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Diagnostic imaging is one of the pillars in the clinical workup of horses with clinical signs of cervical spinal
disease. An improved awareness of morphologic variations in equine cervical vertebrae would be helpful for
interpreting findings. The aim of this anatomic study was to describe CT variations in left–right symmetry and
morphology of the cervical and cervicothoracic vertebrae in a sample of horses. Postmortem CT examinations
of the cervical spine for horses without congenital growth disorders were prospectively and retrospectively
recruited. A total of 78 horses (27 foals, 51 mature horses) were evaluated. Twenty-six horses (33.3%) had
homologous changes in which a transposition of the caudal part of the transverse process (caudal ventral
tubercle) of C6 toward the ventral aspect of the transverse process of C7 was present (n = 10 bilateral, n = 12
unilateral left-sided, n = 4 unilateral right-sided). There was one horse with occipito-atlantal malformation,
two horses with rudimentary first ribs bilaterally, and one horse with bilateral transverse processes at Th1,
representing homeotic (transitional) vertebral changes. Chi-square tests identified no significant differences in
the number of conformational variations between the group of mature horses with or without clinical signs (P
= 0.81) or between the group of mature horses and the group of foals (P = 0.72). Findings indicated that, in
this sample of horses, the most frequently identified variations were homologous variations (transposition of
the caudal part of the transverse process of C6–C7) in the caudal equine cervical vertebral column. Homeotic
(transitional) variations at the cervicothoracic vertebral column were less common. C⃝ 2016 American College
of Veterinary Radiology.
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Introduction

D IAGNOSTIC IMAGING IS AN ESSENTIAL tool in the clin-
ical work up of horses with signs that may be related

to the cervical spine such as spinal ataxia, decreased mobil-
ity, and lameness.1–4 It is therefore important to appreciate
the possibility of anatomic vertebral variations when in-
terpreting diagnostic images of horses. The deviation from
traditional vertebral patterning can be a change in numbers
in one section with preservation of total vertebral count
(homeotic variation) such as seen in transitional vertebrae,
but may also consist of a change in the total number of ver-
tebrae (meristic variations). Changes in merely one subunit
with preservation of the traditional number and identity
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of the vertebrae can occur when only size and/or shape of
vertebrae are altered (homologous variations),5 an example
is the transposition of the caudal part of C6–C7 in horses.6

Anatomical variations of the equine cervical vertebral
column have been reported in the early 1900s.7,8 The preva-
lence of cervical anatomical variations in larger populations
has recently been described in the literature.6,9,10 There is
one retrospective study based on radiographic examina-
tions in which anatomical variations of the spinous and
transverse processes in the caudal cervical vertebrae and the
first thoracic vertebrae were found in, respectively, 24.9%
and 13.3% of the horses.10 An incidence of 38% of con-
genital malformations of the sixth and seventh vertebrae
was recorded during dissection in a thoroughbred-based
population of horses in another study6 and associated vari-
ations in longus colli muscle attachment at this level.11

A prevalence of 24% anomalous C6 was recorded in a
recent study with a predilection for Warmblood breeds
as these accounted for almost 80% of the affected and
included horses.12 Advanced imaging modalities such as
computed tomography (CT)13–15 and magnetic resonance
imaging (MRI)13–17 are increasingly being applied in the
evaluation of horses with suspected cervical spinal disease.
However, little published information is currently available
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on CT and MRI characteristics of equine cervical vertebral
morphologic variations.

The purpose of the present study was to assess the pres-
ence and the morphological appearance of anatomical vari-
ations of the cervical vertebral column and cervicothoracic
junction using ex vivo CT in a group of horses. We hy-
pothesized that, given the reported prevalence of 13.3% us-
ing radiography and 38% in dissected thoroughbreds, the
prevalence of these vertebral variations in the equine ver-
tebral column as diagnosed by CT would be between 13%
and 38% with the anatomy generally being as described
in the classic anatomical references.18,19 We also hypothe-
sized that the prevalence of anatomical variations would
be equal in the groups of horses with and without clinical
signs related to the cervical column.

