
Department of Equine and Small Animal Medicine 
Faculty of Veterinary Medicine 

University of Helsinki 
Finland 

 
 
 
 
 
 
 

CRANIOCERVICAL ABNORMALITIES IN 
CHIHUAHUAS 

 
 
 

 
 
 

Anna-Mariam Kiviranta  

 
 
 
 
 
 
 
 
 
 
 
 

DOCTORAL DISSERTATION 
 

To be presented for public discussion with the permission of the Faculty of 
Veterinary Medicine 

of the University of Helsinki, in Athena, room 302, on the 25th of March, 2022 at 
13 o’clock. 

 



Helsinki 2022 
 
 
Director of studies Professor Outi Vapaavuori, DVM, PhD, Dipl.ECVS 

  Department of Equine and Small Animal Medicine 
  Faculty of Veterinary Medicine 
  University of Helsinki, Finland 
 

Supervisors Assistant professor Tarja Jokinen, DVM, PhD,  
  Dipl.ECVN 

  Department of Equine and Small Animal Medicine 
  Faculty of Veterinary Medicine 
  University of Helsinki, Finland 
   
  Professor Clare Rusbridge, BVMS, PhD, Dipl.ECVN, 

  FRCVS 
  Faculty of Health and Medical Sciences  
  School of Veterinary Medicine 
  University of Surrey, UK 
 

Reviewers  Professor Natasha Olby, Vet MB, PhD, MRCVS,  
  DACVIM (Neurology) 
  Department of Clinical Sciences 
  College of Veterinary Medicine 
  North Carolina State University, USA 
 
  Professor Martin Schmidt, PhD, Dipl.ECVN 
  Department of Veterinary Clinical Sciences  
  Small Animal Clinic  
  Justus-Liebig-University, Germany   
 
Opponent   Associate professor Hanne Gredal, PhD 
  Department of Veterinary Clinical and Animal  
  Sciences 
  Faculty of Health and Medical Sciences 
  University of Copenhagen, Denmark   
 
Cover: Computed tomography image of a Chihuahua skull 
 
ISBN ISBN 978-951-51-7881-7 (paperback) 
ISBN 978-951-51-7882-4 (PDF)  
 
Unigrafia 
Helsinki 2022 

 



 
 
 
 
 
 
 
 
 
 
 
 
    To my family 



4 

ABSTRACT 

Craniocervical abnormalities such as Chiari-like malformation (CM), 
syringomyelia (SM), and craniocervical junction (CCJ) overcrowding cause, in 
cavalier King Charles spaniels (CKCS) and Griffon Bruxellois dogs, pain and 
motor deficits. This study describes the occurrence of these abnormalities and 
their association with clinical signs in Chihuahuas. Furthermore, it describes 
for the first time the occurrence of the molera, a persistent bregmatic 
fontanelle, and evaluates whether it is accompanied by similar bony defects on 
other cranial surfaces. Finally, it investigates their clinical relevance.   

We examined with magnetic resonance imaging and computed 
tomography 53 Finnish Chihuahuas with or without CM- or SM-related 
clinical signs. In this population, CM was ubiquitous (100%), and it was 
frequently accompanied by SM (38%). Furthermore, CCJ overcrowding was 
common: atlantooccipital overlapping occurred in 70%, and the mean degree 
of neural tissue deviation at the medulla, indicating medullary elevation, was 
23.2% and at the atlantoaxial junction, indicating dorsal spinal cord 
compression, 24.3%. 

We used a questionnaire designed for this study to describe the clinical 
signs of 22 (50%) clinically affected dogs among the 44 dogs included in the 
analysis. Most commonly the dogs were scratching their head or neck with or 
without making skin contact (73%). Half the dogs (53%) had gait 
abnormalities, rubbed their face (46%), or had spinal hyperesthesia (46%), 
and slightly less than half (41%) were occasionally vocalizing. Syringomyelia 
and more severe neural tissue deviation at the CCJ predisposed to clinical 
signs.  

Furthermore, we used magnetic resonance images in an extended dog 
population with and without SM to evaluate the morphometric traits of the 
caudal cranial fossa and CCJ. This population included 53 Finnish and an 
additional 46 Chihuahuas, 132 CKCSs, and 42 Affenpinschers examined in the 
UK. Increased cranial height and close position of the atlas to the occiput, 
hence more extreme brachycephaly, predisposed to SM. 

We then used computed tomography to describe persistent fontanelles in 
the Finnish Chihuahuas: they occurred in 92% and occupied not only the 
location of the molera but also all cranial surfaces. The mean number of the 
persistent fontanelles in each dog was 2.8, and most of them (62%) occupied 
locations similar to the locations of the fontanelles observed in newborn 
children. 

We developed a novel method to measure the persistent fontanelle area, 
and showed that Chihuahuas with a low body weight, CM/SM-related clinical 
signs, SM, large lateral ventricles, or CCJ overcrowding had larger persistent 
fontanelles. This finding challenges the current notion of persistent 
fontanelles as being clinically irrelevant. Although the pathomechanism of 
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these lesions is currently unknown, similar cranial defects emerge in children 
with disorders of cranial growth such as craniosynostosis.  
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1 INTRODUCTION 

Craniocervical abnormalities such as Chiari-like malformation (CM) and 
resultant syringomyelia (SM) are common in certain small-breed dogs. They 
may substantially reduce the quality of life in affected individuals by causing 
neuropathic pain and motor dysfuction.  

CM is a morphological abnormality initially defined as cerebellar 
indentation or herniation into the foramen magnum (Lu et al., 2003). Later 
studies have, however, broadened the concept of CM, showing that cerebellar 
herniation or indentation result from morphological changes in the entire 
cranium and craniocervical junction (CCJ). These craniocervical 
morphological changes affecting the entire cranial cavity and its junction to 
the cervical vertebrae indicate extreme brachycephaly and cause the 
cerebellum to be indented or herniated into the foramen magnum (Knowler et 
al., 2014).  

SM is a spinal cord lesion defined as a fluid filled cavity (syrinx) or cavities 
(syringes) (Cappello and Rusbridge, 2007, Rusbridge and Jeffery, 2008). This 
is a descriptive term for an intraparenchymal spinal cord lesion resulting from 
disrupted cerebrospinal fluid (CSF) flow (Rusbridge and Jeffery, 2008). This   
development may have several causes, but in dogs, most commonly it occurs 
in conjunction with CM-associated caudal cranial fossa and CCJ 
overcrowding. CM and SM are diagnosed with magnetic resonanance imaging 
(MRI) (Weber et al., 2020). 

CM and SM occur commonly in cavalier King Charles spaniels (CKCSs) and 
Griffon Bruxellois dogs (Couturier et al., 2008, Carrera et al., 2009, Rusbridge 
et al., 2009, Freeman et al., 2014, Knowler et al., 2014, Cerda-Gonzalez et al., 
2015b). Isolated cases also occur in other small-sized dogs, but extensive 
studies describing their occurrence in these breeds are lacking (Dewey et al., 
2005, Ortinau et al., 2015).  

CM and SM may cause pain-related behavior and motor deficit. The dogs 
may, for example, scratch or rub their heads, vocalize, show signs of pain on 
palpation in cervical or lumbar areas, or be unwilling to exercise (Rusbridge et 
al., 2019). An easily recognized, SM-associated clinical sign is the phantom or 
fictive scratching, during which the dog scratches the air beside the head or 
cervical spine, making no contact with the skin (Nalborczyk et al., 2017). 
Additionally, during neurological examination, these dogs may show ataxia, 
weakness, postural reaction deficits, or scoliosis (Freeman et al., 2014, 
Rusbridge et al. 2019).  

In addition to SM and CM, a number of CCJ abnormalities also are 
associated with clinical signs. These abnormalities include atlantooccipital 
overlapping, medullary elevation, and atlantoaxial bands causing dorsal spinal 
cord compression (DSCC) (Cerda-Gonzalez et al., 2015a, Cerda-Gonzalez et 
al., 2015b, Cerda-Gonzalez et al., 2016a). Furthermore, clinically affected dogs 
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more commonly show craniomorphological features, such as short cranial 
base, increased cranial height, a ventrally rotated olfactory bulb, and rostral 
forebrain flattening (Knowler et al., 2017, Knowler et al., 2020). These 
morphological traits express extensive brachycephaly and are thought to be a 
consequence of premature closure of the sphenooccipital synchondrosis. This 
premature synchondrosis closure prevents longitudinal growth of the cranial 
base. It occurs in brachycephalic dog breeds, being particularly evident in 
CKCSs, a breed predisposed to CM and SM (Schmidt et al., 2013a).  

Cranial growth is a complex phenomenon combining new bone formation 
and remodeling of the existing bone; it is regulated by the dura mater of the 
enlarging brain and occurs at the cranial synchondroses and at the cranial 
sutures (Opperman, 2000, Flaherty et al., 2016, Jin et al, 2016). Prenatally 
developed cranial fontanelles are fibrous, membrane-covered gaps located at 
the intersections of the cranial sutures and allowing cranial deformation 
during birth. Human children are born with six cranial fontanelles that occupy 
the dorsal, lateral, and lateroposterior cranial surfaces (Kiesler, 2003). These 
fontanelles normally close during early childhood (Duc and Largo, 1986, Gray 
and Standring, 2006, Esmaeili et al., 2015, Boran et al., 2018).  

In dogs, the veterinary literature describes only one fontanelle, the 
bregmatic fontanelle located on the dorsal skull between the paired frontal and 
parietal bones (Evans, 1993). This fontanelle should close by the time of birth 
or during the first month of life (Evans, 1993, Hassan et al., 2015). Anecdotal 
evidence suggests that Chihuahuas commonly have a molera, a persistent 
fontanelle at the bregma. A common conception is that this molera is clinically 
irrelevant (de Lahunta and Glass, 2009a). Studies evaluating the prevalence 
of the molera or its clinical significance are, however, lacking.  

With this study, we aimed to evaluate whether CM, SM, or concomitant 
CCJ abnormalities occur in Chihuahuas. Furthermore, we wanted to evaluate 
whether these structural abnormalities predispose to clinical signs observed to 
be related to CM or SM in CKCSs and Griffon Bruxellois. Finally, we describe 
whether persistent fontanelles other than the molera occur in Chihuahuas, and 
evaluate their clinical relevance.  
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2 REVIEW OF THE LITERATURE

CRANIAL DEVELOPMENT  

The canine skull comprises 50 bones that are joined together by either 
synchondroses or cranial sutures (Figure 1) (Evans, 1993).  These bones form 
the skeleton of the face (the viscerocranium), and the cranial base and the 
cranial vault (the neurocranium) (Jin et al. 2016). The neurocranium develops 
from mesodermal and neural crest cells (Couly et al, 1993).  

Figure 1 Bones of the skull, left lateral aspect (zygomatic arch and mandible removed). 
Dorsal aspect (right figure).                                                                           
Reprinted from The Skeleton, Miller's Anatomy of the Dog, 4E, ISBN: 
9780323266239, 2012, Figures, 4-3. and 4-4. with the permission of Elsevier.

Ossification, the process of bone formation, begins during embryologic 
development (Evans, 1993). The two types of ossification are the endochondral 
and membranous ossification. The cranial base bones, the occipital, sphenoid, 
and ethmoid bones, develop through endochondral ossification in which the 
mesenchymal cells first condense ventral to the brain (Scrivastava, 1992,
Evans, 1993, Richtsmeier and Flaherty, 2013, Jin et al, 2016,). They then
differentiate into hypertrophic chondrocytes that form an avascular model 
(anlagen) that is later replaced by bone (Flaherty et al. 2016). 

The cranial vault bones, ones such as the frontal, parietal, the squamous 
part of the temporal, and the interparietal part of the occipital bones, develop 
through membranous ossification (Scrivastava, 1992, Evans, 1993, Jin et al, 
2016). Membranous ossification starts with the condensation of mesenchymal 
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cells around the developing brain. The membrane forms when the 
mesenchymal cells become closely packed and the region highly vascularized 
(Jin et al., 2016). After condensation, the mesenchymal cells differentiate to 
become first osteoblasts and later osteocytes that produce bone-forming 
matrix (Flaherty et al., 2016). The ossification of the membranous bones starts 
at the ossification centers and spreads centrifugally (Evans, 1993). These
ossification centers appear in the areas of future skull eminences; their 
number in each bone varies (Jin et al., 2016).

Early studies evaluating canine cranial development suggest that in the 
canine skull, the parachordal, trabecular, and brachial cartilages form the first 
structures. As the parachordal and trabecular cartilages enlarge, they form a 
cartilaginous cranial base, the chondrocranium. Ossification, however, starts 
at the membrane-derived bones of the cranial vault. In dogs, the first 
ossification centers appear at around the 35th day of gestation in the face and 
the skull (premaxilla, maxilla, zygomatic, lacrimal, temporal, nasal, frontal, 
parietal, palatine, and pterygoid bones) (Evans, 1956). Dogs have one 
ossification center in each frontal and parietal bone, hence the majority of the 
cranial roof forms from four ossification centers. Most of the frontal and 
parietal bones appear ossified at the 45th day of gestation, leaving an un-
ossified area, a fontanelle, at the intersection of the cranial sutures between 
the frontal and parietal bones. 

After the onset of the cranial vault ossification, the cranial base bones start 
to ossify. The ossification starts at the central basioccipital and basisphenoid 
bones and spreads laterally. At the the 60th day of gestation, the cranial base 
bones appear mostly ossified (Evans, 1993).

CRANIAL GROWTH
Cranial growth occurs at the cranial synchondroses and also at the cranial 
sutures, which are the junctions between membranous bones and 
membranous and endochondral bones (Figure 2). They produce new bone to 
accommodate the enlarging brain in response to signals from the expanding 
neurocranium. This cranial expansion occurs perpendicular to the cranial 
sutures. The cranial synchondroses are the cartilaginous junctions between 
the endochondral bones and allow rostrocaudal expansion of the cranial base 
(Opperman, 2000, Flaherty et al., 2016). 
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Figure 2 Maximum-intensity projection computed tomography images of the cranial vault of a 
mixed breed-dog with a caudal (a) and dorsal (b) view. The radio-opaque lines 
illustrate the cranial sutures between the cranial vault bones (arrows).

Cranial growth is a combination of new bone formation and remodeling of 
the existing bone. The dura mater of the enlarging brain regulates skull growth 
at the cranial suture growth sites by controlling the pace of the mesenchymal 
cells differentiating into osteoblasts. Additionally, constant modeling and 
remodeling of both the inner- and outer surfaces of the bone occurs. This is 
done to fit the contours of the brain and to expand the cranial cavity. During 
cranial growth, certain structures are responsible for certain dimensions of the 
cranium. For example, the cranial vault length is regulated by the cranial base 
synchondroses. Furthermore, the interparietal, occipitoparietal (lambdoidal), 
sphenoparietal, and squamous (parietotemporal) sutures regulate the cranial 
width. Finally, the sutures between the parietal and occipital, temporal, and 
sphenoidal bones regulate the cranial height (Jin et al, 2016). As one study 
evaluating skull growth in mesaticephalic beagle puppies showed, if not 
restricted, the growth and hence expansion of the cranium occurs in equal 
proportion in length and in width (Chung et al., 2006). 

Cranial sutural and synchondrosis growth normally continues until the 
brain has matured. To enable membranous bone growth, the cranial sutures 
need to remain in an un-ossified state. At maturation, cranial sutures close 
(ossify) and disable further growth of the cranium. In humans, sutural closure 
occurs during the third decade of life (Opperman, 2000). In dogs, information 
about sutural closure times is scarce, but what has been suggested is that the 
interparietal, i.e. sagittal suture, closes at the age of 2 to 3 years and the 
interfrontal, i.e. metopic suture at the age of 3 to 4 years (Thrall and
Robertson, 2011). 

a b
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CRANIAL FONTANELLES IN CHILDREN
Fontanelles are fibrous, membrane-covered gaps that lie at the intersection of 
the cranial sutures (Figure 3) (Kiesler, 2003). They develop prenatally 
between the membrane-derived bones. Children may be born with six 
fontanelles. Two of these are in the cranial midline, the anterior and posterior 
fontanelles. The remaining four fontanelles, the left and right sphenoid and 
mastoid fontanelles, are located bilaterally on the lateral and lateroposterior 
surfaces of the cranium (Kiesler, 2003). 

The cranial fontanelles are a unique feature in humans when compared to 
other primates. One explanation for their existence in humans is that they 
were developed after the human pelvis was reconfigured to an upright position 
to allow cranial deformation of the large-headed neonates during birth (Falk 
et al., 2012).

(Left) Lateral view of the newborn skull. (Right) Superior view of the newborn skull. 
Redrawn with permission after Netter FH. Atlas of human anatomy. Summit, N.J.: 
Ciba-Geigy, 1994. Reprinted from Kiesler J, Ricer R. The abnormal fontanel. Am 
Fam Physician. 2003 Jun 15;67(12):2547-52 with the permission of Christy Krames.

The anterior fontanelle is located on top of the head, at the junction of the 
two frontal and parietal bones, hence at the intersection of the metopic, 
coronal, and sagittal sutures (Figure 3). It is the largest fontanelle in children 
(Kiesler, 2003). During fetal development, the anterior fontanelle enlarges. 
However, it remains proportional to the head circumference (Adeyemo and
Omotade, 1999). After birth, during the first two months of infancy, the 
anterior fontanelle continues to enlarge, and then gradually starts to become 
obliterated (Pindrick, et al., 20014). It has a wide range of normal closure time 
ranging from 3 to 27 months, with the median age at its closure ranging from 
9 to 14 months (Duc and Largo, 1986, Boran et al., 2018). The other fontanelle 
at the midline, the posterior fontanelle, is located between the occipital and 
two parietal bones, and at the intersection of the sagittal and lambdoid sutures 
(Kiesler, 2003). Unlike the anterior fontanelle, its size does not correlate with 
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the gestational age (Adeyemo and Omotade, 1999). It is observable in only 
1.5% of newborn children, and in those children, it closes by two months of age 
(Esmaeili et al., 2015). 

The paired fontanelles, the sphenoid and mastoid fontanelles, occur at the 
lateral (sphenoid fontanelles) and lateroposterior (mastoid fontanelles) 
surfaces of the cranium (Figure 3). The sphenoid fontanelles occur at the 
intersection of the frontal, parietal, sphenoid, and temporal bones and at the 
intersection of the coronal, sphenofrontal, and squamous sutures. Sphenoid 
fontanelles close around three months of age. Finally, caudal to the sphenoid 
fontanelles, between the parietal, temporal, and occipital bones, and at the 
intersection of the squamous, occipitomastoid, and lambdoid sutures, are 
located the mastoid fontanelles. They close during the second year of life (Gray 
and Standring, 2006).

CRANIAL FONTANELLES IN DOGS
In dogs, the bregmatic fontanelle is a counterpart of the human anterior 
fontanelle (Table 1). It closes by the time of birth or during the following month 
(Evans, 1993, Hassan et al., 2015). No named fontanelle is described in dogs 
as the counterpart of children’s posterior fontanelle, but Miller’s anatomy 
describes the junction between the interparietal and unpaired occipital bones, 
hence the location of the posterior fontanelle in children, as usually fusing at 
around 45 days of gestation, but in some dogs it may remain unfused (Evans, 
1993). Furthermore, fontanelles equivalent to human sphenoid or mastoid 
fontanelles are lacking in the canine anatomical literature.

