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- General introduction (section A)

Introduction

For over 15,000 years, companion animals and their masters have been subjected to similar 
environmental influences including nutritional and toxic substances.1-4 During recent decades, 
both humans and their pets have enjoyed an extended life span and have simultaneously 
grown more obese.5-7 By getting older and increasingly obese, humans and pets suffer more 
frequently from similar disorders, including endocrinological syndromes, osteoarthritis (OA) and 
degenerative spinal diseases.6, 8-17 For specific human diseases, companion animals, including pet 
patients, can serve as spontaneous disease animal model.18-21

Several disorders may lead to new bone formation affecting the vertebral column of both humans 
and companion animals alike. In dogs for instance, this new bone formation may be visualized  
by radiographic examination (Figure 1 and 2) or macroscopically on a skeleton post mortem 
(Figure 3). 

Spondylosis deformans (hereinafter referred to as spondylosis), diffuse idiopathic skeletal 
hyperostosis (DISH), osteoarthritis (OA) of the facet joints, and ankylosing spondylitis  
(an inflammatory disorder found exclusively in humans) are the most important disorders 
associated with spinal hyperostosis.22 After a brief introduction of the human and companion 
animal spinal anatomy this introduction will particularly focus on DISH and spondylosis in 
both humans and companion animals. Specific attention will be paid to the question whether 
companion animals may serve as translational models for these disorders.

Figure 1.  Lateral radiographic view of the thoracic spine of a dog (8 year old female Chow Chow) with new bone formation 
visible from T2-T13.

Figure 2. Lateral view of a radiograph of the lumbar canine spine with new bone formation from T9-S1 (same dog as Figure 1).
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Figure 3. A)  Lateral view of a canine skeletal spine with new bone formation resembling diffuse idiopathic skeletal hyperostosis 
(same dog as Figure 1), and B) ventral views of the lumbar region of the new bone formation. Note the flowing 
pattern of the ventral ossifications (skeletal specimen of private bone collection of Dr. B.P. Meij).
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Figure 4. Lateral radiograph of the human thoracic 
spine without any visible abnormalities.

Figure 5. Antero-posterior radiograph of the human thoracic spine 
without any visible abnormalities.

Figure 6. A). Lateral view of the human spine. B). Median sagittal section of two lumbar vertebrae and their ligaments.123
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Anatomy

Human anatomy of the spine
The human spine consists of seven cervical, 12 thoracic (Figure 4 and 5), five lumbar, five sacral 
and four fused coccygeal vertebrae (Figure 6a). Between the second cervical spinal segment and 
the first sacral vertebral, a total of 23 intervertebral discs (IVDs) are situated. Except between 
the first two cervical vertebrae and between the fused vertebrae, IVDs are situated between all 
other adjacent vertebrae. All IVDs consist of two cartilaginous endplates, an inner gel-like nucleus 
pulposus and a fibrous ring called annulus fibrosus. The IVD is dorsally and ventrally enclosed by 
the posterior longitudinal ligament (PLL) and anterior longitudinal ligament (ALL) (Figure 6b). 
The collagen of the annulus fibrosus and the ALL connects with the bone of the vertebra by 
strong connections, termed Sharpey fibers.22 The ALL is relatively narrow in the cervical spine and 
expands in width in the thoracic spine and especially the lumbar area. The ALL consists of three 
layers. The deepest layer connects one intervertebral disc space, the intermediate spans two or 
three disc spaces and the outer superficial layer spans four or five vertebrae.22

Companion animal anatomy of the spine
The canine (Figure 7) and feline spine contains seven cervical, 13 thoracic, seven lumbar, three 
(fused) sacral, and depending on the dog breed up to 20, and cat breed 22 or 23, caudal vertebrae. 
As in humans, the IVDs, made up by two cartilaginous endplates, an inner gel-like nucleus 
pulposus and a fibrous ring called annulus fibrosus, and are located between all vertebrae except 
for C1-C2 and the fused sacral vertebrae. The ventral longitudinal ligament (VLL) and dorsal 
longitudinal ligament, the analogues of the human ALL and PLL, are situated at the ventral 
and dorsal aspect of the canine (Figure 8) and feline vertebral column. On lateral radiographic 
examination the individual vertebrae are easily identifiable, but the intervertebral discs are 
radiolucent (Figure 9-11). 

Figure 7.  Canine skeleton, 1 Wing of atlas or C1 vertebra; 2 
axis or C2 vertebra; 5. C7 vertebra; T1. first thoracic 
vertebra; L1. first lumbar vertebra; 13. sacrum; Cd1. 
first caudal vertebra.124

Figure 8.  Ligaments of the vertebral column, 1. Supraspinous 
ligament; 2. spinous process; 3. interspinous ligament; 
4. arch of vertebra; 5. interarcuate ligament; 6. 
intervertebral foramen; 7. dorsal longitudinal 
ligament; 8. ventral longitudinal ligament; 9. 
intervertebral disc.124
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Figure 9.  Lateral radiographic view of the canine cervical spine without any visible abnormalities.

Figure 10.  Lateral radiographic view of the canine thoracic spine without any visible abnormalities.

Figure 11.  Lateral radiographic view of the canine lumbar, sacral and part of the caudal spine without any visible abnormalities.
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Spondylosis deformans 

Spondylosis deformans in humans
Introduction and etiology
In the biomedical literature spondylosis has been defined as: “Degenerative process of the 
spine involving essentially the annulus fibrosus and characterized by anterior and lateral marginal 
osteophytes arising from the vertebral body apophyses, while the intervertebral disc height is normal 
or only slightly decreased.” 23 Osteophytes are found in the absence of (other) degenerative 
changes.24 However, spondylosis has also often been used to describe a situation in which 
osteophytes are found in combination with progressive degenerative disc disease with decreased 
disc height.10, 25-30 Some authors for instance, use the Kellgren/Lawrence grading system, which 
is designed for OA and describes the amount of loss of joint space (in this case disc height), 
amount of sclerosis, and amount of osteophytes, to grade lumbar spondylosis.10, 31 The etiology 
of spondylosis is not well known. It is proposed that abnormalities in the peripheral annular 
fibers lead to discontinuity and weakening of the anchorage of the IVD. This subsequently 
facilitates abnormal anterolateral (or ventral) disc displacement and leads to traction at the 
site of the Sharpey fibers and development of osteophytes several millimeters from the 
disco-vertebral junction.22 

Diagnosis
The diagnosis of the new bone formation and differentiation between different disorders is most 
often based on radiographic examination. The osteophytes in spondylosis are distinguishable 
different from the syndesmophytes in ankylosing spondylotis and the enthesophytes in spinal 
DISH. In ankylosing spondylotis, the orientation of the new bone formation is straight from 
vertebra to vertebra, while in case of spondylosis the orientation is often first ventrally and later 
cranio-caudally.22 In spinal DISH, i.e., ossification of the ALL, the new bone formation is more 
flowing and by definition affects four or more contiguous vertebrae. The difference in amount 
and appearance of the new bone formation is used to radiographically differentiate between 
these three distinct disorders. For instance, Haller et al. (1989) investigated human pelves and 
differentiated between spondylosis and DISH by the pattern and extent of spinal new bone 
formation. The diagnosis of spondylosis was made when focal osteophytes were found instead of 
contiguous or flowing new bone formation.32 

Prevalence
The prevalence of spondylosis increases with age and is more frequently found in males compared 
to females.22, 33 In the thoracic region predominantly the right side is affected, presumably due to 
the pulsations of the aorta at the left side. In the lumbar region both sides are affected equally.22  
In the UK, in a population of people over 50 years of age a prevalence of 84% of spondylosis in 
men and 74% in women was found.33 In Japan, in a cohort of 2288 people over 60 years of age 
a prevalence of 75.8% was found for the presence of spondylosis with and without loss of disc 
height.10

