are depicted
in the last column.
NS: no dedicated source was found on the embryonic development of this muscle (group). Thus,
the stage of muscle segmentation in this specimen appears to be further developed than described
in general literature about embryonic muscle morphogenesis. *Facial nerve muscles: all muscles
innervated by the facial nerve were not present in our specimen except for the stylohyoid and
posterior belly of digastric muscle. **Sato et al. 2011 did not identify this muscle while Mekonen et
al. 2016 did identify it.
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Conclusion and future outlook
We conclude that literature lacks detailed and complete descriptions of morphological
embryological and fetal skeletal muscle development. Also, the currently available
literature differs in many aspects from our findings. Some muscles are more advanced
in their development or even resemble mature morphology, while others are less
advanced than described. To understand how skeletal muscles develop over time,
reconstructions of different embryos of different stages of development are
necessary. Based on these data, an algorithm could be calculated as noninvasive
screening method to predict normal growth and detect congenital muscle disorders
and anomalies. This emphasizes the need for more research in this direction and
should be the focus of future studies to elucidate the complicated process of
morphological development in human embryos.
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6.1

Supplementary material (accessible online)
Supplementary 3D-PDF. Interactive 3D reconstruction of the skeletal muscular system at eight
weeks of development. Muscle, tendon, skeleton and peripheral nervous system
reconstructions of a stage 23 (56-60 days) human embryo, specimen 950 are incorporated on
the second page of the 3D-PDF. The reconstructions on which the 3D-PDF is based, are
generated from histological sections of a human embryo, as described in the Materials and
Methods section. All structures were manually outlined in Amira. The 3D-PDF should be
viewed in Adobe Reader® X or higher, available from http://www.adobe.com/downloads/.
3D interaction is only possible on MS Windows or Mac OS. Javascript must be enabled. For
more advanced selection options, right-click on the 3D model and choose: “Show Model Tree”.
See also the user manual on the first page of the 3D-PDF.
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CHAPTER 7 - SUMMARY

Bernadette S de Bakker

“Our real teacher has been and still is the embryo, who is,
incidentally, the only teacher who is always right.”
Victor Hamburger (1900-2001)

3 D A TLAS OF H UMAN E MBRYOLOGY
This thesis starts with a scope and a general introduction on the embryonic period, the
first eight weeks of human development (chapter 1). During this period, the
approximately 0.1-0.2 mm fertilized egg, the zygote, develops into an embryo of less
than 3 cm crown-rump length (CRL). Developmental biologists rank the embryos in
23 Carnegie stages according to the embryonic age that starts counting at fertilization.
To compare embryonic age with the number of pregnancy weeks one needs to add
two weeks to the embryonic age. This is because pregnancy weeks are normally
counted from the first day of the last menstrual period. Two weeks after this day
ovulation occurs, and when the egg is fertilized, embryonic development starts. The
embryonic period encompasses significant growth and organogenesis and finishes
after 60 days of development when the fetal period begins.
In chapter 2.1 and 2.2 we present the 3D Atlas and Database of Human Embryology.
Based on stained histological sections we created a digital atlas with 14 interactive
three-dimensional (3D) models of human embryology and a database encompassing
34 embryos covering the embryonic period between two and eight weeks of human
development. Approximately 15,000 histological sections from the Carnegie
Collection were analyzed by trained biomedical students under expert supervision,
and up to 150 organs and structures per specimen were identified and digitally labeled.
This is the first and most extensive digital 3D human embryology atlas, containing all
developing organ systems.
The morphology presented in this atlas is directly connected to the original
sections of the embryos in the Carnegie Collection—a connection that was in danger
of being lost, with present-day textbook morphology becoming increasingly
schematic and deviating from the original substrate. This atlas will therefore serve as
an educational and reference resource for students, clinicians, and scientists
interested in human development and development-related congenital diseases.
In chapter 2.3 we focus on one of the embryos used for the 3D Atlas, the
famous Heuser embryo. Comparing the Heuser embryo to two other stage 8
specimens from the Carnegie collection makes us doubt whether the Heuser
specimen is representative enough to serve as reference model for this stage. It is
worrying that most textbooks present an ever-changing succession of illustrations
based on this single stage 8 specimen, often without proper referencing.
Most organ systems presented in our 3D Atlas perfectly resemble the descriptions and
drawings of well-respected embryologists from decades ago. However, a number of
detailed analyses of the development of the kidney, pharyngeal arch cartilages, and
notochord show that the accepted descriptions of the development of these organs
are based on comparative animal models rather than on factual observations in human
specimens. These examples are elaborated in the following chapters.
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In chapter 3 the development of the most relevant axial structures; the notochord and
the neural tube are highlighted. We show that the definitive notochord (chapter 3.1)
is preceded in its development by the prechordal plate, notochordal plate and
notochordal process. The notochordal process incorporates entirely into the
endoderm, forming the epithelial notochordal plate, which acquires an “inverted Ushape”, and remains intimately associated with the neural tube. Subsequently, the
notochordal cells detach from the endoderm to form the definitive notochord,
allowing the paired dorsal aortae to fuse between the notochord and the roof of the
foregut. The descriptions in the modern textbooks resemble the notochord
development in chicken embryos. In contrast to these descriptions, the formation of
the definitive notochord in human starts in the middle of the embryo, and proceeds in
both cranial and caudal directions.
Since the multi-site closure theory for neural tube closure was first proposed
in 1991 as explanation for the preferential localizations of neural tube defects, the
mechanism of closure of the neural tube has been a contentious topic. In chapter 3.2
we observe that there is no evidence for more than one fusion site in human and mouse
embryos. Therefore, we propose to reinstate the single-site closure theory for neural
tube closure. We show that neural tube defects are not restricted to a specific
preferential location, thereby refuting the reasoning underlying the multi-site closure
theory.
In chapter 4 the development of the urogenital system is highlighted. Human kidney
development is generally described as to pass through three stages: pronephros,
mesonephros and metanephros. The most striking difference between pronephros
versus meso- and metanephros concerns nephron architecture. The pronephros
comprises exclusively non-integrated nephrons with external glomeruli, whereas
meso- and metanephros are composed of integrated nephrons with internal
glomeruli. Non-integrated nephrons are not identified in histological sections of
human embryos. Therefore, we conclude that a true pronephros is not present in
developing humans. The most cranial part of the amniote excretory organ has often
been confusingly referred to as pronephros. We recommend that the term
pronephros should be avoided in amniotes unless all elements for a functional
pronephros are undeniably present.
Chapter 4.2 focuses on the gonadal development. We state that, in contrast
to the long-established theory on the descent of the gonads, gonads do not descend
during the embryonic period. The indifferent gonads are longitudinally shaped organs
that extend from the level of the fifth thoracic vertebra to the level of the fifth lumbar
or first sacral vertebra around 40 days of development. Three weeks later in
development, the cranial margin of the gonads can be found at the level of the second
lumbar vertebra, while the caudal margin remains at the level it was at 40 days. This
shows that the gonads become relatively shorter, giving the erroneous impression that
they descend during embryonic development.
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3 D A TLAS OF H UMAN E MBRYOLOGY
Chapter 5 provides a new and relatively simpler theory on the development of the
hyoid-larynx complex, to facilitate better understanding of the etiology of anatomical
variants. We observe that the development of the hyoid-larynx complex in human
embryos (chapter 5.1) is less complicated than it is currently described in textbooks.
The body of the hyoid bone originates from a single growth center, without overt
contributions from second and third pharyngeal arch cartilages. The fourth and sixth
arch cartilages are not detected in human embryos; the thyroid and cricoid cartilages
develop as mesenchymal condensations in the neck region unrelated to the arch
cartilages.
In chapter 5.2 we give an overview of the anatomical variants of this highly
polymorphic hyoid-larynx complex. Apart from minor variations like age-dependent
ankylosis of the hyoid and presence of triticeal cartilages in the lateral thyrohyoid
ligament, most variants are found in the trajectory of the second pharyngeal arch
cartilage. We suggest to consider Eagle's syndrome and the aberrant hyoid apparatus
as two expressions of one entity, preferably referred to as ‘second pharyngeal arch
cartilage anomalies’. As some variants mimic a fracture of the hyoid-larynx complex,
we emphasize the importance of our work for forensic experts.
In chapter 6 we present a hitherto unprecedented detailed description of muscle
anatomy in an 8 weeks old embryo, in topographic relation with the skeletal and
peripheral nervous systems. Almost all adult skeletal muscles of the trunk and limbs
are individually identified in their relative adult position. Although the muscular
system is an often neglected or only generically described topic in embryology
textbooks, some interesting findings are described. The pectoralis major muscle, for
example, is divided in three separate muscle heads whereas in adults it is known as a
single large muscle. The 3D reconstructions show remarkable highly developed
extraocular, infrahyoid and suprahyoid muscles at this age but surprisingly also
absence of the facial muscles that have been described to be already present at this
stage of development.
In chapter 7 & 8 the thesis is summarized in English and Dutch and future perspectives
are discussed.
Chapter 9, provided as addendum, contains two examples of the use of the 3D Atlas
in clinical settings as well as in education. Chapter 9.1 presents ultrasound imagerendering software that allows the visualization of the entire fetal cerebral ventricular
system in a completely new way. This software enables imaging of structures not
usually seen using standard 2-dimensional or 3D methods and enables identification
and diagnosis of fetal central nervous system abnormalities well before the second
trimester. In chapter 9.2 we show that the 3D Atlas has proven to be a valuable
resource, in addition to the existing resources, to teach the intricate developmental
processes of human embryology to biomedical students, especially in a blended
learning curriculum.
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Future perspectives
The findings described in chapters 2 to 6 illustrate the gaps in our knowledge in human
embryology and therefore in the manifestations and the causes of birth defects. The
focus of this thesis lies mainly on the period of organogenesis, between embryonic
weeks 3 and 8. Although most organs are formed after eight weeks of development,
the majority has not yet assumed their final location and proportion when compared
to a full-term neonate, whereas e.g. the genital system is even far from complete at
the end of the embryonic period. We are grateful to the Board of Directors of the AMC
and to the Graduate School for providing funding for the establishment of the 3D Atlas
of Fetal Development which enables us to continue our research. Our main mission is
to provide clinicians with true-to-nature (digital) 3D models of fetal human
development that can be used as reference models on which advanced software on
ultrasound machines can base their fetal proportions and volume-rendering
algorithms. By this, we hope to contribute to the earlier diagnosis of congenital
abnormalities.
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CHAPTER 8 - NEDERLANDSTALIGE SAMENVATTING

Bernadette S de Bakker

“Studenten leren niet door osmose.”
Joy de Vries, 2016

3 D A TLAS OF H UMAN E MBRYOLOGY
Dit proefschrift opent met een vooruitblik op de inhoud en met een algemene
introductie over de embryonale periode, de eerste acht weken van de menselijke
ontwikkeling (hoofdstuk 1). In deze periode ontwikkelt de ca. 0.1-0.2 mm grote
bevruchte eicel, de zygote, zich tot een embryo van nog geen drie centimeter kruinstuitlengte. De zwangerschapsduur wordt normaal gesproken berekend vanaf de
eerste dag van de laatste menstruatie. Twee weken later vindt de ovulatie plaats en
wanneer de eicel bevrucht is, begint de embryonale ontwikkeling. De embryonale
periode, geteld vanaf de bevruchting, wordt opgedeeld in 23 Carnegiestadia aan de
hand van de leeftijd en uiterlijke kenmerken van het embryo. De embryonale periode
omvat een groot deel van de orgaanvorming en eindigt na zestig dagen ontwikkeling
(10 weken zwangerschap of ongeveer 8 weken embryonale ontwikkeling), wanneer
de foetale periode begint.
In hoofdstuk 2.1 en 2.2 introduceren wij de 3D Atlas and Database of Human
Embryology. Op basis van histologisch gekleurde coupes hebben we een digitale atlas
gemaakt met veertien interactieve driedimensionale (3D) modellen van menselijke
embryo’s en een wetenschappelijke database die 34 embryo’s uit de eerste acht weken
van de menselijke ontwikkeling beslaat. Ongeveer 15.000 histologische coupes van
de Carnegiecollectie zijn geanalyseerd door getrainde biomedische studenten, onder
supervisie van embryologen. Wij hebben tot 150 organen en structuren per embryo
geïdentificeerd en digitaal gelabeld. Dit is de eerste en grootste digitale 3D Atlas van
de menselijke embryologie, die alle ontwikkelende orgaansystemen bevat.
De morfologie in deze atlas is direct gekoppeld aan de originele coupes van
de embryo’s in de Carnegiecollectie – een connectie die verloren dreigde te gaan bij
schematische afbeeldingen in leerboeken die steeds verder van het originele substraat
vervreemd raken. Deze atlas zal daarom dienstdoen als naslagwerk voor studenten,
clinici en wetenschappers die zich bezighouden met de menselijke ontwikkeling of
met aangeboren afwijkingen die hun oorsprong vinden in de embryonale
ontwikkeling.
In hoofdstuk 2.3 besteden we aandacht aan één van de embryo’s gebruikt
voor de 3D Atlas, het beroemde Heuserembryo. Toen we het Heuserembryo met
twee andere stadium 8 embryo’s uit de Carnegiecollectie vergeleken, bleek het
twijfelachtig of het Heuserembryo wel geschikt is om als referentiemodel voor dit
stadium te dienen. Het is zorgwekkend dat vrijwel alle leerboeken illustraties
afbeelden die gebaseerd blijken te zijn op dit ene stadium 8 embryo, vaak zonder juiste
verwijzing naar de originele referentie van Heuser.
De meeste orgaansystemen die wij tonen in onze 3D Atlas zijn vergelijkbaar met de
beschrijvingen en tekeningen van de gerespecteerde embryologen van tientallen
jaren geleden. Echter, na gedetailleerde bestudering van onder andere de
ontwikkeling van de nier, de kieuwboogkraakbeenderen en de chorda, blijkt dat de
huidige beschrijvingen van de ontwikkeling van deze organen eerder gebaseerd lijken
te zijn op vergelijkende anatomische modellen van dieren in plaats van op feitelijke
observaties in menselijke embryo's. Deze voorbeelden zijn verder uitgewerkt in de
volgende hoofdstukken.