The Chihuahua is a dog breed known for its frequent occurrence of a 
persistent bregmatic fontanelle, a molera (Figure 4). Its prevalence rate is, 
however, unknown in both Chihuahuas and other small-sized dogs. A common 
conception is that in small-breed dogs, and particularly in Chihuahuas, the 
molera is clinically irrelevant (de Lahunta and Glass, 2009a). However, 
studies evaluating this are lacking.
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Table 1. The cranial vault bones forming the cranial fontanelles.

LOCATION BONE CONNECTING 
BONE

HUMAN /CANINE 
FONTANELLE EQUIVALENT

Dorsal Frontal Nasal, maxillar, 
lacrimal

NA

Frontal NA
Parietal Anterior/bregmatic

Parietal Parietal NA
Left interparietal NA
Right interparietal NA

Lateral Frontal Palatinal, sphenoid NA
Sphenoid,  parietal Left sphenoid

Right sphenoid
Parietal Sphenoid, 

temporal 
NA

Caudal Occipital Parietal NA
Parietal, temporal Left mastoid

Right mastoid
Temporal NA
Interparietal Posterior

NA=not applicable

Figure 4 Volume-rendering technique computed tomography image of Chihuahua skulls in 
dorsal view illustrating a small (left) and a large (right) bregmatic fontanelle, i.e. a 
molera.
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CRANIOSYNOSTOSIS, A DISORDER OF CRANIAL 
GROWTH

Craniosynostosis is a clinically and genetically heterogenous congenital 
anomaly in which one or several cranial sutures close prematurely (Lattanzi et 
al., 2017). This premature cranial suture closure occurs because of abnormal 
osteoblast apoptosis at the cranial sutures (Rice et al., 1999). It prevents 
normal bone growth perpendicular to the affected suture and hence expansion 
of the neurocranium at the site of the closed suture. This results in abnormal 
compensatory cranial growth at the non-fused sutures and occurs parallel to 
the prematurely closed suture (Governale, 2015). This predictable growth was 
described as early as in 1851 by Virchow and is called Virchow’s law (Persing, 
1989).

Craniosynostosis may be classified according to the type or number of 
affected sutures, the underlying mechanism causing the craniosynostosis, or 
occurrence of concurrent other disorders. Craniosynostosis may affect a single 
cranial suture or be multisutural. It also may be either primary or secondary. 
In primary craniosynostosis, premature cranial suture closure is the 
consequence of a developmental disorder of the suture itself, whereas in 
secondary craniosynostosis, premature suture closure is a consequence of 
another abnormality, one such as hyperthyroidism or microcephaly (failure of 
brain growth). These classifications may overlap; for example, primary 
craniosynostosis may affect either only one or several cranial sutures (Cohen, 
1980, Flaherty et al., 2016). 

The primary, multisutural craniosynostoses may further be classified as 
non-syndromic or syndromic. The non-syndromic multisutural 
craniosynostosis affects the coronal suture bilaterally, whereas the syndromic, 
multisutural craniosynostoses are inherited disorders and occur along with 
other body deformities (Governale, 2015, Flaherty et al., 2016, Yilmaz et al., 
2019).

CRANIOSYNOSTOSIS IN CHILDREN
In children, craniosynostosis is a rare growth disorder, occurring in 
approximately three to seven of every 10 000 live births (Boulet et al., 2008, 
Cornelissen et al., 2016). Despite its rarity, it constitutes approximately one-
fifth of the craniofacial malformations and hence is a marked contributor to
health-care costs (Weiss et al., 2009). It may cause, in addition to abnormal 
head shape, developmental delay, headaches, and increased intracranial 
pressure (Iyengar et al., 2016).

The phenotypic appearance of the craniosynostotic patient depends on the 
sutures affected. Premature closure of a major (sagittal, metopic, coronal, or 
lambdoid) cranial suture results in cranial deformity typical for that specific 
type of craniosynostosis. For example, sagittal suture closure causes an 
elongated and narrow head shape with a prominent forehead and occiput, 
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which is called scaphocephaly or dolichocephaly. Furthermore, bilateral 
coronal (between the frontal and parietal bones) craniosynostosis causes a 
short and wide skull called brachycephaly (Figures 5-7) (Governale, 2015). 

 
Figure 5 Normal cranial sutures and skull shape. Top (A) and side (B) views of a three-

dimensional computed tomography scan shows metopic (m), coronal (c), sagittal 
(s), lambdoid (l), and squamosal (sq) sutures as well as the anterior fontanel (af).  

 

Figure 6 Sagittal craniosynostosis. Top (A) and front (B) views of a three-dimensional 
computed tomography scan showing a skull long on the anteroposterior axis and 
narrow on the transverse axis. The sagittal suture is closed; the anterior fontanel is 
open in this case.  
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Figure 7 Bilateral coronal craniosynostosis. Top (A) and side (B) views of a three-

dimensional computed tomography scan showing a skull short on the 
anteroposterior axis and wide on the transverse axis. Both coronal sutures are 
closed; the anterior fontanel is open in this case.  

 
Figures 5-7 reprinted from Pediatric Neurology, Vol 53, Lance S. Governale, 
Craniosynostosis, Pages No. 394-401, Copyright (2021), with permission from  
Elsevier.  

 
 

In children, secondary craniosynostoses may occur for multiple causes 
altering the cranial sutural gene expression and hence disturbing cranial 
ossification. Possible causes include intrauterine mechanical forces, ones 
resulting from multiple pregnancies, high birth weight, or low pelvic station, 
as well as external environmental factors such as maternal smoking, maternal 
antenatal high-altitude location, drug exposure (for example valproate acid), 
and paternal high age and occupation (agricultural, forestry, repair work, and 
mechanics) (Alderman et al., 1994, Alderman et al., 1995, Bradley et al., 1995, 
Lajeunie et al., 2001, Hackshaw et al., 2011, Barik et al., 2013, Yilmaz et al., 
2019).   

Primary craniosynostoses may be either syndromic or non-syndromic. Of 
these, non-syndromic craniosynostoses are the most common, comprising 
approximately 70% to 90% of craniosynostosis cases. Of the non-syndromic 
craniosynostoses, the most common is an isolated, single-suture 
craniosynostosis. Sagittal suture craniosynostosis occurs most commonly, and 
is followed by metopic and unilateral coronal or lambdoid suture synostoses 
(Boulet et al., 2008, Cornelissen et al., 2016, Tønne et al., 2020). 

Approximately 12% to 27% of craniosynostosis cases are syndromic (Boulet 
et al., 2008, Cornelissen et al., 2016, Tønne et al., 2020). They are inherited 
disorders, the majority of which have an autosomal dominant inheritance. Of 
the syndromic craniosynostoses, the most common are the Apert, Crouzon, 
Pfeiffer, Saethre-Chotzen, and Muenke syndromes. In these syndromic 
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craniosynostoses several nuclear gene mutations have been identified, for 
example, the fibroblast growth-factor receptors  (FGFR) 1, 2, and 3, in addition 
to twist homologue 1: TWIST1 (Flaherty et al., 2016, Yilmaz et al., 2019). 
FGFRs regulate both endochondral and intramembranous bone development, 
and hence, normal bone growth and ossification (Ornitz and Marie, 2002). 

In syndromic craniosynostoses, in addition to the premature cranial suture 
closure, the cranial synchondroses at the cranial base may also close 
prematurely (Tahiri et al., 2014, Rijken et al., 2015, Coll et al., 2018). When 
spheno-occipital synchondrosis closure alone was evaluated, studies showed 
that patients with Crouzon, Pfeiffer, and Apert syndromes causing midface 
hypoplasia had an earlier closure of the sphenooccipital synchondrosis than 
did control patients lacking craniosynostosis. The authors suggest that 
although these findings do not prove causality, premature sphenooccipital 
synchondrosis closure may play a role in development of the midface 
hypoplasia observable in these patients (McGrath et al., 2012, Paliga et al., 
2014, Tahiri et al., 2014). 

Children affected with Crouzon syndrome often emerge with midface 
hypoplasia, exophthalmos, and hypertelorism (large distance between the 
eyes) (Governale, 2015). They commonly have coronal, sagittal, or lambdoid 
craniosynostosis or a combination of these that may accompany premature 
synchondrosis closure (Governale, 2015, Coll et al., 2018, Driessen et al., 
2017). Furthermore, in children with Crouzon syndrome, Chiari type I 
malformation is common and emerges in approximately 70% of the patients 
(Cinalli et al., 1995). Children with untreated Crouzon syndrome are 
susceptible to increased intracranial pressure possibly caused by 
hydrocephalus, airway obstruction, or intracranial venous hypertension–
alone or in conjunction with each other (Abu-Sittah et al., 2016). Crouzon 
syndrome has an autosomal dominant inheritance and affects FGFR-2 and -3
regulation (Governale, 2015).

In children, craniosynostosis is commonly a bedside diagnosis based on 
phenotypic appearance. Diagnostic imaging, using either series of skull x-rays 
or computed tomography (CT) with three-dimensional reconstruction images, 
confirms the diagnosis (Governale, 2015). Craniosynostosis should be 
differentiated from positional plagiocephaly caused by external forces 
deforming the skull—for example sleeping on the back—without any growth 
restriction of the skull (Linz et al., 2015).

CRANIOSYNOSTOSIS IN DOGS
Early morphometric studies describe large differences in skull dimensions 
among dog breeds (Stockard, 1941). One possible explanation for this could be 
that breed-differences exist in cranial suture- and synchondrosis closure 
times. To support this theory, a later study described that airorynchy, meaning
dorsal deviation of the prebasial angle at the cranial base, was more common 
in brachycephalic dogs than in mesaticephalic dogs. Additionally, in 
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brachycephalic dogs, a higher proportion of closed or closing rostral cranial 
sutures or synchondroses occurred (Geiger and Haussman, 2016). Similarly, a 
recent study described, in boxers, the sagittal suture as closing prematurely. 
This explains the typical high head-shape of these dogs (Farke et al., 2019). 
Furthermore, in brachycephalic dogs, and especially in CKCS, the cranial base 
spheno-occipital synchondrosis closes earlier than in mesaticephalic dogs,
thus restricting rostocaudal skull expansion (Schmidt et al., 2013a). Finally, 
the head shape, and hence cranial suture closure times, all appear to be 
genetically regulated, because a study evaluating head-shape inheritance in 
various dogs breeds showed that the locus of the SPARC-related modular 
calcium binding gene (SMOC2) explained 36% of the facial-length variation in 
these dogs (Marchant et al., 2017).

CONGENITAL ABNORMALITIES OF THE 
CRANIOCERVICAL JUNCTION

The CCJ comprises the occipital bone, the foramen magnum, the atlas, the 
axis, and the ligaments of the atlantoaxial and atlantooccipital junctions. The 
CCJ is united with a single joint cavity providing support to the junction but 
allowing head movement. Additionally, the dorsal and ventral atlantooccipital 
membranes, lateral atlantooccipital ligaments, and ligaments extending from
the body of the atlas to the foramen magnum support the atlantooccipital 
junction. Furthermore, the dorsal atlantoaxial ligament, the transverse 
atlantal ligament, and the apical and alar ligaments extending from the dens 
to the occiput support the atlantoaxial junction. The atlantooccipital junction 
allows dorsoventral movement of the head, whereas the atlantoaxial junction 
enables rotational movement (Cerda-Gonzalez and Dewey, 2010). 

In dogs, several caudal cranial fossa or CCJ abnormalities commonly occur. 
They emerge as bony structural abnormalities such as atlantooccipital 
overlapping and a small caudal cranial fossa. These bony structural 
abnormalities cause various types of neural tissue deviation such as medullary 
elevation and DSCC at the first two cervical vertebrae. These forms of neural 
tissue deviation indicate CCJ overcrowding. Furthermore, although the causes 
are not restricted to the CCJ, what is observable is the CM, seen as cerebellar 
indentation or herniation into the foramen magnum. This herniation is caused 
by morphological abnormalities of the entire cranium.

ATLANTOOCCIPITAL OVERLAPPING IN DOGS
In atlantooccipital overlapping, the distance between the supraoccipital bone 
and the dorsal lamina of the atlas is decreased, i.e. the dorsal lamina of the 
atlas may locate within the foramen magnum or immediately caudal to it
(Figure 8). This may indent the cerebellum, narrow the cerebellomedullary 
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cistern, and cause deviation in the medulla (Cerda-Gonzalez et al., 2009a, 
Marino et al., 2012, Cerda-Gonzalez et al., 2016a). 

Figure 8 A mid-sagittal, multimodal computed tomography image of a Chihuahua with 
atlantooccipital overlapping.

Atlantooccipital overlapping occurs in small and toy breed dogs. Among 
study populations of various dog breeds, the prevalence of atlantooccipital 
overlapping may range from 20% to 86% (Marino et al., 2012, Cerda-Gonzalez 
et al., 2016a). Controversy exists about this breed predisposition; Marino et al. 
(2012) reporting that non-CKCS-breed dogs showed a higher incidence of 
atlantooccipital overlapping (55%) than did CKCSs (20%). However, Cerda-
Gonzalez et al. (2016a) has described the opposite, with their CKCSs having a 
higher incidence of atlantooccipital overlapping (86%) than did small-sized, 
non-CKCS dogs (44%). In CKCSs, atlantooccipital overlapping was associated 
with small body weight, indentation or herniation of the cerebellum, and SM 
(Cerda-Gonzalez et al., 2016a). Atlantooccipital overlapping may be apparent
in both MRI and CT (Cerda-Gonzalez et al., 2009a, Marino et al., 2012, Cerda-
Gonzalez et al., 2016a).

CHIARI-LIKE MALFORMATION IN DOGS
The classical definition of CM, the one used by most studies, comprises 
indentation or herniation of the cerebellum into or through the foramen 
magnum (Rusbridge et al., 2000, Lu et al., 2003, Cerda-Gonzalez et al., 2009a, 
Rusbridge et al., 2009, Upchurch et al., 2011, Freeman et al., 2014, Harcourt-
Brown, et al., 2015, Lemay et al., 2014, Knowler et al., 2017, Kromhout et al. 
2015a, Wijnrocx et al., 2017, Weber et al., 2020). On some occasions, 
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additional brainstem herniation is included in the CM definition (Cappello and 
Rusbridge, 2007, Rusbridge et al., 2009). 

Several causes may explain the neuroparenchymal deviation seen as 
cerebellar indentation or herniation, hence CM. Initially, similar to 
development in human babies, it was suggested that CM occurs because of 
occipital bone hypoplasia and additional dysplasia (Rusbridge et al., 2000, Lu 
et al., 2003, Rusbridge and Knowler, 2006a, Cerda-Gonzalez et al., 2009a). 
This condition was known as caudal occipital malformation syndrome 
(Rusbridge et al. 2020). Later studies show that CKCSs, a breed predisposed 
to CM, have smaller caudal cranial fossa volumes than do mesaticephalic dogs. 
Additionally, cerebellar parenchymal volume is proportionally higher in 
CKCSs. These findings suggest that CM is a consequence of caudal cranial 
fossa- and CCJ overcrowding (Carrera et al., 2009; Cross et al., 2009, Shaw et 
al., 2012). However, a recent study evaluating cranial morphology in Griffon 
Bruxellois dogs with and without CM (defined as cerebellar indentation or 
herniation), describes dogs with cerebellar herniation having loss of convexity 
of the supraoccipital bone, invagination of the cerebellum under the occipital 
bones, and an atlas positioned closer to the spheno-occipital synchondrosis. 
These findings indicate caudal cranial fossa- and CCJ overcrowding. That 
study additionally showed that in dogs with cerebellar herniation, these 
morphological abnormalities were not restricted to the caudal cranial fossa or 
CCJ; these dogs also had greater rostral cranial cavity height and greater 
length of the cranial vault (Knowler et al., 2014). These findings hence suggest 
that cerebellar herniation or indentation results from a multifactorial 
condition affecting the entire cranium. In agreement with this, another study, 
evaluating clinically non-affected dogs of various breeds, showed that 
cerebellar indentation is associated with an increased cranial index, as is 
observable in brachycephaly (Harcourt-Brown et al., 2015).  

In conclusion, these findings suggest that predisposing factors for CM are 
brachycephaly and CCJ overcrowding. These latest findings have caused some 
confusion in the terminology of CM. Confusion exists as to whether the term 
“Chiari-like malformation” still describes only the cerebellar herniation or 
whether it also includes changes in the entire cranial cavity. In order to clarify 
the terminology, an alternative term, “brachycephalic obstructive CSF channel 
syndrome” (BOCCS), was recently proposed to describe all the changes 
observable in dogs with CM (Rusbridge, 2020).  

Chiari-like malformation occurs commonly in Griffon Bruxellois dogs and 
CKCSs, with studies reporting a prevalence of 60% to 80% for Griffons and 
94% to 100% for CKCSs (Couturier et al., 2008, Carrera et al., 2009, Rusbridge 
et al., 2009, Freeman et al., 2014, Knowler et al., 2014, Cerda-Gonzalez et al., 
2015b). Furthermore, studies report isolated cases also in other small and toy 
breed dogs, such as Yorkshire terriers, Chihuahuas, Maltese dogs, Pugs, 
Miniature poodles, and Pomeranians (Dewey et al., 2005, Ortinau et al., 2015). 
Large descriptive studies in breeds other than CKCSs and Griffon Bruxellois, 
however, are lacking. 
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Figure 9 A mid-sagittal, T2 weighted MR image of a Chihuahua showing Chiari-like 
malformation.

Chiari-like malformation is diagnosed with MRI (Figure 9). Several studies 
describe the use of midsagittal MR images to diagnose CM (Couturier et al., 
2008, Cerda-Gonzalez et al., 2009a, Rusbridge et al., 2009). Furthermore, 
that is the diagnostic method suggested by the CM and SM Working Group to 
detect both CM and SM (Cappello and Rusbridge, 2007). Due to MRI being 
expensive, having limited availability, and requiring general anesthesia, 
several studies have evaluated other CM-detecting imaging modalities. 

In 2015, a study suggested that if access to MRI is lacking, CT may serve to 
detect cerebellar herniation, based on its similar ability to detect CM when 
compared to low-field MRI. The cerebellar herniation in CT images, however, 
was more extensive than in low-field MRI (Kromhout et al., 2015a). In 
contrast, a more recent study showed that when the ability to detect CM is 
compared between CT and high-field (3T) MRI, MRI provided better 
sensitivity, specificity, and accuracy. That study also showed that the image 
evaluator’s experience also plays a role, with those more experienced 
evaluators providing more accurate results (Weber et al., 2020). Furthermore, 
ultrasonography may detect CM (Schmidt et al., 2008). In addition to the 
imaging modality selected, positioning during imaging affects CM diagnosis. 
In the flexed position, cerebellar herniation appears more extensive 
(Upchurch et al., 2011). In conclusion, though other imaging modalities may 
be useful in detecting CM, MRI remains the preferred modality due to its 
better sensitivity, specificity, and accuracy.
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MEDULLARY ELEVATION AND DORSAL SPINAL CORD 
COMPRESSION IN DOGS

Medullary elevation is a form of neuroparenchymal deviation at the CCJ
resulting from an elevated dens that causes deviation in the caudal medulla 
oblongata at the CCJ (Figure 10a) (Marino et al., 2012). It occurs commonly, 
with incidences ranging from 66% to 68% in CKCSs and other small-sized, 
brachycephalic dogs (Cerda-Gonzalez et al., 2009a, Marino et al., 2012). 