Skeletal distribution
In humans, spondylosis mainly occurs in the cervical or the lumbar region of the vertebral  
column and less often in the thoracic region.10, 34 Osteophyte formation is described to be 
accelerated by motion and could therefore be more frequently found in the more flexible  
C5-C6 and C6-C7 segments.29 Possibly this is due to acceleration of the aforementioned 
weakening of the anchorage of the annulus fibrosus to the vertebral body and traction at  
the site of the Sharpey fibers.22 
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Clinical symptoms
The three main clinical symptoms found in cervical spondylosis are neck pain, cervical 
radiculopathy and cervical myelopathy.29, 30 Correlations between the amount of lumbar 
osteophytes and low back pain have been described.33, 35 However, the prevalence of these same 
degenerative changes among asymptomatic individuals make the assignment of a clear clinical 
relevance difficult.27 In a cohort study of 2288 people over 60 years old, no significant association 
between the presence of lumbar osteophytes and low back pain was found.10 In combination with 
loss of disc height, only a significant difference in amount of low back pain was found in women 
and not in men.10 Similar frequencies of disc height loss and osteophytes were found in groups 
without-, with moderate-, and with severe low back pain.35 

Treatment
When spondylosis is present in combination with painful degenerative disc disease, conservative 
(e.g., pharmacological and/or physical) treatment is often the initial management.36 The outcome 
of a large meta-analysis published in 1999 was that there was a serious lack of scientific evidence 
supporting surgical management for degenerative lumbar spondylosis.26 In a large survey, many 
spine surgeons revealed to recommend surgical intervention when the symptoms did not resolve 
with conservative treatments.25, 26 Surgical options include anterior and/or posterior fusion or 
transforaminal lumbar interbody fusion/posterior lumbar interbody fusion (TLIF/PLIF).25, 37, 3825, 26 
These surgical therapies are however primarily a treatment for painful degenerative disc disease 
and not specifically for the new bone formation. 

Spondylosis deformans in companion animals
Introduction and etiology
In the veterinary literature, spondylosis is described as a non-inflammatory, degenerative disease 
of the region peripheral to the endplate associated with new bone formation originating several 
millimeters from the disco-vertebral junction.39-42 The osteophytes vary from small spurs to bony 
bridges across the disc space, leaving most of the ventral surface of the vertebral body unaffected. 
Similar to humans, the etiology of spondylosis in companion animals has not been elucidated.41, 43 

Diagnosis
Spondylosis can be diagnosed on radiographic or (histo)pathological examination.39, 41-46 Using 
radiographs, Wright (1982) made a distinction between endplate osteophytes (type 1) described 
to be the result of spondylosis, and a group of three other types (types 2, 3 and 4) of new bone 
formation (Figure 12). The spurs of type 2 and 3, compared to type 1, have a broader base of origin 
at the vertebral body and grow out to be type 4, which consists of a contiguous ventral band of 
new bone. These types were described to be comparable with those seen in human ankylosing 
hyperostosis (former name for DISH).47, 48 Other studies of canine vertebral hyperostosis did not 
specifically distinguish between these two different disorders, i.e., spondylosis and DISH.41-44, 48 In 
these studies, all bridging ossifications were thought to represent severe spondylosis. Langeland 
et al. (1995) and Carnier et al. (2004)) subdivided spondylosis in dogs into 3 subclasses according 
to the degree of osteophytes development. In grade 1, the bony spur does not protrude beyond 
the caudal/cranial edge of the vertebral border; in grade 2, it does protrude beyond the caudal/
cranial edge of the vertebral border; and in grade 3, a bony bridge is formed from the corner of 
one vertebra to the next.41, 42 Morgan and Stavenborn (1991) brought forward the possibility that 
DISH in dogs had earlier possibly been described as a severe variant of spondylosis.49 Although 
radiographic differentiation between DISH and severe spondylosis might be challenging, the two 
disorders have been described to differ in radiographic appearance.49, 50
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Prevalence
The prevalence of canine spondylosis increases with age, with a described breed predilection  
for Boxers. In Norwegian Boxers, a prevalence of 26% (104/402) of spondylosis was found.41 
In Italian Boxers, an even higher prevalence (50%) of grade 3 spondylosis was reported.42  
The prevalence and the degree, or grade of spondylosis, were described to increase with age.42, 43 

Spondylosis has also been reported in cats and in the 1960’s prevalence ranging from 34-68% 
were reported.43, 51 Lascelles et al. (2010) described that in 55 out of 100 cats more than one site  
of the axial column was affected.52 

Skeletal distribution
The caudal thoracic region, cranial lumbar region and the lumbosacral region were reported  
to be most often affected by spondylosis.42-44, 47, 48 Spondylosis in the cervical spine is described  
less often.22, 39, 47 In cats, spinal segments T4-T10 are described to be most frequently affected  
by spondylosis.14, 15, 43, 51-53 More extensive new bone formation was found more frequently in the 
caudal part of the vertebral column.14, 52, 54

Clinical signs
Signs reported to be related to severe canine spondylosis are stiffness in the back, lameness, 
changed gait and pain.42 In working dogs the diminished spinal flexibility is described to 
limit activity.39, 55 Osteophyte formations extending dorso-laterally can compress spinal nerve 
roots at the level of intervertebral foraminae.39 Spondylosis was also detected on computed 
tomography (CT) images in 62% of dogs with degenerative lumbosacral stenosis (DLS).56 Although 
the presence of spondylosis has been suggested to be correlated with Hansen’s type 2 disc 
protrusion40 spondylosis is also found in combination with healthy intervertebral discs. Generally, 
spondylosis has been described not to be of great clinical relevance in dogs.39, 46  
In cats, the spondylosis-associated changes of the intervertebral junction, a cartilaginous joint,  
are dissimilar to those associated with OA of synovial joints.57 Nevertheless, both OA and 
spondylosis are considered as part of degenerative joint disease (DJD) and are suggested to be a 
possible overlooked cause of clinical signs of discomfort and pain in cats.14, 16, 53, 54, 58 Cats are known 

Figure 12. Subdivision of types of osteophytes in the canine spine according to Wright (1982).48
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to mask signs of skeletal pain and often only adjust their behavior as a coping mechanism.53, 59 
To investigate this coping mechanism in cats, more research is needed, including studies using 
questionnaires of owner perceived changes of the cat’s behaviour.60, 61 

Treatment
When pain and stiffness are reported, most veterinarians in general practice start out with 
a conservative treatment that consists of body weight reduction, controlled exercise or 
physiotherapy, and medical treatment with non-steroidal anti-inflammatory drugs (NSAIDs).62

 

Diffuse idiopathic skeletal hyperostosis (DISH) 