Material and Methods

Horses

The study was an anatomic design. Equine cadaver
necks were prospectively collected for CT examination af-
ter owner consent or retrospectively retrieved from horse
cadavers included in a different study.20 All available ex
vivo CT examinations of the cervical vertebral column dur-
ing the period of January 2009 to July 2014 in the Picture
Archiving and Communication System (PACS) of the Divi-
sion of Diagnostic Imaging, Faculty of Veterinary Medicine
of Utrecht University were considered for inclusion. Horses
were excluded if they had a known congenital growth dis-
order or if there was incomplete evaluation of the cervical
vertebral column in the scan. Medical records for included
horses were retrieved and available clinical data (breed, age,
clinical signs) were recorded.

Specimen Collection and CT Scanning Techniques

The cervical vertebral column was disarticulated at the
level of thoracic vertebrae (Th) 2–3, the head disarticu-
lated (when possible) at the occipito-atlantal junction and
a large part of the soft tissues surrounding the vertebral col-
umn was removed in horses before CT examination at the
Department of Pathobiology of the Faculty of Veterinary
Medicine, Utrecht University by a board-certified pathol-
ogist (W.B.). Dissection was not performed in eight foals.
In one horse, dissection was not possible at the occipito-
atlantal junction and the head remained attached. Com-
puted tomography scans were made from the first cervical
vertebra (C1) to the second thoracic vertebra (Th2). All
CT examinations were performed with a single slice CT
scanner (Philips Secura, Eindhoven, The Netherlands) us-
ing the following scanning protocol: scanning parameters
100 kVp, 220 mA, 0.7 s tube rotation time and 2- to 3-mm
thick contiguous slices. A bone algorithm was applied. A
standard matrix of 512 × 512 pixels was used. The field of

view (FOV) varied between the examinations depending on
the size of the cadaver neck.

Data Analysis

The CT images of the cervical vertebrae were evaluated
by a board-certified veterinary radiologist (S.V.), who was
not aware of the in vivo clinical status of the horse at that
time. Images were retrieved from the available PACS system
(Impax, version 6.5.2.657, Agfa Healthcare N.V., Mort-
sel, Belgium). Multiplanar reconstruction (MPR) and 3D
volume rendering of the vertebrae were performed. Left–
right symmetry and anatomy (such as vertebral body, lam-
ina, pedicles, transverse processes, spinous process, and
presence of intervertebral disc space) of the cervical ver-
tebrae were evaluated. The vertebral shape and conforma-
tion were compared to the images and descriptions of the
standard anatomical reference works.18,19 Variations were
considered homeotic if they were positioned only at a sec-
tion junction (head-cervical and cervical-thoracic) and the
vertebra had the characteristics of a transitional vertebra.
Variations were considered homologous if the changes were
not positioned at a section junction and merely changed the
shape of the vertebra without true characteristics of a tran-
sitional vertebra.

The horses were assigned to two groups according to
the recorded clinical status: without clinical signs or with
clinical signs related to the cervical vertebral column. Clin-
ical signs related to the cervical vertebral column recorded
were, among others, pain, reduced motion, or spinal ataxia.
Clinical examinations were performed by a board-certified
veterinary surgeon (W.B.) or board-certified veterinary in-
ternist (I.W.). Prevalences of anatomical variations in the
groups of mature horses with vs. without clinical signs and
the groups of mature horses vs. foals were compared using
a chi-square test (IBM SPSS Statistics version 22, IBM,
New York). Statistical analyses were completed by the
first author (S.V.) and significance was determined using
P < 0.05.