Medullary elevation is diagnosed with MRI. Its diagnosis comprises a 
concave and dorsally elevated appearance of the caudal medulla oblongata at 
its junction with the cranial cervical spinal cord (Cerda-Gonzalez et al., 2015b). 
To enable a non-subjective comparison of degree of medullary elevation in 
dogs of different sizes, Marino et al. (2012) established the medullary kinking 
index. That compared the medullary diameter at its maximum point of 
compression with the diameter of the adjacent non-compressed cervical spinal 
cord and the subarachnoid space. Cerda-Gonzalez et al. (2015b) then used this 
index to describe the mean kinking index in CKCSs, which was 46%. They also 
described another method to assess medullary elevation in MRI: the angle of 
medullary elevation. In their CKCS population, the mean angle of elevation 
was 132°. 

Figure 10 A mid-sagittal (a) and transverse (b) T2-weighted MR image of a Chihuahua 
illustrating supracollicular fluid accumulation (one asterisk), Chiari-like malformation, 
medullary elevation (long arrow), dorsal spinal cord compression (short arrow), and 
syringomyelia (two asterisks). 

Dorsal compressive atlantoaxial bands compress the subarachnoid space 
or the dorsal spinal cord at the atlantoaxial junction (Figure 10a) (Cerda-
Gonzalez et al., 2009a, Marino, et al. 2012, Cerda-Gonzalez et al., 2015a). 
During surgical evaluation, these compressive structures seem to occur 
because of fibrosis and proliferation of the ligamentum flavum and the dura 
mater, but histological evaluation of these structures is lacking (Cerda-
Gonzalez et al., 2009a).  

In one group of dogs comprising both CKCSs and others of small size, the 
prevalence of these dorsal compressive atlantoaxial bands was 38% (Marino 
et al., 2012). Their prevalence appeared to increase with age, because in young 
CKCSs (mean 2.5 years), the prevalence of dorsal compressive atlantoxial 
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bands was 42 %, but in a group of CKCSs aged >5 years, this prevalence was 
86% (Cerda-Gonzalez et al., 2009a, 2015a). Dorsal compressive bands are 
more likely in dogs with concomitant cerebellar compression (Kim et al., 
2020). 

Dorsal compressive atlantoaxial bands are diagnosed in T2-weighted MR 
images taken in an extended neck position (Cerda-Gonzalez et al., 2015a). 
Recently, Kim et al. (2020) reported that securing the endotracheal tube tie at 
the craniocervical region may exacerbate the degree of compression. They 
hence suggest that in dogs predisposed to this condition it is better to secure 
the tie at other locations.

CRANIOCERVICAL JUNCTION MALFORMATIONS IN HUMAN
BEINGS

In human beings, CCJ malformations emerge as Chiari malformations and 
basilar invaginations. Four types of Chiari malformation exist. Common to 
each of them is herniation of the cerebellar tonsils. In type I Chiari 
malformation, tonsillar herniation of at least 5 mm occurs. It is associated with 
craniocephalic mismatch, skull base anomalies, and craniosynostosis. In type 
II Chiari malformation, cerebellar vermis herniation is accompanied by
myelomeningocele. Additionally, in those patients, fourth ventricle 
herniation, ventricular anomalies such as a narrow-angled appearance of the 
third ventricle and deformed/hydrocephalic lateral ventricles, as well as
lacunar skull may occur. Type III Chiari malformation is the most severe form,
in which the cerebellar herniation is accompanied by herniation of the 
brainstem and the fourth ventricle. Furthermore, these findings may 
accompany occipital or occipito-cervical meningoencephalocele and 
hydrocephalus. Finally, patients with type IV Chiari malformation experience 
cerebellar hypoplasia.

In addition to these four types of Chiari malformation, two new variants 
have been proposed: in Chiari type 0, cerebellar herniation is mild (< 3 mm) 
or absent, but patients show clinical signs of Chiari malformation; in type 1.5 
Chiari malformation, there appears brainstem herniation in addition to the 
cerebellar herniation (Solanki, 2014).  

Suggesting that Chiari type I malformation has a genetic basis, several 
studies report familial clustering, because 3% to 12% of these patients had a 
relative with Chiari type I malformation (Milhorat et al., 1999, Tubbs et al. 
2011). Additionally, a study evaluating asymptomatic first-degree relatives of 
Chiari type I patients reported that 21% of their relatives also had this
malformation (Speer et al., 2000). Furthermore, monozygous twins often 
share the same Chiari type I malformation diagnosis (Szewka et al. 2006, Solth 
et al. 2010). Finally, several genetic syndromes (with known genetic defects) 
are also associated with this malformation. Common to many of these 
syndromes is that they affect the development of bony structures (Rouleau, 
2014). 
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Basilar invagination occurs when cervical vertebrae prolapse towards the 
cranial base, compressing the brainstem either because of craniocervical 
instability (type I) or a stable neural-tissue compression (type II). Instability 
is associated with anterior atlas assimilation (partial fusion of the atlas into 
the occipital bone). Patients without craniocervical instability may have a 
concomitant Chiari malformation (Goel et al., 1998, Ferreira and Botelho, 
2015). Both types of basilar invagination may emerge with increased clivus-
axial angles compressing the skull-base neural structures (Menezes, 1997). 
Furthermore, basilar invagination is associated with brachycephaly, with a 
higher cranial index indicating a higher degree of brachycephaly (Nascimento, 
et al., 2018). Basilar invagination appears to be the human counterpart of 
atlantooccipital overlapping observed in dogs. Similarly, ventral brainstem 
compression detected in basilar invagination resembles canine medullary 
elevation (Klekamp, 2014). 

SYRINGOMYELIA

Syringomyelia is defined as fluid filled cavities within the spinal cord (Figures 
10a-b) (Cappello and Rusbridge, 2007, Rusbridge and Jeffery, 2008, Batzdorf, 
2014). In dogs, two types of definition have been used: most studies follow the 
British Veterinary Association definition of a syrinx (a single lesion) to be a 
l 2 mm in transverse width. A lesion < 2 mm in transverse width is 
defined as a central canal dilatation. Some US studies, however, define a lesion 
> 1 mm as SM, and grade its severity as percentage of spinal cord width (Cerda-
Gonzalez et al., 2009a, Cerda-Gonzalez et al., 2015a,b). A presyrinx, being a 
non-inflammatory edema of the spinal cord surrounding an enlarged central 
canal, may precede SM (Freeman et al., 2014, Rusbridge, 2020).

Syringomyelia is a descriptive term not defining the underlying etiology; it 
is a result of disrupted cerebrospinal fluid (CSF) flow (Rusbridge and Jeffery, 
2008).  In dogs, it most often occurs in conjunction with caudal cranial fossa 
overcrowding, but several other causes, such as a tethered spinal cord, 
infectious meningitis, trauma, or a tumor may be predisposing factors
(Kiviranta et al., 2011, Szabo et al., 2012, Garg et al., 2015, Lewis, et al., 2018).

Syringomyelia is an intraparenchymal spinal cord lesion that may or may 
not be in contact with the central canal. Its shape may vary; it may be circular, 
symmetrical, irregular, or slit-like. It may be centrally located or extend into 
the dorsal horn of the spinal cord. In histopathology, several findings indicate 
spinal cord damage: the spinal cord tissue surrounding the syrinx may appear 
dense and have a variable degree of gliosis and collagen deposition. 
Furthermore, the SM-affected spinal cord may contain focal lesions of 
spongiosis and edema in addition to dorsal horn necrotic neurons. In close 
proximity to the syrinx, angiogenesis is common. It contains vessels with a 
markedly thickened tunica media which suggests vascular hypertrophy. 
Additionally, the integrity of the central canal ependyma is often disrupted. If 
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the ependyma remains intact, it may be lined by collagen fibrils and occasional 
astrocytes (Hu et al., 2011).    

Syringomyelia is diagnosed with MRI (Figures 10a-b). Because of the high 
cost of MRI, its limited availability, and its requiring general anesthesia, 
several studies have evaluated other imaging modalities for SM detection. 
When a four-slice helical CT and a low-field (0.2T) MRI were compared, the 
modalities were similar in their ability to detect SM. However, for assessing 
syrinx width, MRI was more repeatable (Kromhout et al., 2015b). 
Furthermore, when a high-field (3T) MRI and a multidetector (8 or 64 slice) 
CT were compared, a high-field MRI provided better agreement regardless of 
observer experience, but agreement was highest among experienced observers 
(Weber et al., 2020). Furthermore, a study evaluating the ability of medical 
infrared imaging to detect SM reported that although medical infrared 
imaging is a non-invasive and sensitive (81%) method, it has low specificity 
(58%). It is, hence, not useful as the sole diagnostic method to detect SM 
(Larkin et al., 2020). In conclusion, in the absence of access to MRI, other 
methods may be useful in detecting SM, but MRI remains the gold standard.  

Syringomyelia may be located anywhere in the spinal cord, but it is most 
often located in the cranial cervical spinal cord. A study evaluating the 
distribution of SM in CKCSs found that if a dog had SM, it always occurred in 
the region of the C1-4 cervical vertebrae. Of those dogs, 76% also had SM 
within the caudal part of the cervical spinal cord (C5-T1) or in the region of the 
T2-L2 spinal vertebrae, or in both locations. Approximately half (49%) of these 
dogs had additional SM in the caudal lumbar area (L3-L7). Although the 
maximum syrinx width most often (54%) appeared in the cranial cervical 
spinal cord (C1-4), it also appeared in the region of the T2-L2 spinal vertebrae 
(38%), or less likely in the C5-T1 (5%) or L3-7 (3%) (Loderstedt et al., 2011).  

Cavalier King Charles spaniels and Griffon Bruxellois are predisposed to 
SM. A large study describing the occurrence of SM in CKCSs reported it in 46% 
of the dogs. Similarly, in Griffon Bruxellois, approximately half (46% to 52%) 
of the dogs were affected (Rusbridge et al., 2009, Freeman et al., 2014). 
Extensive studies evaluating SM prevalence in other brachycephalic breeds are 
lacking, but the literature describes isolated cases in other small-sized and 
occasionally brachycephalic breeds such as Chihuahuas, pugs, Yorkshire 
terriers, Maltese dogs, miniature poodles, and Pomeranians (Dewey et al., 
2005, Ortinau et al., 2015). 

Syringomyelia is a late-onset disease: its prevalence increases with age 
(Couturier et al., 2008, Carruthers et al., 2009, Parker et al., 2011, Cerda-
Gonzalez et al., 2016b, Wijnrocx et al., 2017). For example, when evaluating 
the SM prevalence in CKCSs of differing ages, Parker et al. (2011) showed the 
prevalence in dogs aged one year to be 25%, which increased to as high as 70% 
in dogs aged six years.  

Syringomyelia is commonly progressive, with syrinx size being larger in 
older dogs. Furthermore, during repeated imaging, syrinx width increases 
(Driver et al., 2012, Freeman et al., 2014, Cerda-Gonzalez et al., 2016b).  
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PATHOPHYSIOLOGY OF SYRINGOMYELIA

2.4.1.1 Normal csf flow
Cerebrospinal fluid is a colorless, clear fluid deficient in glucose, protein, and 
white blood cells. It surrounds, protects, and nourishes the central nervous 
system (de Lahunta and Glass, 2009b). In dogs, CSF production has a constant 
rate of 0.065 ml/h. Choroid plexuses in the lateral, third, and fourth ventricles 
produce approximately 40% of the CSF (Sato et al., 1975). The rest originates 
from the ependymal lining of the ventricles, the interstitial fluid of the brain 
and the spinal cord, and possibly from leptomeningeal and parenchymal 
capillaries (Pollay and Curl, 1967, Cserr, 1988, Bedussi et al., 2015). The total 
CSF volume is produced and absorbed from three to five times per day (de 
Lahunta and Glass, 2009b).

One common conception has been that the major route of CSF absorption 
is via the arachnoid villi of the venous sinuses. However, recent studies show 
that instead of the arachnoid villi, olfactory lymphatics serve, in non-
compromised states, as a major route of CSF absorption (Zakharov et al., 
2004, Bedussi et al., 2015, Ma et al., 2017). Furthermore, CSF is absorbed from 
the subarachnoid space through the cranial foramina and along the perineural 
spaces into the lymphatic system. Finally, some absorption may occur from 
the ventricles through the ependyma, or from the subarachnoid space into the 
brain parenchyma by diffusion across the pia mater (Bedussi et al., 2015, Ma 
et al., 2017). The role of the arachnoid villi in the absorption of CSF appears 
controversial; some evidence indicates that arachnoid villi of the venous 
sinuses serve as a complimentary route in situations of compromised CSF flow 
(Zakharov et al., 2004). Contradictory evidence does suggest that despite 
increased intracranial pressure, arachnoid granulations of the sagittal sinus 
(the major venous sinus of the brain) may play a minor role in the CSF 
absorption (Murtha et al., 2014). 

Cerebrospinal fluid flows from the lateral ventricles through the 
interventricular foramina into the third ventricle. From the third ventricle, 
CSF then flows through the mesencephalic aqueduct into the fourth ventricle, 
and from the fourth ventricle through the lateral apertures into the 
subarachnoid space or into the central canal of the spinal cord. In primates a 
median plane aperture, the foramen of Magendie, connects the fourth 
ventricle and the cisterna magna. This foramen — and hence a connection to 
the cisterna magna — is lacking in the dog (Coben, 1967, de Lahunta and Glass, 
2009b). The flow of CSF is bidirectional, flowing both cranially and caudally. 
The main driving force for the CSF flow is respiration, and to a lesser degree, 
cardiac pulsation (Yamada et al., 2013). 
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2.4.1.2 Differing theories of the pathophysiology of syringomyelia 
Despite SM being first described back in 1827 by Ollivier d'Angers, the exact 
pathophysiology of this lesion still remains unknown. At the time of its 
discovery in humans, SM was thought to be a developmental defect of the 
central canal or the spinal cord (Newton, 1969). After its discovery, several 
theories have suggested its pathophysiology. In hydrodynamic theories, the 
syrinx forms because of a disturbed CSF flow causing either central canal 
dilatation or CSF flowing across the spinal cord parenchyma (and 
accumulating as a syrinx). Other theories implicate accumulation of 
interstitial fluid in the spinal cord (Stoodley, 2014).  

Hydrodynamic theories suggest SM to be a consequence of disturbed 
hydrodynamics altering the CSF pressure, pulsations, or flow (Stoodley, 2014). 
Early hydrodynamic theories were that the fourth ventricular outlet 
obstruction forces CSF into the central canal, resulting in central canal 
expansion (Gardner and Anger, 1958). Later, Williams (1969a, 1969b, 1970, 
1972) suggested an alternative theory in which the fourth-ventricle outlets are 
not obstructed, but during coughing and sneezing, CSF is pushed from the 
spinal subarachnoid space into the cisterna magna. During relaxation, 
cerebellar herniation then prevents CSF backflow. Consequently, CSF is then 
pushed into the spinal canal via the fourth ventricle and causes central canal 
dilatation.  Later studies have questioned these theories, because syrinx 
cavities do not appear to be in contact with the fourth ventricle, and SM may 
also occur in conjunction with tumors that do not behave in a valve-like 
manner similar to that of a herniating cerebellum (Stoodley, 2014). 

Several later studies have suggested, although offering differing 
explanations, that SM forms because of subarachnoid CSF flowing through the 
perivascular spaces across the spinal cord parenchyma (Ball and Dayan, 1972, 
Oldfield et al., 1994, Heiss et al., 1999, Stoodley et al., 1996, 1997). More 
recently, Bilston et al. (2010) have suggested that a pulse-pressure mismatch 
develops when CSF pressure transmission (caused by cranial arterial pulses) 
is disturbed by cerebellar herniation obstructing the subarachnoid space. The 
obstruction then causes a mismatch in the arrival of CSF and arterial pulse 
pressures at the subarachnoid space. If the CSF wave arrives at the 
perivascular space during an arterial diastole, the perivascular space opens 
and leads to fluid accumulation in the spinal parenchyma.  

In addition to the hydrodynamic theories relying on transparenchymal CSF 
flow, other theories suggest that SM forms because extracellular fluid 
accumulates in the spinal cord or because the blood-spinal cord barrier is 
disrupted. Josephson et al. (2001) suggested that extracellular fluid 
accumulates because pulse transmission through the subarachnoid block 
(cerebellar herniation) is disrupted. Because the spinal cord pulse wave 
remains unaffected, a higher spinal cord pressure (in comparison to the 
subarachnoid space) then result in accumulation of extracellular fluid in the 
spinal cord. Furthermore, Greitz et al. (2006) introduced another theory also 
relying on extracellular fluid accumulation and pressure differences between 
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the subarachnoid space and the spinal cord, suggesting that the pressure 
change occurs because of CSF flow velocity increasing at the obstruction site. 
Increased flow velocity then results in decreased subarachnoid space pressure, 
enabling spinal cord and central canal dilatation. This, called the Venturi-
effect, (i.e., Bernoulli theorem) causes accumulation of interstitial fluid in the 
spinal cord and hence syrinx formation. In support of this theory, Cerda-
Gonzalez et al. (2009b) showed that in CKCSs a higher peak velocity combined 
with a low peak velocity in the dorsal subarachnoid space of C2-3 is predictive 
of SM. Furthermore, they showed that in SM-affected CKCSs, CSF flow is 
obstructed in the foramen magnum, especially in the dorsal subarachnoid 
space. Moreover, CSF flow was turbulent in the subarachnoid spaces of the 
foramen magnum and cranial cervical spinal cord (at C2-3 disc space), and in 
syringes.  

Other theories rely on blood-spinal cord barrier disruption. For example, 
Levine et al. (2004) suggested that syrinx formation occurs because of 
mechanical stress on the spinal cord and its vasculature. This mechanical 
stress then disrupts the blood-spinal cord barrier and allows accumulation of 
protein-poor fluid in the spinal cord. In support of this theory, one recent 
study created a mathematical model of a SM-affected canine spinal cord. It 
showed that after blocking of the subarachnoid space CSF flow, craniocaudal 
stress affecting the spinal cord increased. This stress was most prominent in 
the locations of the spinal curvatures and hence suggested that repetitive 
stressing of the spinal cord plays a role in SM pathogenesis (Cirovic et al., 
2018). Furthermore, one canine study evaluating the CSF composition of SM-
affected dogs showed that dogs with SM had higher total nucleated cell counts 
and protein concentration than did dogs without SM. In differential cell count, 
neutrophil percentage in SM-affected dogs was higher. These authors thus 
suggested that the CSF changes could result from disruption of the blood-
spinal cord barrier, of parenchymal microtrauma, or of local arachnoiditis 
(induced by microtrauma) (Whittaker et al., 2011). 

Studies evaluating the protein concentration of the syrinx fluid have tried 
to elucidate the origin of syrinx fluid (transparenchymal CSF flow vs. 
interstitial fluid). Unfortunately, these studies’ results are conflicting. Their 
analysis showed protein concentrations both higher than and similar to that 
in CSF (Shannon et al., 1981, Rossier et al., 1985). A protein concentration 
similar to the one in CSF could suggest transparenchymal CSF flow. Recently, 
Heiss et al. (2019) reported findings that support the transparenchymal fluid-
flow theory. Their patients with Chiari type I-related SM underwent CT 
myelography before and after suboccipital craniectomy. After myelography, 
contrast accumulated in the syringes, and the degree of accumulation 
decreased after surgery, suggesting that the contrast in the syringes originated 
from the subarachnoid space. This then suggests transparenchymal fluid flow 
in the formation of SM.  