Diffuse idiopathic skeletal hyperostosis (DISH) in humans 
Introduction and etiology
Diffuse idiopathic skeletal hyperostosis (DISH) is a common, systemic disorder of the axial and 
peripheral skeleton in middle aged and elderly humans. It results in ossification of soft tissues 
such as (longitudinal spinal) ligaments, sites of attachment of tendons or muscles and capsules  
to bone, i.e., entheses. DISH is not a typical disorder of recent history. Signs of DISH have been 
found for example in the skeletons of the remains of Rhamses II (1302-1213 BC in Egypt),  
in several members from the Italian 16th century D’Medici family and in ancient  
clergymen in the Netherlands.63-67 
 DISH was first comprehensively described by Forestier and Rotes-Querol in 1950.68 Although 
other authors had previously mentioned anatomic changes almost similar to the descriptions by 
Forestier and Rotes-Querol, their publication was the first clinical and radiological study of this 
disorder. Forestier and Rotes-Querol differentiated DISH (which they named senile ankylosing 
hyperostosis at that time) from ankylosing spondylitis and spinal OA by means of differences 
in clinical, pathological, and radiological features.68 Over the years DISH has been given many 
different names, including monoliform hyperostosis, spondylitis ossificans ligamentosa, 
hyperostotic spondylosis, hyperostosis of the spine, ankylosing hyperostosis, Forestier’s disease, 
generalized juxta-articular ossification of vertebral ligament and spondylosis hyperostotica.69 
The name currently most often used in the literature is diffuse idiopathic skeletal hyperostosis, 
or DISH, which was introduced by Resnick et al. (1975), when extra-spinal manifestations of DISH 
were acknowledged.70 
 The etiologic factors involved in DISH are not clear. Various metabolic, endocrinological,  
genetic and environmental factors have been postulated but none has generally been agreed 
upon.71, 72 DISH is often linked to obesity.13, 68, 69, 71, 73-78 In a case control study of 131 patients the 
body mass index (BMI) was significantly higher in the DISH group than in the control group.6 
Clinical consequences of obesity can be hypertension, OA, pulmonary and cardiac failure, type 2 
diabetes mellitus (DM) and cardiovascular diseases. It is therefore not known if the cardiovascular 
risk factors reported to be associated with DISH are due to DISH or due to obesity.75 On the other 
hand, Vezyroglou et al. (1996) found that differences in metabolic abnormalities persisted even 
after adjustment was made for the BMI.77 Some authors suggested that hyperglycemia was the 
most useful laboratory abnormality concurrent with DISH.69 Others found no significant difference 
in glucose levels between patients with and without DISH.71, 78 The relationship with type 2 DM 
(or non-insulin dependent DM) and DISH was often postulated, but remains controversial.13, 72, 79 
For instance, no differences in the prevalence of DM between 50 patients with DISH and a control 
group of 50 persons without DISH was found.80 In a study of 133 patients with DM and a control 
group of 133 persons no statistically significant difference in the prevalence of DISH was found 
between the two groups.81 Vezyroglou et al (1996) found that DM alone was not a risk factor, 
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but in combination with high levels of uric acid and/or hyperlipemia patients had a significantly 
higher incidence of DISH.77 Kiss et al. (2002) compared a group of patients with spondylosis with 
a group of DISH patients. They found differences in body mass index (BMI), the occurrence of 
DM, and the serum level of uric acid. This higher level of uric acid was not associated with BMI, 
suggesting that obesity is not the cause for those elevated levels of uric acid in DISH patients.13 

DISH has been related to abnormal bone cell growth or activity that could reflect the influence  
of metabolic factors that lead to new bone formation. For example serum matrix Gla protein  
could be a marker of osteometabolic syndromes that cause hyperostosis (Figure 13).79  
Some authors suggested that hypervascularity could be the localizing factor.76, 79 Others suggested 
that hyperinsulinemia, associated with high BMI, suppressed the production of insulin-like 
growth factor (IGF) binding protein-1. As a result, it aggravated the growth-promoting effect of 
IGF, which in turn may induce hyperostosis.75 Denko and Melemud (1994) reported that DISH 
patients had elevated insulin and growth hormone values. Symptomatic therapy (with NSAIDs) 
resulted in lower serum GH levels, with values approaching those found in a normal age-matched 
population, but IGF-1 levels were unchanged.78 It was suggested that hyperinsulinemia may be 
the factor that link metabolic parameters with the development of hyperostosis.13, 69 Some authors 
postulated that heavy work may correlate with the extent of DISH involvement.82, 83 In humans 
with vitamin A poisoning or long-term treatment with a vitamin A derivative for dermatologic 
disorders, ligamentous ossification was reported.84, 85

 In summary, the (etio)pathogenesis is not clear; many explanations for the etiology and 
development of hyperostosis of ligaments are hypothetical and still lack strong and significant 
evidence for support. Further investigation is therefore needed.13, 74 

Figure 13. A possible pathogenic mechanism driving bone deposition.79
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Diagnosis
During the 1960’s and 1970’s, some authors in the biomedical literature considered signs 
nowadays described to DISH to be a type of (severe) spondylosis.86, 89 Later, the distinction 
between spondylosis and DISH has been made more frequently.13, 71, 79 Resnick and Niwayama 
(1976) postulated three diagnostic criteria for the diagnosis of DISH in humans that have been 
used most frequently (Table 1).73 Based on these criteria, DISH can be differentiated from several 
other spinal disorders such as spondylosis, intervertebral osteochondrosis, and ankylosing 
spondylitis.73 In typical spondylosis deformans, a flowing pattern along at least four contiguous 
vertebral bodies, as in DISH, would not be found and the spinal new bone formation originates 
from the vertebral body itself instead of the longitudinal ligament.73 Haller et al. (1989) postulated 
that DISH should be considered as a distinct entity that differs from spondylosis not only by 
the contiguous aspect of the ossification, but also by the dominance of ligamentous ossification 
in the spine and in extra-spinal locations.32 The preservation of the disc space is not present 
in intervertebral osteochondrosis while in DISH this is (almost always) the case.90 In DISH, the 
enthesophytes project ventro-caudally from the vertebral bodies with the classic appearance  
of flowing candle wax, forming a flowing extra-articular ankylosis. This new bone formation  
can be distinguished from the more cranio-caudally oriented ‘bamboo spine-like’ outgrowths 
that form a more intra-articular ankylosis in ankylosing spondylitis. Ankylosing spondylitis usually 
starts in late adolescence and early adulthood and consists of inflammatory spinal pain and 
stiffness, decreased range of motion and after many years it can result in characteristic postural 
abnormalities such as ‘the Bechterew stoop’ (marked thoracic kyphosis). The presences  
of degenerative signs like facet hypertrophy and disc space narrowing usually exclude the 
diagnosis of DISH.74 
 Utsinger (1985) suggested revising the Resnick criteria for epidemiological purposes.69  
With these revised criteria it would be possible to include early stages of DISH.  
Utsinger postulated three criteria:
 1.  Contiguous ossification along the anterolateral aspect of at least four contiguous 

vertebral bodies, primarily in the thoraco-lumbar spine. Ossification begins as a fine 
ribbon-like wave of bone but commonly develops into a broad, bumpy, buttress-like 
band of bone.

 2.  Contiguous ossification along the anterolateral aspect of at least two contiguous 
vertebral bodies. 

 3.  Symmetrical and peripheral enthesopathy involving the posterior heel, superior patella 
or olecranon, with the entheseal new bone having a well-defined cortical margin.

•	 	The	presence	of	flowing	calcification	and	ossification	along	the	ventrolateral	aspects	of	at	least	four	contiguous	vertebral	
bodies with or without localized pointed excrescences at intervening vertebral body-disc junctions.

•	 	The	relative	preservation	of	disc	height	in	the	involved	areas	and	the	absence	of	extensive	radiographic	changes	of	
degenerative disc disease (intervertebral osteochondrosis), including vacuum phenomena and vertebral body marginal 
sclerosis.

•	 The	absence	of	apophyseal	joint	bony	ankylosis	and	sacroiliac	joint	erosion,	sclerosis	or	intra-articular	bony	fusion.

Table 1. Criteria to diagnose diffuse idiopathic skeletal hyperostosis according to Resnick and Niwayama (1976).73
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According to these revised criteria several categories of DISH were made, the difference between 
category B and C (i) has not been made clear: 
 A. Definite DISH: criterion  1
 B. Probable DISH: criterion  2, 3
 C. Possible DISH:   (i)  2 and 3 

(ii)  2 
(iii)  3  (particularly if calcaneal spurs occur together 

with olecranon or patella spurs).69

Prevalence
DISH is mostly seen in the elderly and demonstrates a male predominance.13, 74, 90 The incidence 
increases with body weight in both genders.69, 90 The prevalence in man varies around the world.90 

In a hospital population in the USA of people over 50 years old, a prevalence of 25% in males and 
15% in females was found.91 DISH was found to be less common in African blacks, Afro-Americans, 
Native Americans, and Asians than in American Caucasians.91, 93 However, in Pima Indians living 
in the Gila River reservation in Arizona USA, a very high incidence of DISH and type 2 DM was 
found.69 In Korea using the Resnick criteria, a prevalence of 5.4% in males and 0.8% in females 
was found. When looking at two or more bridges these prevalence increased to 7.1% in males 
and 3.2% in females.94 In Israel, a prevalence of 9.8% was found in a cohort of 1020 humans over 
45 years of age.75 In The Netherlands, a recent study by Westerveld et al. (2008) of an outpatient 
population from a clinic for internal medicine showed a prevalence of 22.7% in males and 12.1% 
in females. In this study the authors also looked at ossification of the ALL over three, instead of 
four, contiguous vertebral bodies. This was considered to be a precursor of full-blown DISH. It was 
defined as pre-stage DISH and recorded separately. This pre-stage DISH was found in 4.6% of the 
patients and more frequently in females.95 Weinfeld et al. (1997) made that same differentiation 
but called it ‘likely DISH’ (three vertebrae) and ‘strictly DISH’ (four or more vertebrae).91 In a study 
of 635 persons in Hungary, a prevalence of 6.1% in males and 1.2% in females was found. When 
using the modified Resnick criteria; looking at two or more bridges, prevalence of 27.3% in males 
and 12.8% in females were found.96 In a cohort of Italian females a prevalence of 15.1 % was 
reported.82 Overall, the difference in prevalence found throughout the world suggests a possible 
genetic or ethnic factor in the prevalence of DISH.91