258

Nederlandstalige samenvatting
In hoofdstuk 3 wordt de ontwikkeling van de meest relevante axiale structuren
uitgelicht: de chorda en de neurale buis. Wij laten zien dat de definitieve chorda
(hoofdstuk 3.1) voorafgegaan wordt in zijn ontwikkeling door de prechordale plaat,
de notochordale plaat en het processus notochordale. Het processus notochordale ligt
volledig ingebed in het endoderm en vormt de epitheliale notochordale plaat, die later
in de ontwikkeling een “omgekeerde U-vorm” krijgt door zijn nauwe verwantschap
met de neurale buis. Vervolgens komen de chordale cellen los van het endoderm om
de definitieve chorda te vormen, waardoor de gepaarde dorsale aorta in de middenlijn
kan fuseren tussen de chorda en de dorsale zijde van de voordarm. De beschrijvingen
in moderne leerboeken tonen meer gelijkenis met de chordale ontwikkeling in
kippenembryo’s. In tegenstelling tot deze beschrijvingen, begint de vorming van de
definitieve chorda in de mens in het midden van het embryo en breidt deze zich uit in
zowel craniale als caudale richting.
Sinds de theorie over multi-site sluiting van de neurale buis voor het eerst
werd voorgesteld in 1991 als verklaring voor voorkeurslokalisaties van
neuralebuisdefecten zoals een open ruggetje, is het mechanisme van sluiting van de
neurale buis aan veel discussie onderhevig. In hoofdstuk 3.2 zien we dat er geen
bewijs is voor meer dan één sluitingsplaats in menselijke of muizenembryo’s; daarom
stellen wij voor de aloude single-site sluitingstheorie van de neurale buis in ere te
herstellen. Wij laten zien dat neuralebuisdefecten zich niet beperken tot specifieke
voorkeurslokalisaties en verwerpen daarmee de wetenschappelijke grond voor de
multi-site sluitingstheorie.
In hoofdstuk 4 wordt de ontwikkeling van het urogenitaalstelsel uitgelicht. De
ontwikkeling van de menselijke nier wordt over het algemeen beschreven aan de
hand van drie te doorlopen stadia: pronephros, mesonephros en metanephros
(hoofdstuk 4.1). Het meest opvallende verschil tussen pronephros enerzijds en
meso- en metanephros anderzijds betreft de architectuur van het nefron, de
functionele filtratie-eenheid van de nier. De pronephros bestaat uitsluitend uit nietgeïntegreerde nefrons met externe glomeruli (bloedvatkluwen), terwijl meso- en
metanephros opgebouwd zijn uit geïntegreerde nefrons met interne glomeruli. Nietgeïntegreerde nefrons zijn niet geïdentificeerd in de histologische coupes van
menselijke embryo’s; daarom concluderen wij dat een ware pronephros ontbreekt bij
de ontwikkelende mens. Het meest craniaal (hoog) gelegen deel van het amniote
uitscheidingsorgaan (in reptielen, vogels en zoogdieren) wordt dikwijls foutief
aangeduid als pronephros. Wij adviseren het gebruik van de term pronephros in
amnioten te vermijden, tenzij alle elementen van een functionele pronephros
onmiskenbaar aanwezig zijn.
Hoofdstuk 4.2 richt zich op de gonadale ontwikkeling. Uit de gonaden
ontstaan de zaadballen of eierstokken. Wij stellen dat, in tegenstelling tot de sinds
lang gevestigde theorie over het afdalen van de gonaden, de gonaden niet afdalen
tijdens de embryonale periode. De nog ongeslachtelijke embryonale gonaden zijn
langwerpig gevormde organen die zich uitstrekken vanaf het niveau van de vijfde
thoracale wervel tot aan de vijfde lumbale of eerste sacrale wervel rond de veertigste
dag van de embryonale ontwikkeling. Drie weken later in de ontwikkeling treft men
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de bovenbegrenzing van de gonaden op het niveau van de tweede lumbale wervel,
terwijl de onderbegrenzing zich nog altijd bevindt op het niveau waarop het zich op
de veertigste ontwikkelingsdag bevond. Dit laat zien dat de gonaden relatief korter
worden, wat ten onrechte de indruk wekt dat zij afdalen tijdens de embryonale
ontwikkeling.
Hoofdstuk 5 verschaft een nieuwe en relatief eenvoudigere theorie over de
ontwikkeling van het halsskelet, het hyoid-larynxcomplex. Wij zagen dat de
ontwikkeling van het hyoid-larynx complex in menselijke embryo’s minder
gecompliceerd is dan zoals het in de leerboeken beschreven staat (hoofdstuk 5.1).
Het lichaam van het os hyoideum (tongbeen) ontwikkelt uit een enkele groeikern,
zonder duidelijke bijdragen vanuit het tweede- of derdekieuwboogkraakbeen. Het
vierde- of zesdekieuwboogkraakbeen is niet gevonden in menselijke embryo’s; het
thyroid- en cricoidkraakbeen ontwikkelen zich als mesenchymale verdichtingen in de
nekregio zonder relatie met het kieuwboogkraakbeen. Deze nieuwe
ontwikkelingstheorie bewerkstelligt beter begrip van de ontstaanswijze van
anatomische varianten van het halsskelet.
In hoofdstuk 5.2 geven we een overzicht van de anatomische varianten van
het hoogst polymorfe hyoid-larynxcomplex. Los van de kleine variaties zoals
leeftijdsafhankelijke vergroeiing van de gewrichtjes van het os hyoideum en de
aanwezigheid van triticeaal kraakbeen in het ligamentum thyrohyoideum laterale,
werden de meeste varianten gevonden in het traject van het
tweedekieuwboogkraakbeen. Wij zijn van mening dat het Eaglesyndroom en
ossificatie van het ligamentum stylohyoideum beschouwd moeten worden als twee
uitingen van dezelfde entiteit, bij voorkeur omschreven als ‘afwijkingen van het
tweedekieuwboogkraakbeen’. Aangezien sommige varianten sterk lijken op
fracturen van het hyoid-larynxcomplex, benadrukken wij het belang van ons werk
voor forensisch experts.
In hoofdstuk 6 presenteren wij in ongeëvenaard detail de spieranatomie van een acht
weken oud embryo in topografische relatie met het skelet en perifere zenuwstelsel.
Van vrijwel alle volwassen skeletspieren van de romp en ledematen zijn de
embryonale equivalenten geïdentificeerd. Hoewel embryologieleerboeken het
musculaire systeem dikwijls negeren of alleen in algemene zin beschrijven, zijn er
toch enkele interessante bevindingen te vermelden. De musculus pectoralis major,
bijvoorbeeld, is in het embryo nog verdeeld in drie separate spierkoppen terwijl deze
bij volwassenen bekend is als één enkele grote spier. De 3D reconstructies tonen
opmerkelijk ver ontwikkelde extraoculaire, infrahyoidale en suprahyoidale spieren
voor deze leeftijd, maar verrassend genoeg ook de afwezigheid van
aangezichtsspieren waarvan beschreven was dat ze al aanwezig zouden zijn in dit
stadium van ontwikkeling.
In hoofdstuk 7 & 8 is dit proefschrift samengevat in het Engels en Nederlands en
wordt het toekomstperspectief beschreven.
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Nederlandstalige samenvatting
Hoofdstuk 9, bijgevoegd als addendum, bevat voorbeelden van het gebruik van de 3D
Atlas in de kliniek en als hulpmiddel in het onderwijs. Hoofdstuk 9.1 toont software
voor echografieapparatuur die op geheel nieuwe wijze visualisatie mogelijk maakt
van het complete foetale cerebrale ventrikelsysteem. Deze software maakt weergave
mogelijk van structuren die men normaalgesproken niet ziet bij gebruik van standaard
2D of 3D echografiemethoden waardoor ruimschoots voor het tweede trimester
identificatie en diagnose van afwijkingen van het foetale centrale zenuwstelsel
mogelijk wordt. In hoofdstuk 9.2 laten we zien dat de 3D Atlas als waardevolle bron
dient in aanvulling op reeds bestaande onderwijsbronnen, om de ingewikkelde
ontwikkelingsprocessen van de menselijke embryologie te onderwijzen aan
(bio)medische studenten, in het bijzonder in een blended learning curriculum.
Toekomstperspectieven
De bevindingen beschreven in hoofdstukken 2 t/m 6 illustreren de tekortkomingen in
onze kennis over de embryologie en daarmee over de oorzaken en uitingsvormen van
aangeboren afwijkingen. Dit proefschrift richt zich primair op de periode waarin de
orgaanontwikkeling plaatsvindt, tussen week drie en acht van de embryonale
ontwikkeling. Hoewel de meeste organen gevormd worden vóór de achtste
ontwikkelingsweek, heeft het merendeel nog niet zijn uiteindelijke plaats en
verhouding aangenomen in vergelijking met een voldragen foetus. Bijvoorbeeld het
genitale systeem is verre van compleet aan het eind van de embryonale periode. Het
is daarom van belang om orgaanontwikkeling verder te bestuderen in de (vroeg)
foetale periode. Wij zijn de raad van bestuur en de Graduate School van het AMC
dankbaar voor hun financiële steun voor het maken van een 3D Atlas van de Foetale
Ontwikkeling waardoor de voortzetting van ons onderzoek mogelijk is gemaakt. Ons
belangrijkste doel is om clinici natuurgetrouwe modellen van de menselijke foetale
ontwikkeling te bieden die gebruikt kunnen worden als referentiestandaard, waarop
geavanceerde software op echografieapparatuur de foetale verhoudingen en
volumeweergave-algoritmes kan worden gebaseerd. Hiermee hopen wij bij te dragen
aan vroegere diagnostiek van aangeboren afwijkingen.
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CHAPTER 9 - ADDENDUM: APPLICATIONS OF THE 3D
ATLAS OF HUMAN EMBRYOLOGY

“Our kidneys constitute the major foundation of our philosophical freedom.
Only because they work the way they do has it become possible for us
to have bone, muscles, glands and brains.”
Homer W Smith, 1953
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CHAPTER 9.1 - THE FIRST TRIMESTER FETAL
CENTRAL NERVOUS SYSTEM - A NOVEL
ULTRASONOGRAPHIC PERSPECTIVE

Harsha Shah
Maya Al-Memar
Bernadette de Bakker
Hanine Fourie
Christoph Lees
Tom Bourne

Am J Obstet Gynecol. Aug 2017;217(2):220-21.

“But the female mind has demonstrated a capacity for all the mental acquirements
and achievements of men, and as generations ensue that capacity will be expanded;
the average woman will be as well educated as the average man, and then better
educated, for the dormant faculties of her brain will be stimulated to an activity that
will be all the more intense and powerful because of centuries of repose. Woman
will ignore precedent and startle civilization with their progress.”
Nikola Tesla, 1926
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Condensation
A novel 3-dimensional perspective of the fetal ventricular system in the first trimester
of pregnancy using Crystal Vue image-contrast enhancement and rendering software
Case Notes
A 32-year-old nulliparous pregnant woman presented for a routine first-trimester
obstetric ultrasound scan that demonstrated a viable intrauterine pregnancy with a
crown-rump length of 67 mm (13 weeks and 1 day gestation). On 2-dimensional
imaging using a WS80 Elite system (Samsung Medison Ltd, Seoul, Republic of
Korea), all fetal anatomical structures examined appeared normal within the
limitations of the examination and gestation. A 3-dimensional (3D) volume of the fetus
was obtained by sagittal and coronal acquisition and examined using Crystal Vue and
Realistic Vue software (Samsung-Medison, Korea) (Dall'Asta, Paramasivam, and
Lees 2016), which revealed a novel 3D impression of the fetal ventricular system
comparable to digitally reconstructed embryological models (de Bakker et al. 2016)
(Fig. 1).