Despite numerous studies trying to elucidate the pathophysiology of syrinx 
formation, they leave unanswered the question of whether syrinx forms 
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because of fluid being forced into the syrinx or because fluid outflow from the 
syrinx is hindered. For a cystic cavity to enlarge, its pressure should be higher 
than the pressure of the surrounding tissues. This phenomenon is impossible 
to create only by an increase in the subarachnoid-space pressure (Stoodley, 
2014). To answer this question requires simultaneous syrinx- and 
subarachnoid-pressure measurement. However, although studies evaluating 
actual syrinx pressures are scarce, one study did report that syrinx pressures 
were higher than were the subarachnoid-space pressures, but not statistically 
significantly (Ellertsson and Greitz, 1970). This finding may suggest an 
obstructed outflow from the syrinx. However, another study was unable to 
show comparable results (Heiss et al., 1999).  

In addition to pressure differences, some other mechanism such as 
aquaporin expression may affect central nervous system fluid transport. 
Aquaporins emerge on astrocytes and ependymal membranes at blood-brain 
barriers and brain-CSF interfaces. A change in aquaporin expression may aid 
water influx into the central canal or prevent water efflux from it (Stoodley, 
2014).  

2.4.1.3 Morphological features related to canine syringomyelia 
Several morphological traits are associated with SM. They can be divided into 
cranial and craniocervical bony and neuroparenchymal abnormalities. In 
CKCSs, in which SM occurs frequently, several cranial morphometric features 
indicate extreme brachycephaly. For example, spheno-occipital synchondrosis 
closes earlier in brachycephalic dogs than in mesaticephalic breeds, thus 
hindering rostrocaudal cranial expansion. In CKCSs, this closure is even 
earlier than in other brachycephalic breeds (Schmidt et al., 2013a). 
Consequently, when compared to other brachycephalic breeds, CKCSs have an 
even shorter cranial base and even wider cranium (Schmidt et al, 2011).  This 
cranial shape with a broader and shorter skull with compensatory 
rostrocranial doming in CKCSs predisposes to SM, as shown by another study 
(Mitchell et al., 2014).  Furthermore, rostocranial changes such as small 
frontal sinuses are associated with SM (Scrivani et al., 2007).  

Several studies have evaluated caudal cranial fossa volumes in SM-affected 
and non-affected dogs. Though some studies suggest that the caudal cranial 
fossa is smaller in SM-affected CKCSs, especially in the caudal part of the 
caudal cranial fossa, other studies have challenged these results (Carrera et al., 
2009; Schmidt et al., 2009; Driver et al., 2010a, Driver et al., 2010b; Shaw et 
al., 2013; Schmidt et al., 2014). Furthermore, the occipital bone volume was 
similar in French bulldogs and CKCSs with and without SM, challenging the 
theory of occipital bone hypoplasia as explaining these caudal cranial fossa 
changes (Schmidt et al., 2012a).  

Finally, studies evaluating the venous outflow of the cranium have 
suggested that jugular foramina are narrower in SM-affected than in non-
affected CKCSs (Schmidt et al, 2012b). Furthermore, venous sinuses that drain 
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through the jugular foramina were smaller in SM-affected CKCSs than in 
CKCSs without SM (Fenn et al., 2013).  

In addition to abnormal craniomorphology, CCJ abnormalities occur in 
SM-affected dogs. In those dogs, the distance between the atlas and the skull 
is reduced. In this atlanto-occipital overlapping the dens axis is positioned 
adjacent to or in the foramen magnum, causing neuroparenchymal deviation 
and possibly overcrowding the caudal cranial fossa (Cerda-Gonzalez et al., 
2016a). 

In addition to the multiple cranial and cervical bony abnormalities, several 
neuroparenchymal changes are associated with SM. Although cranial volume 
measurements have shown conflicting results, studies show that in SM-
affected dogs, the percentage of brain parenchyma occupying the caudal 
cranial fossa is proportionally high (Driver et al., 2010a; Driver et al., 2010b). 
In particular, large cerebellar size was associated with SM in CKCSs. 
Overcrowding appeared most prominent in the caudal part of the caudal 
cranial fossa (Shaw et al., 2012). Additionally, in SM-affected CKCSs,
cerebellar pulsation is more extensive than in CKCSs which have only CM, or 
in control dogs with neither of these conditions (Driver et al. 2013). 
Neuroparenchymal changes also occur in the rostral cranial cavity: as a sign of 
downstream CSF obstruction, SM-affected dogs have larger lateral ventricles 
(Driver et al., 2010a). Finally, Knowler et al. (2017) showed that when 
compared with non-affected CKCSs, SM-affected dogs appear to have a 
smaller and more ventrally rotated olfactory bulb. This olfactory bulb rotation 
is also commonly observable in brachycephalic breeds (Hussein et al., 2012).

Also in the CCJ, neuroparenchymal changes are associated with SM. One
association was the caudal position of the obex, evaluated as the caudodorsal 
border of the fourth ventricle in relation to the foramen magnum (Cerda-
Gonzalez et al., 2015b). Another was the association in CKCSs of dorsal 
subarachnoid space or spinal cord compression occurring because of 
atlantoaxial bands (Cerda-Gonzalez et al., 2015a). These imaging findings 
indicate CCJ overcrowding. 

SYRINGOMYELIA IN HUMAN BEINGS
Syringomyelia is a rare disorder in humans, its prevalence ranging among 2 to 
13 per 100 000 inhabitants. Prevalence shows, however, regional variance, 
and may reach up to 130 per 100 000. In addition to geographic differences, 
ethnic predisposition occurs, with a higher prevalence in Pacific- and Maori 
peoples, and among the Tartar population in the Volga-Ural region of Russia 
(Brickel et al. 2006, Bogdanov, 2014). Additionally, SM-patients tend to be 
younger siblings or from large families, or both (Bogdanov, 2014).

Syringomyelia can occur in conjunction with disorders such as Chiari type 
I and II malformations, may occur also as a post-traumatic event, with tumors, 
arachnoiditis, or as an idiopathic disorder. It occurs, however, most often in 
association with Chiari type I malformation (48%-50%), followed by 
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idiopathic causes (16%) (Brickell et al., 2006, Sakushima et al. 2012). Most 
often SM is a symptomatic disorder, but in a minority of patients (23%), it may 
be an incidental diagnostic imaging finding (Sakushima et al. 2012).  

Clinical signs in an SM-affected patient may vary. Because SM occurs 
commonly concurrently with Chiari type I malformation (60%), studies 
describe the clinical signs of these patients commonly as one group (Milhorat 
et al., 1999).  For example, a survey of 265 Chiari type I patients with or 
without additional SM described their most common clinical signs as 
headache, dizziness, difficulty sleeping, weakness of an upper limb, neck pain, 
numbness or tingling of an extremity, as fatigue, nausea, shortness of breath, 
blurred vision, tinnitus, and difficulty in swallowing. These all occurred in 
more than half the patients (Mueller and Oro’, 2004). The most common 
single clinical sign was suboccipital headache occurring in 65% to 98% 
(Milhorat et al., 1999, Mueller and Oro’, 2004, Ciaramitaro, 2019). Headache 
was commonly accentuated during exercise, the Valsalva maneuver, and any 
sudden change in posture (Milhorat et al., 1999). This may occur because the 
herniated cerebellar tonsils prevent CSF flow from the cranial cavity thus 
causing intracranial and spinal epidural venous engorgement. This results in 
a sudden increase in intracranial CSF volume (Batzdorf, 2014). Similarly 
exacerbated by a Valsalva maneuver, is the common complaint of upper 
cervical and non-radicular pain in the shoulders, back, and limbs (Ciaramitaro 
et al., 2019). 

In addition to pain, several other clinical signs may occur and can be 
subcategorized into ones related to disorders of the cerebellum, brainstem, or 
spinal cord. The cerebellum-originating clinical signs are ataxia and limb 
clumsiness, and nystagmus. The cerebellar signs are rare and occur in <10% 
of Chiari type I patients (Ciaramitaro et a., 2019). The brainstem-localized 
clinical signs result from brainstem compression or downward traction of the 
lower cranial nerves (Batzdorf, 2014). These signs include dysphagia, 
nystagmus, dyspnea, visual disorders, and hearing loss (Milhorat et al., 1999, 
Ciaramitaro et al., 2019). Clinical signs thought to occur because of SM-related 
spinal cord dysfunction are sensory losses and motor weakness of the limbs in 
approximately half the patients. Additionally, a third (31%) of the patients may 
report autonomic signs related to urinary problems (incontinence, urge-
incontinence, neurogenic bladder) (Ciaramitaro et al., 2019). Furthermore, 
approximately 40% of SM-patients experience segmental dysesthesia 
described as burning pain, hyperesthesia, and sensations of pins and needles 
or stretching or pressure on the skin. Additionally, trophic changes occur in 
SM-affected patients, ones such as excessive sweating, glossy skin, coldness, 
and paleness (Todor et al., 2000).  

In clinically affected patients, clinical signs deteriorate in 20% to 51%, 
remain unchanged in 10% to 80%, and improve in 11% (Bogdanov, 2014). 
Studies evaluating natural histories of asymptomatic Chiari type I patients are 
scarce. In the majority of the patients with an incidental diagnosis, no clinical 
signs occurred during long-term follow-up. Additionally, most with 
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asymptomatic SM as well as Chiari type I malformation remain asymptomatic 
during long-term follow up (Langridge et al., 2017).

Patients with both SM or Chiari type I malformation present to the clinics 
commonly during early adulthood. The mean ± standard deviation (SD) age of 
SM-affected patients is 24 ± 17 years, with those showing Chiari type I 
malformation being only slightly older, 25 ± 14 years. In most cases, the onset 
of signs is spontaneous (Milhorat et al. 1999). Pediatric patients are a minority, 
with only 3% of patients diagnosed before age 18 (Ciaramitaro et al., 2019). 

CLINICAL SIGNS RELATED TO CHIARI-LIKE 
MALFORMATION, SYRINGOMYELIA, AND 
CRANIOCERVICAL JUNCTION ABNORMALITIES IN 
DOGS

Evaluation of canine population seen by veterinarians in general practice 
showed that, symptomatic CM or SM was rare: one UK study showed that in 
primary practice, the prevalence of CM- or SM-related clinical signs was 
0.05% (Sanchis-Mora et al., 2016). Among CKCSs, the prevalence was 1.6%. 
However, one study of Danish CKCSs found for dogs born in 2001 (> 6 years) 
a prevalence of clinical signs compatible with CM or SM of 15% (Thøfner et al., 
2015). This high prevalence shows that for this breed, CM and SM constitute
a marked welfare problem. Possible reasons for this discrepancy between the 
UK and Danish studies (although differing in their approach) may be that in 
primary practice many dogs lacked a final diagnosis. Furthermore, those dogs 
with their care covered by insurance were more likely to have a confirmed 
diagnosis, perhaps because an MRI required for CM or SM diagnosis is rare in 
primary practice and is expensive (Sanchis-Mora et al., 2016). These reasons 
may prevent referral and result in having no confirmed diagnosis; this leads to 
bias in prevalence estimation.

CLINICAL SIGNS AND THEIR ASSOCIATION WITH MAGNETIC 
RESONANCE IMAGING FINDINGS

The first study to describe the clinical signs of CM and SM took place in 2000, 
when Rusbridge et al. described a group of seven CKCSs that underwent 
examination for persistent scratching episodes occurring while the dogs were, 
for example, walking on a leash, were excited, or were barking. These dogs also 
resisted the touching or grooming of the ear, neck, or a limb on the side they 
were scratching, and occasionally cried. They also preferred to eat from a bowl 
that was elevated. They showed lower motor neuron deficits on the side they 
were scratching, had proprioceptive deficits in all limbs, and pelvic-limb 
ataxia. These dogs lacked any clinical findings of other diseases, and in MRI 
all had CM and SM. Based on the findings of this and two later studies 
describing 12 and 50 CKCSs, scratching or facial rubbing was the most 
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common clinical sign (25%-100%), followed by spinal hyperesthesia (58%-
71%) and abnormal gait (25%-43%) (Rusbridge et al., 2000, Driver et al., 2012, 
Sparks et al., 2018). In some dogs, the clinical signs were lateralized (Sparks 
et al., 2018). 

Early studies showed SM to be an important predisposing factor for the 
clinical signs in CKCSs, and large and asymmetrical SM extending into the 
dorsal horn was more likely to cause clinical signs (Rusbridge et al, 2007, 
Cerda-Gonzalez et al., 2009a, Schmidt et al., 2013b). However, a minority 
(12%) of the clinically affected CKCSs lacked SM (Cerda-Gonzalez et al., 
2009a). Later studies then showed that medullary elevation, DSCC, and
atlanto-occipital overlapping—hence CCJ overcrowding—also were associated 
with these clinical signs, which could explain why some clinically affected dogs 
lacked SM (Cerda-Gonzalez et al., 2015a, Cerda-Gonzalez et al., 2015b, Cerda-
Gonzalez et al., 2016a).

Figure 11 A Chihuahua phantom scratching, i.e. scratching without making skin contact
excited at its owner returning home.

Later, Nalborczyk et al. (2017) evaluated in detail the phenomenon of 
phantom scratching commonly occurring in SM-affected CKCSs (Figure 11). 
They showed that a comparison of SM-affected CKCSs with and without 
phantom scratching showed that those exhibiting phantom scratching had 
asymmetrical and large syrinxes extending into the superficial dorsal horn of 
the mid-cervical spinal cord. They suggested that instead of being a sign of 
neuropathic pain, phantom scratching occurred because of altered dorsal horn
input to the ipsilateral central pattern generator, this then causing reflex 
scratching. A recent study describing a larger cohort of 130 CKCS had similar 
findings. It showed that when different types of scratching (phantom 
scratching versus scratching the head by making contact) were separately 
evaluated, phantom scratching occurred in slightly less than half the dogs 
(43%), whereas head scratching with or without facial rubbing occurred in a 
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third (29%) (Rusbridge et al., 2019). The phantom scratching was associated 
with large syringes, and occurred in all dogs with a syrinx width of  6 mm. 
They also showed that scoliosis, postural reaction deficits, and weakness of the 
limbs were associated with large SM transverse width.  

Interestingly, scratching of the head or facial rubbing were inversely 
associated with SM, and hence these clinical signs were considered to result 
from CM, i.e. the cerebellar herniation or indentation caused by morphological 
abnormalities of the entire cranium and CCJ. Furthermore, similar to data in 
earlier studies, the owners described these dogs as vocalizing either 
spontaneously or when changing position (65%), or when experiencing spinal 
pain in either cervical area, but also in thoracolumbar or lumbosacral areas 
(55%). These clinical signs indicating discomfort were not associated with SM 
or with its maximum width, and hence suggest that the signs were associated 
with CM. Furthermore, in neurological examination, these dogs showed 
weakness of the thoracic limbs (39%), scoliosis (18%), hypermetric gait (10%), 
and postural reaction deficits (10%) (Rusbridge et al. 2019). The neurological 
deficits were similar to ones in a study evaluating Griffon Bruxellois dogs with 
CM and SM (Freeman et al., 2014).  

Additionally, the dog owners described other, less-specific behavioral 
changes. A third (29%) of the dogs were either excessively timid, anxious, 
withdrawn, or were aggressive. Moreover, a fifth (22%) were restless during 
the night-time (Rusbridge et al., 2019). Similarly, Rutherford et al. (2012) 
reported behavioral changes in CKCSs with an imaging diagnosis of CM and 
SM. They showed that such imaging findings were associated with excitability, 
a higher likelihood of stranger- or non-social fear, and separation-related- or 
attachment behavior. These dogs were over-exited when household members 
or visitors arrived, and when taken on a walk or while playing. They also were 
fearful when unfamiliar people approached them. Furthermore, they appeared 
anxious after loud or sudden noises, or during unexpected events such as 
thunderstorms.  

A possible explanation for this behavior was that unpredictable CM- or SM-
related neuropathic pain causes fear and stress. Repeated episodes of pain 
then lower the threshold for these behavioral responses.  Recently, another 
study suggested that SM-affected CKCSs may display negative judgement of 
ambiguity (Cockburn et al., 2018). This means that SM-affected dogs took 
longer to approach a bowl when they were unaware whether or not it contained 
a treat. This indicated that the dogs may have been in a negative affective state, 
i.e., they were “pessimistic” as to finding a treat in the bowl.  

To understand the causes for these widely differing types of clinical signs 
in CKCSs, recent studies evaluated their craniomorphological traits. The dogs 
were divided into three subgroups comprising CKCSs with clinical signs but 
lacking SM, CKCSs having SM (with or without clinical signs), and CKCSs 
lacking both clinical signs and SM. The studies showed that the subgroup of 
CKCSs having clinical signs but lacking SM had a short basicranium, increased 
cranial height, a ventrally rotated olfactory bulb, and rostral forebrain 
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flattening. These dogs also had a pronounced stop, i.e. the angle between 
nasal, maxilla, and frontal bones. Furthermore, the distance between the hard 
palate and the basicranium was reduced. These findings indicated extreme 
brachycephaly. Evaluation of the dogs with SM showed that these dogs had 
more severe CCJ overcrowding observed as a shorter cranial base at the caudal 
cranial fossa and a shorter distance between the dens axis and the atlas; these 
dogs also had increased cranial height (Knowler et al., 2017, Knowler et al., 
2020). Such findings suggest that extreme bachycephaly is an important 
predisposing trait for the pain-related behavior known as CM-related pain, 
and also suggest that CCJ overcrowding predisposes to SM.  

When machine learning was applied in comparing the same three groups 
of dogs, it identified cranial morphology as differing between the CM-pain 
group and the group lacking both SM and clinical signs. Cranial morphology 
differed at the rostral wall and floor of the third ventricle, optic chiasm, corpus 
callosum, the caudal nasal cavity close to the dorsal cribriform plate, between 
the soft palate and the tongue, and on the tip of the odontoid process. These 
structures cluster at the cranial base, around the third ventricle, and the soft 
palate and tongue (Spiteri et al, 2019). These findings were similar to ones in 
other morphological studies indicating brachycephaly as a predisposing factor 
for CM-related pain.  

In conclusion, the clinical signs observable in dogs with CM, SM, and CCJ 
overcrowding are considered to be related to (neuropathic) pain-related 
behavior and motor deficits. Evaluation of morphometric traits associated in 
dogs having clinical signs but lacking SM has led to the realization that 
brachycephalic cranial conformation plays an important role in the 
development of clinical signs. The researchers from these studies suggest 
using the term “CM-associated pain” to describe the clinical signs in these 
dogs. They suggest that, despite the fact that the classical definition of CM 
indicates cerebellar herniation or indentation observed in MRI, the 
morphological changes predisposing to this herniation, and also to its clinical 
signs, are multifactorial and constitute changes in the entire cranium and its 
junction with the cervical spinal cord (Knowler et a., 2014, Rusbridge et al., 
2019).  

Studies evaluating the progression of clinical signs show that in most (56%-
75%) dogs, these clinical signs progress (Plessas et al., 2012, Cerda-Gonzalez 
et al., 2016b). However, in one-quarter of the dogs, the clinical signs either 
remain the same (15%) or improve (11%). For a minority, their owners observe 
periodical worsening during estrus (Plessas et al., 2012). Despite progression 
of their dogs’ clinical signs, the majority of the owners described the dog as 
having an acceptable quality of life (Plessas et al., 2012). However, a Danish 
study showed that the decreased quality of life in some dogs led to their owners 
electing to request euthanasia (Thøfner et al., 2015).  
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HISTOLOGICAL FINDINGS ASSOCIATED WITH CLINICAL SIGNS
In addition to the morphological traits, CKCSs also have—associated with their 
CM/SM-related clinical signs—spinal cord histopathological changes. One
study comparing histopathological changes in clinically affected and non-
affected CKCSs showed that the dogs clinically affected had asymmetrical, SM-
related spinal cord damage extending into the dorsal horn. Additionally, when 
pain-related neuropeptide immunoreactivity was compared between the 
clinically affected and non-affected CKCSs, their substance-P and calcitonin 
gene-related peptide immunoreactivity differed. In non-affected dogs, 
immunoreactive areas appeared at the tips of the dorsal horns, but in the 
clinically affected dogs, immunoreactive areas were dispersed or absent, and 
when present, they followed the syrinx outlines. Such findings suggest that 
these clinical signs are associated with dorsal horn damage (Hu et al., 2012). 