Skeletal distribution
The portion of the spine that is typically involved in humans is the thoracic region (Figure 14a, 
14b and 14c).90 Even in patients with cervical or lumbar complaints the radiographic abnormalities 
were often found on the thoracic spine.69, 74, 79 The thoracic enthesophytes in human patients 
with DISH were usually found at the right side of the spine, presumably because of the pulsatile 
effect from the aorta on the left side.97 Patients with ‘situs inversus totalis’ and DISH subsequently 
showed more ossification at the left side of the thoracic spine.74 The thoracic abnormalities were 
most frequently found between the 7th and 10th thoracic vertebrae.69, 73 Mata et al. (1993) showed 
that the technique of human chest radiographs yields a sensitivity of 77%, specificity of 97%, 
positive predictive value of 91% and a negative predictive value of 91% for diagnosing DISH in 
humans.98

 In the lumbar region radiographic changes resemble those in the thoracic spine but without 
the predilection of the right side (Figure 15). The cranial part of the lumbar region is most often 
involved and may be as much as 2 cm thick.69, 74 Compared to the thoracic and lumbar region, the 
cervical region is less commonly affected but leads to specific symptoms.69, 76, 99 Extensive new 
bone formation of the cervical spine (Figure 16) may lead to dysphagia and/or airway obstruction.
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Figure 14. A) Thoracic anterior-posterior radiograph, 
B) 3D computed tomography reconstruction of with 
the thoracic spine in a human patient with diffuse 
idiopathic skeletal hyperostosis (DISH), and C)  
gross morphological mid-sagittal section of three 
human thoracic vertebrae with ossification 
of the anterior longitudinal ligament (arrow), 
compatible with the diagnosis of DISH.

Figure 15. Lateral view of a radiograph of the lumbar spine 
with new bone formation diagnosed as diffuse idiopathic  
skeletal hyperostosis.

A

C
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Figure 16.  Transverse computed tomography image of 53 year old woman with cervical DISH. Note the extensive new bone 
formation (arrow) at the anterior side of several vertebrae.

Figure 17. Extra-spinal DISH: sternum of an ancient clergyman with extensive ankylosis and first ribs attached.66
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 Extra-spinal manifestations of DISH (Figure 17) are no exception.32, 69 It is even suggested that 
these should be included into the diagnostic criteria.69 Various anatomic locations, such as joints, 
sites of attachment of ligaments, tendons and capsules to bone can be affected. In humans, every 
location has its own characteristic findings that are usually bilateral and symmetrical.74 Peripheral 
manifestations of DISH have been characterized by distinctive features:
 (i) involvement of joints that are often unaffected by primary OA,
 (ii) increased hypertrophic changes compared with primary OA,
 (iii) prominent enthesopathies at various sites adjacent to peripheral joints, and
 (iv) calcifications and ossifications of entheses in sites other than joints.100 

Clinical symptoms
DISH is known to affect the middle aged and elderly and is often asymptomatic. Clinical symptoms 
resulting form DISH are mainly due to altered biomechanics and may consist of painful stiffness 
and restriction in range of motion.74, 96, 101 Symptoms of thoracic outlet syndrome, and heterotopic 
ossification after hip arthroplasty are also described.90 Usually symptoms are relatively mild, 
despite the radiological changes that can be quite dramatic because of the extensive calcifications 
of ligamentous structures.66 Neurological deficits due to spinal cord compression have been 
described to occur occasionally.69, 102 Mechanical dysphagia, dyspnea, stridor, hoarseness, sleep 
apnea, radicular complaints, and difficulty with intubation are complications associated with 
cervical DISH.74 90 74, 90, 103-105 Patients can even die as a result of mechanical respiratory failure, 
probably due to paralysis of the respiratory muscles.90, 99, 105-108 
 Decreased range of spinal motion and reduced flexibility due to DISH can result in spinal 
fractures even after minor trauma.74, 90, 106 Remarkably, the fracture plane found in patients with 
DISH is most frequently located through the vertebral body while in patients with ankylosing 
spondylitis the fracture plane is most often through the disc.97, 109 These fractures in patients with 
DISH tend to be unrecognized, unstable and associated with treatment delays and permanent 
neurologic deficits.74, 106 There are two main reasons why delay in diagnosis often occurs: the 
patient usually has a baseline level of spinal pain preventing him/her to seek medical attention 
in case of an altered pain pattern, and secondly the treating physician does not suspect a spinal 
fracture because the injury may have been considered relatively trivial.74 The findings of a fracture 
on plain radiographs can be subtle, so additional CT-scans and/or MRI may be indicated to confirm 
the fracture and/or associated level of spinal cord injury. Especially great care must be exercised 
when there is a history of trauma and pain in combination with (extensive) new bone formation.74, 

99, 102, 106 The risk of spinal fractures may even be higher in some advanced cases of DISH in which 
multiple completely fused segments exist.107 According to Sreedharan and Li (2005), increasing 
age may also be a confounder in the relationship between DISH and the increased incidence of 
spinal cord injuries. Factors associated with increasing age, such as failing eyesight and decreased 
mobility, could predispose to a growing risk of falling with subsequent risk for fractures. When 
DM and DISH occur concomitantly in humans, this could theoretically make patients more 
susceptible to falls because of possible complications of DM such as peripheral neuropathy, 
autonomic neuropathy, retinopathy, cataracts and episodes of hypoglycemia.90 Westerveld et al. 
(2009) described in their systematic review a high percentage (51.2%) of hyperextension fractures 
in patients with DISH compared to the percentage (0.2%) described by Magerl et al. (1994) in a 
group of 1,445 spine fractures.109, 110 Considering the potential increasing prevalence of DISH in 
western society, this disorder may render an emerging challenge for physicians working with 
spinal injuries.109 
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Treatment
Treatment of DISH is usually conservative but occasionally surgical intervention is indicated 
in case of specific sequelae, such as fractures, dyspnea or dysphagia.74, 90 Conservative therapy 
consist of activity modification, physical therapy, weight loss, corset or brace wear, and medical 
therapy with NSAIDs.69, 111, 112 The efficacy of these therapies is still not well established and more 
research is necessary.74, 111 Pain in the peripheral skeleton may respond to NSAIDs. Pain from spurs 
can be treated with local injection with lidocaine with or without steroids. When conservative 
treatment is not successful surgical intervention can be considered.69 In the cervical region, if the 
enthesophytes are impinging on anterior structures, surgical resection is often considered.74 

Diffuse idiopathic skeletal hyperostosis (DISH) in companion animals
Introduction and etiology 
Surprisingly, few articles are published on DISH in animals. Spinal hyperostosis similar to DISH has 
been described in Dinosaurs, a Saber-toothed cat and old Rhesus monkeys.63, 64, 113 Only two case 
reports of DISH in dogs have been published 49, 50, and no studies describing DISH in cats have 
been published. Woodard et al. (1985) described a case report of a 4-year-old Labrador with  
DISH, and Morgan and Stavenborn (1991) described a 4-year-old female Great Dane Dog with 
DISH.49, 50 No etiologic factors of canine DISH have been reported. In humans type 2 DM is often 
related to DISH. In dogs, DM is most often the result of autoimmune mechanisms affecting the 
β-cell function and therefore more comparable to the human type 1 than type 2 DM.17, 114  
In cats, hypervitaminosis A is known to give rise to extensive new bone formation throughout  
the spinal column and the large peripheral joints.83 In humans, with vitamin A poisoning or 
long-term treatment with a vitamin A derivative for dermatologic disorders, ligamentous 
ossification is also reported.84, 85 In contrast, in dogs treated with 300,000 IU vitamin A on a daily 
basis for 2 months increased bone resorption and reduced bone formation in dogs  
was reported.115