Fig. 1. Three-dimensional perspective of the first trimester fetal ventricular system
A: Coronal view with Crystal Vue and Realistic Vue™ software applied
B: Digital reconstruction of the ventricular system of a stage 23 human embryo from the 3D Atlas
of Human Embryology (de Bakker et al. 2016)
C: Sagittal view with Crystal Vue and Realistic Vue™ software applied
D: Schematic drawing of the ventricular system as presented in the sagittal plane
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The first trimester fetal central nervous system - a novel ultrasonographic perspective

Comment
The fetal central nervous system and in particular ventricular system, is usually difficult
to examine in any great detail in the first trimester as it is rapidly changing.
Furthermore, visualization of the anatomical complexity of the central nervous system
is limited by image resolution (Monteagudo and Timor-Tritsch 2009). The technical
challenges of imaging the fetal brain during the first trimester have been evidenced by
the difficulty of implementing routine first trimester examination of posterior fossa
intracranial translucency as a screening test for open neural tube defects (Chaoui and
Nicolaides 2010). A further limitation is that thorough knowledge of both
sonoembryology and the use of 3D multiplanar reconstruction and analysis are
required to obtain diagnostic 3D images.
Crystal Vue and Realistic Vue™ are an image-contract enhancement and rendering
software particularly effective at enabling perception of depth whilst preserving
context and surface information. As demonstrated in this case, they allow visualization
of the entire fetal ventricular system in a completely new way and enable imaging of
structures not usually seen using standard 2D or 3D methods. The relatively simple use
of this software may help to improve our understanding of neurodevelopmental
changes in the first trimester. In addition, it may provide insight into pathognomonic
markers of ventricular system anomalies and thus enable identification and diagnosis
of fetal central nervous system abnormalities well before the second trimester.
References
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Christoffels, V.M., and Moorman, A.F.M. 2016. 'An interactive threedimensional digital atlas and quantitative database of human development',
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the central nervous system from the second trimester onwards using 2D, 3D
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CHAPTER 9.2 - VALIDATING THE USE OF THE 3D
ATLAS OF HUMAN EMBRYOLOGY IN THE BIOMEDICAL
CURRICULUM

Nora Chekrouni
Roeland P Kleipool
Bernadette S de Bakker
Manuscript in preparation

“We do not learn best by memorizing facts about the subject. Because reality is
communal, we learn best by interacting with it. … In a wide variety of ways, good
teachers bring students into living communion with the subjects they teach.”
Parker J Palmer, 1983

3 D A TLAS OF H UMAN E MBRYOLOGY
Abstract
Knowledge of embryonic development is essential to understand the positioning of
organs in the human body. Unfortunately, (bio)medical students struggle to grasp the
intricate morphogenesis of the developing human body by studying textbooks since
texts use static, two-dimensional (2D) schematics. To facilitate embryology education
on an understandable and scientific level, a 3D Atlas of Human Embryology was created
and published in Science in 2016, encompassing 14 interactive 3D-PDFs of various
stages
of
human
embryonic
development
(freely
available
from
http://www.3datlasofhumanembryology.com). To find out whether this 3D atlas has
a significant added educational value in the (bio)medical curriculum, we examined by
means of a questionnaire and outcomes in written exams whether the use of this
interactive 3D atlas to accompany embryology lectures improves the students learning
experience. Our results show that although its use did not significantly improve the
students test scores, the 3D atlas facilitates students’ learning experience as a resource
to accompany embryology lectures. Students appreciated the use of the 3D atlas in
practical classes and liked the interactive aspect of the 3D atlas. Interestingly, the
students also highly appreciated the physical 2D hand-painted embryological models
that were used in addition to the digital 3D atlas during practical classes. The 3D atlas
has proven to be a valuable resource in addition to the existing resources to teach the
intricate developmental processes of human embryology, especially in a blended
learning curriculum.
Introduction
Teaching anatomy and embryology is an important part of the (bio)medical
curriculum. Knowledge of embryonic development is crucial to grasp the intricate
topographic relations of organs in the human body and to understand the etiology of
congenital malformations. In most embryology courses at medical schools students
can only use textbooks to study embryology in addition to the presented lectures.
Unfortunately, students find it hard to gain insight into the morphogenesis of the
developing human body from textbooks, since books use flat images of cross sections
and static schematic images. This often frustrates students who have to learn details of
three-dimensional (3D) embryonic growth processes. Also, in the absence of
qualified embryologists, embryology education is at risk of being eliminated from the
(bio)medical curriculum, with consequences for students’ basic knowledge of the
human body plan.
The opportunity to process visual information is important to understand embryonic
development (Evans et al., 2011). Most educators use different approaches and
modalities to put this knowledge into a format that is the most effective for students.
Carmichael and Pawlina (2000) demonstrated that students considered animated
™
®
PowerPoint (PPT , Microsoft ) presentations during anatomy lectures to be a
valuable addition to the course. Other research showed that in addition to classroom
lectures, online embryology screencasts were accessed heavily by medical students
throughout the course, which emphasizes the need for visual computer-aided
learning in embryology (Evans et al., 2011; Nieder and Nagy, 2002). Exam scores
showed that the screencasts had a positive effect on students’ outcome. This type of
blended learning in embryology, in which traditional lectures are combined with
online teaching resources, enables students to choose customized learning
experiences to achieve their individual learning goals (Graham, 2013).
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In 2015 S. Seppings of the Swansea University, Swansea, UK posted a clay
animation of heart development online, offering students a new and creative way of
looking
at
embryonic
development
(https://www.youtube.com/
watch?v=RpZHiwkFUM4). The ability to interact with a 3D model might be of
added value since the process of embryonic development needs to be
envisioned from different viewpoints to thoroughly understand the 3D
spatial and temporal developmental processes. Marsh et al. (2008) introduced a
module with simple 3D animated models of early embryology, and found that the
students appreciated the way those models presented developmental processes
that could not be presented on paper. This indicated that student felt a need for an
interactive 3D representation of embryonic development.
To facilitate embryology education on an understandable, yet scientific
level, a
free
3D
Atlas
of
Human
Embryology
(http://www. 3datlasofhumanembryology.com), encompassing 14 interactive 3DPDFs of various stages of the first two months of human development (Fig. 1; De
Bakker et al., 2016), was created. These interactive 3D models provide detailed
information on the development of up to 150 organs and structures per embryo that
can be interactively viewed from all sides. Furthermore, the students can manipulate
the models in virtual 3D space, which facilitates active exploration of the embryos
in the classroom or elsewhere. Compared with textbooks, which present the
development and topology of each organ system in separate chapters, these 3D
models allow better appreciation of the topographical relations of various organs, a
learning approach which proved to result in better outcomes for medical students
(Ferguson et al., 2002; Ward, 2011a,b).
To find out whether the 3D Atlas of Human Embryology has a
significant added educational value in our curriculum for (bio)medical students, we
examined whether the use of the interactive 3D atlas to accompany embryology
sessions improved the students’ learning experience. Therefore, we analyzed
qualitative and quantitative feedback from a student questionnaire as well as
students’ outcomes in written exams.
Methods
Participants and setting
This study was conducted at the Academic Medical Center, University of
Amsterdam, Amsterdam, the Netherlands, during the 2016-2017 academic year with
one cohort of first year undergraduate biomedical science and biology students.
Their average age was 19 years with a range between 17 and 23 years.
The four week embryology course comprised of a series of 14
classroom lectures of 45 minutes each, organized in three main subjects: embryo
morphology (six lectures), basic developmental concepts (four lectures) and
development of the heart (four lectures). These classroom lectures are
accompanied by three practical classes of two and a half hours each in the second,
third and fourth week of the course. Prior to the practical classes the students were
asked to complete E-learning modules as preparation for the assignments during
classes. During these classes students worked on assignments in groups of
about five students, under supervision of embryologists (Fig. 2). For several
assignments students used plastic hand-painted physical models of human and
chicken embryos (http://www.somso.de), which were also used in previous
years. In 2016-2017 the assignments were updated in such a way that the students
had to use the 3D Atlas of Human Embryology (De Bakker et al., 2016) next to the
physical models. The course concluded with a written exam at the end of the fourth
week.
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Fig. 1. An example of the interface of a 3D-PDF from the 3D Atlas of Human Embryology. The presented model is a stage
20 (51-53 days of development) human embryo, specimen number 462 from the Carnegie collection of the Human
Developmental Anatomy Center at the National Museum of Health and Medicine in Silver Spring, MD, USA. Eight
educational predefined views can be selected on the bottom of the 3D-PDF. On the left all organ systems and single selected
structures can be separately turned on or off or be made transparent. All 14 3D-PDFs covering the first eight weeks of
embryonic development are freely available from http://www.3datlasofhumanembryology.com. Adobe Reader® X or
higher (http://www.adobe.com/downloads/) is needed to properly open and view the 3D-PDFs.

Table 1. Number of respondents and demographics for the students cohort
Type of
students

Number of
students

Number of
respondents
(%)

Male

Female

Mean
Age
(y)

New
students

174

77 (44%)

23

54

19.0

Number of
students
recommending
practical classes
in current form
60

Repeaters

33

14 (43%)

7

7

19.4

8

Total 20162017 cohort

207

91 (44%)

30

61

19.1

68
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Study design
At the end of the second practical class the students were asked to fill in a
questionnaire to gather feedback on the practical classes and specifically the 3D atlas.
Survey participation was voluntary and anonymous, and there were no rewards
offered for completing the survey. The first three questions addressed age, gender
and whether the student was a repeater for this course due to an insufficient grade the
previous year. Then, students were asked to indicate on a scale from 1 to 5 (i.e.
“Strongly negative”, “Negative”, “neutral”, “Positive”, “Strongly positive”) their
opinion on the practical classes and the use of the 3D atlas in these classes. In addition,
students were asked a number of open questions concerning their opinion on the
interface of the 3D atlas and their experience with using the atlas during the
assignments. Furthermore, students were asked to give feedback on the practical
classes and the embryology teachers.
At the end of the course, the students’ knowledge on the studied topics was
tested with a written exam encompassing 40 multiple choice questions (one point for
each correct answer). In terms of content and difficulty this exam was similar to the
exam in the previous year.
Fig. 2. Atmosphere impression during
a practical class. Students work on
assignments in groups of about five
students,
under
supervision
of
embryologists (top). Note the laptop
with the 3D atlas (middle) and the
physical hand-painted models on the
table
(bottom).
University
of
Amsterdam FNWI Communication,
with permission.
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Statistical analysis
The questionnaire was administered to one cohort of biomedical and biology students
(N = 207) and responses on the questionnaire were analyzed for statistical
significance. Pearson Chi-Square tests were conducted to determine statistical
differences between new students and repeaters for categorical data (whether they
would recommend the practical classes in the current form for future practical
classes). Written exam results (scale from 0 to 40), of cohort 2016-2017 and cohort
2015-2016, were each checked for normality of distribution using the Shapiro-Wilk
test and for equal variances with Levene’s test. Thereafter, an independent samples ttest was conducted for statistical differences in outcome of written exams between
the 2016-2017 and the 2015-2016 student cohorts. A paired-samples t-test was used to
compare the outcomes in written exams between the repeaters first and second
attempts (scale from 0 to 40). All tests were conducted using IBM SPSS Statistics
(version 23) with P<0.05 as significance level.
Table 2. Response on different statements about the 3D Atlas of Human
Embryology
Number of responses to statement (%)
Given statements
Practical classes led
to better learning
and understanding of
embryology
The physical handpainted embryology
models were useful
for learning
embryology
The 3D atlas was
useful for learning
embryology
3D atlas led to better
understanding of
embryology
compared to the
physical models
I appreciated the
supervision during
the practical class

274

Strongly
positive
(5)

Positive
(4)

Neutral
(3)

Negative
(2)

Strongly
negative
(1)

32 (35%)

42 (46%)

9 (10%)

3 (3%)

5 (6%)

16 (18%)

53 (58%)

12 (13%)

9 (10%)

0 (0%)

21 (23%)

47 (52%)

12 (13%)

8 (89%)

3 (3%)

25 (28%)

39 (43%)

17 (19%)

6 (7%)

4 (4%)