Results

Horses

Included in this study were 78 horses (65 Dutch Warm-
blood horses, two Friesians, two Zangersheide Studbook
horses, two cross-breed horses, two Westfaler, one Arabian,
one Oldenburger, one Trotter, one New Forest Pony, one
Appaloosa) including 29 mares, 17 stallions, and 32 geld-
ings; 51 mature horses (median age 6.9 years, range 2.2–
22 years); and 27 foals (median age 7 days, range 0–150
days). Thirty mature horses had clinical signs related to
cervical vertebral column pathology (such as spinal ataxia
or pain) and 21 died of or were euthanized for reasons
unrelated to cervical vertebral column pathology (such as
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lameness due to tendinitis or joint pathology of the limbs).
The 27 foals died of or were euthanized for reasons unre-
lated to cervical vertebral column pathology (such as res-
piratory distress, viral or bacterial septicemia, and gastric
rupture).

The cervical vertebral column of all equine cadavers was
examined within 24 h after death. The cervical vertebral
columns of 51 of the 78 horses in this study were considered
symmetric and conformed to the description in the anatom-
ical references (Figs. 1A, 2A, and 3A). In 27 horses, asym-
metry and/or variations of the standard anatomy were de-
tected (Table 1).

Homeotic or Transitional Variations

Homeotic or transitional vertebral variations were seen
in four horses. Asymmetric occipito-atlantal fusion, with-
out changes in shape and/or position of the axis, was seen
in one (Dutch Warmblood) horse. The presence of bilateral

rudimentary ribs at the level of Th1 was noted in two (Dutch
Warmblood) horses with concurrent unilateral right-sided
and bilateral transverse process changes in C6 and C7, re-
spectively (Fig. 4A and B). In one (Dutch Warmblood)
horse, ribs were absent at Th1 and replaced by transverse
processes with a shallow split-like indentation in the lateral
aspect (Fig. 4C). This horse also had bilateral changes at
C6 and C7. No fusion of vertebrae with concurrent loss of
intervertebral disc space was seen in any of the horses.

Homologous Variations

In 26 horses (21 Dutch Warmbloods, one Olden-
burger, one Westfaler, one Trotter, one Friesian, and one
cross-breed) homologous variations were seen. The caudo-
ventral part of the transverse process (caudal-ventral tuber-
cle) was partially (n = 2) or completely (n = 24) absent uni-
laterally (n = 12, left-sided; n = 4, right-sided) or bilaterally
(n = 10; Figs. 1B and 2B and C). Absence of the ventral part

FIG. 1. 3D computed tomography (CT) reconstructions of the caudal cervical vertebral column, ventral aspect. (A) Normal vertebral anatomy, (B) unilateral
right-sided homologous vertebral changes at the level of C6 and C7. The ventral part of the transverse process of C6 is not present (long arrow), however,
a ventral protuberance is present at the ventral aspect of the transverse process of C7 (short arrow).

FIG. 2. Transverse CT images at the caudal aspect of C6; right side is at the left side of the image, dorsal is at the top of the image. (A) Normal vertebral
anatomy (arrow); (B) unilateral right-sided absence of the ventral part of the transverse process; (C) bilateral absence of the ventral part of the transverse
process (arrows).
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FIG. 3. Transverse CT images at the level of C7; right side is at the left side of the image, dorsal is at the top of the image. (A) Normal vertebral anatomy;
(B) unilateral left-sided presence of a ventral protuberance at the transverse process of C7 (arrow) in concurrence with a vertebral foramen at the base of the
transverse process (asterisk); (C) bilateral presence of a ventral protuberance at the transverse process of C7 (arrows). This image is slightly more caudally
positioned than the images (A) and (B) to allow optimal visualization of the protuberances.

TABLE 1. Numbers of Foals and Mature Horses with Normal and Abnormal Cervical

Foals Mature horses
Normal Anatomy Aberrant Anatomy Normal Anatomy Aberrant Anatomy

Total 19 8 32 19
Breeds 14 DW∗, 2 ZS†, 1 Westfaler, 1

Arabian, 1 cross-breed
8 DW∗ 29 DW∗, 1 Friesian, 1 New

Forest Pony, 1 Appaloosa
14 DW∗, 1 Oldenburger, 1

Westfalen, 1 Trotter, 1
Friesian, 1 cross-breed

Occipito-atlantal fusion 0 1
Bilateral changes C6–7 2 8
Unilateral left-sided changes C6–C7 6 6
Unilateral right-sided changes C6–C7 0 4
Bilateral vertebral foramen C7 1 2
Unilateral left-sided vertebral foramen C7 4 4
Unilateral right-sided vertebral foramen C7 0 3
Rudimentary ribs bilaterally Th1 0 2
Transverse processes bilaterally Th1 0 1
Absent fovea costalis 0 7