Diagnosis 
Both Woodard et al. (1985) and Morgan and Stavenborn (1991) based their diagnosis of DISH on 
radiographic examination.49, 50 Morgan and Stavenborn (1991) stated that the radiographic and 
pathologic features of canine DISH closely resembled extensive spondylosis, but noticed marked 
radiographic and morphologic differences. Vertebral osteophytes associated with spondylosis 
typically center on individual degenerated discs and do not have patterns of flowing bone  
growth involving contiguous segments or dorsal periarticular changes.49 This is consistent with 
what Haller et al. (1989) reported in humans.32 Morgan and Stavenborn (1991) brought forward 
the possibility that DISH in dogs had earlier been described as a variant of spondylosis.49

Prevalence
No studies describing the prevalence of DISH in a group of (companion) animals have been 
published so far.
 
Skeletal distribution 
Woodard et al. (1985) described in their case report of a dog with DISH that the first skeletal 
abnormalities were seen on the caudal proximal third of the right femur and appeared to  
extend caudally to the ischium and cranially to the ilium. The authors stated that the changes 
in the right hip were combined with spondylosis of L6 and L7. Twenty-six months later more  
abnormal calcifications were noted in the spine and numerous extra-spinal locations.  
Some spinal alterations were described to be related to spondylosis, others were more 
proliferative and were reported to be caused by DISH. The extra-spinal alterations  
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were more extensive and distinct from alterations seen in primary OA.50

 Morgan and Stavenborn (1991) described a 4-year-old female Great Dane Dog with heavy  
new bone formations throughout the thoracic, lumbar and sacral spine, resulting in fusion 
of multiple vertebral segments. This dog also demonstrated new bone formation at multiple 
extraspinal locations: periarticular new bone formation extended the articular surfaces of  
humeral and femoral heads, and both shoulders, both elbows, both hip joints and the right  
stifle joint were affected.49 

Clinical signs
In the aforementioned two cases of canine DISH, the dogs showed orthopedic and neurological 
abnormalities. Extreme stiffness and pain in the axial and appendicular skeleton, presumably due 
to DISH, were not responsive to treatment and resulted in the owners electing for euthanasia.49, 50

Treatment 
Woodard et al. (1985) did not specifically report about treatment other than that the dog was 
initially discharged with instructions for nursing care.50 Morgan and Stavenborn (1991) did not 
describe any therapeutics.49 Possibly, as in humans with DISH, NSAIDs may give some pain relief 
and resolution of clinical signs. When new bone formation impairs the range of motion and/
or cause neurologic deficits or (severe) pain, surgical intervention may be considered. This may 
include enthesophytectomy and in case of radiculopathy due to obstruction of a spinal nerve a 
foraminotomy may be necessary. 

Terminology

In medical practice, the term spondylosis is currently most often used to describe a situation in 
which degenerative disc disease is found in combination with the presence of osteophytes.10, 25-30 
As a result, the differentiation of spondylosis from full blown DISH, in which the intervertebral 
discs are generally not degenerated, is easier. In the veterinary literature spondylosis is primarily 
used to describe spinal osteophytes without necessary signs of intervertebral disc degeneration. 
This makes the distinction in dogs between spondylosis and specifically early stage DISH 
more difficult. In the biomedical literature in the1960’s and 1970’s signs nowadays described 
to DISH were by some authors still considered to be a type of (severe) spondylosis.86-89 Later, 
the distinction between spondylosis and DISH has been made more frequently and currently 
spondylosis and DISH are considered to be distinct disorders in humans.13, 71, 79 In the veterinary 
literature, Wright (1982) acknowledged the occurrence of several different types of spinal bony 
outgrowths, and described the types to be related to different disorders.47, 48 Other authors 
considered these different forms of spinal hyperostosis all to be part of spondylosis.41-44, 48 It would 
be advisable to use the same definitions for spondylosis and DISH in both the biomedical and 
veterinary literature. 
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Future research on spondylosis and DISH
using animal models 

The outcome of studies focusing on spinal hyperostosis in companion animals may be beneficial 
for researchers working in both the veterinary and the biomedical field. Companion animals as 
disease model complement laboratory animal models, but are currently underused as models for 
human (spinal) diseases. Dogs have been reported to naturally develop spondylosis and DISH and 
therefore may be useful to study the etiology of both disorders. For instance, little is known about 
the involvement of specific genes in spondylosis and DISH. Possibly, animal models may be used 
as genetic models. The canine genome is completely sequenced and dog breeds constitute close 
gene pools with a high degree of familiar relationships, making pedigree dogs useful to elucidate 
specific genes involved in diseases.116-119 When specific dog breeds appear to be more frequently 
affected by DISH compared to others, future research could focus on the elucidation of the gene(s) 
involved in the pathogenesis of the disorders using association studies with single nucleotide 
polymorphisms at high density.120 First these dog breeds need to be identified by assessing the 
prevalence of these disorders in a large group of purebred dogs. An optimal animal model for 
DISH mimics the human situation as good as possible. Preferably, this includes the involvement of 
similar etiologic factors as in humans. Although much is still unknown about the etiologic factors 
involved in human DISH, obesity and type 2 DM are often linked to the occurrence of DISH.13, 72, 

74 Since some studies question this link80, 81 more research on the involvement of high levels of 
insulin in the occurrence of DISH are needed. In dogs obese or not, DM is most often the result 
of autoimmune mechanisms affecting the β-cell function and therefore more comparable to the 
human type 1 DM, in which there is a insulin deficiency instead of an insulin resistance as in type 
2 DM.17, 114 This may limit the use of dogs as a DISH model when the involvement of type 2 DM, 
i.e., high levels of insulin, is required. When the focus is specifically on possible treatment options 
for spondylosis and DISH, dogs may serve as an appropriate test population for preclinical trials 
of innovative treatments. Clinical outcomes can be determined with the aid of neurological and 
orthopedic examinations, questionnaires regarding the dog’s functionality, and even force plate 
gait analysis.121, 122

Conclusion

Both spondylosis and DISH are prevalent in humans and are considered distinct entities. 
Nowadays, the term spondylosis is in the biomedical literature mostly used when also 
degenerative disc disease is present. In companion animals, many reports on spondylosis, often 
without intervertebral disc degeneration, are described but little is known of the prevalence of 
DISH or the co-occurrence of both disorders in one animal. The nomenclature and the definitions 
of both spondylosis and DISH in biomedical and veterinary literature should be more in line to 
facilitate comparison. Only two case reports of canine DISH 49, 50 and none of feline DISH were 
reported. Further research is necessary to investigate the prevalence of DISH in canine and feline 
populations. When present and especially when prevalent in certain breeds these animals may 
serve as translational disease models for the elucidation of the gene(s) involved in the (etio)
pathogenesis of DISH or serve as a test population for newly developed treatment options.
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Introduction

Up to 70–85% of the human population will, at least once in their lifespan, suffer from an episode 
of low back pain (LBP).125 In the USA, LBP is the number one cause of lost working days, and direct 
medical costs are estimated at US$12–25 billion annually,126, 127 making LBP not only a major 
medical problem, but also one of immense socio-economic concern.128 The main cause of acute 
and chronic LBP is symptomatic intervertebral disc degeneration (IVDD), i.e. degenerative disc 
disease (DDD), which includes bulging or herniated discs, and spondylarthrosis.129-132 
IVDD has been defined by Adams and Roughley as “an aberrant, cell-mediated response to 
progressive structural failure”.133 Factors that predispose an individual to IVDD include obesity, 
aging, smoking, genetic predisposition, and loading history.8, 9, 133-136 These factors can lead to 
weakening of the intervertebral disc (IVD) in such a way that daily activities could cause structural 
failure.133 Current treatments for DDD are either symptomatic, aimed chiefly at pain relief 137-140 
or surgical, to decompress the affected neural structures. Nucleus pulposus (NP) prosthesis or 
total disc replacement may restore the functionality of the spinal segment after surgery. 141-149 