17 (19%)

53 (58%)

18 (20%)

3 (3%)

0 (0%)
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Results
Questionnaire
A total of 91 respondents of the 207 students of the cohort (44%) completed the
questionnaire. The demographics of the respondents are summarized in table 1. Of
the 77 new students, 61 students would recommend the practical classes in their
current form, versus 8 of the 14 repeaters. A Chi-square test for independence (with
Yates’ Continuity Correction) indicated no significant association between type of
student (i.e. new student or repeater) and whether they recommend practical classes
2
in their current form for future practical classes, χ (1, N = 91) = 1.72, p = 0.19, phi =
0.17. The results on the students’ opinions on the questionnaire statements are shown
in table 2 and figure 3. For each statement the median of the responses was in
category 4 and 5. Practical classes were much appreciated (by 81% of respondents).
The same is true for the supervision during these classes (80%). The use of physical
and virtual 3D models each reached an appreciation of 76% and 75%, respectively.
Despite this similarity, 71% of the students agreed with the statement that the 3D atlas
led to better understanding of embryology than the physical models.
Responses on the open-ended questions are categorized by theme and sub-theme,
and summarized in table 3. Five key themes were identified: Interface 3D atlas,
Technical issues, Practical classes, Use of 3D atlas, and Supervision by embryologists.
The key theme Practical classes was further subdivided in three subthemes: Format,
Amount of time and Assignments.
Half of the respondents gave written feedback on the Interface of the 3D Atlas
of Human Embryology. The majority of the feedback (81%) was positive and students
labeled the interface as intuitive and easy to understand and use, as is illustrated by the
following comment: “You don’t really need much explaining to use the program,
everything goes without saying”. To a lesser extend respondents commented that the
3D atlas being in English made recognizing certain structures harder, because the
embryology lectures were in Dutch using Latin terminology.
Of all respondents, 22% spoke about Technical issues. The main issues raised
included problems with internet connection and downloading the needed free
software
(i.e.
Adobe
Reader®
X
or
higher,
available
from
http://www.adobe.com/downloads/). However, students praised the supervisors’
help solving the technical issues, resulting in only one student who could not do the
assignments on his or her own laptop.
The most frequent comment in the theme Practical classes (subtheme Time)
was “too little time for all the assignments”. Comments associated with the theme
Practical classes (subtheme Format) most frequently stated the usefulness of the
practical classes. One respondent described the classes as “an excellent preparation
for the written exam”, while others wrote about the practical classes giving insight in
the level of knowledge on certain subjects. Furthermore, respondents liked the
independence they were given during practical class. Comments associated with the
subtheme Assignments were merely positive, labeling them as “very instructive”.
Some respondents mentioned a few unclear assignments and wrong references in the
texts.
Another important theme was Use of 3D atlas, which was highly appreciated
by the majority of the respondents. The following comment from a respondent
illustrates this point: “The 3D atlas really helps to visualize the embryonic
development”. Furthermore, students mentioned that the 3D atlas helped giving them
insight in certain embryonic processes that they did not fully understand yet during the
embryology lectures. Supervision by the embryologists also received positive feedback
from the respondents. The following comment from a respondent illustrates this
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point: “The supervisors had much knowledge on the subjects, it was nice having them
during the practical classes because they could explain hard assignments very easily”.
Respondents also mentioned to “like working in a group of five students” because it
enabled them to discuss the assignments with each other. Be that as it may, an
important issue mentioned by several respondents was that they would like to have
more classical moments during the practical class to evaluate some hard questions with
the whole group.
Test results written exam
The students’ exam results of both the 2015-2016 (W(175) = 0.99, p = 0.33) and 20162017 cohort (W(169) = 0.98, p = 0.06) were normally distributed. Furthermore,
Levene’s test for equality of variances showed equal variances among both new
students and repeater cohorts test results (p = 0.13). An independent-samples t-test
was conducted to compare exam results of the 2016-2017 to the 2015-2016 cohort.
There was no significant difference in scores for the 2015-2016 cohort (M = 24.33, SD
= 4.94) and the 2016-2017 cohort (M = 25.01, SD 5.67); t (342) = -1.18, p = 0.24, twotailed). The magnitude of the difference in the means (mean difference = -0.67, 95%
CI: -1.80 to 0.45) was small (eta squared = 0.004).
A paired-samples t-test was conducted to evaluate the impact of the 3D atlas
on repeaters’ scores (N = 18) on the final exam in the two academic years. There was
a statistically significant increase in students’ score from 2016 (M = 18.61, SD = 3.97)
to 2017 (M = 23.17, SD = 3.43); t (17) = -5.23, p < 0.001 (two-tailed). The mean increase
in students’ scores was 4.56 with a 95% confidence interval ranging from 2.72 to 6.39.
The eta squared statistic (0.62) indicated a large effect size.
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3D atlas led to I appreciated the
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models were
embryology
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embryology
physical models
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Neutral (3)

Fig. 3. Responses on different statements on the 3D Atlas of Human Embryology. For details, see table
2. Note that although the 3D atlas led to better understanding of the embryology compared to the physical
models, the students similarly appreciated the usefulness of physical hand-painted models and the 3D atlas
for learning embryology. Together with the highly appreciated supervision during the practical classes
these results underscore the usefulness of a blended learning approach in embryology education.
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Discussion
Embryonic development is seen by many (bio)medical students as tough and puzzling.
A lack of interactive 3D visualization of the embryonic growth processes is one of the
reasons for this opinion. The current study was conducted to find out whether the 3D
Atlas of Human Embryology (De Bakker et al., 2016) has a significant added educational
value to the curriculum of a (bio)medical student. The use of the interactive 3D atlas
in embryology practical classes was hypothesized to improve the students learning
experience. We found indeed that the students appreciated the interactive 3D atlas in
addition to the lectures and use of the physical hand-painted models, but its use did
not significantly improve the students test scores.
The test results of the written exam showed no significant difference in the
over-all scores of the 2015-2016 versus the 2016-2017 cohorts. However, the paired ttest that was conducted to evaluate the impact of the 3D atlas on repeaters’ scores on
the final exam did show a statistically significant increase in students’ score from 2016
to 2017 (close to 25% higher scores on average). However, since the repeaters took
the course for a second time, this increase cannot be plainly explained by the use of the
3D atlas this year.
Results from the questionnaire show that the students appreciated the practical classes
in general, scoring a median of 4 out of 5 when asked whether the classes led to a
better understanding of embryology. The results showed that the use of the 3D digital
atlas in practical class was highly appreciated by the students, especially because the
atlas helped to visualize embryological processes that they did not fully understand yet
during the classroom lectures. Furthermore, students labeled the interface of the 3D
atlas as intuitive and easy to understand. Interestingly, students also mentioned to
desire the use of the physical hand-painted embryological models, next to the digital
3D atlas. Furthermore, students had positive experience with embryologists as
practical class supervisors, which resulted in a positive effect on their learning
experience. This indicates that the practical classes cannot simply be replaced by
online assignments.
Table 3. Summary of student responses (total n = 91) to the open-ended questions
Theme

Subtheme
(where
applicable)

Interface 3D atlas
Technical issues
Practical classes
Use of 3D atlas
Supervision by
embryologists

Format
Amount of time
Assignments

Number of
student
comments
(percentage of
total)
47 (52%)
20 (22%)

Number of
positive
comments
(percentage)

Number of
negative
comments
(percentage)

38 (81%)
-

9 (19%)
-

19 (21%)
15 (16%)
2 (2%)
17 (19%)

16 (84%)
13 (87%)
1 (50%)
14 (82%)

3 (16%)
2 (13%)
1 (50%)
3 (18%)

7 (8%)

7 (100%)

0 (0%)
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The use of the interactive 3D atlas for teaching human embryology fits well in a
modern blended curriculum, in which traditional lectures are combined with online
learning (Graham, 2013). The use of blended approaches may serve to enhance the
students’ motivation, satisfaction and learning experience. In research done by
Woltering and colleagues (2009) motivation, subjective learning gains and
satisfaction achieved significantly higher ratings by the blended learning students
compared with the students learning by traditional methods. The fact that the students
clearly expressed their preference to use both the interactive 3D atlas and the handpainted physical models during the practical classes further emphasizes the beneficial
effects of a blend of different educational materials, and shows that the digital atlas
should not totally replace current embryology models.
This study also has its limitations. It was the first time that the students worked
with 3D embryos of the 3D Atlas of Human Embryology, and so they were not
experienced users of the interface. Furthermore, the 3D atlas was not used during the
classroom lectures. Therefore, in future courses the 3D atlas will already be presented
during the lectures to make the students already familiar with the interface.
Furthermore, students will be asked to download the required version of Adobe
Reader® (http://www.adobe.com/downloads/), before the start of the practical
classes to avoid downloading issues during class.
Conclusion
The 3D Atlas of Human Embryology (De Bakker et al., 2016) proved to be a valuable
resource to accompany embryology lectures to facilitate understanding of the intricate
developmental processes. Since the students highly appreciated the combination of
both the physical 3D hand-painted embryology models and the digital 3D atlas during
practical classes, the atlas perfectly fits a blended learning curriculum.
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CHAPTER 10 – EPILOGUE

“Listen to everyone, read everything, believe nothing
unless you can prove it in your own research.”
William Cooper, (1943 – 2001)
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2010
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2010
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University Teaching Qualification (Basiskwalificatie onderwijs)