∗DW, Dutch Warmblood.
†ZS, Zangersheide Studbook.

of the transverse process of C6 was associated in all horses
with a protuberance at the ventral aspect of the transverse
process of C7. Therefore, a unilateral (n = 12, left-sided;
n = 4, right-sided) or bilateral (n = 10) protuberance was
present (Figs. 1B and 3B and C). A vertebral foramen was
present in the base of four left-sided and six bilateral C7
transverse process ventral protuberances (Fig. 3B).

The absence of a proper fovea costalis in the caudo-
ventral endplate of C7 (Fig. 5) was detected bilaterally
in seven horses, which all had bilateral transverse process
changes in C6 and C7. Presence of a spinous process at
C7 was seen in all adult horses and in 24 foals. In three
foals (0 days of age) no spinous process could be seen yet.
The spinous processes were ranging in height from 23.6 to
54.8 mm with a median height of 40 mm.

The conformational variations in the caudal cervical ver-
tebral column were seen in 18 of 51 mature horses (35.3%),
11 of 30 (36.7%) mature horses with clinical signs related
to the cervical vertebral column and in seven of 21 mature
horses (33.3%) without clinical signs related to the cervical
vertebral column. The changes were bilateral in six, left-
sided in three and right-sided in two of the 11 mature horses

that were presented with clinical signs related to the cervi-
cal vertebral column. No significant difference in number
of conformational variations was noted between the group
of mature horses with or without clinical signs (chi-square
test, P = 0.81).

Eight of 27 foals (29.6%) had conformational variations.
No significant difference in number of conformational vari-
ations was noted between the group of mature horses and
the group of foals (chi-square test, P = 0.72).

Discussion

In the present study, homeotic and/or homologous vari-
ations of the cervical vertebral column were found in 34.6%
(27 of 78) horses, of which 5% (four of 78) had homeotic and
33.3% (26 of 78) had homologous changes. Prevalence of
homologous variations was close to 38% and within groups
not statistically different, which confirms our hypotheses.

Homeotic vertebral patterning variations (transitional
vertebra) were described before in other animals as the
presence of occipito-atlantal fusion/occipitalization of the
atlas, rudimentary (small or undeveloped) ribs at the first
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FIG. 4. (A) 3D CT reconstruction of the caudal cervical vertebral column, left craniolateral view. Note the presence of a very short and small first
(rudimentary) rib at the ventral aspect of the first thoracic vertebra. (B) Transverse CT image at the level of Th1. Right side is at the left side of the image,
dorsal is at the top of the image. Rudimentary ribs are present bilaterally. (C) Transversely reconstructed CT image at the level of Th1. Right side is at the left
side of the image; dorsal is at the top of the image. No ribs are present; bilateral transverse processes with a small slit-like opening are visible.

thoracic vertebra, or cervical ribs (small ribs at C7)5 and
detected in four horses of this study.

In one horse occipito-atlantal fusion was found without
malformation of the axis or clinical signs. Clinical conse-
quences of occipito-atlanto-axial malformation (OAAM)
have been identified in horses and humans depending on
the severity of vertebral changes and involvement of the
axis.21–23 There were two mature horses with rudimentary
ribs at Th1 and one mature horse in which there were no ribs
but transverse processes at Th1, features of homeotic vari-
ation and therefore transitional vertebrae. Only one case
report on the existence of a rudimentary first rib in a horse

was found in literature.7 In some sloths and human fetuses,
the existence of rudimentary or no ribs at the first thoracic
vertebra (“posterior” patterning) has been described with-
out known clinical relevance.5,24 The lack of literature re-
garding this variation in equine patients might be explained
by the inability of analog radiography to image the area of
the first thoracic vertebra.