Future treatment strategies are focused on restoring the IVD and its natural function through 
tissue engineering and regeneration.150-157 However, the development of innovative regenerative 
strategies require knowledge of the pathophysiological processes occurring during IVDD, and 
such strategies should be tested in vitro, ex vivo, and in vivo animal models before being trialed 
in humans. This requires the use of animal models that bear a strong resemblance to the human 
situation. Different animal models have been used for IVDD research, ranging from mice to 
cows (Table 1). Because of differences in the development, anatomy, cell population, tissue 
composition, physiology, and biomechanical properties of the spine and IVD in animals and 
humans, the drawbacks of most animal models for IVDD research have been well described.158 
While no animal model can include all aspects of the system of interest, the optimal model must 
have the essential qualities and characteristics of those of humans.159 In most animal models, 
IVDD is induced chemically or mechanically (Table 1). In induced IVDD models, the etiologic 
factors, severity, onset, and duration of IVDD can be controlled to a certain extent, while this 
is not the case in naturally occurring IVDD. However, the true relationship between the events 
leading to natural spontaneous IVDD and induced IVDD is largely unknown. To mimic human 
IVDD, ‘experimental’ IVDD should occur in an anatomically analogous structure with similar 
pathophysiological features and result in a comparable clinical presentation. In addition, because 
new surgical treatments for DDD focus on the biomechanical properties of the spine, beside the 
pathological features of IVDD, the biomechanical characteristics of the spine of the animal used 
should be similar to those of the human spine. Because the canine model was underemphasized 
by Lotz (2004), Singh et al. (2005), and Alini et al. (2008) in their otherwise extensive reviews 
of animal models in IVDD research,158-160 the focus of the present literature review is on canine 
models in which IVDD is induced or occurs naturally. Recently, there has already been some 
interest in the biomedical field to use the canine model with spontaneous IVDD161 or spinal cord 
trauma162 for investigation of the pathobiology and potential new treatment strategies for these 
diseases in humans. The aim of this Chapter was to review the veterinary and biomedical literature 
on the canine spine and its biomechanical properties, and on the pathophysiology of canine IVDD 
and DDD, its diagnosis and treatment, with a view to determining whether the dog can serve as 
an appropriate model to study human IVDD and to test new treatment options for DDD. 
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Man’s best friend as a spontaneous disease model

For over 15,000 years, dogs and humans have shared the same living conditions and have been 
exposed to comparable nutritional and environmental risk factors.1-4 As in humans, obesity 
is becoming an increasing problem in dogs,5, 6 and life expectancy in both species has been 
extended as a result of advances in medical and veterinary knowledge and technology.  
Thus, dogs and humans are becoming older and obese, and increasingly suffer from disorders, 
such as degenerative spinal diseases.8-12, 163 Several endocrine and skeletal disorders that affect 
dogs are similar to those that affect humans, and canine patients can serve as model for specific 
human diseases.18-21, 163 Given the role of genetic factors in IVDD, 12, 133 an additional advantage  
of the dog as model is that the canine genome has been sequenced. Indeed, canine material has 
already been used in numerous studies to identify the gene(s) involved in the pathogenesis of 
multiple diseases using association studies with single nucleotide polymorphisms (SNP) at high 
density.21, 116, 117, 119, 120, 164, 165 Since IVDD occurs more frequently in a subset of canine breeds and 
there is limited within-breed genetic variation, dogs constitute a powerful tool with which to 
investigate the involvement of specific genes in complex diseases, such as IVDD.

IVDD Model type Species

Experimentally induced Mechanically: forces on the body or 
vertebrae.

Mouse252, Rat253, Rabbit254, Dog216, 217, 255

Structurally: injury; needle, cut, chemical. Rabbit256, Dog215, 257, Pig258, Sheep259, 260, Rat261, 
Goat262, 263

Spontaneously occurring Genetically altered: knock out mice. Mouse264, 265 

Naturally: spontaneous degeneration. Dog223, 223, 251, 266, Sand rat267-269, Pintail mouse270, 
Baboon271

Table 1. Summary of in vivo animal models for research on IVDD.159, 160 

Figure 1.  Schematic anatomical drawings of lateral views on the first three lumbar vertebrae in A) canine (left is cranial)  
and B) human (top is cranial). The vertebrae are depicted in white, the intervertebral discs in blue, and the spinal cord 
in yellow.
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Anatomy of the canine spine and intervertebral disc

The canine spine is made up by seven cervical, 13 thoracic, seven lumbar, three fused sacral, and 
(depending on the breed) approximately 20 coccygeal vertebrae. Compared with the human 
spine, the canine spine includes one additional thoracic, two extra lumbar, and numerous 
extra coccygeal vertebrae. In dogs, the transverse processes are located more ventrolaterally 
(anteriorlaterally) than in humans, but the orientation and size of the spinal processes is  
similar (Figure 1). Other differences and similarities in the size and location of the facet joints, 
pedicles, vertebral canal, and spinal process have been well described by McLain et al. (2002).166 
The core of the vertebral body acts as the primary site of ossification in most mammals. In 
humans, the secondary ossification center is restricted to the base of the cartilaginous endplate 
(EP) and forms an epiphysial ring structure that fuses at approximately 25 years of age.158  
In most animals, including the dog, the secondary ossification is found in an osseous plate 
cranially and caudally to the physial growth plate. The physial growth plate in dogs fuses in 
adulthood, i.e. around 1 year of age.158 The difference in location of the secondary ossification 
center could possibly explain why the human EP is thicker than the canine EP, which may lead 
to differences in the diffusion and supply of nutrients to the IVD.161 Except for the first cervical 
intervertebral junction and the fused sacral vertebrae, all canine intervertebral junctions contain 
IVDs. The shape and size of the IVDs differ in humans and animals. For instance, the shape of 
the ovine, porcine, and young bovine IVD is concave at the caudal/inferior endplate, whereas in 
humans, dogs (Figure 2), and goats it is convex. The size of the canine IVD and vertebral body 
depends on the size (i.e., breed) of the dog. The mean human lumbar IVD height (10.0 mm) is 
approximately three times as large as the mean lumbar IVD height of a Beagle dog (3.0 mm).161, 

167, 168 However, the ratio of IVD height to IVD width is similar in both species.161 Moreover, in dogs 
there is an almost linear relation between IVD size and body weight.161 Since many aspects of  
IVD physiology, such as solute diffusion, are size dependent, normalization of the results of canine 
studies might occasionally be required when extrapolating them to humans.158, 166 Human and 
canine IVDs are composed of the same structures, namely, the annulus fibrosus (AF), EP, and NP. 
During embryonic growth, the perichordal mesenchymal tissue gives rise to the AF and EP, and 
the notochord gives rise to the NP. The canine and human AF consists of multiple circumferential 
lamellae of collagen sheets (mostly type I).169 The outer layer is composed of densely packed 
collagen fibers, while the inner layer at the NP-AF transition zone consists of fibrocartilage 
tissue.170, 171 The cervical canine AF has been described to consist of 13-32 distinct laminae,  
similar to the 15-30 laminae reported in human lumbar discs.172-174 The fibers are oriented  
parallel to each other at an angle of 70 to 80 degrees off the spinal longitudinal axial line in 
humans,175 but the orientation of canine AF fibers is not yet well described.169 The AF is 1.5 to 2.8 
times thicker ventrally than dorsally (Figure 3), which is thought to increase the risk of herniation 
in a dorsal direction toward the vertebral canal.176 The AF is built to resist tensile loads arising from 
multiple degrees-of-freedom in the spinal motion segment, e.g. rotation, shear, and bending. 
The EP is a thin structure of hyaline cartilage that functions as a semi-permeable membrane 
facilitating diffusion and osmosis of nutrients in and out of the IVD.136, 169 Relatively little is known 
about this important part of the (canine) IVD. The healthy canine and human NP consists of 
proteoglycan and water held together by an irregular network of fine collagen type II and elastin 
fibers. The main function of the NP is to withstand load-bearing and compressive forces.169  
Early in life, notochordal cells (NCs) expand and produce a matrix rich in proteoglycans  
(mainly aggrecan) and hyaluronan, which provide the high intra-discal pressure responsible  
for NP expansion.158, 177, 178 Although the exact role of NCs in development of the NP is still not 
completely understood, it has been suggested that they have a progenitor and/or organizing 
function.158, 179, 180 In humans, the number of NCs in the NP slowly declines after birth until  
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none are left at 4–10 years of age.179, 181 In dogs this phenomenon is not equally straightforward as 
is described below. 