2011
2017
2017

Seminars, workshops and masterclasses
Masterclass Bas Haring, Netherlands Heart Foundation
Topic Oriented Open Learning (TOOL) workhop, Dutch Anatomical Society
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Knowledge-driven modeling in Blender
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Knowledge-driven modeling in Blender
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The 3D Atlas and Database of Human Embryology. BS de Bakker. Nederlandse
Anatomen Vereniging, January 5 2018, Lunteren, The Netherlands. Abstract and oral
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Nieuwe inzichten in de ontwikkeling van het hyoïd-larynx complex. BS de Bakker,
HM de Bakker, V Soerdjbalie-Maikoe, FG Dikkers. November 16, 2017,
wetenschappelijke vergadering van de Nederlandse Vereniging voor Keel-NeusOorheelkunde en Heelkunde van het Hoofd-Halsgebied. Abstract and oral
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3D Atlas of Human Embryology. BS de Bakker. Lab meeting Neuro Pathology,
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Bakker. E-Health avenue. January 25 2017, Academic Medical Center, Amsterdam,
The Netherlands. Abstract and scientific stand, invited.
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development. BS de Bakker, KH de Jong, J Hagoort, K de Bree, CT Besselink, FEC
de Kanter, T Veldhuis, B Bais, R Schildmeijer, JM Ruijter, RJ Oostra, VM Christoffels,
AFM Moorman. Nederlandse Anatomen Vereniging, January 6 2017, Lunteren, The
Netherlands. Abstract and poster presentation.
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de Bakker, KH de Jong, RJ Oostra. Nederlandse Anatomen Vereniging, January 6
2017, Lunteren, The Netherlands. Abstract and poster presentation.
Anatomy/Embryology of the neck, BS de Bakker. Symposium on hanging and
strangulation, December 1st 2016, Haga Hospital, The Hague, The Netherlands. Oral
presentation, invited.
3D Atlas and Serious Game of Human Embryology. BS de Bakker and RJ Oostra.
WIT festival, AMC Research Foundation. June 16 2016, Academic Medical Center,
Amsterdam, The Netherlands. Abstract and scientific stand, invited.
3D embryology game. BS de Bakker, MP Schijven. June 6 2016, AMC Research
discussion Serious Gaming, Academic Medical Center, Amsterdam, The
Netherlands. Oral presentation.
Aspects of the extensor assembly of the finger during interphalangeal flexion. KJ van
Zwieten, C Thywissen, A Hotterbeekx, L Kosten, S De Munter, BS de Bakker, SA
Varzin, OE Piskun, IA Zubova, KP Schmidt. Nederlandse Anatomen Vereniging,
January 8-9 2016, Lunteren, The Netherlands. Abstract and poster presentation.
The vanishing duodenal polyp; mesenteric invagination presenting as duodenal
pseudopolyp. BS de Bakker, SSKS Phoa, M Kara, S Al-Eryani, ME Gielen, CIJ
Ponsioen, HM de Bakker and TM van Gulik. GE at Sea, september 2nd 2015,
Bloemendaal aan Zee, The Netherlands. Oral presentation, invited.
A comprehensive 3D atlas and database of human development. BS de Bakker, KH
de Jong, J Hagoort, K de Bree, CT Besselink, FEC de Kanter, T Veldhuis, B Bais, R
Schildmeijer, JM Ruijter, RJ Oostra, VM Christoffels, AFM Moorman. Amsterdam
Kindersymposium, February 19 2015, De La Mar Theatre Amsterdam, The
Netherlands. Abstract and oral presentation.
Possible morphological substrates in the pathogenesis of rheumatoid arthritis in
human finger joints. KJ van Zwieten, I Lambrichts, BS de Bakker, L Kosten, S De
Munter, P Gervois, P Adriaensens, KP Schmidt, P Helder, PL Lippens. Nederlandse
Anatomen Vereniging, January 8-9 2015, Lunteren, The Netherlands. Abstract and
poster presentation.
De ontwikkeling en anatomische variaties van het hyoid-larynxcomplex;
significantie voor klinische en forensische studies. BS de Bakker, HM de Bakker.
Amsterdams Geneeskundig Genootschap, December 9 2014, Amsterdam, The
Netherlands. Oral presentation, invited.
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3D atlas en serious game van de humane embryologie. BS de Bakker, R Pesch, R
Schildmeijer, J Hagoort, JM Ruijter, AFM Moorman. Symposium Inventarisatie Elearning in het AMC, November 18 2014, Academic Medical Center, Amsterdam,
The Netherlands. Abstract and oral presentation.
Morphological substrates in Rheumatoid Arthritis pathogenesis. KJ van Zwieten, I
Lambrichts, BS de Bakker, L Kosten, S De Munter. Nederlandse Vereniging voor
Reumatologie Najaarsdagen, September 25-26 2014, Arnhem, The Netherlands.
Abstract nr. PD05.
Development of the hyoid-larynx complex and its variants: significance for clinical
and forensic studies. BS de Bakker, HM de Bakker, V Soerdjbalie-Maikoe, AFM
Moorman. Scientific afternoon, Groene Hart Hospital, Gouda, The Netherlands,
October 31 2014. Abstract and poster presentation.
Exploring the first phases of life - The 3D embryology serious game. BS de Bakker,
th
R Pesch, R Schildmeijer, J Hagoort, JM Ruijter, AFM Moorman. 4 Games For Health
Europe conference, October 27-28 2014, Provinciehuis, Utrecht, The Netherlands.
Oral presentation, invited.
A comprehensive 3D atlas and quantitative database of human development. BS de
Bakker, KH de Jong, J Hagoort, K de Bree, CT Besselink, FEC de Kanter, T Veldhuis,
B Bais, R Schildmeijer, JM Ruijter, RJ Oostra, VM Christoffels, AFM Moorman.
Weinstein cardiovascular conference, May 2014, Madrid, Spain. Oral presentation,
invited.
A new method for objective assessment of organ position during human
development. BS de Bakker, C Besselink, J Hagoort, AFM Moorman. Experimental
Biology (American Association of Anatomists), San Diego, April 26-29 2014 Abstract
number 5147, Poster presentation. $450,- Travel award.
Development of the hyoid-larynx complex and its variants: significance for clinical
and forensic studies. BS de Bakker, HM de Bakker, V Soerdjbalie-Maikoe, AFM
Moorman. Experimental Biology (American Association of Anatomists), San Diego,
April 26-29 2014 Abstract number 5154,Oral presentation.
Report on 14 years’ experience in forensic radiology; an overview of more than 1500
cases. BS de Bakker, HM de Bakker. International Society of Forensic Radiology and
Imaging, May 15-17 2014, Marseille, France. Oral presentation. Abstract published in
Journal of Forensic Radiology and Imaging, Volume 2, Issue 2, Page 102, April 2014
Embryology and anatomical variations of the hyoid-larynx complex. BS de Bakker
and HM de Bakker. Werkgroep lage landen, November 22nd 2013, Netherlands
Forensic Institute, The Hague, The Netherlands. Oral presentation, invited.
The anatomical variants and fractures of the hyoid-larynx complex. BS de Bakker,
HM de Bakker, Medical Scientific Photography, October 18 2013, Amsterdam, The
Netherlands. Oral presentation, invited.
3D Atlas of Human Embryology; education and research go hand in hand. BS de
Bakker, KH de Jong, J Hagoort, RJ Oostra, AFM Moorman. Universitätsmedizin
Göttingen, Germany. June 21st 2013 Oral presentation, invited.
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The anatomical variations of the hyoid-larynx complex. B S de Bakker and HM de
Bakker. International Society of Forensic Radiology and Imaging, May 13-14 2013,
Zürich, Switserland. Oral presentation. Abstract published in Journal of Forensic
Radiology and Imaging, Vol. 1, Issue 2, p. 82, April 2013.
3D Atlas of Human Embryology; creating an application as a new learning tool. BS de
Bakker, KH de Jong, J Hagoort, RJ Oostra and AFM Moorman. Experimental Biology
(American Association of Anatomists), San Diego, April 20-24 2013, Abstract
number 6409 Poster presentation. $350,- Travel award.
The 3D Atlas of Human Embryology. BS de Bakker, Medical Scientific Photography,
April 12 2013, Amsterdam, The Netherlands. Oral presentation, invited.
3D Atlas of Human Embryology; education and research go hand in hand. BS de
Bakker, KH de Jong, J Hagoort, RJ Oostra, AFM Moorman. Spring meeting of the
section of Reproductive Toxicology of the NVT. April 9 2013, ‘s Hertogenbosch, The
Netherlands. Oral presentation, invited.
3D Atlas of Human Embryology; the creation of an application as a new learning tool.
BS de Bakker, KH de Jong, J Hagoort, RJ Oostra, AFM Moorman. Nederlandse
Anatomen Vereniging, Feb. 1-2 2013, Lunteren, The Netherlands. Oral presentation.
€1000,- Award.
Towards a 3-Dimensional Atlas of the Developing Human: the Amsterdam
Experience. BS de Bakker, KH de Jong, J Hagoort, RJ Oostra, AFM Moorman. 40th
Meeting of the European Teratology Society, Sept. 2-5 2012, Linz Austria. Oral
presentation, invited.
3D atlas of the developing human. BS de Bakker, KH de Jong, J Hagoort, RJ Oostra,
AFM Moorman. Experimental Biology (American Association of Anatomists), San
Diego, April 21-25 2012 Abstract number 530.6 Poster presentation. $250,- Travel
award.
3D Atlas of the developing human. BS de Bakker, KH de Jong, J Hagoort, RJ Oostra
and AFM Moorman. The Royal Dutch Medical Association (KNMG), March 28 2012,
Waddinxveen, The Netherlands. Oral presentation, invited.
Wat is de toegevoegde waarde van de 3D CT bij slachtoffers die met een wapen op
het hoofd geslagen zijn? BS de Bakker, HM de Bakker, V Soerdjbalie-Maikoe.
Barend Cohenlezing January 13 2010, The Hague, The Netherlands. Oral
presentation, invited.
3D atlas of the developing human. BS de Bakker, C Wallner, RJ Oostra, AFM
Moorman. Nederlandse Anatomen Vereniging, January 8-9 2010, Lunteren, The
Netherlands. Abstract and poster presentation.
“I don’t care ma’am!” Breakfast habits of Amsterdam children. BS de Bakker, J
Lankelma, T van Oploo, E Hoevenaars. AMC honours presentation session, June
2007, Amsterdam, The Netherlands. Poster and Oral presentation. €1000,- AMCHonours award.
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PhD Portfolio
G RANTS AND AWARDS
2017
2017
2017
2017
2016
2015
2014
2013
2013
2013
2012
2012
2011
2007

Best Amsterdam Cardiovascular Sciences (ACS) Publication 2016 (€200,-)
AMC Graduate School PhD Publication award 2016 1st prize (€1000,-)
AMC Graduate School PhD Scholarship for Yousif Dawood (€216.064,-)
An interactive 3D-atlas and database of human fetal development.
AMC Grassroot (€1000,-)
AMC Innovation impuls; ACRA: een anatomisch radiologisch skills lab voor
onderwijs en opleiding (€210.000,-)
IPS-project Amsterdam University Fund; Serious gaming education
innovation; validation of the 3D Atlas project (€14.000,-)
AAA travel award; Experimental Biology (American Association of
Anatomists), San Diego ($450,-)
AAA Visiting Scholarship; visit to the National Museum of Health and
Medicine in Silver Spring, MD ($1000,-)
Bolk Award, Dutch Anatomical Association; Oral presentation (€1000,-)
AAA travel award; Experimental Biology (American Association of
Anatomists), Boston ($350,-)
BDDA AMC Proof of concept funding; For the development of the 3D Atlas
Application (€25.000,-)
AAA travel award; Experimental Biology (American Association of
Anatomists), San Diego ($250,-)
Spinoza funding of the University of Amsterdam (€1385,-)
Honours Award Medicine; Oral presentation (€1000,-)
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Publications included in this thesis
Full papers
Bernadette S de Bakker, Henri M de Bakker, Vidija Soerdjbalie-Maikoe, Frederik G
Dikkers. The development of the human hyoid-larynx complex revisited. The
Laryngoscope. October 4, 2017, in press.
Moritz V Warmbrunn*, Bernadette S de Bakker*, Jaco Hagoort, Pauline B Alefs-de
Bakker, Roelof-Jan Oostra. Hitherto unknown detailed muscle anatomy in an 8 weeks
old embryo. Journal of Anatomy, minor revisions.
Bernadette S de Bakker, Stan Driessen, Bastiaan JD Boukens, Maurice JB van den
Hoff, Roelof-Jan Oostra. Single-site neural tube closure in human embryos revisited.
Clinical Anatomy. August 10, 2017, in press.
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A BBREVIATIONS
.u3d
2D
3D
AMC
CRL
CS
CT
EFIC
EUG
FIPAT
FNWI
L1 / L2 / L..
NFI
NTDs
MR
PDF
PPT
SRY
Ssh
T7
TOOL
VEGF
WHO