Presence of cervical ribs in humans has been correlated
to a higher occurrence of malformations and neoplasia in
childhood24–26 and has been identified in humans with tho-
racic outlet syndrome (brachial plexus, subclavian artery,
and vein compression),27 a syndrome that has not been
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FIG. 5. Dorsal plane reconstructed CT image at the level of C7–Th1 and
Th1–Th2, right side is at the left side; cranial is at the top of the image. No
proper fovea costalis is present at the caudo-ventral aspect of the vertebral
body of C7 due to the absence of ribs at Th1 (arrow). Note the appearance
of a fovea costalis at the caudo-ventral aspect of Th1 bilaterally (arrow).

described or identified in horses. None of the horses in the
present study had cervical ribs but 26 horses did present
with a ventral protuberance, causing a change in position
of the associated soft tissue structures and therefore possi-
bly altered biomechanical function of this area.11

Homologous changes refer to morphological changes
of size or shape of individual vertebrae.5 Twenty-six of
78 horses (33.3%) had morphologic changes restricted to
the transverse processes of C6 and C7 (otherwise named
lateral vertebral or costal elements), described before as
transposition of the caudal ventral tubercle from C6 to
C7.6,9 This is considerably more than the 13% or 24% preva-
lence described in the studies using conventional radiogra-
phy and more in line with the findings during dissection
of the thoroughbred-based population.6,10 This difference
is probably due to the higher sensitivity of CT compared
to plain radiography, but may also have to do with differ-
ences in breed composition of the study populations. The
relatively high prevalence in the present group of horses
seems to plead for a rather benign character of these confor-
mational changes in terms of clinical relevance. Although a
cross-sectional observational study like ours cannot provide
evidence about causal relationships, the fact that there was
no significant difference in frequency between the groups
of mature horses presented with or without clinical signs
related to the cervical vertebral column (36.7% compared
to 33.3%, P = 0.81) and foals (35.3% compared to 29.6%,
P = 0.72) supports this conjecture to some extent. To define

possible causal relationships of these homologous changes
with clinical signs, a different subset of horses and stan-
dardized clinical examinations would be necessary.

The mammalian number of seven cervical vertebrae
seems to have a very high degree of conservation. How-
ever, while maintaining this number, a shift in function and
therefore related features of the last cervical and first tho-
racic vertebra has been described in giraffes as adaptations
to biomechanical strain.28 The variation in features of the
transverse processes in C6 and C7 in the 26 horses presented
in our study may be interpreted as a shift of function and
features from C6 to C7 with alteration of biomechanical
strain.11 The assumption was that C7 takes on some of
the features of C6 or “transposition of a ventral process
from C6 to C7” seems likely, especially when considering
embryogenesis.6,9 During gastrulation of the mammalian
embryo, somites are formed around the notochord. Each
vertebra is formed by a caudal part of a cranial somite and
a cranial part of a caudal somite, forming a sclerotome.29

Hoxa-5 has been found to regulate the somites and there-
after sclerotomes in the cervical-thoracic transition area of
chicken embryos.30 Hoxa-5 contributes first to the regional
vertebral patterning (homeotic), as it is expressed highly in
the somites of this region. Thereafter, Hoxa-5 is expressed
more specifically in the ventrolateral part of sclerotomes
and plays a role in the formation of the lateral vertebral
elements (costal elements) and the shaping of the morphol-
ogy of the vertebra (homologous) after the determination
of the vertebral pattern.30 Although the vertebral pattern-
ing is predominantly maintained in the horses in our study,
the lateral vertebral elements (transverse processes) were al-
tered in 26 horses. A temporary and regional (lateroventral)
deregulation of the Hoxa-5 gene in one somite could cause
the loss of this element in C6 and presence in C7, when di-
viding in a cranial and caudal part. Therefore, the described
changes seem to represent homologous variations in shape
of these distal cervical vertebrae. The rest of the vertebral
column was not examined in these horses and therefore no
further differentiation can be made in axial homeotic or
meristic variations.