Figure 2.  Degenerated canine lumbosacral (L7-S1) intervertebral disc: A) with loss of disc height (collapse), endplate sclerosis 
(asterisk) and spondylosis deformans (arrow) and B) different canine lumbosacral segment after insertion of a pedicle 
screw-rod fixation system to create spinal fusion. 
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Biomechanical properties of the canine spine 

As a consequence of forces exerted by the trunk and back muscles, the canine spine is, like the 
human spine, loaded along its longitudinal axis.182 The gravity load on the quadruped vertebrae is 
not in the same direction as in biped humans. However, Smit (2002) pointed out that it is incorrect 
to assume that loading is greater in biped humans than in quadruped dogs.182 Muscle contraction 
forces and ligament tension add substantially to the load acting on the quadruped spine183 and 
are considered actually larger in quadrupeds than in bipeds.158, 182 A number of characteristics of 
the canine lumbar region during motion are comparable to those of the human lumbar region.158, 

169, 182, 184-187 The inter-segmental differences in the flexion/extension, lateral bending, and axial 
rotation found in humans have also been reported in dogs.188 The absolute mobility in flexion/
extension of the human L1-L2 and L2-L3 segments is comparable to these segments in dogs.186-

188 In lateral bending, the canine L1-L2 and L2-L3 segments are more mobile than their human 
counterparts.186-188 The mobility in the canine L6-L7 segment in flexion/extension and lateral 
bending is comparable to that of the human L4-L5 segment.186-188 The lumbosacral segment in 
humans and dogs has a high range of motion in flexion/extension,158, 189 but this is not the case in 
calves, sheep, or pigs.158 In humans, the mobility in axial rotation increases with increasing severity 
of IVDD190-192, and in dogs, the mobility in axial rotation appears to be greater in spines showing 
signs of early IVD degeneration compared with healthy spines.188 The dog has often been used as 
a model for ex vivo and in vivo effects of surgical procedures and to study spinal biomechanics.153, 

156, 184, 185, 193-212 Similar to humans, in both chondrodystrophic (Beagle) and non-chondrodystrophic 
(Mongrel) dogs decompressive surgery results in a significant decrease in spinal stiffness 186-188, 213, 

214, which makes the canine spine suitable for investigating surgical interventions to restore spinal 
stability.187, 188

Canine intervertebral disc degeneration and disease

During both aging and IVDD in dogs and humans, the cell population, proteoglycan 
concentration, and the water content of the NP and to a lesser degree of the AF decrease, 
compromising the functionality of the IVD and making it more vulnerable to DDD.135, 215-220 

IVDD in dogs is associated with a decreased proteoglycan content, decreased aggregation with 
hyaluronan, decreased proteoglycan hydrodynamic size and relative keratin sulfate content, 
decreased serine proteinase inhibitory protein levels, and increased serine proteinase activity, 
as in humans.158, 218-226 Also, matrix metalloproteinase-2 (MMP-2) activity and Glycosaminoglycan 
(GAG) levels are correlated with the severity of degeneration.161, 227 In general, the processes 
of aging and IVDD occur in all dogs in a comparable way. But more in detail, some differences 
between specifically two types of dog breeds are described.12, 176, 228 The canine population  
can be subdivided into chondrodystrophic (CD) and non-chondrodystrophic (NCD) breeds.178  
In chondrodysplasia, endochondral ossification is altered, resulting in disproportionately short, 
curved legs. In CD dog breeds, such as the Dachshund, Beagle, Miniature Poodle, Lhasa Apso, 
Pekingese, Basset Hound, and American Cocker Spaniel,12, 161, 169, 170, 229, 230 this typical abnormality 
has been a desired breed trait. These CD breeds are genetically predisposed to IVDD, so either 
the genetic abnormality causing chondrodysplasia is directly responsible for the early occurrence 
of IVDD, or it is closely linked to it.12 As in humans, NCs differentiate into, or are replaced by, cells 
with a chondrocyte-like appearance relatively early in life in CD dog breeds (and in sheep and 
cows).231 The process of degeneration starts in the NP, with the NP becoming less viscous and 
more cartilaginous, making it firmer.177-179, 181, 232 This change in matrix and cellular composition 
makes the distinction between the inner AF and the NP less clear (Figure 3b and 3c).135 In CD 
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dog breeds, IVDD occurs in all IVDs simultaneously and is presumably the result of (premature) 
acceleration of the aging process. It is already well advanced in early adulthood (i.e., at the age 
of 1-2 years).12, 169 The NP occasionally even calcifies, a remarkable feature that is also observed in 
asymptomatic dogs.12 In healthy NCD dogs (and also in rabbits, young rats, ferrets, minks, cats, 
pigs, and mice), NCs are typically present in unaffected IVDs until late in life and the NP retains 
it gelatinous appearance (Figure 3a).158, 170, 178, 232 This makes data from research using (healthy) 
IVDs of species that retain NCs well into adulthood thus be more difficult to extrapolate to the 
human situation when it comes to the cellular composition.158 Interestingly, in affected IVDs from 
NCD dogs, only a few or even no NCs are found. IVDD in NCD dogs closely resembles that seen 
in humans: it occurs later in life, as a result of the biomechanical workload, i.e. ‘wear-and-tear 
fatigue failure’, starts simultaneously in NP and AF of specifically IVDs of spinal segments with 
a higher range of motion.12 As in humans, canine IVDD can lead to disc-related back pain and 
neurological deficits associated with DDD.12, 169, 232, 233 176, 228 In countries with an advanced veterinary 
care system, DDD is still one of the more common reasons for euthanasia in dogs under 10 years 
of age (Agria Sweden: Five year statistical report. 33-38, 2000). Canine DDD encompasses four 
well-known different clinical entities, namely, cervical and thoracolumbar IVD herniation in CD 
dogs, caudal cervical spondylomyelopathy (for which the Doberman Pincher is typically at risk), 
and degenerative lumbosacral stenosis in NCD dogs (for instance, the German Shepherd Dog and 
Labrador Retriever). Depending on severity and location of the DDD, the neurologic deficits can 
range from mild proprioceptive deficits to tetraparalysis without deep pain perception.176, 228, 233 In 
CD dogs, the initial degeneration starts in the NP and later on progressive failure of the AF leads to 
a situation in which normal movements, such as walking or standing up, can result in a herniated 
nucleus pulposus (HNP), or extrusion, accompanied by significant hemorrhage and contusion 
of the overlying nervous tissue. Nuclear material herniates through the ruptured AF fibers in a 
dorsal (posterior) direction. This impinges on the spinal cord or cauda equina, resulting in pain 
and severe neurologic deficits.12, 169, 170, 229 In NCD dogs, as in humans, disruption of the lamellar 
layers of the AF in dorsolateral (posteriolateral) direction leads to loss of disc space and bulging, 
or protrusion, of the IVD. This bulging is usually slow in onset and neurologic deficits may initially 
be relatively mild due to compensation of the spinal cord or cauda equina, so that pain and 
discomfort are the more prominent clinical signs.12, 228 

Figure 3.  Transverse section of A) healthy non chondrodystrophic canine lumbosacral intervertebral disc (IVD) and B)  
a chondrodystrophic canine lumbosacral IVD; and C) a human lumbosacral IVD. Note the difference in demarcation 
between the annulus fibrosus and nucleus pulposus. The shape of the canine IVD is more bean-shaped in comparison to 
the human IVD.
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Diagnostic modalities and grading systems for canine 
intervertebral disc degeneration and disease