Universal 3D file format
Two-dimensional
Three-dimensional
Academic Medical Center
Crown-rump length
Carnegie stage
Computed tomography
Episcopic Fluorescence Image Capture
Extra-uterine gravidity
Federative International Programme on Anatomical Terminologies
Faculty of Science at the University of Amsterdam
Lumbar vertebra one / Lumbar vertebra two / Lumbar vertebra …
Netherlands Forensic Institute
Neural tube defects
Magnetic resonance
Portable document format
PowerPoint
Sex determining region of Y chromosome
Sonic hedgehog
Seventh thoracic vertebra
Topic Oriented Open Learning
Vascular Endothelial Growth Factor
World Health Organization
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D ANKWOORD
Op de kaft van een proefschrift staat altijd maar één naam vermeld. Een proefschrift
komt echter nooit tot stand door louter het harde werk van deze éne promovendus,
maar is het resultaat van een jarenlange intensieve samenwerking tussen promotor(s),
copromotor(s), mentoren, analisten, collega’s en studenten. En dan is er natuurlijk
nog het thuisfront, de familie en vrienden die je onderzoek jarenlang met veel
belangstelling volgen, die trots zijn bij behaalde prestaties en bij wie je terecht kunt
voor steun en raad in moeilijkere perioden. Ik ben blij dat ik mijn grote dank aan ieder
van jullie eindelijk aan het papier toe mag vertrouwen.
Mijn begeleiders
Geachte Prof dr AFM Moorman, beste Antoon, wie had gedacht dat de bakermat voor
mijn proefschrift terug gaat naar 2006, toen je Pieter, mij en nog wat
honoursstudenten in de Epsteinbar op een biertje trakteerde. Toen je ons vertelde
over de vier pijlers van jouw afdeling koos ik direct voor de 3D reconstructietak
waarna ik op de afdeling terecht kwam als stagiair bij Gert van den Berg. Ik ben je
enorm dankbaar voor je vertrouwen door mij aan te stellen als PhD student op het 3D
Atlas project. Ik heb op wetenschappelijk gebied veel van je mogen leren.
Geachte Dr Christian Wallner, beste Chris, onder jouw leiding heb ik het
eerste jaar van mijn promotieonderzoek mogen doorbrengen. Jij was het die de eerste
contacten legde met de Carnegiecollectie en die mij de basisbeginselen van de
wetenschap én het programma Amira bij bracht. Samen met Suus en jou op één kamer
(incl. kilo’s chocola) en de begeleiding van de eerste groep keuzevakkers maakte dat
dit jaar misschien wel het leukste jaar van mijn promotie was!
Geachte Prof dr RJ Oostra, beste Roelof-Jan, naarmate mijn project verder
vorderde begon jouw rol als mijn promotor steeds prominenter te worden. Ik
waardeer je stijl als begeleider; afwachtend en vol vertrouwen, maar als het nodig
was, was je er voor me. En nog steeds. Ik vind het een eer dat ik nu deel uit mag maken
van ‘jouw’ docentencorps op de Anatomie & Embryologie. We gaan nog heel veel
mooie dingen mogelijk maken de komende jaren.
Geachte Dr MJB van den Hoff, beste Maurice, al tijdens het reconstrueren van
kippenhartjes tijdens mijn stage bij Gert vulde jouw vrolijke Limburgse accent de
gangen. Met veel bewondering aanschouwde ik hoe jullie kippenembryo’s isoleerden
uit bevruchte eieren. Met jouw kennis van beleidszaken, financiën en
personeelszaken ben je een onmisbare mentor gebleken en ik ben heel blij dat ik je
mijn copromotor mag noemen!
Geachte Dr JM Ruijter, beste Jan, als hoofd van de 3D groep heb je het reilen
en zijlen van mijn project van dichtbij gevolgd. Altijd bereid kritisch mee te denken en
wetenschappelijk advies te geven. Dan pak je je stapel oud papier erbij en op de
onbeschreven achterkant van de A4‘tjes teken je schematisch een onderzoeksplan op
of je schetst het Cavalieriprincipe voor het berekenen van een volume in een 3Dobject nog eens voor me. Toen ons Science paper uit kwam vormden we samen het
‘persteam’ waarbij we gedurende ruim een week bijna dag en nacht ons best deden
om aan alle persverzoeken uit binnen- en buitenland gehoor te geven. Dank ook voor
je inspanningen voor de artistieke opvoeding van onze collega’s. Nu je met pensioen
bent zullen we je missen.
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De promotiecommissie
Geachte Prof dr FG Dikkers, beste Freek, toen je nog maar net in het AMC werkzaam
was wist je ons via de Sciencepublicatie al snel te vinden. Dank voor je medewerking
aan de twee hyoïdverhalen in dit proefschrift. We hebben mooie toekomstplannen
gemaakt voor het onderzoeken van o.a. tracheamalformaties dus ik kijk uit naar een
langdurige samenwerking.
Geachte Prof dr RCM Hennekam, beste Raoul, toen ik nog wekelijks
aanwezig was bij de klinischegeneticabesprekingen viel jouw encyclopedische kennis
van de syndromen me al op. Ik vind het een eer om nu intensief met je samen te werken
op het foetalebiobankproject.
Geachte Prof dr MB van Herk, beste Marcel, jij bent het enige lid van de
commissie waar ik pas kennis mee maakte toen ik mijn manuscript aan je
overhandigde. Je bent een autoriteit op het gebied van 3D-beeldvorming en ik bedank
je vast voor je inspanning om voor mijn verdediging over te komen uit Manchester.
Geachte Prof dr WH Lamers, beste Wout, ik leerde je kennen als promotor
van Chris en Suzanne. Ik ken niemand die zo productief is en midden in de wetenschap
staat als jij, nog zo veel jaren na je officiële pensioengerechtigde leeftijd. Als ware
embryoloog in mijn commissie weet jij als geen ander dit proefschrift op waarde te
schatten.
Geachte Prof dr JAM van der Post, beste Joris, als coassistent viel het
professionele en fijne werkklimaat binnen je afdeling me al op. Als hoofd van de
afdeling Gynaecologie & Obstetrie in het AMC heb jij de eerste contacten gelegd voor
het vervolgtraject van dit proefschrift; The 3D Atlas of Fetal Anatomy. Met de
intensieve samenwerking met Prof dr Eva Pajkrt en jullie gedreven team van
collega’s is een vurige wens van mij in vervulling gegaan.
Geachte Prof dr S Repping, beste Sjoerd, je moet me maar eens uitleggen hoe
je al je werkzaamheden met elkaar combineert; commissies, congresorganisatie,
onderwijs, persberichten, bekende Nederlander, afdelingshoofd, PI, wetenschap op
hoog niveau, en nog steeds ga je door voor dertiger. Samen met je collega’s zorgen
jullie dat steeds meer ongewenst kinderloze stellen het geluk van het ouderschap
mogen ervaren. Ik weet uit eigen ervaring hoe waardevol jullie hulp kan zijn. Ik hoop
dat we op wetenschappelijk gebied in de komende jaren nog meer naar elkaar toe
zullen groeien.
Geachte Prof dr MC de Ruiter, beste Marco, als hoogleraar uit Leiden zou je
bijna zeggen dat je een vreemde eend in de bijt bent, tussen alle UvA toga’s. Maar
niets is minder waar. Ik ben blij dat de samenwerking tussen de anatomieafdelingen in
Nederland en België, in tegenstelling tot wat ik begreep uit het verleden, momenteel
uitzonderlijk goed is. Ik geloof dat het jaarlijkse congres van de Nederlandse
Anatomen Vereniging daarvoor de bakermat is. Veel dank aan jouw inspanningen als
oud-bestuurslid.
Mijn paranimfen
Kees de Jong en Jaco Hagoort, als er drie namen op dit proefschrift hadden mogen
staan dan stonden jullie er bij. Het is ook niet voor niets dat ik jullie tijdens de
verdediging aan mijn rechter- en linkerzijde wil hebben staan.
Kees, jij was en bent voor mij een docent, mentor, vraagbaak, vertrouweling,
adviseur en vriend. Al die uren die we met de studenten doorbrachten in ‘het
reconstructiehok’ heb je me met engelengeduld en een bakkie koffie in de hand de
embryologie van de mens bijgebracht. Volgens jou bestaan er geen stomme vragen en
ik ben je heel dankbaar dat je, zelfs door middel van appjes uit China, nog steeds met
raad en daad voor me klaar staat.
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Jaco, waar zou onze afdeling zijn zonder jou? Als ICT-manusje-van-alles kan iedereen
bij je terecht voor vragen over printers, Sectratafels of migraties, maar je ware kracht
zit ‘m in je kennis van 3D-reconstructies. Als stille kracht binnen het 3D-Atlasproject
ontluik jij wat het programma Amira voor anderen verborgen houdt en geen enkele
afdeling ter wereld weet zulke mooie 3D-pdf’s te bouwen als wij, puur omdat wij Jaco
als ons geheime wapen hebben!
My colleagues of ‘The Virtual Human Embryo Project’
Dear Liz Lockett, thank you for giving me the opportunity to use the valuable materials
of the Carnegie collection. It has been a pleasure to visit your museum in Washington
D.C. and later in Silver Spring with Berrie, my mother and my brother. I remember the
best fruit crumble dessert you prepared for my brother and me. Also thanks to Emily
Wilson for all your help and assistance while capturing images of the embryos.
Dear Prof John Cork and Prof Ray Gasser, thank you both for the wonderful
time when Berrie and I visited New Orleans; the most inspiring city of the States, if I
may say so. I remember the wonderful dinner and ‘signature drinks’ we had at the
Galatoires and the beignets we enjoyed at Café Du Monde. But most importantly,
thank you for sharing your images of the first series of embryos captured at the
Carnegie collection with me.
De afdeling
In de ruim 10 jaar die ik nu rondloop op de afdeling heb ik veel getalenteerde
onderzoekers, analisten, docenten en ondersteuners mogen leren kennen. In het
begin vormde de afdeling Anatomie, Embryologie & Fysiologie (AEF) samen met de
Experimentele Cardiologie het Hartfaalcentrum. Ik vind het mooi te zien dat de
bijzondere synergie tussen beide afdelingen op de werkvloer nog altijd merkbaar is.
Inmiddels is de afdeling AEF met de afdeling Celbiologie en Histologie gefuseerd tot
de afdeling Medische Biologie, waardoor basaal onderzoekers elkaar nog makkelijker
weten te vinden. Natuurlijk gaat het mij niet lukken om alle collega’s met wie ik in de
loop van de jaren heb samengewerkt te bedanken, maar weet dat mijn promotietraject
dankzij jullie zo’n gezellige en geslaagde tijd is geweest!
Geachte Prof dr VM Christoffels, beste Vincent, onze mooiste gedeelde
herinnering is zonder meer de ‘Elphinstone Koningduik’ tijdens onze eerste
afdelingsduikreis in 2011 naar Marsa Shagra in Egypte. Hamerhaaien, een dikke
Napoleon en als klap op de vuurpijl een school zeilvissen bij bovenkomst. Zulke
hoogtepunten maak je niet vaak mee. Nog zo’n hoogtepunt was het uitkomen van ons
Science paper en alle bijzondere ontwikkelingen nadien. Ik wil je bedanken voor je
vertrouwen als afdelingshoofd en ik hoop dat je gezellig weer eens mee gaat naar
Egypte.
Beste Gert van den Berg, onder jouw leiding maakte ik als tweedejaarsstudent
voor het eerst kennis met de medische wetenschap. Het reconstrueren van
kippenhartjes vormde de opmars voor mijn eigen promotieonderzoek. Dank voor de
gezellige tijd in het kippenhok!
Beste Alexandre Soufan en Bouke de Boer, samen met Jan en Jaco vormden
jullie het brein van de 3D-groep. Jullie 3D-reconstructies hebben menig cover van
vooraanstaande tijdschriften gesierd. De techniek heeft niet stil gestaan en de
programma’s zijn een stuk gebruiksvriendelijker geworden, maar jullie expertise én
gezelligheid op K2 heb ik helaas al lang moeten missen.
Beste Piet de Boer, we hebben helaas niet lang samen gewerkt in de 3D groep,
maar ik wil je expliciet bedanken voor die gezellige tijd.
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Beste Ramon Fincken, dank voor het gezellige jaar waarin je als MIK stagiair je
bijdrage leverde aan de 3D groep. Ik vind het leuk dat we nog steeds contact weten te
houden!
Beste Corrie de Gier-de Vries, jij bent de enige vrouw die ik ken die net als ik
(de Groot-de Bakker) twee maal ‘de’ in haar achternaam heeft staan. In Frankrijk
zouden we dan dik van adel zijn! Voor mijn gevoel loop jij al sinds de afdeling bestaat
daar rond. Als analist heb je meegewerkt aan de meest prachtige publicaties, en voor
het maken van coupes van een embryo t.b.v. een 3D reconstructie weet ik ook bij wie
ik terecht kan. Ontzettend fijn dat je jouw kennis over o.a. het sledemicrotoom weer
weet in te zetten in ons nieuwe foetaleatlasproject.
Beste Quinn Gunst, zowel boven als onder water kan ik altijd op je rekenen.
Zelfs als ik niet meer tegen de stroming in kan zwemmen, zorg jij dat het goed komt.