EVALUATION OF CLINICAL SIGNS
Diagnostically, an MRI finding of CM and of SM are complicated. Not all dogs 
with an MRI finding of those abnormalities are clinically affected. One study 
estimated that with an MRI finding of SM, only 35% of the dogs were clinically 
affected (Rusbridge et al., 2007). However, in long-term follow-up 16% to 32%
of the initially unaffected dogs became clinically affected, which may 
underestimate the number of clinically affected dogs in studies evaluating only 
young dogs (Ives et al., 2015, Cerda-Gonzalez et al., 2016b). Furthermore, 
cerebellar herniation or indentation is common in dogs lacking clinical signs 
(Harcourt-Brown et al., 2015). Except for phantom scratching, clinical signs 
observed in these dogs are unspecific. They may be confused with the signs of 
other diseases appearing in a similar manner, such as ear infections causing 
pruritus, or other diseases causing cervical pain, such as disc disease or 
neoplasia (Olivry and Mueller, 2019, Grapes et al., 2020).

The studies evaluating clinical signs related to CM or SM (and concomitant 
CCJ abnormalities) have used differing approaches in recording clinical signs. 
They have collected data either by taking a history during the clinic visit, by 
retrospective medical record analysis, or by questionnaire analysis evaluating 
the current state of the dog. If the dog was deceased, they may have done a 
retrospective evaluation of the dog’s condition before death (Rusbridge et al., 
2000, Driver et al., 2012, Freeman et al., 2014, Sanchis-Mora et al., 2016, 
Cerda-Gonzalez et al., 2016b, Nalborczyk et al., 2017, Sparks et al., 2018). This 
heterogenous data collection makes study comparisons at times difficult. For 
example, data collected from medical histories may be inadequate and require 
exclusion of some patients, which leads to a risk for bias (Sanchis-Mora et al., 
2016). Furthermore, when data collection is based on medical histories lacking 
a pre-set collection of questions, owners may omit essential information, not 
recognizing these as clinical signs. This lack of recognition may explain the 
discrepancy between the percentage of clinically non-affected dogs with an 
MRI diagnosis of SM (65%) and the percentage of human beings with an 
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incidental finding of SM in MRI (23%) (Rusbridge et al., 2007, Sakushima et 
al. 2012). Furthermore, none of the studies using questionnaires described any 
means of their validation (Cerda-Gonzalez et al., 2016b, Sparks et al., 2018), 
although one group revised their questionnaire during the study because many 
open-ended questions were left blank. Unfortunately many owners failed to 
complete the revised questionnaire (Sparks et al., 2018). Additionally, early 
studies describe clinical signs of a low number of dogs (Rusbridge et al., 2000, 
Driver et al., 2012). Finally, when owners are evaluating quality of life for their
clinically affected dogs, cognitive dissonance may cause bias. Packer et al. 
(2019) described this phenomenon among owners of brachycephalic dogs, 
revealing that many owners described these dogs’ health status to be either 
good or even the best possible, despite the dogs’ multiple diseases affecting 
their conformation, respiration, or heat regulation. 

INHERITANCE AND PREVENTION OF CANINE 
SYRINGOMYELIA

Syringomyelia is an inherited disease in CKCSs and Griffon Bruxellois 
(Rusbridge and Knowler, 2003, Knowler et al., 2011). One study evaluating the 
pedigree and SM-status, or suggestive clinical signs, of an international cohort 
of CKCSs showed the SM-affected dogs to cluster in certain families. These
SM-affected dogs had had, back in 1956, a common ancestor with two 
offspring. Four dogs related to these two offspring represented four major 
breeding lines. A higher percentage of great-grandparents being direct 
descendants of these four dogs produced more SM-affected dogs (Rusbridge 
and Knowler, 2003). Similarly, a study evaluating both CKCSs and Griffon 
Bruxellois dogs showed that SM-affected offspring were more likely to be born,
if either one or both parents were SM-affected. If both parents were SM-
affected, the percentage of SM-affected offspring ranged from 92% to 100% 
(Knowler et al., 2011). 

With investigation of SM inheritance one finding was that in CKCSs the 
inheritance appears to lack Mendelian segregation suggesting that SM has a 
polygenic or complex mode of inheritance with moderately high heritability 
(h2 = 0.37 ± 0.15 standard error) (Lewis et al., 2010). A later study also 
assessing heritability in CKCSs showed similar findings: heritability of SM was 
0.127, based on the British Veterinary Association scheme that grades syrinx 
diameter to be at least two millimeters, whereas the heritability of central 
canal dilatation evaluated in millimeters was 0.301 (Wijnrocx et al., 2017). 
When heritability of SM causing clinical signs was assessed, the heritability of 
symptomatic SM was 0.81 (Thøfner et al., 2015). This is markedly higher than 
reported for SM heritability. Furthermore, increased inbreeding appears to 
cause both earlier onset and more severe clinical signs (Rusbridge and
Knowler, 2004). 
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Genome-wide association studies have identified morphological traits 
linked to SM (related to caudal cranial fossa overcrowding) that were 
significantly associated with 13 single-nucleotide polymorphisms on canis 
familiaris autosome (CFA) 15 and two on CFA26. At these two loci, two 
haplotypes were identifiable, PCDH17 on CFA22, and ZWINT on CFA26. 
PCDH17 codes cell adhesion molecules expressed in the brain and spinal cord, 
and ZWINT is expressed to an increased extent with onset of neuropathic pain.  
Furthermore, one single nucleotide polymorphism on CFA22 
(BICF2P1045632) is associated with syrinx transverse width (Ancot et al., 
2018). 

When heritability of CM was evaluated, Wijncrocx et al. (2017) suggested 
that CM heritability is very low (0.02-0.03) because of the ubiquitous nature 
of CM in CKCSs. Furthermore, genome-wide association studies identified five 
CFAs (CFA2, CFA9, CFA12, CFA14, and CFA24) that were associated with 
morphological traits significantly predisposing to CM (Lemay et al., 2014).  

Because of a lack of phenotypic variability in the occurrence of CM, current 
breeding programs aim to reduce the prevalence of SM and of clinical signs 
caused by CM or SM. The British Veterinary Association/The Kennel Club has 
suggested a scheme in which all dogs having clinical signs related to CM or SM 
would be excluded from breeding (BVA/KC CM/SM Screening Scheme, 2021). 
Furthermore, this scheme suggests that dogs of breeds at risk for CM and SM 
and expected to be used for breeding purposes would undergo MRI. This 
imaging of clinically non-affected dogs aims to recognize dogs with early-onset 
SM to prevent their being used for breeding. During screening, MRI of the 
cranium (from the interthlamic adhesion caudally) and cervical spine (until 
the C4-5 intervertebral disc space) is obtained, and images are evaluated by a 
prenominated Kennel Club scrutineer. In the image analysis, both CM- and 
SM- status are evaluated in addition to the age of the dog at scanning time, 
because many dogs develop SM after their average scanning age (Wijnrocx et 
al., 2017). Because of the high incidence of SM in this breed, excluding all SM-
affected dogs is not suggested as preventing a bottle-neck phenomenon in the 
population. Instead, the recommendation is that if a SM-affected dog is used 
for breeding, it should be over three years old and be mated with a dog without 
SM. Because of the ubiquitous nature of CM in CKCSs, no exclusion criteria 
for CM exist. The Finnish Kennel Club has adopted a similar breeding scheme 
(Chiari-tyyppinen epämuodostuma ja syringomyelia). However, in none of the 
breeds predisposed to CM and SM (Chihuahua, CKCSs, or Griffon Bruxellois) 
is MRI screening required for the litter to be registered, and imaging is 
voluntary for the breeders.  
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3 AIMS OF THE STUDY 

Concern among Finnish Chihuahua breeders about the frequency of SM and 
CM previously described in CKCSs, inspired this study. Furthermore, in 
Chihuahuas, a molera—a persistent fontanelle on top of the skull–is 
considered to be a common and clinically irrelevant finding. The prevalence of 
the molera, or whether it occurs alongside other cranial fontanelles, is 
however, unknown. In order to answer these questions, we developed an 
extensive, collaborative study aiming to 

 
1. describe in Chihuahuas, using a multimodal approach, the occurrence 

of SM, CM, and CCJ structural abnormalities (I, II) 
2. assess whether also in Chihuahuas are CM, SM, or CCJ structural 

abnormalities associated with clinical signs, similar to what is described 
in other breeds (I) 

3. evaluate the morphometric traits of the caudal cranial fossa and CCJ 
predisposing to SM 

4. describe in Chihuahuas the occurrence of the molera, and whether it is 
accompanied by other persistent fontanelles (III) 

5. investigate the clinical relevance of the persistent fontanelles, hence 
whether they are associated with CM- or SM-related clinical signs or 
structural abnormalities, such as SM, ventriculomegaly, or CCJ 
overcrowding (III, IV) 

6. investigate, whether dogs with low body weight have larger and more 
numerous persistent fontanelles (IV) 
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4 MATERIALS AND METHODS

ETHICAL APPROVAL OF STUDY PROTOCOLS 

All the dogs underwent imaging for diagnostic purposes either because of
clinical signs or as pre-breeding screening for CM or SM.  Participation was 
voluntary and all owners provided written consent. The Finnish Animal 
Experimental Board (ESAVI/5794/04.10.03/2011 and 
ESAVI/9184/04.10.07/2014, I, II, III, IV) and the local ethics committee of 
the University of Surrey, UK (reference NASAP-2015-001-SVM, II), approved 
the use of CT and MRI for diagnostic purposes.

DOGS

The study comprised two dog populations. The first population totaled 53
client-owned Finnish Chihuahuas with or without typical clinical signs related 
to CM and SM (Table 2). These dogs had been prospectively recruited from the 
case-load of the Veterinary Teaching Hospital of Helsinki University between 
2012 and 2015. Furthermore, we advertised a low-cost screening examination 
to detect CM and SM at Finnish Chihuahua breed club events and on their 
website (I). Studies III and IV evaluated retrospectively the same population. 

The inclusion criteria for those dogs without CM/SM-related clinical signs 
were that study dogs must show no sign of illness or history of a chronic 
disease. We evaluated this by a questionnaire and confirmed all information 
by means of a thorough history during the clinic visit. Additionally, because 
one study showed an increasing prevalence of SM until age three, our dogs had 
to be at least three years old (Parker et al., 2011). We selected this minimum 
age to avoid including dogs with late-onset SM or clinical signs. To be included 
in the group of dogs with CM/SM-related clinical signs, the dog had to have at 
least one typical CM/SM-related clinical sign, which we confirmed by a 
questionnaire and from a thorough history, taken during the clinic visit. Dogs 
with such signs could be of any age. We excluded dogs from either group if the
dog had a history of any other structural central nervous system disease, a 
severe orthopedic problem compromising the evaluation of clinical signs 
(reported by the owner as occasional lameness), or if during diagnostic 
imaging, any severe imaging artifact occurred, for example due to a microchip. 

The second population comprised, in addition to the Finnish Chihuahuas, 
220 dogs. The total of 273 dogs thus comprised, in addition to the 53 
Chihuahuas examined in Finland, an additional 46 Chihuahuas (totaling 99 
Chihuahuas), 132 CKCSs, and 42 affenpinschers (Table 2) (II). This second 
population had undergone MRI at Stone Lion Veterinary Hospital or at 
Fitzpatrick Referrals in the UK. Additionally, included were dogs that had 
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undergone MRI elsewehere; their MRIs were sent to the study group for 
research purposes.

Table 2. Number of dogs undergoing each diagnostic procedure

Chihuahuas CKCS Affenpinschers Total Study

CLINICAL ASSESSMENT

Assessment of CM/SM-
related clinical signs

44 0 0 44

43

I 

IV

Neurological examination 53 0 0 53 I

MAGNETIC RESONANCE IMAGING

Syringomyelia 53

99

50

0

132

0

0

42

0

53

273

50

I

II

IV

4th ventricle enlargement 50 0 0 50 IV

Lateral ventricular volume 50 0 0 50 IV

CM 53 0 0 53 I

Medullary kinking index 50 0 0 50 I, IV

Dorsal spinal cord 
compression index

53

50

0

0

0

0

53

50

I

IV

COMPUTED TOMOGRAPHY

Atlantooccipital overlapping 50 0 0 50 I

Persistent fontanelles 50 0 0 50 III, IV

CKCS=cavalier king Charles spaniels, CM=Chiari-like malformation, SM=syringomyelia

ASSESSMENT OF CLINICAL SIGNS AND 
NEUROLOGICAL DEFICITS

For the assessment of clinical signs, we used, in addition to a detailed history 
provided by the owner, a questionnaire designed for this study inquiring 
whether these dogs had clinical signs typical for CM or SM (Rusbridge et al., 
2000, Rusbridge et al., 2006b, Driver et al., 2012) (I, III). The questionnaire 
asked the owner about any episodes of persistent scratching of the ears or 
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shoulders with or without making skin contact (1), any episodes of persistent 
scratching of the cranial thoracic spine with or without making skin contact 
(2), any facial rubbing (3), spinal hyperesthesia (4), vocalization (5), gait 
incoordination (6), or weakness of the limbs (7). If the dog had at least one 
clinical sign typical for the disease, it was included in the group of dogs with 
CM/SM-related clinical signs. 

The questionnaire also graded severity of these clinical signs. If the dog had 
one of these seven clinical signs, the owner additionally reported the frequency 
of that clinical sign: occurring less than twice a week (1 mark) to several times 
daily (5 marks). Finally, from the maximum points (7x5 = 35 points) we 
calculated a percentage for each dog to represent the severity of the CM/SM-
related clinical signs.

Because CM/SM-related clinical signs are not specific for the disease, and 
occasionally these dogs also had concurrent diseases such as dermatologic or
orthopedic ones, or had other health problems that could cause difficulties in 
separating out their the clinical signs from those due to CM or SM, we excluded 
those dogs from the assessment of clinical signs.  They were, however, included 
in the image analysis. 

We also performed a neurological examination on all dogs including 
assessment of mentation, posture, gait, postural reactions, spinal reflexes, 
cranial nerves, and evaluation for possible spinal pain on palpation (I). 

DIAGNOSTIC IMAGING

All dogs underwent MRI, and most dogs also underwent CT (I, III, IV)
being under general anesthesia throughout the imaging. For MRI, we used a 
0.2T MRI scanner (Esaote S.p.A., Genova, Italy), with the exception that some 
dogs were imaged with a 1.5T scanner (Siemens Symphony Mastro Class, 
Enlargen, Germany) (II). The dogs imaged with the 0.2 MRI scanner were in 
sternal recumbency and the ones imaged with the 1.5T scanner were in dorsal 
recumbency. Every dog was positioned so that the base of the skull was aligned 
perpendicular to the ventral vertebral canal in the cranial cervical spine. 

For dogs without CM/SM-related clinical signs, MRI sequences comprised
sagittal, T1 and T2 weighted sequences of the brain and cervical spine, T1
and T2 weighted transverse sequences of the brain, and T1 weighted 
transverse sequences of the spinal cord extending from C1 to C4/5 and with a 
slice thickness ranging from 3.5 to 4.5 mm. If a dog had a syrinx, we centered 
the transverse slices at the syrinx and oriented perpendicular to the spinal 
cord.

Dogs with CM/SM-related clinical signs underwent a similar protocol, but 
the cervical spine images comprised the entire cervical spine and also included 
the T2-weighted transverse images. Occasionally, based on the clinical 
judgement of the neurologist, imaging extended further caudally and 
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comprised additional sequences to eliminate secondary SM, for example due 
to neoplasia. 

To obtain head and cervical (extending the level of caudal the C3 vertebra) 
CT images, we used a helical dual-slice CT scanner (Somatom Emotion Duo,
Siemens AG, Forcheim, Germany). We used a bone algorithm and a slice 
thickness of 1 mm (feed/rotation 2 mm, reconstruction increment 0.5 mm, 
110kV) and positioned the dogs with the base of the skull aligned 
perpendicular to the ventral vertebral canal of the cranial cervical spine.

IMAGE ANALYSIS

Image analysis comprised both MR and CT datasets. During the analysis, 
the evaluators (1-2) were blinded to the signalment, and the clinical status of 
the dogs, and to each others’ imaging findings. Additionally, at the time of the 
analysis, evaluators were unaware of the findings from the other imaging 
modality (CT/MRI). In the instance of the two evaluators having different 
results, they discussed them until reaching consensus. 

MAGNETIC RESONANCE IMAGE ANALYSIS
Magnetic resonance image analysis comprised the assessment of cerebellar 

herniation and SM. Furthermore, image analysis comprised evaluators’
assessment of a dilated fourth ventricle, medullary elevation, and DSCC at C1-
2. Additionally, one evaluator measured the lateral ventricular volumes. 
Finally, we evaluated the morphometric traits of the caudal cranial fossa and 
CCJ.  

We used mid-sagittal T1- and T2-weighted MR images to evaluate dogs for 
CM. Two evaluators graded the dogs according to the British Veterinary 
Association/Kennel Club CM and SM Health Scheme: CM0 denoted a normal 
cerebellar structure, hence a dog having no CM; CM1 meant an indented but 
not a herniated cerebellum; and CM2 meant a cerebellum that was impacted 
into or herniated through the foramen magnum (I). 

One (II) or two (I, IV) evaluators used mid-sagittal and transverse T1-
weighted MR images to grade SM according to the British Veterinary 
Association/Kennel Club CM and SM Health Scheme: SM0 denoted a normal
spinal cord, SM1 a central canal dilatation or a separate syrinx of < 2 mm in 
transverse diameter or a presyrinx alone, and SM2 a central canal dilatation 
or a separate syrinx of at least 2 mm in tranverse diameter. If the dog had a 
syrinx, the evaluators measured its maximum syrinx width in T1 weighted 
transverse images, and we recorded the mean of those measurements (I, II, 
IV).
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Two evaluators subjectively classified in mid-sagittal T1-, and T2-weighted 
MR images the fourth ventricle as being enlarged if it appeared triangular and 
if the neural tissue was deviated (IV). 

To assess neural tissue deviation at the CCJ due to medullary elevation 
(caused by the odontoid peg) and DSCC (due to atlantoaxial bands), one 
evaluator measured the medullary kinking and the DSCC indexes using a
method previously described (Figures 12 and 13) (Marino et al., 2012). For 
each dog, the evaluator measured the indexes three times, with the mean of 
those measurements serving as the final value. Furthermore, to assess the 
bidirectional neural tissue deviation caused by simultaneous medullary 
elevation and DSCC, we calculated a sum index (DSCC index + medullary 
kinking index) (I, IV).

Figure 12 A sagittal T2-weighted magnetic resonance image of a Chihuahua illustrating the 
medullary kinking index assessment. The height of the compression, measured 
from the  outer  limit  of  the  subarachnoid  space  to  the  greatest point  of  neural
tissue compression (2.2 mm in the figure), was divided by the diameter of the 
adjacent normal portion of the cervical spinal cord and subarachnoid space (9.2 mm 
in the figure). This number we multiplied by 100.
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Figure 13 A sagittal T2-weighted magnetic resonance image of a Chihuahua illustrating the 
dorsal spinal cord compression index. The height of the compression, measured 
from  the  outer  limit  of  the  subarachnoid  space  to  the greatest point  of  neural
tissue compression (3.0 mm in the figure) was divided by the diameter of the 
adjacent normal portion of the cervical spinal cord and subarachnoid space (9.0 mm 
in the figure). This number we multiplied by 100.