In conclusion, findings indicated that familiarity with
equine cervical vertebral anatomical variations during CT
examinations is important, as homologous changes in this
group of horses seem rather common. Homeotic variations
in the equine occipitocervical or cervicothoracic vertebral
junction in this group of horses were seen less commonly,
but have to be considered as well. Although CT exami-
nation of the complete cervical spine in living horses be-
came only recently possible, the CT images provided in
this study can form a basis and reference for future stud-
ies as well as guidance in recognizing vertebral variations
in other imaging modalities. Further work-up is warranted
to identify the appearance and frequency of these changes
in different imaging modalities such as radiography and
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ultrasonography. To identify possible clinical implications,
different populations of horses with and without clinical
signs attributable to this anatomic region, as identified with
a standardized clinical examination, are needed.

LIST OF AUTHOR CONTRIBUTIONS

Category 1

(a) Conception and Design
Stefanie Veraa, A.J.M. Antoon-Jan van den Belt

(b) Acquisition of Data
Stefanie Veraa, A.J.M. Antoon-Jan van den Belt, Wilhelmina
Bergmann, Inge Wijnberg, Willem Back

(c) Analysis and Interpretation of Data
Stefanie Veraa

Category 2

(a) Drafting the Article
Stefanie Veraa,

(b) Revising Article for Intellectual Content
Stefanie Veraa, Wilhelmina Bergmann, Inge Wijnberg, A.J.M.
Antoon-Jan van de Belt, Willem Back

Category 3

(a) Final Approval of the Completed Article
Stefanie Veraa, Wilhelmina Bergmann, Inge Wijnberg, A.J.M.
Antoon-Jan van de Belt, Willem Back

ACKNOWLEDGMENTS

The authors thank Professors G. Voorhout and P. R. van Weeren for
their help in preparing this manuscript.

REFERENCES

1. Down SS, Henson FM. Radiographic retrospective study of the caudal
cervical articular process joints in the horse. Equine Vet J 2009;41:518–524.

2. Dyson SJ. Lesions of the equine neck resulting in lameness or poor
performance. Vet Clin N Am Equine Pract 2011;27:417–437.

3. Withers JM, Voute LC, Hammond G, Lischer CJ. Radiographic
anatomy of the articular process joints of the caudal cervical vertebrae in
the horse on lateral and oblique projections. Equine Vet J 2009;41:895–902.

4. Berg LC, Nielsen JV, Thoefner MB, Thomsen PD. Ultrasonography
of the equine cervical region: a descriptive study in eight horses. Equine Vet
J 2003;35:647–655.

5. Buchholtz EA, Stepien CC. Anatomical transformation in mammals:
developmental origin of aberrant cervical anatomy in tree sloths. Evol Dev
2009;11:69–79.

6. May-Davis S. The occurrence of a congenital malformation in the
sixth and seventh cervical vertebrae predominantly observed in thoroughbred
horses. J Equine Vet Sci 2014;34:1313–1317.

7. Bradley OC. On a case of rudimentary first thoracic rib in a horse.
J Anat Physiol 1901;36:54–62.

8. Gorton B. Abnormal cervical vertebra of a horse. J Anat 1923;57:
380–381.

9. Butler JA, Colles CM, Dyson SJ, Kold SE, Poulos PW The spine. In:
Butler JA, Colles CM, Dyson SJ, et.al., editors.: Clinical radiology of the
horse. 3rd ed. Oxford, England: Wiley-Blackwell, 2011. p. 50.

10. Santinelli I, Beccati F, Arcelli R, Pepe M. Anatomical variation of
the spinous and transverse processes in the caudal cervical vertebrae and the
first thoracic vertebra in horses. Equine Vet J 2015;48:45–49.

11. May-Davis S, Walker C. Variations and implications of the gross
morphology in the longus colli muscle in thoroughbred and thoroughbred
derivative horses presenting with a congenital malformation of the sixth and
seventh cervical vertebrae. J Equine Vet Sci 2015;35:560–568.