In het lab ben je ook als een vis in het water. Ik vond het een eer je op te leiden tot
duiker en werk nog heel graag jaren met je samen als collega’s, buddy’s en als
vrienden.
Beste Sameer Rana, toen we als collega-promovendi aan de praat raakten
over creatieve zaken duurde het niet lang voor we onze reis naar Ravenna (It) geboekt
hadden. Daar leerden we, tussen de overheerlijke pizza’s en pasta’s door, hoe we
klassieke Romeinse en Byzantijnse mozaïeken moesten maken. Je hebt altijd grootse
plannen en ik ben heel blij dat je in Sadaf een fantastische vrouw gevonden hebt
waarmee je nu in Californië een spannend nieuw leven opbouwt.
Beste Bas Boukens, in de periode dat wij een kamer deelden was het nooit stil
op onze kamer, maar konden we ons altijd laven aan de arbeidsvitaminen die uit jouw
boxjes schalden. Muziek van Elvis, Johnny Cash maar ook Dorus en zelfs smartlappen
was vaste prik. Ik zie je nog je prachtige proefschrift opmaken. Je bent als postdoc echt
een voorbeeld voor me en ik vind het fantastisch dat je in Mathilde de vrouw van je
leven hebt gevonden. Onze dochtertjes Doutzen en Josien schelen maar één week en
ik hoop dat we ze (op de kermis in Abcoude ;-)) nog lang samen zullen zien
opgroeien.
Beste Bjarke Jensen, wie had gedacht dat ons afdelingsuitje naar
kaarsjesavond in Gouda voor jou en Irina zo’n bijzondere herinnering zou worden.
Nog steeds komen jullie het graag bij ons in het gezin herbeleven, als opmaat voor
Kerstmis. Je hebt een prachtig gezin gevormd met Irina, nu jullie Maya en Nikolai
hebben. Ik hoop van harte dat jij/jullie weer eens aanhaken voor een Egyptereis.
Lieve Malou van den Boogaard, wat hebben we gestreden, in die jaren als
promovendus én coassistent! We deelden een fantastische kamer waar we in alle rust
- want buiten kantoortijden - konden werken aan het afronden van onze stukken. Ik
koester bijzondere herinneringen aan ons coschap psychiatrie, met name toen we
samen op de gesloten afdeling zaten. En natuurlijk aan de periode met onze twee
kleine gasten op de kamer en de gezellige bezoekjes van Inge van der Made. Nu,
precies een jaar na jou, hoop ik mijn proefschrift met even veel overtuiging als jij te
verdedigen.
Beste Phil Barnett, wetenschappelijk hebben we nooit samengewerkt, maar
ik wil je in het bijzonder bedanken voor je steun op het moment dat ik die het hardst
nodig had en voor je enorm gezellige bijdrage aan alle mooie borrels die we gehad
hebben. Ik waardeer je enorm als collega.
Beste Yigal Pinto, dank voor het fantastische Coen brothers filmavondje jaren
geleden, die is zéker voor herhaling vatbaar. En sinds je geniale vertolking van ‘The
Jesus’ ben je voor mij helemaal onsterfelijk!
Beste Connie Bezzina, nog bedankt voor de fantastische suggestie onze 3D
atlas ‘hoog weg te zetten’. Groots denken en durven doen, daar hadden we zelf nog
niet aan durven denken.
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Beste André Linnenbank, als lid van - wijlen - de 3D-groep heb je altijd bijzonder goed
meegedacht over mogelijke opties binnen het 3D-Atlasproject. Zo legde jij de eerste
contacten met de HvA waarna we een vruchtbare stroom modelleerstudenten
mochten ontvangen. Ik hoop dat je naast je baan als docent nog steeds tijd hebt om
mooie en bijzondere beelden te maken.
Beste Ronald Wilders, samen met jouw collega’s van de fysiologie, Jan
Hindrik Ravesloot, Etienne Verheijck, Antonie van Ginneken, John Karemaker en
Arie Verkerk heb je het onmogelijke mogelijk gemaakt; de fysiologie van het
menselijk lichaam op een begrijpelijke manier aan mij overdragen. Nog steeds haal ik
veel van mijn onderwijskundige inspiratie uit jullie colleges en werkgroepen aan mij.
Het was dan ook een eer voor mij om gedurende een jaar een prachtige kamer met je te
delen. Wat een zee van rust straal je uit. Dank ook voor al die keren dat ik bij je terecht
kon voor het organiseren van de individuele keuzevakprojecten.
Beste Jan Zegers, dank voor je technische ondersteuning en bovenal je
gezelligheid, het was fijn om, al was het maar kort, een kamer met jou en Jaco te delen!
Mijn huidige collega’s van de anatomie; Roelof-Jan Oostra, Petra Habets, Lida
van der Merwe, Roeland Kleipool, Mara Clerkx, Eric Lichtenberg, Inge Dijkman, Kerri
Colman, Inge van der Zaal, Karl Jacobs en de eeuwig gezellige groep toegewijde
studentassistenten, dank voor de gezellige werksfeer, voor jullie interesse in mijn
project en voor jullie steun in de drukke periode waarin ik het manuscript van mijn
proefschrift af moest schrijven.
Cindy Cleypool, mijn lieve oud-collega van de anatomieafdeling, wat ben ik
blij dat we nog zo regelmatig contact hebben. Gezellig bijkletsen over de kleintjes of
een onderwijsmomentje over en weer.
Laurens de Rooy, Lotje Broekens, Marco de Marco en Inge Dijkman van het
Vrolikmuseum, dank voor het fantastische werk wat jullie achter de schermen
uitvoeren, maar waardoor het publiek via boeken, internet en natuurlijk via het
prachtig verbouwde Vrolikmuseum kan genieten van de aloude collectie van vader en
zoon Vrolik. Het museum is een plek waar ik graag kom om inspiratie op te doen.
Beste André de Graaf, voor vragen over financiën, personeelszaken, maar
ook voor mooi fotopapier kan ik altijd bij je terecht. Hartstikke leuk dat Didier en ik
eens een verhaal over duiken mochten houden op je aquariumvereniging!
Beste Carel Kools, voor spannende verhalen over museumstukken en
mummies kan ik altijd bij je terecht, én voor het maken van een prachtig voetje voor
een 3D geprint embryo ook. Wat een talent, fantastisch dat je je nog steeds voor onze
afdeling inzet.
Beste Peter Lowie, dank voor de uitnodiging om te mogen spreken voor de
medisch fotografen. Sindsdien hebben we een leuk contact. Fijn dat ik nog steeds op
je expertise terug mag vallen.
Anita Buffing, nog zo’n stille kracht op de afdeling. Jouw oprechte interesse in
mijn gezin, mijn reizen en mijn hobby’s waardeer ik enorm. Want er is meer in het leven
dan alleen werken. Aho Ilgun, ‘buurman’ uit Zuid-Oost, Pieter heeft onder jouw hoede
de kunst van het pipetteren geleerd en sindsdien maken we nog vaak gezellig een
praatje samen.
Tenslotte nog een aantal promovendi/postdocs die hun traject een tijd lang
parallel aan dat van mij hebben gelopen. Karel van Duijvenboden, Vincent van Eif,
Marie Gunthel, Maarten van den Hoogenhof, Ingeborg Hooijkaas, Krystien Lieve,
Rob Janssen, Doris Skoric-Milosavljevic, Joyce Man, Andrea Mattiotti, Rajiv
Mohan, Vincent Portero, Stuti Prakash, Yolan Reckman, Nicole Burger, Nina de
Groot, Aleksander Sizarov, Wino Wijnen, Ies Elzenaar, Roos Marsman, Arlin Smits,
Appie Beqqali, Julien Barc, Amin, Koen Scholman, Martijn Bakker, Wim Aanhaanen,
Ralph van Oort, Alex Postma, Tilly Mommersteeg, Elaine Wong, Kees Jan
Boogerd, Ileana Badi, Irina Sergeeva, Sonia Stefanovic, Antoinette van Ouwerkerk,
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Bram van Wijk, Marc Sylva, Tristan Krap, Anke Tijsen, Fleur Tjong, Henk van
Weerd. Jongens, enorm bedankt voor de gezellige sfeer op de afdeling. Dankzij
jullie staat onze afdeling bekend als één van de leukste afdelingen in het AMC.
En waar is een afdeling zonder secretaresses? Nita, Bettina, Nathalie, Marijke,
Roosje, Inge, mijn dank aan ieder van jullie is groot. Jettie Kanon, voor jou in het
bijzonder veel dank voor je gezelligheid en voor het administratief verwerken van ál
die studenten. Met jouw mapjessysteem is alles altijd perfect geregeld.
Mijn studenten
Tijdens het symposium ‘The World of Science’, georganiseerd door de
Graduate School voor promovendi van het AMC, kreeg ik als startende promovendus
de tip om studenten in te zetten tijdens het promotieonderzoek. Dat heb ik me
geen tweede keer laten zeggen. Niet twee of drie, maar 86 studenten
hebben mij de afgelopen jaren tijdens verschillende stages, of vaak ook
gewoon geheel vrijwillig, met mijn onderzoek geholpen. En zelfs terwijl ik dit
schrijf zit Berrie Meijer, student van het eerste uur, naast mij om me te helpen met
de vormgeving van mijn boekje.
Lieve studenten, waar was ik geweest zonder jullie hulp? Jullie verdienen
allemaal een pluim dus daarom noem ik stuk voor stuk met grote dankbaarheid jullie
namen. De masterthesisstudenten; Karel de Bree, Babette Bais, Renate Eveleens,
Peggy van den Biggelaar, Gijs Roelandt, Richard Pesch en Melanie Tijsterman.
Bachelorthesisstudenten; Fabiënne Stubenrouch, Zaid Al-Shaibani, Laura Kuil, Joris
Maarleveld, Clara Besselink, Tyas Veldhuis, Kirsten Aben, Kaye de Cuba, Marieke
Buijtendijk, Marjolein Seinen, Stan Driessen, Job van Wijlick en Priscilla Olsthoorn.
Miniscriptiestudenten; Sander van Wieringen, Robert Post, Babette de Jong en
Charlotte Buijs. Honoursstudenten; Bas Hulstein, Nora Chekrouni en Ward van der
Ven. Gamedesignstudenten; Reggie Schildmeijer, Melvin Griffioen, Patrick
Stroombergen, Pjotr de Weert, Berend Bakker, Dennis van Etten, Jordy Kalle, Jasper
Gieskens, Rehan Rana, Yoobin Kim, Pepijn van der Linden, Richard Pesch, Jeroen
Pouw, Robin Moolenaar, Guido Lens en Samantha Hetem. De keuzevakkers; Hjalmar
Boon, Fatima Bounif, Karel de Bree, Eden Hodde, ‘Eindbaas’ Berrie Meijer, Denise
‘Torretje’ Torenstra, Merel de Witte, Noortje Hagemeijer, Laurien Hassing,
Dieuwertje Hoornstra, Bas Hulstein, Marieke Buijtendijk, Marjolein Seinen, Marcel
van der Poel, Daniël Smidt, Jason van Genderen, Maxime Slooter, Charlotte
Hafkamp, Robel Michael, Ramona Linschoten, Iris Harmsen, Isabelle de Vries,
Froukje de Kanter, Marjet Oppelaar, Gijs Roelandt, Emma Groot, Hugo van
Willigen, Oren Turgman, Bryan Verhoef, Jasmine de Jong en Dylan Henssen. En
de ‘vrijwilligers’; Berrie Meijer, Olga de Bakker, Didier de Bakker, Francisco
Noyola, Hanna Groen, Sonja Levy, Daniël Smidt, Clara Besselink, Claudia
Berends, Ramona Linschoten, Tarik Lachkar, Moritz Warmbrunn, Maryam Ghariq,
Laurent Simons, Manar Issa en Christianne Veugen.
Een aantal van bovengenoemde studenten wil ik expliciet persoonlijk
bedanken voor hun uitzonderlijke hulp en gezelligheid. Om te beginnen de
allereerste groep keuzevakkers; Berrie, Karel, Merel, Torretje, Hjalmar, Fatima en
Eden. Wat hebben we samen met Chris en Kees een leuke tijd gehad in het
reconstructiehok. De gevleugelde woorden ‘Dear Mr. Amira’ werden standaard
uitgeroepen als het programma voor de zoveelste keer vast liep. Karel en
Merel, jullie zijn naast Dieuwertje en Bas (bij mijn weten) de twee enige echte 3Datlasstelletjes, dus laat me maar weten wanneer de eerste 3D-atlasprojectbaby’s in
aantocht zijn ;) Karel, al sinds januari 2010 ben jij mijn trouwe rechterhand. Je hebt me
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letterlijk enorm veel werk uit handen genomen en ik ben trots dat je op drie van de
manuscripten in dit proefschrift coauteur bent. Berrie, wat hebben we een fantastische
tijd gehad in Washington D.C., waar we onder bijzondere omstandigheden de
kostbare coupes van de embryo’s uit de Carnegiecollectie mochten fotograferen. Het
was hard werken, oordopjes in en doorbuffelen, maar tussendoor was er tijd voor
gezellige dinertjes (Pizza XXXL) en een tripje naar New York. Bedankt voor je
onvoorwaardelijke steun bij het opmaken van dit proefschrift! Jij en Karel zijn echte
vrienden voor me geworden, ik hoop jullie klinische paden nog lang te kunnen volgen.
En dan was daar Babette Bais, die het presteerde om een masterthesis van
ruim 400 pagina’s bij me in te leveren; een atlas op zich! Daniël Smidt, die zich na zijn
keuzevak nog tijden belangeloos ingezet heeft voor het 3D-atlasproject en daarmee
een maatje van me geworden is. Stan Driessen, die zijn bachelorthesis (zie hoofdstuk
3.2) zeer verdienstelijk combineerde met een gezellig jaar in de Epsteinbarcommissie.
Ik vind het hartstikke leuk dat we ook nog eens buren geworden zijn! Moritz
Warmbrunn, de fysiotherapiestudent die uren en uren, jaren en jaren met
engelengeduld vrijwillig álle 318 spiertjes van een embryo gereconstrueerd heeft.
Dankzij hem heb ik hoofdstuk zes aan dit proefschrift toe kunnen voegen. Moritz, ik