To assess the degree of possible ventricular enlargement, one evaluator 
measured the lateral ventricular volume using the OsiriX Medical Imaging 
Software polygonal area tool. This method was similar to the method in a 
previous study describing cranial volume measurement: the evaluator traced 
the borders of the left and right lateral ventricles in each tranverse T1-weighted 
brain MRI slice (Cerda-Gonzalez, 2009a). After measuring each slice, the 
software calculated the left and right lateral ventricular volumes and recorded 
them in mm3 (IV).

We selected, in Chihuahuas and in two other breeds, CKCSs and 
Affenpischers, 10 landmarks of the caudal cranial fossa and CCJ to evaluate 
the morphometric traits associated with SM. To evaluate these landmarks, one 
evaluator used mid-sagittal T1-weighted MRIs of the hindbrain and CCJ. We 
selected the T1-weighted images to optimize bone density resolution 
(Kromhout et al., 2015a).

The landmarks in the analysis formed 11 lines to describe the 
morphometric traits of the caudal cranial fossa and CCJ (Figure 14). Of these 
11 selected lines, one described the height of the cranium at the level of the 
sphenooccipital synchondrosis (f-diameter), one the length of the caudal 
cranial fossa (ab), five lines the CCJ (three the distance of the atlas to the 
cranium (bc, ac, ai), one the height of the spinal canal at C1-2 (cj), and one the 
neural tissue compression at the medulla (bk)), three the dimensions of the 
caudal cranial fossa (cd, ae, bi), and one the dimension affected by cranial base 
length and height (fg). These lines formed eight angles and three ratios further 
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describing the cranial base or caudal cranial fossa length, cranial height, atlas, 
and occipital crest position in relation to the cranial base (II).

Figure 14 T1weighted sagittal MRI of a five year old Chihuahua without SM with a framework 
of 19 measurements (11 lines and 8 angles) with three ratios used to ‘map’ the 
hindbrain and craniocervical junction. Key: (a) dorsum of spheno-occipital 
synchondrosis. (b) basion of basioccipital bone. (c) rostral edge of the dorsal lamina 
of the atlas. (d) junction between the supraoccipital bone and the occipital crest. (e) 
most dorsal point of intersection of the cerebellum with the occipital lobe circle. (f) 
centre of’ best fit’ occipital lobe circle placed on the cranial baseline (abi) and 
extending to encompass the occipital lobes. The centre of the circle is f and its 
diameter (f-diam) indicates the maximun height of the caudal calvaria dorsal to the 
spheno-occipital synchondrosis. (g) point at which the optic nerve deviates into the
optic canal. (i) intersection point of the extended cranial baseline (ab) caudally with 
extended line dc ventrally to form angle 3. This indicates the relative positions of the 
supra and basioccipital bones to the atlas. (j) most rostral aspect of the dens of the 
axis bone. (k) extended line from point b along the best fit line of the ventral medulla 
oblongata to where it changes angle to the spinal cord (degree of medullary 
kinking). 8 angles measured are (1) afg, (2) fac, (3) dib, (4) jcb (5) aeb (6) ebd (7) 
bdi (8) dbk.

Reprinted with permission from Knowler SP, Kiviranta AM, McFadyen AK, Jokinen 
TS, La Ragione RM, Rusbridge C. Craniometric Analysis of the Hindbrain and 
Craniocervical Junction of Chihuahua, Affenpinscher and Cavalier King Charles 
Spaniel Dogs With and Without Syringomyelia Secondary to Chiari-Like 
Malformation. PLoS One. 2017;12(1):e0169898.

COMPUTED TOMOGRAPHY IMAGE ANALYSIS
Computed tomography image analysis comprised assessment of the 
atlantooccipital overlapping and persistent fontanelles. For the analysis, we 
used OsiriX Medical Imaging Software (Pixmeo SARL, Bernex, Switzerland).
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One evaluator examined in mid-sagittal CT images the atlas position. The 
atlas was defined as overlapped (atlantooccipital overlapping) when the 
dorsocranial border of the lamina of the atlas was at the level of or rostral to a 
line extending from the caudodistal aspect of the supraoccipital bone to the 
caudal tip of the basioccipital bone. The CCJ was considered normal, hence 
the atlas not overlapped, when the dorsocranial border of the lamina of the 
atlas was caudal to that line (Figure 15) (I).

Figure 15 Midsagittal computed tomography images of a Chihuahua, illustrating assessment 
of atlantooccipital overlapping. 

Figure 15a: The lamina of the atlas is caudal to the line extending from the 
caudodistal aspect of the supraoccipital bone to the caudal tip of the basioccipital 
bone (purple line in the image), hence the dog shows no atlantooccipital 
overlapping. Figure 15b: The lamina of the atlas is cranial to the line extending 
from the caudodistal aspect of the supraoccipital bone to the caudal tip of the 
basioccipital bone (purple line), hence the dog has atlantooccipital overlapping.

We defined a persistent fontanelle as being full-thickness loss of bone at a 
cranial suture between the membrane-derived bones on the dorsal, lateral, or 
caudal surfaces of the cranium, hence at the dermatocranium. We excluded 
from analysis the chondrocranium (the skull base) formed of cartilage-derived 
bones, because it contains cranial foramina. In addition to the cranial sutures, 
we evaluated, as a possible location for a persistent fontanelle, the 
intersections of the cranial sutures between the frontal, sphenoid and parietal 
bones. This intersection of cranial sutures resembles the sphenoid fontanelle 
in children. Similarly, the intersection between the occipital, parietal, and 
temporal bones, resembling the mastoid fontanelle in children, also served as 
an additional location. Furthermore, despite not being a true cranial suture, 
but resembling the location of a posterior fontanelle in children, the junction 
between the supraoccipital and the paired interparietal bones served as 
another location for a persistent fontanelle (Table 1, Figure 16).

a b
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Figure 16 Dorsal, lateral, and caudal volume-rendering technique computed tomography 
images (window level 500, window width 3500) of a Chihuahua skull showing the 
cranial sutures evaluated in this study. Numbers 1 to 5 mark dorsal cranial sutures, 
6 to 8 lateral cranial sutures, and 9 to 12 caudal cranial sutures evaluated: 1a (left), 
1b (right): frontonasal, frontomaxillar, and frontolacrimal sutures; 2: interfrontal 
suture; 3a-b: frontoparietal suture, 4: sagittal suture, 5a-b: parietointerparietal 
suture, 6: left frontopalatine and sphenofrontal sutures, 7: intersection of left 
frontoparietal, sphenofrontal, and sphenoparietal sutures (resembling sphenoid 
fontanelle in children); 8: left sphenoparietal and squamous sutures; 9a-b: 
intersection of squamous, occipitoparietal, and occipitosquamous sutures 
(resembling mastoid fontanelle in children); 10a-b: occipitoparietal suture, 11: 
junction between occipital and interparietal bones (not a true suture); 12a-b: 
occipitosquamous suture.

Reprinted from Kiviranta AM, Rusbridge C, Lappalainen AK, Junnila JJT, Jokinen 
TS. Persistent fontanelles in Chihuahuas. Part I. Distribution and clinical relevance. 
J Vet Intern Med. 2021 Jul;35(4):1834-1847 with the permission of the Journal of 
Veterinary Internal Medicine.

Two evaluators first assessed the cranial surfaces using volume-rendering 
technique images producing three-dimensional skull models. Then the 
evaluators confirmed the findings in the multiplanar images and recorded the 
number and location of the fontanelles. A persistent fontanelle had to be 
sufficiently large, by the evaluator’s subjective assessment, to be measurable 
by the closed polygon tool. As a consequence, the smallest persistent 
fontanelles were approximately 1 mm in diameter. For each persistent 
fontanelle, the evaluators reported the location (i.e. the affected cranial suture 
or sutures’ intersection) and measured the area. We measured the area in 
maximum-intensity-projection-technique images, with a slice thickness of 14 
to 16 mm, with a closed polygon tool. We selected that method to enable 
measurement of large, persistent fontanelles on convex surfaces, and selected 
the slice thickness so that it did not affect the area to be measured. If, during 
their assessment of either the presence or location of the persistent 
fontanelles, the two evaluators reached differing results, they discussed the 
case to reach a consensus (III, IV).
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STATISTICAL ANALYSIS

STUDY I
In addition to describing the occurrence of CM/SM-related clinical sings, 

neurological deficits, and diagnostic imaging findings, the study evaluated any 
possible association of CM/SM-related clinical signs with the signalment and 
imaging findings by use of univariable logistic regression analysis. Similar 
methodology allowed evaluation of any possible association of SM with 
signalment, neurological deficits, CM/SM-related clinical signs, or diagnostic 
imaging findings. For statistical purposes, we grouped dogs with either a 
normal spinal cord or with central canal dilatation as one group (SM0+SM1) 
and compared them with SM-affected dogs (SM2). Furthermore, we evaluated 
whether the severity of CM/SM-related clinical signs (graded using the owner-
completed questionnaire) correlated with SM width, medullary kinking, or 
sum indexes. Finally, we used multivariable logistic regression to evaluate any 
possible concomitant association with either CM/SM-related clinical signs or 
SM, and we selected signalment and diagnostic imaging variables with Wald’s 
P < 0.2 in forward-likelihood analysis.

STUDY II
First, discriminant analysis of all the lines, angles, and ratios allowed 
evaluation of the most important phenotypic traits to discriminate between
dogs with and without SM. Then, we repeated the analysis within each breed 
(Chihuahuas, CKCSs, and Affenpinschers). Third, we used analysis of variance 
with Post Hoc Tukey correction to evaluate in each breed any possible 
association with each variable (11 lines, 8 angles, and 3 ratios) and SM.

STUDY III
First, we described the frequencies of the affected cranial sutures and 
persistent fontanelles in Chihuahuas. Second, we evaluated both the inter- and 
intra-rater reliabilities of the total fontanelle-area measurements in two 
different ways. Third, we evaluated any possible association between CM/SM-
related clinical signs and both the number of affected cranial sutures and the 
total persistent fontanelle area. 

To assess inter-rater reliability of the persistent fontanelle area 
measurement between the assessors, we first evaluated the one-way analysis 
of variance model giving percentages of a perfect agreement. Second, we 
calculated Krippendorff’s alpha with a 95% confidence interval (CI) to assess 
consistency between the two fontanelle-area measurements (Hayes and
Krippendorff, 2007).  We interpreted the results thus: an alpha-value of 1 
describes perfect agreement between the assessors, a value of 0.8 describes
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we interpreted as the lowest 
conceivable limit between the assessors (Krippendorff, 2004). 

After assessing the inter-rater reliability of the persistent fontanelle area 
measurements, we assessed the intra-rater reliability: each evaluator re-
measured, after a few months, persistent fontanelle areas of a randomly 
selected 25 dogs among 50 dogs. First, we calculated, similar to the inter-rater 
reliability assessment, the one-way analysis of variance model. Second, we 
calculated the intra-class correlation coefficients with 95% CI to assess 
consistency between the repeated measurements. We interpreted an intra-
class correlation coefficient of <0.5 as indicating poor reliability, 0.5 to 0.75 
indicating moderate reliability, 0.75 to 0.9 indicating good reliability, and >
0.9 as indicating excellent reliability (Koo and Li, 2016). 

When evaluating any possible association between number of cranial 
sutures affected by persistent fontanelles and the CM/SM-related clinical 
signs, we used univariate Poisson regression: the number of affected sutures 
was the response and the occurrence of CM/SM-related clinical signs served 
as one explanatory factor. 

When evaluating any possible association between the total persistent 
fontanelle area and the occurrence of CM/SM-related clinical signs we used a 
one-way analysis of variance model. Before the analyses, we investigated the 
normality of the model residuals with Shapiro-Wilks tests and Normal QQ-
plots. To satisfy the normality assumptions of the statistical modeling, we then 
log-transformed the total fontanelle area results. Because some dogs had no 
persistent fontanelles (hence resulting in a total persistent fontanelle area of
zero), the transformation was conducted as a logarithm (total sum of 
persistent fontanelle area + 1). Because both evaluators measured the total 
persistent fontanelle areas independently, for the statistical analysis, we used
the mean total persistent fontanelle area. In the analysis, the logarithm-
transformed total persistent fontanelle area served as the response, and each 
CM/SM-related clinical sign served as the fixed term. 

STUDY IV
First, we evaluated by means of univariate Poisson regression, any possible 
association between number of cranial sutures affected by persistent 
fontanelles and variables describing the signalment, those structures related 
to abnormal CSF flow, and CCJ overcrowding. In the analysis, we used the 
number of affected sutures as the response and used as the explaining factors,
the signalment, structures related to abnormal CSF flow, and CCJ 
overcrowding served as the explaining factors.

Second, we repeated the analysis using the total persistent fontanelle-area 
measurement with either the one-way analysis of variance model or linear 
regression (depending on the type of the explanatory variable), similar to what 
we described in analysis of the number of affected cranial sutures (and 
described in Study III).
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5 RESULTS

DOGS

The entire dog population included 99 Chihuahuas, 132 CKCSs, and 42 
Affenpinschers (Table 2). Of the total 273 dogs, 115 (42%) were male, 158 
(58%) were female, 79 (29%) were <3 years, 81 (30%) 3 to 4.9 years, and 113 
(41%) 5 years or older (II). 

The Finnish Chihuahuas totaled 53 dogs with or without CM/SM-related 
clinical signs, and comprised 26 long-haired (49%) and smooth haired (49%) 
Chihuahuas and 1 (2%) dog that according to the owner was a non-registered 
Chihuahua but had a phenotype suggesting it to be crossbred with another 
brachycephalic dog. Of these dogs, 27 (51%) were females, 25 (47%) were 
males, and 1 (2%) was a neutered male. The mean ± SD of the age of these dogs 
at study entry was 57 ± 27 months (range 7–139 months), and their mean ± 
SD weight was 2.8 ± 0.7 kg (range 1.4–4.3 kg) (I, III, IV). 

CHIARI-LIKE MALFORMATION OR 
SYRINGOMYELIA-RELATED CLINICAL SIGNS

A total of 44 Chihuahuas met the inclusion criteria in the analysis of CM/SM-
related clinical signs and their severity. Of these 44 dogs, 22 (50%) had 
CM/SM-related clinical signs, the most common of which, in 16 of 22 (73%) 
Chihuahuas, was scratching of the ears, shoulders, or cranial thoracic area 
with or without making skin contact. Furthermore, 12 (53%) of the owners 
reported their dogs to show occasional incoordination, stumbling, or weakness 
of the limbs, 10 (46%) reported their dogs to rub their heads intensely, 10 
(46%) to have behavioral signs suggesting head or spinal hyperesthesia, and 9 
(41%) to vocalize either without an obvious cause or while changing position. 

Of the 22 dogs, 18 (82%) had more than one CM/SM related clinical sign. 
Four owners (18%) reported their dog to have only one CM/SM related clinical 
sign, and in three of them, it was scratching. The mean ± SD onset of CM/SM
related clinical signs was 15.4 ± 19 months (range, 3–84 months), and 
scratching was the most common first CM/SM related clinical sign noted in 12 
(60%) of 20 dogs (with 2 owners not defining the onset of clinical signs) (I, 
III).

Signalment variables including the age and body weight did not differ 
between the clinically affected and non-affected dogs : the mean ± SD age of 
the 22 dogs with CM/SM-related clinical signs was 54 ± 36 months and of the 
dogs without such clinical signs 63 ± 18 months (p=0.27). Futhermore, the 
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mean ± SD body weight of the 22 dogs with CM/SM-related clinical signs was 
2.7 ± 0.7 kg and of the dogs without such clinical signs 2.9 ± 0.6 kg (p=0.154).

NEUROLOGICAL EXAMINATION FINDINGS

Of the 53 Chihuahuas, 31 (59%) had neurological deficits during neurological 
examination (I), most commonly decreased postural reactions in 27 of the 31 
(87%) dogs. Ataxia occurred in 18 (58%), a decreased or absent (uni- or 
bilateral) menace response occurred in 15 (48%), spinal hyperesthesia in 12 
(39%), and abnormal posture in 8 (26%) dogs. Neurological deficits occurred 
in dogs both with and without CM/SM related clinical signs. Because 9 were 
excluded from analysis of clinical signs, 44 dogs were compared: 21 (96%) of 
the 22 dogs with CM/SM-related clinical signs had at least one neurological 
deficit, and of the dogs without CM/SM-related clinical signs, 1 (5%) dog had 
at least one neurological deficit.

DIAGNOSTIC IMAGING

In total, 273 dogs underwent MRI and 50 CT (Table 2).

MAGNETIC RESONANCE IMAGING FINDINGS
All 53 (100%) Finnish Chihuahuas had CM (Table 3). When evaluating MRIs 
for SM, in the 273 dogs representing the three breeds studied, 119 (44%) had 
SM (II). Of the 53 Finnish Chihuahuas, 20 (38%) had SM, and 15 (28%) had 
central canal dilatation (I). Fourth ventricle dilatation occurred in 18 of the 50 
(36%) Finnish Chihuahuas (Table 3) (IV).

In assessment of neural tissue deviation at CCJ, the mean ± SD medullary 
kinking index was 23.2% ± 8.5% (range, 6.1–48.0%), and the mean ± SD DSCC
index 24.3% ± 7.3% (range, 8.7–37.5%). The mean ± SD sum index was 47.8 
± 9.8% (range, 29.2–69.6%) (I).

COMPUTED TOMOGRAPHY IMAGING FINDINGS
Of the 50 Chihuahuas undergoing CT, 35 (70%) had atlantooccipital 
overlapping (Table 3) (I). Of the total 50 Chihuahuas evaluated for persistent 
fontanelles, 46 (92%) had either one or several of them (III). The mean ± SD 
number of persistent fontanelles in each dogs was 2.8 ± 3.0 (range, 0-13). 
Furthermore, as occasionally several persistent fontanelles occupied one 
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cranial suture, we evaluated the number of affected cranial sutures as well: the 
mean ± SD number of affected cranial sutures per dog was 2.4 ± 2.3 (range, 0-
10).  

As one of the Chihuahuas had missing CT images for the very rostral skull, 
this left 49 Chihuahuas for the analysis of distribution of the persistent 
fontanelles: Of the total 138 persistent fontanelles, 72 (52%) appeared 
dorsally, 49 (36%) caudally, and 17 (12%) on either the left or right lateral 
surfaces. The most commonly affected cranial suture was the intersection 
between the paired parietal and frontal bones, at the intersection of the 
interfrontal, frontoparietal, and sagittal sutures. This is the location of a 
bregmatic fontanelle in dogs and resembles the anterior fontanelle in children.  

Of the total 138 persistent fontanelles, 86 (62%) were located at 
intersections of cranial sutures corresponding to the six cranial fontanelles 
observed in children, leaving 44 (32%) occurring at other locations. Of the 46 
dogs with at least one persistent fontanelle, 7 (15%) dogs had no persistent 
fontanelle at a location typical for a bregmatic fontanelle. Of those dogs, each 
dog had 1 to 7 affected cranial sutures on either dorsal, lateral, or caudal 
surfaces of the cranium. 