12. DeRouen A, Spriet M, Aleman M. Prevalence of anatomical vari-
ation of the sixth cervical vertebra and association with vertebral canal
stenosis and articular process osteoarthritis in the horse. Vet Radiol Ul-
trasound 2016;57:253–258.

13. Sleutjens J, Cooley AJ, Sampson SN, et al. The equine cervical spine:
comparing MRI and contrast-enhanced CT images with anatomic slices in
the sagittal, dorsal, and transverse plane. Vet Q 2014;34:74–84.

14. Zafra R, Carrascosa C, Rivero M, et al. Analysis of equine cervical
spine using three-dimensional computed tomographic reconstruction. J Appl
Anim Res 2012;40:108–111.

15. Claridge HA, Piercy RJ, Parry A, Weller R. The 3D anatomy of
the cervical articular process joints in the horse and their topographical
relationship to the spinal cord. Equine Vet J 2010;42:726–731.

16. Mitchell CW, Nykamp SG, Foster R, Cruz R, Montieth G. The use
of magnetic resonance imaging in evaluating horses with spinal ataxia. Vet
Radiol Ultrasound 2012;53:613–620.

17. Janes JG, Garrett KS, McQuerry KJ, et al. Comparison of magnetic
resonance imaging with standing cervical radiographs for evaluation of ver-
tebral canal stenosis in equine cervical stenotic myelopathy. Equine Vet J
2013 16:681–686.

18. König HE, Liebich HG. Vertebral column or spine (columna verte-
bralis). In: König HE, Liebich HG, editors.: Veterinary anatomy of domestic
mammals, 4th ed. Stuttgart: Schattauer GmbH, 2009. 86.

19. Popesko P (ed). Atlas der Topographishen Anatomie der Haustiere.
Stuttgard: Ferdinand Enke Verlag, 1993.

20. Sleutjens J, Voorhout G, Van Der Kolk JH, Wijnberg ID, Back
W. The effect of ex vivo flexion and extension on intervertebral foramina
dimensions in the equine cervical spine. Equine Vet J 2010;42(Suppl 38):
425–430.

21. Watson AG, Mayhew IG. Familial congenital occipitoatlantoax-
ial malformation (OAAM) in the Arabian horse. Spine (Phila Pa 1976)
1986;11:334–339.

22. Mayhew IG, Watson AG, Heissan JA. Congenital occipitoatlantoax-
ial malformations in the horse. Equine Vet J 1978;10:103–113.

23. Smoker WR, Khanna G. Imaging the craniocervical junction. Childs
Nerv Syst 2008;24:1123–1145.

24. Ten Broek CM, Bakker AJ, Varela-Lasheras I, Bugiani M, Van
Dongen S, Galis F. Evo-devo of the human vertebral column: on homeotic
transformations, pathologies and prenatal selection. Evol Biol 2012;39:
456–471.

25. Galis F. Why do almost all mammals have seven cervical vertebrae?
Developmental constraints, hox genes, and cancer. J Exp Zool 1999;285:
19–26.

26. Schumacher R, Mai A, Gutjahr P. Association of rib anomalies and
malignancy in childhood. Eur J Pediatr 1992;151:432–434.

27. Weber AE, Criado E. Relevance of bone anomalies in patients with
thoracic outlet syndrome. Ann Vasc Surg 2014;28:924–932.

28. van Sittert SJ, Skinner JD, Mitchell G. From fetus to adult—an
allometric analysis of the giraffe vertebral column. J Exp Zool B Mol Dev
Evol 2010 15;314:469–479.

29. Gilbert SC Chapter 9. Early vertebrate development: mesoderm and
endoderm. In: Gilbert SC, editor. Developmental biology. 5th ed. Sunder-
land, MA: Sinauer Associates, Inc., 1997. p. 341.

30. Chen JW, Zahid S, Shilts MH, et al. Hoxa-5 acts in segmented
somites to regulate cervical vertebral morphology. Mech Dev 2013;130:
226–234