ben enorm trots op je, dat je via de zijstroom nu ook arts weet te worden!
Drie gamedevelopmentstudenten hebben mij als assistent de afgelopen jaren
geholpen met het omzetten van de 3D Amiramodellen naar Blender, met als resultaat
die prachtige 3D embryo’s. Reggie Schildmeijer, jij was de eerste HvA’er die zich
tegen het modelleren aan bemoeide. En nog steeds denk je graag met me mee als ik je
weer eens om hulp vraag. Jeroen Pouw en Guido Lens volgden in jouw voetsporen.
Met hen heb ik in de maanden januari t/m april 2016 gebuffeld om de veertien 3D
modellen die ik mee wilde sturen met het Sciencemanuscript álle veertien af te
krijgen. En het is ons gelukt, dankzij jullie professionele en flexibele houding. Jullie
zijn stuk voor stuk kanjers!
The 3D Atlas of Fetal Anatomy project
Beste Yousif Dawood, wie had ik beter kunnen wensen als promovendus om het 3DAtlasproject voort te zetten dan jij. Je wilt graag gynaecoloog worden dus de uitstap
naar de foetale periode en de intensievere samenwerking met de kliniek zijn jou op
het lijf geschreven. Ik heb de lat hoog gelegd voor je, maar als copromotor sta ik altijd
voor je klaar.
Lieve Eva Pajkrt, wat een geluk dat ik dankzij de intensieve samenwerking
met jou en je collega’s van de verloskunde/obstetrie de link met de kliniek weer
gevonden heb. Je hebt een prachtig vak en ik hoop nog lang met je samen te mogen
werken.
Het team Blended Learning
Beste Etienne Verheijk, Ellen te Pas en Egbert Neels, samen met de andere teamleden
hebben we vorig jaar namens de faculteit geneeskunde en de
medische informatiekunde de eerste verkennende stappen mogen zetten op het
terrein van Blended Learning. Dank voor het leerzame en inspirerende, maar
bovenal ook heel gezellige jaar.
De Forensische radiologie
De collega’s van de pathologieafdeling aan het Nederlands Forensisch Instituut, die
mij veelal als klein meisje al hebben leren kennen via mijn moeder in haar tijd
als forensisch arts, wil ik bedanken voor de voortdurende prettige samenwerking op
het gebied van de forensische radiologie. Met name de intensieve samenwerking
met Vidija Soerdjbalie-Maikoe en met Ann Maes, die ons helaas te vroeg ontvallen is,
zijn
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voor mij zeer waardevol. Ook de pathologieassistenten, ofwel ‘de jongens’,
verdienen net als de forensisch laboranten van de radiologieafdeling in het Groene
Hart ziekenhuis in Gouda een eervolle vermelding voor hun fantastische werk! Beste
Ludo Beenen en Rick van Rijn, ik heb jullie leren kennen tijdens het ‘founding’ congres
van de International Society for Forensic Radiology and Imaging in Zürich in 2012.
Sindsdien weten we elkaar goed te vinden in het AMC. Ludo, ontzettend fijn dat mijn
collega’s van de anatomie en ik altijd bij je terecht kunnen voor CT-scans op de SEH.
Rick, fantastisch dat je mijn vader na zijn pensioen toch nog aan het promoveren hebt
gekregen!
My inner circle
Beste Prof dr N.F.Th. Arts, beste Nico, uw handen waren de eerste handen die mij ooit
vast hielden. Middels een vacuümextractie en uitwendige pressie wist u mij in het VU
ziekenhuis te verlossen uit het baringskanaal. Mijn moeder heeft als uw promovendus
altijd contact met u weten te houden en ik vind het een bijzonder grote eer dat u ook
op mijn promotie aanwezig zult zijn.
Lieve buddy’s van duikteam Remora in Gouda en deelnemers aan de vijf trips naar
Marsa Shagra die Didier en ik hebben mogen organiseren. Échte ontspanning zoals je
die onder water vindt kennen maar weinig mensen, daar moet je duiker voor zijn.
Dank voor jullie niet aflatende interesse in mijn onderzoek en voor de immens
gezellige trips naar Egypte!
Lieve Michael-John Sweers, Hanna Groen, Erwin de Boer, Reineke
Koldewijn en Casey Whalen, er zijn er weinigen die het promotietraject van mij van
zo dichtbij meegemaakt hebben. Dank voor jullie onaflatende interesse, steun en
vriendschap.
Lieve geneeskundevrienden, Niek Sperna Weiland & Ellion Kwofie, Eline
Overwater & Nils Knotter, Laura Schouten & Stef Buskens, Nienke Inja & Erik van
Tol, Joyce Allart, Florian Huiskes, Jelle Visser en Sara de Vries. We go way back! De
collegebanken en de (pooltafel in de) Epsteinbar zijn jaren ons toneel geweest. Wat
heerlijk om te zien dat ieder een prachtige baan heeft weten te bemachtigen. Ik
koester onze schaarse afspraakjes en etentjes.
Lieve Michelle Vergeer, ons jaar op 2 havo was het mooiste jaar van de
middelbare school! Helaas scheidden onze wegen zich weer toen ik toch genoeg
punten haalde om de overstap naar het vwo te maken, maar gelukkig hebben we
elkaar hervonden in de bijzonder gezellige én hoogwaardige dinertjes met Pieter en
Ferdi!
Lieve Daniëlle van Pelt, op het vwo vonden we elkaar in onze interesses in
onder andere de geneeskunde. Dat jouw proefschrift hier als voorbeeld op mijn
bureau ligt geeft aan dat we allebei uiteindelijk de eindstreep hebben behaald.
Thomas en jij vormen een fantastisch koppel waar ik graag boven óf onder water
mee vertoef.
Lieve Irene Mak, toen we er tijdens onze coschappen beiden achter kwamen
in verwachting te zijn, en we ook nog eens één dag na elkaar van een dochtertje
bevielen, werd onze vriendinnenband gesmeed. Heerlijk die nuchtere appjes die je
stuurt vanaf het boeren land. Bedankt voor je onvoorwaardelijke steun in de drukste
periode van mijn leven.
Lieve Suzanne van der Plas, liefste Suus. Dat ene jaartje bij Chris op de kamer
op L2 was de bakermat voor een fantastische vriendschap. Samen met Peet run jij de
firma Van der Plas, met jullie lieve kindjes Matthijs en Anna. Pieter, Josien en ik komen
graag bij jullie over de vloer om weer even op te laden.
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En dan ‘the boys’; Pieters jeugdvrienden die in de afgelopen elf jaar ook mijn vrienden
geworden zijn. Jorrit & Marije, Herman, Marco, Alex, Floris & Sara, de Tandjes, Jacob
& Mélanie, Joël & Josefine, het is altijd lachen met jullie. De meest geweldige dialogen
komen langs; de broodnodige ontspanning in ons drukke leven. Jullie aanwezigheid
bij ons thuis maakt iedere oud-en-nieuw tot een feest!
Lieve families de Groot en Vlietstra, wat is het heerlijk om als vriendin en later vrouw
van Pieter opgenomen te worden in jullie warmte en liefde. Ik heb duidelijk kunnen
ervaren hoe de onverwachte klap van het plotselinge verlies van Pieters vader Folkert
beide families nog hechter heeft gemaakt. Prachtig is het ook te zien hoe nieuw leven
in beide families geluk brengt. Stuk voor stuk hebben jullie altijd met veel interesse
geïnformeerd naar mijn onderzoek en ik ben blij dat ik jullie nu eindelijk het
eindresultaat daar van kan tonen.
Lieve familie de Bakker, ‘Een sterke vrouw…wíe zal haar vinden?’
De gevleugelde uitspraak van oma Rietje, die ons nu ruim een jaar geleden op 104
jarige leeftijd is ontvallen. Wat een sterke vrouw was dat; zes kinderen, tien
kleinkinderen en als leerkracht actief op school én tot op hoge leeftijd ook in de kerk.
Ik denk dat het aan oma te danken is dat een heel groot deel van onze familie
uiteindelijk in het onderwijs terecht gekomen is. Ieder van jullie zal beamen dat het
een waar voorrecht is opgegroeid te zijn in deze inspirerende, creatieve en hechte
familie.
Lieve Marieke en Josien, mijn lieve, mooie, slanke schoonzusjes met de
lánge benen! De ene arts en de ander tandarts, schoonzusjes om trots op te zijn. Ik
heb het voorrecht jullie al elf jaar van dichtbij meegemaakt te mogen hebben, eerst
nog thuis in Krommenie, later op de diverse kamers in Amsterdam en Haarlem. Altijd
gezellig, open, geïnteresseerd én in voor een lekker wijntje!
Lieve Reina, een fijnere schoonmoeder als jij kan ik me gewoonweg niet
wensen. Wat ben je een fantastisch sterke en veerkrachtige vrouw! Je hebt
drie geweldige kinderen opgevoed tot prachtige mensen, hebt een uitdagende baan
en je hebt je leven na het verlies van Folkert bewonderenswaardig snel weer
opgepakt. Met de komst van Josien ontpopte je je als lieve en zorgzame oma. Je
leert haar in een razend tempo woordjes en als Pieter en ik thuis komen van een dag
hard werken staat er steevast een pan dampende boerenkool op tafel. Velen
zijn jaloers op die schoonmoeder van mij!
Lieve opa, oma en Gerhard, wat een geluk dat jullie deze heugelijke
gebeurtenis mee kunnen maken. Omdat Didier, Madeleine en ik altijd veel bij jullie
gelogeerd hebben in België en Zuid-Frankrijk hebben jullie ons ten eerste
fantastische vakantieperiodes gegeven (mét zwembad!) en tegelijkertijd gezorgd
voor een hechte familieband. Fantastisch hoe jullie ons altijd gesteund hebben en
overduidelijk trots zijn op de door ons behaalde resultaten. Ik kan me geen betere
grootouders wensen!
Lieve Didier, vier handen op één buik, dat zijn wij. Zo veel gedeelde
herinneringen, geuren, gedachtes en quotes. Als kinderen Indiaantje spelend in
het bos viel jouw interesse voor de biologie al op. Uilenballen uitpluizen, sporen
zoeken en afleveringen van Jacques Cousteau kijken. Wat een geluk dat jij van onze
gedeelde hobby duiken je beroep hebt kunnen maken! Je speurt jaarlijks de
koraalriffen van de Cariben af naar sponzen en publiceert je studies in
vooraanstaande tijdschriften. Ik kijk nu al uit naar jouw promotie!
Lieve Madeleine, in een oogwenk heb jij je ontpopt van mijn kleine zusje tot
een prachtige zelfstandige volwassen vrouw. Wat vliegt de tijd ongemerkt
snel voorbij. Daarom vind ik het extra knap dat jij niet de reeds gebaande paden
van de geneeskunde koos maar de zakelijke kant op gegaan bent. Met jouw pittige
karakter en gevoel voor stijl is dat je op het lijf geschreven. Ik kan niet wachten tot ik
weer van je vinologische kennis gebruik mag maken!
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Lieve papa en mama, dat jullie mij als baby, wanneer ik huilde, naast de luidruchtige
Dot matrix printer legden om tot rust te komen, betekent dat ik al vóór de geboorte
geconditioneerd was op het doen van promotieonderzoek. Mama, jij bent altijd mijn
grote voorbeeld geweest. Dokter, doctor, commissies hier en daar, moeder en altijd
klaar staan voor anderen; nu ik zelf moeder ben zie ik pas hoe jij je voor ons
opgeofferd hebt. Samen met papa vorm je een perfect en onbreekbaar team. Jullie
genieten van het goede leven waar jullie zo intens hard voor gewerkt hebben. Lieve
papa, ondanks jouw fulltime baan als radioloog en hoofd van de afdeling was je er voor
ons als vader, altijd. Je bouwde een speeltuin voor ons in het bos, en gaf me jouw liefde
voor vogeltjes, tuinieren, fotografie en creativiteit mee. Wat een heerlijke
onbezorgde jeugd hebben jullie voor ons gecreëerd. Ik ben dankbaar dat ik jouw
diplomatieke genen en visuele schors heb meegekregen. Een perfecte combinatie om
dit proefschrift tot een goed einde te brengen. En wat is het geweldig dat ik nu met
jullie beiden professioneel samen kan werken. Mama jij hebt nog aan de basis gestaan
van dit proefschrift door samen met mij foto’s te gaan maken bij de Carnegiecollectie.
Ook nu werken we nog samen in de duikgeneeskunde en met papa in de forensische
radiologie. Ik wens dat we nog lang en gelukkig van elkaars aanwezigheid mogen
genieten!
Lieve Pieter, toen ik je voor het eerst spotte tijdens de decentrale selectie van
geneeskunde wist ik dat jij de ware was voor mij. We vonden elkaar elf jaar geleden
in onze wederzijdse interesses en hobby’s en kunnen elkaar fantastisch steunen zowel
in de wetenschap als in de kliniek. Wat mogen we ons gelukkig prijzen met zo veel
lieve familie en trouwe vrienden om ons heen, ons prachtige huis, ons allerliefste
dochtertje Josien en de blijde wetenschap dat we binnenkort een zoontje verwachten.
Ik hou van je.
Lieve Josien, jij maakte dat de embryologie geen abstract begrip meer voor mij was,
maar echt begon te leven. Van dag tot dag wist ik hoe jij diep in mij gevormd werd en
groeide. Sinds Bevrijdingsdag 2016 vul jij onze harten met onmeetbaar veel liefde en
blijdschap; daarbij valt alle wetenschappelijke kennis in het niet. Ik geniet er van jouw
moeder te zijn.

“Je n'oublierai personne.”
Bernadette Soubirous, 1879
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