 

Table 3. Categorical diagnostic imaging findings for the study dogs 
 Chihuahuas 

(%) 
CKCS  
(%) 

Affenpinschers 
(%) 

Total  
(%) 

SM No SM  
(SM0 + SM1) 

57/99  
(58) 

63/132 
(48) 

34/42  
(81) 

154/273 
(56) 

SM 42/99  
(42) 

69/132 
(52) 

8/42  
(19) 

119/273 
(44) 

4th ventricle 
enlargement 

No 
enlargement 

32/50  
(64) 

NA NA 32/50 
(64) 

Enlargement 18/50  
(36) 

NA NA 18/50 
(36) 

CM CM 0 0/53  
(0) 

NA NA 0/53  
(0) 

CM 1 11/53  
(21) 

NA NA 11/53 
(21) 

CM 2 42/53  
(79) 

NA NA 42/53 
(79) 

AOO No AOO 15/50  
(30) 

NA NA 15/50 
(30) 

AOO 35/50  
(70) 

NA NA 35/50 
(70) 

PF No PF 4/50  
(8) 

NA NA 4/50  
(8) 

PF 46/50  
(92) 

NA NA 46/50 
(92) 

CKCS=cavalier King Charles spaniel, SM=syringomyelia, NA= not applicable, CM=Chiari-like 

malformation, AOO=atlantooccipital overlapping, PF=persistent fontanelle 
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VARIABLES ASSOCIATED WITH CM/SM-RELATED CLINICAL 
SIGNS

Chihuahuas with SM (12 of the 22 clinically affected dogs; 55%) were more 
likely to have CM/SM-related clinical signs (P=0.034) (Figure 17). 
Furthermore, the mean ± SD medullary kinking index was higher (26.9% ± 
7.4%) in dogs with CM/SM-related clinical signs than in ones without (19.8% 
± 8.4%, P=0.016). Similarly, the mean ± SD sum index was higher in clinically 
affected dogs (53.0% ± 8.7) than in non-affected dogs (44.2% ± 8.9%, 
P=0.007) (Figure 18), and in multivariable logistic regression analysis a higher 
sum index was predictive for a Chihuahua to be clinically affected. No 
association was observable when DSCC index alone was evaluated in dogs with 
(25.8% ± 7.1%, P=0.37) or without (23.8% ± 7.3%) CM/SM-related clinical 
signs. Similarly, no association was observable in the occurrence of 
atlantooccipital overlapping in dogs with (16/43, 35%; P=0.80) or without 
CM/SM-related clinical signs (16/43, 35%).

Figure 17 Syringomyelia (SM) in dogs with and without Chiari-like malformation (CM) or 
syringomyelia related clinical signs.
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Figure 18 Sum index in dogs with and without Chiari-like malformation (CM) or syringomyelia
(SM) related clinical signs.

In evaluation of the severity of CM/SM-related clinical signs, Chihuahuas 
with SM were more likely to have more severe clinical signs (21.3% of 
maximum points) than ones without (9.1% of maximum points, P=0.041). 
Similarly, the sum index correlated positively with the severity of CM/SM-
related clinical signs (P=0.025); with a cut off value of 46%, the sum index had 
a sensitivity of 0.90 and a specificity of 0.67 to correctly classify the dog to as 
having CM/SM-related clinical signs.

MORPHOLOGICAL TRAITS ASSOCIATED WITH 
SYRINGOMYELIA

During the evaluation of the total cohort of dogs including all three breeds
(Chihuahuas, Affenpinschers, and CKCSs), three variables were in 
discriminant analysis the most important ones to differentiate dogs with 
normal spinal cord (SM0) from ones with central canal dilatation (SM1), and 
SM (Figure 14). These three important variables were a line describing the 
height of the cranium at the spheno-occipital synchondrosis (f-diameter) and 
two angles describing the position of the atlas in relation to the basiocciput 
(angles 3 and 4), However, the analysis succeeded in grouping dogs into their 
correct SM groups in only 61.9% of the cases. 

Repeating the analysis within individual breeds the most important traits 
to predict SM in Chihuahuas were angles 3 and 4 describing the proximity of 
the atlas to the occiput and describing medullary kinking. Discriminant 
analysis was able to classify 60.6% of the Chihuahua cases correctly into SM
groups. In Affenpinschers, emerging as the most important traits were the 
cranial height (f-diameter) and a line describing the height of the spinal canal 
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(line cj). In CKCSs, most important were  a line describing the position of the 
atlas in relation to the basioccipital bone (the CCJ overcrowding) (bi), and a 
ratio describing the degree of brachycephaly (f-diameter/ai).

During the analysis of single lines, angles, and ratios (analysis of variance 
after Tukey correction), one variable: the ratio between cranial height and 
caudal cranial fossa length (f-diameter/ai) was significantly higher in SM-
affected dogs than in SM-unaffected dogs of all three breeds. When the 
analysis was repeated in Chihuahuas, nine additional variables significantly
differed in dogs with differing SM-status: eight of the nine variables (bi 
P=0.001, ai P=0.002, bk P<0.001, bc P=0.016, angle 3 P<0.001, angle 4 
P<0.001, angle 7 P<0.001, ratio f-diameter/bc P<0.001) were associated with 
the atlas position, with the SM-affected dogs having the atlas positioned closer 
to the basiocciput or to the occipital crest. The final significant variable 
described changes in cranial height, with SM-affected dogs having a higher 
cranium than did the dogs with central canal dilatation (fg P=0.014).

ANALYSIS OF PERSISTENT FONTANELLES
First, we analyzed the reliability of the persistent fontanelle-area 
measurement-method by analyzing inter- and intra-rater reliabilities of the 
total persistent fontanelle area. Between the assessors, the inter-rater 
repeatability of the total persistent fontanelle area measurement was 99.8%. 
When assessing consistency between the two measurements of the total 
persistent fontanelle area by use of Krippendorff’s alpha, it was 0.999 (95% 
CIs 0.997-1.000). In evaluation of the intra-rater repeatability of the total 
persistent fontanelle area measurement, the repeatability was 99.6% for one 
assessor and 99.8% for the other. Furthermore, the within-assessor intra-class 
correlation coefficient for reliability of the total persistent fontanelle area 
ranged from 0.997 to 0.999, (95% CI 0.994-0.999).

When evaluating any possible association of the persistent fontanelles with 
the signalment of the dogs, Chihuahuas with a lower body weight had a higher 
number of affected cranial sutures (estimate 0.575; 95% CI 0.384-0.861; 
P=0.007) and larger persistent fontanelles (total persistent fontanelle area 
estimate -1.19; 95% CI -1.91-0.478; P=0.002). No association appeared 
between age and number of affected cranial sutures (estimate 0.999, 95% CI= 
0.989-

-0.092, P=0.33). 
In dogs with CM/SM-related clinical signs, the number of affected cranial 

sutures was higher (estimate 2.77, 95% CI 1.70-4.52; P<0.001) than in dogs 
without CM/SM-related clinical signs (Figure 19). Similarly, the mean ± SD 
total fontanelle area was larger in dogs with CM/SM-related clinical signs (130
mm2 ± 217 mm2) than in dogs without (33.7 mm2 ± 43.3 mm2; P=0.003). 
Furthermore, the number of affected cranial sutures in dogs without CM/SM-
related clinical signs ranged from 0 to 4, with 91% of these 2 
affected cranial sutures. In dogs with CM/SM-related clinical signs, the 
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number of affected cranial sutures ranged from 0 to 10, with only 45% of the 
dogs having two or more affected cranial sutures.

Figure 19 Number of affected cranial sutures in dogs with and without Chiari-like malformation 
(CM) or syringomyelia (SM) related clinical signs.

Chihuahuas with SM had a higher number of affected cranial sutures 
(estimate 2.04; 95% CI 1.26-3.32; P=0.004) (Figure 20). Moreover, the mean 
± SD total persistent fontanelle areas (130 mm2 ± 217 mm2) were larger in SM-
affected dogs, than in dogs without SM (43.7 mm2 ± 61.0 mm2; P=0.047). 
Similarly, dogs with larger lateral ventricles had higher numbers of affected 
cranial sutures (estimate 1.10; 95% CI 1.04-1.15; P<0.001) and larger 
persistent fontanelles (estimate 0.231; 95% CI 0.099-0.363; P<0.001). 
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Figure 20 Number of affected cranial sutures in dogs with and without syringomyelia.

Evaluation of the CCJ structures and persistent fontanelles showed that
dogs with a higher sum index (indicating more severe neural tissue 
compression at the CCJ) had a higher number of affected cranial sutures 
(estimate 1.61; 95% CI 1.26-2.06; P<0.001) and larger persistent fontanelles 
(estimate 0.598; 95% CI 0.066-1.13; P=0.03).
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6 DISCUSSION

Chiari-like malformation and syringomyelia may, in dogs, cause pain-related 
behavior, fictive scratching, sensory deficits, and motor dysfunction such as 
paresis and ataxia, hence reducing their quality of life (Rusbridge et al., 2019). 
Earlier, CM and SM were considered to affect mainly CKCSs and Griffon 
Bruxellois dogs (Rusbridge et al., 2007, Cerda-Gonzalez et al., 2009a, 
Rusbridge et al., 2009, Freeman et al., 2014). However, studies evaluating 
their occurrence in other small-sized dogs with a short and round skull, i.e. 
with brachycephaly, were lacking.

This thesis focuses on craniocervical structural abnormalities and the 
clinical signs that they cause in Chihuahuas, describing the occurrence of CM 
and SM and evaluating whether they are accompanied by structural 
abnormalities of the CCJ such as atlanto-occipital overlapping, medullary 
elevation, and DSCC. Additionally, this thesis evaluates any possible 
association between clinical signs and these morphological abnormalities. 
Furthermore, it describes in detail the cranial and CCJ morphometric traits 
predisposing to SM. Finally, a molera, a bregmatic fontanelle, is suggested to 
be a clinically irrelevant or even a desired trait in Chihuahuas. This study 
evaluates, for the first time, whether the molera is accompanied by other 
cranial fontanelles and describes their clinical relevance. 

In conclusion, this thesis aims at describing craniocervical abnormalities 
and clinical signs that they cause in Chihuahuas. Hence, it serves as an 
exploratory study aiming to identify important variants for both clinical and 
imaging phenotypes. This data will serve as an important starting point for 
future studies evaluating the pathophysiology of these phenotypes. 

CHIARI-LIKE MALFORMATION, SYRINGOMYELIA,
AND CRANIOCERVICAL JUNCTION 
ABNORMALITIES IN CHIHUAHUAS 

Concern expressed by Finnish Chihuahua breeders about CM and SM in the 
breed inspired our study. This study shows, for the first time, that in addition 
to isolated cases, CM and SM also occur in Chihuahuas frequently. In the dogs 
that we studied, CM was ubiquitous, and SM was evident in slightly less than 
half the dogs. CM occurrence was similar to that described in CKCSs but 
slightly more than in Griffon Bruxellois dogs (Couturier et al., 2008, Carrera 
et al., 2009, Rusbridge et al., 2009, Freeman et al., 2014, Knowler et al., 2014). 
The occurrence of SM in our Chihuahuas was higher than in the Affenpischers. 
It was, however, less common than in CKCSs, of which approximately half had 
SM. 
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In addition to CM and SM in Chihuahuas, several CCJ abnormalities were 
common. Atlantooccipital overlapping occurred in around two-thirds (70%) 
(Figures 15a-b), almost similar to what Cerda-Gonzalez et al. (2016a) 
described, but markedly more than the 20% Marino et al., (2012) described in 
their CKCSs. Because of differing diagnostic criteria and methods of diagnostic 
imaging, direct comparison between the studies and their results is, however, 
difficult. We evaluated atlantooccipital overlapping in multimodal CT images, 
whereas Marino et al. (2012) used three-dimensional CT images and Cerda-
Gonzalez (2016a), MR images. Additionally, Marino et al. (2012) used 
subjective evaluation to define the occurrence of atlantooccipital overlapping, 
whereas we defined a dog to have atlantooccipital overlapping when the 
dorsocranial border of the lamina of the atlas was at the level of or rostral to a 
line extending from the caudodistal aspect of the supraoccipital bone to the 
caudal tip of the basioccipital bone. Cerda-Gonzalez et al. (2016a) used 
anatomical landmarks similar to ours, but defined a dog as having 
atlantooccipital overlapping when the atlas was already adjacent to the line, 
thus including dogs with the atlas positioned more caudally than in the dogs 
of our study.  

During the atlantoccopital overlapping analysis, a supraoccipital bone 
defect causing foramen magnum enlargement (i.e. keyhole foramen magnum) 
may have occasionally caused bias in our classification. This means that in 
dogs with an extensively enlarged foramen magnum, the line between the 
supra- and basioccipital bones was positioned more rostrally. To cross the line, 
i.e. have atlantooccipital overalapping, the atlas had to be more rostrally 
located than if the dog had a normal-shaped foramen magnum. This 
phenomenon may lead to an underestimate of the number of our study dogs 
with atlantooccipital overlapping. 

In our Chihuahuas the medulla oblongata was elevated approximately one-
quarter of the spinal canal height, due to deviation of the odontoid peg of the 
axis (Figure 12). This usually occurred concurrently, with a similar degree of 
neural tissue deviation, with DSCC at the junction of the first two cervical 
vertebrae (Figure 13). These findings were similar to those in CKCSs (Cerda-
Gonzalez, 2015a,b). Our findings suggest that CM, SM, and CCJ overcrowding 
are not just abnormalities emerging in CKCSs and Griffon Bruxellois, but ones 
occurring also in Chihuahuas. This finding raises the question of whether CCJ 
overcrowding, and possibly SM, affect a larger population of dogs with a 
similar brachycephalic phenotype than the dogs currently studied.  

When comparing these imaging findings to human CCJ malformations, our 
Chihuahuas show similarities to type II basilar invagination, which is a human 
counterpart of atlantooccipital overlapping (Klekamp, 2015). Furthermore, in 
human beings, the clival-axial angle describes the angle between the base of 
the skull and the first cervical vertebrae, hence medullary elevation 
(Nascimento, et al., 2018). These CCJ abnormalities, the basilar invagination 
and increased clival-axial angle, are associated with an increased cranial index, 
indicating a higher degree of brachycephaly. Consequently, future studies 
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should evaluate whether a similar phenomenon occurs in Chihuahuas, that is 
whether Chihuahuas with atlantoocipital overlapping and ones with more 
severe medulla oblongata elevation, also called cervical flexure, are both likely 
to show a higher degree of brachycephaly.

One possible cause for the past problem of overlooking CM, SM, and CCJ 
abnormalities in Chihuahuas has been the challenging nature of their 
diagnosis. Diagnosis requires MRI that is not commonly available and is 
expensive. Furthermore, not all dogs with these abnormalities are clinically 
affected, and if they are, due to the unspecific nature of their clinical signs, 
clinical-sign recognition may be difficult both for their owners and for 
veterinary personnel. 

THE RELATIONSHIP BETWEEN CLINICAL SIGNS 
AND STRUCTURAL ABNORMALITIES

Clinical signs in our Chihuahuas were pain-related behavior, fictive scratching,
and motor dysfunction observed as weakness or uncoordinated gait. Having 
more than one CM/SM-related clinical sign was common, and scratching with 
or without making skin contact was the most frequent first clinical sign. The 
distribution of clinical signs was similar to that recently presented in a CKCS 
study (Rusbridge et al., 2019). Differences existed, however: almost half (46%) 
of the Chihuahuas rubbed their faces, and one-third (28%) of the CKCSs 
rubbed or scratched their heads. Abnormal gait (53%) occurred slightly more 
often than in CKCSs (35%), but no major differences emerged in the 
occurrence of vocalization or in behavioral signs indicating spinal pain. 

Although typically scratching was initiated at an early age, the owners did 
not always recognize scratching to be a sign of disease. This meant that in these 
dogs other, less prolonged complaints such as pain-related behavior were the 
reasons for the veterinary visit. During those occasions, owners described the 
abnormal scratching behavior only after receiving inquiries about it. One 
possible reason for this lack of recognition may be that many of our 
Chihuahuas were not phantom scratching, but were making contact with the 
head while scratching. This clinical sign may be more easily considered a sign 
of pruritus, or even as normal behavior, whereas phantom scratching—
associated with a large-sized SM extending into the superficial dorsal horn—
may be more easily recognizable as abnormal behavior (Nalborczyk et al., 
2017).  

At the time of our study enrollment, no descriptions of various types of 
scratching were available, and unfortunately we did not specify in our
questionnaire the type of scratching (phantom versus touching the head 
during scratching) (Nalborczyk et al., 2017, Rusbridge et al., 2019). However, 
during history taking, many owners noted that their dog would make contact 
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with its head while it was scratching. Furthermore, of our Chihuahuas, 
approximately half (45%) the clinically affected dogs lacked SM. The number 
of Chihuahuas having CM/SM-related clinical signs but lacking SM was higher 
than previously described in CKCSs (8%-12%) (Cerda-Gonzalez et al., 2009a, 
Rusbridge at al., 2019). In CKCSs, scratching the head or facial rubbing have 
been inversely associated with SM, suggesting their being a sign of CM-related 
pain (Rusbridge et al., 2019). Hence, in retrospective evaluation and with the 
evidence of high number of clinically affected Chihuahuas without SM, it is 
likely that many of our Chihuahuas were showing signs of CM-associated pain.  

Sometimes, before completing the questionnaire, the owners had 
considered the dog to be non-affected. A study of SM in Griffon Bruxellois 
described similar phenomenona, because though considered normal by their 
owners, half these dogs either indicated pain on palpation or had neurological 
deficits detected during neurological examination though their owners 
considered them normal (Freeman et al., 2014). This shows that recognition 
of CM/SM-related clinical signs may prove difficult even for experienced dog-
owners. Sometimes owners consider pain-related behavior to be merely 
among their dog’s personality traits; for example, the dog’s being “head shy” 
because of pain from head and cervical palpation, the dog’s being unwilling to 
exercise or hiding because of possible headache. Recognizing the CM/SM-
related clinical signs may also be difficult even for veterinary personnel, 
because such signs may be confused with other diseases such as 
dermatological or orthopedic ones. This situation may deprive clinically 
affected dogs of treatment or lead to their being used for breeding. Such 
unrecognized clinical signs related to neuropathic pain demand a solution, 
because they constitute an animal welfare problem.  

In Chihuahuas, medulla oblongata elevation alone or occurring 
concomitantly with DSCC, indicating CCJ overcrowding, and also SM were 
associated with clinical signs. Earlier studies show similar findings in CKCSs, 
with these same findings linked to clinical signs (Rusbridge et al., 2007, Cerda-
Gonzalez et al., 2015a, Cerda-Gonzalez et al., 2015b, Cerda-Gonzalez et al., 
2016a). The association between CCJ overcrowding and CM/SM-related 
clinical signs implies that in addition to the spinal cord neural-tissue 
destruction in SM-affected dogs, CCJ morphology alone is an important 
predisposing factor for CM/SM-related clinical signs. This is supported by the 
high number of clinically affected dogs lacking SM, and suggests that CCJ 
abnormalities are part of the phenomenon of what is known as ‘CM-associated 
pain’ resulting from extensive brachycephaly.  

In conclusion, the finding of a higher percentage of Chihuahuas having 
pain-related behavior despite lacking SM emphasizes the importance of ‘CM-
associated pain’ as an important cause of their clinical signs. It explains why 
many Chihuahuas show no easily recognized phantom scratching.  This 
finding will aid veterinary personnel in diagnosing and consequently in 
properly treating those dogs with ‘CM-associated pain’. Further studies are, 
however, essential to evaluate why, in Chihuahuas, the number of dogs having 
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such ‘CM-associated pain’ appears higher than in CKCSs despite both breeds 
expressing the brachycephalic phenotype.

