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"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.
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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

4.2

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.

4.2

6.1
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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4.2

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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