THE RELATIONSHIP BETWEEN SYRINGOMYELIA 
AND MORPHOMETRIC TRAITS 

In evaluating all three breeds, Chihuahuas, CKCSs and Affenpinschers, as one 
group, we showed that increased cranial height at the spheno-occipital 
synchondrosis and closer proximity of the atlas to the basioccipital bone 
predisposed to SM. Such findings thus indicate that extensive brachycephaly 
and CCJ overcrowding both predispose to SM. An earlier study evaluating the 
phenotypic appearance of CKCS with and without SM showed similar findings; 
it showed that dogs with a more extreme brachycephalic appearance in 
photographs were more likely to have SM (Mitchell et al., 2014). Similarly, in 
Griffon Bruxellois dogs, extensive brachycephaly predisposes to CM (Knowler 
et al., 2014).  One possible common cause for the SM-associated 
morphometric traits emerging in our study is premature spheno-occipital 
synchondrosis closure (Schmidt et al., 2013a). This restricts rostrocaudal skull 
expansion and causes, as a compensatory change, increased cranial height and 
position of the atlas close to the cranial base. 

Evaluation of a combination of traits by grouping dogs according to their 
SM-status, revealed breed-specific differences: Chihuahuas emerged with CCJ 
overcrowding, observable as the atlas being closely positioned to the 
basioccipital bone; Affenpinschers emerged with increased cranial height and 
a shorter distance between the atlas and dens axis; and CKCSs emerged with 
more extensive brachycephaly evident as an increased modified cranial index. 
These findings suggest that in Chihuahuas, CCJ overcrowding predisposes to 
SM. In Affenpinschers, uniquely, the cranial cervical spine morphology leads 
to increased risk for SM, and in CKCSs, the morphology of caudal cranial fossa 
predispose to SM. These findings in CKCSs are in line with findings that in SM
affected dogs, the caudal cranial fossa is smaller and relatively overcrowded 
(Carrera et al., 2009, Driver et al., 2010a, Driver et al., 2010b, Shaw et al., 
2013). These breed-related differences in factors predisposing to SM suggest 
that the occurrence of SM, and hence the clinical signs observed in these dogs,
might not be identical. However, although breed-specific differences in 
significant traits associated with SM did occur, they all present features of 
cranial and skeletal developmental disorders and indicate extensive 
brachycephaly. Extensive brachycephaly may not only disturb CSF flow at the 
foramen magnum, but at the rostral cranial fossa it may also hinder CSF 
absorption (Cerda-Gonzalez et al., 2009b, et al., 2018).  

In comparison to findings in CKCSs, in Chihuahuas, we found no 
association with DSCC, nor with atlanto-occipital overlapping and SM (Cerda-
Gonzalez et al., 2015a, 2016a). One possible explanation for these differences 
in DSCC analysis findings may be the differences in their evaluation methods.
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We measured the DSCC index in all dogs, wherease Cerda-Gonzalez et al. 
(2015a) measured the compression index in the dogs that showed an 
atlantoaxial band (89% of the dogs). Additionally, differences may also exist
in these two breeds’ morphology. Our analysis of atlantooccipital overlapping 
may be somewhat controversial. Our finding no association with SM 
contradicted the fact that in Chihuahuas the close proximity the atlas to the 
basioccipital bone (also indicating atlanto-occipital overlapping), is an 
important predisposing factor for SM. A likely reason is that foramen magnum 
enlargement affected the classification of this abnormality, leading to
underestimation of the (already high) number of dogs with atlanto-occipital
overlapping. For this reason, the method assessing the cranial base appears 
more reliable and is in line with the findings in CKCSs.

THE BREGMATIC AND OTHER PERSISTENT 
CRANIAL FONTANELLES 

During evaluation of CT images for atlantooccipital overlapping, we observed 
that on the calvaria of the Chihuahuas, multiple bone-deficient lesions were 
frequent. Surprisingly, the veterinary literature lacked any description of 
similar findings in this or other dog breeds, so we decided to further analyze 
these findings.

Almost all of the study Chihuahuas exhibited either one or several 
persistent fontanelles. Their emergence on the top of the skull, at the bregma, 
in miniature-breed dogs such as Chihuahuas is commonly detectable. 
Unsurprisingly, in this study, the bregmatic fontanelle was the location most 
affected, and the frontoparietal suture was the most commonly affected cranial 
suture. Interestingly, the emergence of the persistent fontanelles was not 
limited to the dorsal surface of the cranium, but instead involved all surfaces 
of the membranous calvarium. 

Although a majority of the Chihuahuas with persistent fontanelles had a 
bregmatic fontanelle, a minority (15%) lacked this bony defect despite having 
persistent fontanelles at other locations. The clinical relevance of this finding 
is that during palpation of the head, any failure to identify a bregmatic 
fontanelle does not indicate that the dog is free of persistent fontanelles. This 
is important, because, based on our experience, only those persistent 
fontanelles located on the top of the head–at the bregma–may be recognizable
by palpation in adult dogs. However, palpation commonly serves as first-line 
evaluation to detect these fontanelles in Chihuahuas.

Most of the persistent fontanelles in Chihuahuas occupied similar locations 
to those same fontanelles described in children (Figure 2) (Kiesler, 2003). This 
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finding is remarkable, because the veterinary literature describes in immature 
dogs only the bregmatic fontanelle, a fontanelle expected to close before birth 
or during the first month of life (Evans, 1993, Hassan et al., 2015). Some of the 
persistent fontanelles that we observed occupied a location equivalent to that 
of the posterior fontanelle in children (Table 1). The literature describes how, 
in most dogs, the interparietal bone fuses with the supraocipital bone at 
around the 45th day of gestation, but it may in some dogs remain separated 
(Evans, 1993). Such a failure of fusion is, however, not equivalent to a true 
fontanelle, or even to a suture. That the persistent fontanelles in Chihuahuas 
occupy partly the same locations as in children may indicate a disorder of 
cranial development, hence a discrepancy between the cranial content and the 
developing bone. This discrepancy may disturb cranial ossification and delay 
fontanelle closure. 

In children, delayed fontanelle closure may occur for several reasons, of 
which the most common are increased intracranial pressure, congenital 
hypothyroidism, trisomy 21 (Down syndrome), rickets, and achondroplasia 
leading to dwarfism (Kiesler, 2003). Because approximately half the dog 
owners considered their dogs to be healthy, and these dogs lacked clinical 
examination findings indicating any systemic disease, these causes appear 
unlikely to explain all the persistent fontanelles observed.  

The finding of one-third of the persistent fontanelles in Chihuahuas as 
occurring at locations other than those typical of fontanelles in children 
suggests other explanations than merely delayed fontanelle closure. In 
children, non-fontanelle cranial bone defects may result from disturbed 
ossification or from acquired remodeling of normally developed bone. Lacunar 
skull, also referred to as “Lückenshädel skull” (German for holes in the skull), 
is a defect of bone ossification that may cause full-thickness loss of bone called 
craniofenestra (Leeuwen 1946, Bourekas and Lanzieri, 1994, Agrawal et al., 
2007, Poonia et al., 2019). A copper-beaten appearance in cranial radiography 
is, in contrast, an acquired remodeling of normally developed bone (Choudhri, 
2017). Though both types of bone defects may emerge as incidental findings, 
they also are associated in children with premature cranial suture closure, 
craniosynostosis, and increased intracranial pressure (Tuite et al., 1996).  

The veterinary literature describes possible examples of dogs with acquired 
bone defects: it describes, in CM-affected CKCSs, foramen magnum 
enlargement that may occur because of the cerebellum’s pulsation against the 
occipital bone and consequently resorbing it (Driver et al., 2012). 
Furthermore, it describes a dog with bilateral bone atrophy resulting from 
increased intracranial pressure. This pressure increased because of acquired 
hydrocephalus (Hughes et al., 2019). Furthermore, Rusbridge et al. (2018) 
described a CM- and SM-affected Griffon Bruxellois dog exhibiting bone 
thinning similar to copper-beaten appearance (Rusbridge et al., 2018). 
Unfortunately, it was beyond the scope of this study to ascertain whether the 
persistent fontanelles of our study dogs emerged because of inadequate 
ossification of the skull, or whether they developed later in life due to atrophy 
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or resorption of fully developed bone, or developed as a result of a combination 
of these defects. The number or area of the persistent fontanelles was, 
however, neither higher nor larger in older dogs, possibly suggesting that 
persistent fontanelles may emerge as congenital or acquired lesions, and 
appear in very young dogs.

THE CLINICAL RELEVANCE OF PERSISTENT CRANIAL 
FONTANELLES

In the Chihuahuas we studied, dogs with CM/SM-related clinical signs had 
more and larger persistent fontanelles. This means that although the clinical 
signs did not result from these bone-deficient lesions, our finding challenges 
the current notion of persistent fontanelles as being clinically irrelevant. One 
of the factors predisposing to these bone-deficient lesions may be cranial 
morphology. Recently, Knowler et al. (2017) showed that both extensive 
brachycephaly, seen as a short skull base and increased cranial height, and 
olfactory bulb reduction and ventral rotation were associatd with pain-related 
behavior. This finding implies that in the occurrence of CM/SM-related 
clinical signs, cranial development, which affects cranial ossification and 
cranial shape, plays a significant role. Further studies are necessary to evaluate
whether extensive brachycephaly is associated, in addition to pain-related 
behavior, also with an increased number and size of persistent fontanelles.

Considering the high occurrence of persistent fontanelles in Chihuahuas, it 
is interesting that studies describing these lesions are lacking. Factors 
responsible may include lack of interest in such bone defects, because 
bregmatic fontanelles were, in Chihuahuas and other toy breed dogs, 
considered a harmless and clinically irrelevant feature (de Lahunta, 2009b). 
Moleras, persistent fontanelles at the bregma, had been, in the Chihuahua
breed, a sign of purity. They are still considered an acceptable feature by some 
countries’ breed standards (American Kennel Club. Official standard… 2008, 
Canadian Kennel Club. Official Breed ….). Furthermore, recognition of these 
bone defects by palpation on surfaces other than the top of the skull of adult 
Chihuahuas may be difficult, because of the heavy musculature covering the 
cranium. For that reason, the persistent fontanelles appearing on lateral and 
caudal surfaces may go undetected. Finally, using MRI to detect intracranial 
disorders occurring in this breed may leave these bony defects undetected.

MORPHOLOGICAL TRAITS AND PERSISTENT CRANIAL 
FONTANELLES 

These Chihuahuas’ low bodyweight, and structures related to abnormal CSF 
flow such as ventriculomegaly and SM, as well as the CCJ overcrowding seen 
as bidirectional neural-tissue deviation at the medulla and atlanto-axial 
junction, were all associated with more numerous and larger persistent 
fontanelles. 
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Although dogs of low body weight had larger and more numerous 
persistent fontanelles, the simultaneous occurrence of these characteristics 
does not prove causality. We suggest, however, that low body weight may 
predispose to defects of cranial ossification either because of a congenital 
disorder of cranial ossification or may be an acquired defect causing resoption 
of normally ossified bone. Furthermore, because low body weight was not 
associated with clinical signs, we thus find it unlikely that low body weight 
would indicate poor growth secondary to neuropathic pain-induced 
discomfort, discomfort suspected to be the major cause of these dogs’ clinical 
signs. Finally, we consider unlikely that persistent fontanelles would serve in 
dogs as a cause for the restricted growth, but rather we hypothesize that the 
body size regulation makes up for the pathophysiology of these ossification 
defects.  

In dogs, body size is genetically regulated, and, in purebred dogs, most of 
the variation in both their weight and height can be explained by 17 
quantitative trait loci (Hayward et al., 2016). For very small size, the most 
important loci are insulin-like growth factor 1 and its receptor. Both regulate 
embryonic and postnatal skeletal development (Sutter et al., 2007, Hoopes et 
al., 2012, Tahimic et al., 2013). This finding leads to the question of whether 
those factors—responsible for the Chihuahua’s being the world’s smallest dog 
breed—may also regulate their cranial growth and ossification. The reason is 
that if the synchondroses and cranial sutures remain open, cranial growth will 
continue (Opperman, 2000). Additionally, if low body weight is necessary for 
the formation of the persistent fontanelles, the dogs’ weight may explain why 
empirically it appears that CKCSs and Griffon Bruxellois dogs lack persistent 
fontanelles despite their also being affected with the SM, CCJ abnormalities, 
and clinical signs resulting from such abnormalities. Studies evaluating this 
question in these breeds are lacking. Furthermore, another interesting 
question is this: if low bodyweight is required for the occurrence of persistent 
fontanelles, do these fontanelles also exist in other small-sized dogs in which 
SM and CCJ abnormalities are infrequent?  

The finding that low body weight is associated with more numerous and 
larger persistent fontanelles, is important, because the weight of Chihuahuas 
is regulated by their breed standards: Fédération Cynologique Internationale 
states, that the ideal weight for a Chihuahua is between 1.5 kg and 2.5 kg, but 
breed standards tolerate dogs weighing only 1 kg, and disqualifies dogs of over 
3 kg (FCI-Standard N° 218, 2019). The mean weight of the dogs in this study 
being 2.8 kg means that many of our dogs would have been considered too 
heavy for the FCI breed standard. This also means that our including dogs 
above the ideal weight may have led to an underestimation in our population 
of the number and extent of persistent fontanelles. The finding of low body 
weight as being associated with more extensive persistent fontanelles, and the 
fact that more extensive persistent fontanelles are associated with structures 
causing pain-related behavior, raises the question whether breeding 
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Chihuahuas of a very low body weight predisposes them to larger persistent 
fontanelles and consequently to neuropathic pain. 

Chihuahuas with SM and ventriculomegaly had more numerous and larger 
persistent fontanelles. Both findings indicate disrupted CSF flow, and in 
CKCSs, SM transverse width and ventricular volume correlate with each other,
suggesting a common etiology (Driver et al., 2010a). Furthermore, 
ventriculomegaly is associated, even in clinically non-affected dogs, with 
decreased periventricular blood flow and decreased cerebral white-matter 
volume, each indicating increased intraventricular pressure (Schmidt et al., 
2015, 2017a). These findings suggest that because the cranial content, hence
the brain and CSF space, regulate cranial growth during embryological 
development, ventricular enlargement may therefore interfere with cranial 
ossification (Opperman, 2000). Furthermore, increased intraventricular 
pressure may predispose to bone atrophy or remodeling of bone, as observed 
in one dog with obstructive hydrocephalus that resulted in bilateral skull 
defects (Hughes et al., 2019). Similarly, another recent study included CT 
images with undefined parietal and frontal bone defects in young 
brachycephalic, peke-faced Persian cats with large ventricles (Schmidt et al., 
2017b). In children, increased intraventricular pressure is associated with a 
diffuse copper-beaten appearance that indicates bone atrophy or remodeling 
of the developing bone (Tuite et al., 1996). 

The CCJ overcrowding causing bidirectional neural tissue deviation was 
associated with more numerous and larger persistent fontanelles. Because CCJ 
overcrowding occurs as a result of close proximity of the atlas to the occiput 
coupled with a short caudal cranial fossa, and because this situation indicates 
disrupted cranial growth, such overcrowding may have a pathophysiology 
similar to that of persistent fontanelles. Although the main CSF drainage is 
suggested to occur through the olfactory lymphatics, overcrowding of the CCJ 
also may disturb CSF flow and contribute to the development of 
ventriculomegaly (Zakharov et al., 2004, Bedussi et al., 2015, Ma et al., 2017). 
Furthermore, a short cranial base may predispose to obstructed venous 
outflow from the cranium (Schmidt et al., 2012, Fenn et al., 2013). In children, 
obstruction of the venous outflow may elevate cranial venous pressure, leading 
to increased intracranial pressure (Rich et al., 2003). In short, in Chihuahuas,
CCJ overcrowding may, in many ways, disturb cranial ossification. 

FUTURE ASPECTS

Future studies should aim at understanding the pathophysiology of persistent 
fontanelles. It would be imperative to understand whether persistent 
fontanelles are congenital lesions resulting from abnormal cranial ossification, 
or are acquired remodeling of bone, or whether they result from a combination 
of these. This information would aid in developing preventive measures for 
these osseus lesions. 
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Furthermore, any possible association between persistent fontanelles and 
phenotype, i.e., the shape of the head, requires evaluation. If such an 
association exists, it would be imperative to determine whether 
caniosynostosis plays a role in both: in development of the head shape and in 
development of persistent fontanelles. If craniosynostosis is associated with 
these bone-deficient lesions, Chihuahuas could serve as a translational, 
natural model for human pediatric craniosynostosis research.  

Finally, our finding of persistent fontanelles as being associated with 
CM/SM-related clinical signs may aid in improving the screening programs 
that precede breeding decisions. The current program focuses on SM 
prevention, but many of our study Chihuahuas were clinically affected despite 
having no SM.  Furthermore, both SM and clinical signs have a late onset and 
may not develop before the breeding decision is made. Unfortunately, if they 
are similar to their heritability in CKCSs, then SM and inheritance of clinical 
signs are both high. Therefore, if the number of persistent fontanelles at an 
early age would prove useful in estimating risk for future development of 
clinical signs and SM, imaging for persistent fontanelles before breeding might 
reduce the likelihood of clinically affected offspring. This could markedly 
improve Chihuahua welfare. 
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7 CONCLUSIONS 

Our study evaluated, to the best of our knowledge, for the first time, a group 
of Chihuahuas with or without clinical signs related to Chiari-like 
malformation and syringomyelia. We utilized a multimodal imaging approach 
and showed that craniocervical junction abnormalities are important and 
predispose Chihuahuas both to clinical signs and to syringomyelia. 
Furthermore, we described in Chihuahuas persistent fontanelles and their 
clinical relevance.  
 
Based on our studies, the following specific conclusions can be drawn:  

1. In Chihuahuas, syringomyelia, Chiari-like malformation, and 
craniocervical junction overcrowding—the last condition 
resulting from atlanto-occipital overlapping, medullary 
elevation, and dorsal spinal cord compression—are common. 
Chiari-like malformation appeared ubiquitous in the breed, and 
the majority of the dogs showed atlantooccipital overlapping. 
Often occurring at the craniocervical junction, atlantooccipital 
overlapping, medullary elevation, and dorsal spinal cord 
compression occurred concurrently and caused marked 
neuroparenchymal deviation.  

2. In Chihuahuas, an important predisposing factor for clinical 
signs is craniocervical junction overcrowding; the percentage of 
clinically affected dogs without syringomyealia was higher than 
in cavalier King Charles spaniels. This information should help 
veterinary personnel to diagnose in Chihuahuas this enigmatic 
disease that reduces their quality of life.  

3. Caudal cranial fossa and craniocervical junction overcrowding 
predispose Chihuahuas to syringomyelia. This overcrowding is 
thought to represent a disorder of craniocervical development 
and to indicate extensive brachycephaly. These conformational 
changes disturb CSF flow at the foramen magnum. 

4. Persistent fontanelles are very common in Chihuahuas. They 
appear not only at the bregma, the location of the molera, but 
also are apparent on all cranial surfaces.  

5. Persistent fontanelles are associated with Chiari-like 
malformation or syringomyelia-related clinical signs and with 
the structural abnormalities that predispose to clinical signs. 
Thus, they should be considered clinically relevant. 

6. Persistent fontanelles are more numerous and larger in 
Chihuahuas with low body weight, suggesting that favoring very 
low body weight may predispose these dogs to structural 
abnormalities causing neuropathic pain. 
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