Several scoring systems have been developed to assess IVDD. Kettler and Wilke (2006) proposed 
two validated systems for radiographical grading of cervical and lumbar IVDD.234, 235 The features 
IVD height loss, osteophyte formation, and sclerosis can be easily scored in dogs as well (Figure 2). 
Until recently, most veterinarians relied on myelography to assess the site of DDD, but computed 
tomography (CT) and magnetic resonance imaging (MRI) are becoming increasingly available.228 
MRI is the most widely used method for assessing DDD in humans 236, 237 and is becoming the 
standard diagnostic tool for DDD in the veterinary field also (Figure 4).238-241 The commonly used 
Pfirrmann grading system and algorithm for MRI evaluation of lumbar disc degeneration in 
humans has recently been validated for use in dogs (Figure 5).237, 242 Seiler et al. (2003) used an 
MRI-based 4-stage system to classify IVDD in NCD dogs, using histology as the gold standard.240 
The 5-category grading system for pathologic changes seen on gross morphology described 
by Thompson et al. (1990) has been widely used as the gold standard in IVDD research and has 
recently also been validated for use in canine IVDD.243, 244 The five Thompson grades of human and 
canine IVDD are correlated with histological changes, and can be visualized using picrosirius-red/
alcian-blue stained slides (Figure 6). A histological grading scheme (created by Boos et al. 2002) 
includes information concerning EPs, new bone formation, and the presence of tear and cleft 
formation.245 Without modification, these two pathological scoring systems can only be applied to 
functional spinal segments (vertebra-IVD-vertebra), and not on surgically obtained material. 

Figure 4.  T2-weighted magnetic resonance (MR) image of a canine degenerated lumbosacral (L7-S1) intervertebral disc: note 
the loss of the water signal and spondylotic bridge (arrow) and severe disc bulging with compression of the cauda 
equina (asteriks).
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Figure 5.  Magnetic resonance imaging of the 5 different Pfirrmann grades of A) canine and B) human intervertebral discs  
(place I – V next to pictures) (from top to bottom grade I (= healthy disc), II,III, IV and V). Figure 5B is adapted 
from Pfirrmann CW, Metzdorf A, Zanetti M, et al. Magnetic resonance classification of lumbar intervertebral disk 
degeneration. Spine 2001;26:1873–1878. Reprinted with permission.
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Figure 6.  Mid-sagittal histology slides with Picrosirius red and Alcian blue staining of A) canine and B) human vertebral discs 
during the different stages of IVDD (from top to bottom grade I (= healthy disc), II, III, IV and V). Picrosirius red / Alcian 
blue stains collagen red, sulfated and carboxylated acid mucosubstances (proteoglycans) blue, nuclei blue-black and 
other tissue elements yellow
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Treatment of canine degenerative disc disease

Most owners of dogs with DDD want the highest quality of veterinary care for their pet, including 
conservative and surgical treatments similar to those used in human medicine (Figure 2 and 7).176, 

228 Conservative treatment focuses on changes in exercise in combination with weight reduction, 
when needed, and administration of analgesics and anti-inflammatory agents (mostly NSAIDs) 
for up to 6 weeks.228 Since conservative treatment does not resolve the underlying problem, i.e. 
IVD disease, surgical intervention is often needed. Current surgical treatment of canine DDD aims 
at decompression of the nervous tissue by removing herniated and degenerated disc material 
via a hemilaminectomy or a dorsal (posterior) laminectomy, depending on the location of the 
degenerated IVD (Figure 7).176, 228 Also in dogs, discectomy and vertebral fusion, using cervical 
locking plates for caudal cervical spondylomyelopathy246 or titanium pedicle screw-rod fixation for 
degenerative lumbosacral stenosis, is occasionally necessary (Figure 2b).247 Laboratory dogs have 
also been used as research models for spinal fusion.248 As in humans, fusion of spinal segments 
in dogs results in a loss of flexibility and load-bearing function of the affected segments, thereby 
possibly accelerating degeneration of the adjacent IVDs.128, 141, 181, 185, 249 

Figure 7.  Skeletal and intra-operative presentation of A) hemilaminectomy of a canine L1-L2 segment and B) dorsal 
laminectomy of a canine L7-S1 segment. 
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Summary

Domestic companion animals as disease model complement laboratory animal models, but are 
currently underused as models for human disease.250 There are extensive similarities between 
canine and human IVDD in clinical presentation, diagnostic imaging, morphological and 
histological appearance, biochemical changes, and treatment.12, 129, 158, 160, 195, 220, 230, 251 In IVDD 
research, the scoring systems of Thompson (pathological changes) and Pfirrmann (MRI) are gold 
standard,237, 243 and both systems have recently been validated for use in dogs242, 244, which suggests 
that the different grades of IVDD in degenerating human and canine IVDs are comparable.161 
Laboratory dogs have often been used as large animal model in IVDD research, for instance for the 
development of new strategies for IVD regeneration.152, 154, 155 Yet in these models IVD degeneration 
was induced by nuclectomy, and hence the advantages of investigating naturally occurring 
IVDD were not exploited. Beagles, a CD breed, would be useful to test regenerative strategies for 
early- and intermediate-stage IVDD, as in these animals most IVDs show signs of degeneration by 
1-2 years of age. This would enable the efficacy of multiple regenerative strategies to be tested 
simultaneously in naturally occurring IVDD. Beagles, which are widely available as laboratory 
animal, may especially be useful when a uniform research population is needed. On the other 
hand, pet dogs are an underutilized resource in research on human IVDD. Both CD and NCD 
dogs can naturally develop DDD and thereby may serve as an appropriate test population for 
preclinical trials of innovative treatments for intermediate- or late-stage IVDD. Clinical outcomes 
can be determined with the aid of neurological examinations, questionnaires regarding the dog’s 
functionality, and even force plate gait analysis.121, 122 The CD breed dogs (for instance, Dachshund) 
could be used as models of cervical and thoracolumbar IVD herniation. NCD breed dogs might 
even be more appropriate when investigating the treatment of specifically bulging discs since 
most HNP in CD dogs are mostly extrusions. Doberman Pinchers could be useful for research on 
caudal cervical spondylomyelopathy, and German Shepherd Dog for degenerative lumbosacral 
stenosis. Diseased pets will most likely benefit from such trials, especially as these innovative 
treatment options would otherwise mostly not be available to the veterinary practice. Moreover, 
biomedical researchers can also benefit from the outcome of such in vivo veterinary clinical 
trials, testing the feasibility of certain treatments, prior to conducting clinical trials involving 
human patients. Testing these treatments longitudinally in pets is ethically not different from 
many other veterinary clinical trials. It could also be cost efficient compared to (large) laboratory 
animal research, since pet owners will pay for housing, food and (at least part of ) the treatment. 
A drawback of using client-owned dogs is owner compliance is sometimes less optimal, and 
the fact that pathological investigations cannot usually be performed at predetermined times. 
However, owners and veterinarians could agree that an autopsy would be performed when the 
dog eventually dies. Taken together, the collaboration between biomedical researchers and 
veterinarians may be beneficial to both canine and human populations. In conclusion, since 
human disc material is difficult to obtain and legislation requires animal studies to be performed 
before clinical testing in humans, canine patients may be a suitable translational alternative to 
human material for studying IVDD and DDD. Canine patients with DDD suffer from clinical signs 
comparable to those of human DDD patients, and the diagnosis is based on similar diagnostic 
criteria and using the same imaging modalities as in humans. Moreover, the treatment of DDD is 
similar in dogs and humans. Therefore, man’s best friend could serve as an optimal spontaneous 
model for IVDD and DDD research. 
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Aims and scope of the thesis

Spinal disorders of companion animals often resemble spinal disorders of their human equivalent. 
These companion animals may therefore serve as translational spontaneous disease models for 
human pathology. 

The general introduction in Chapter 1 is divided into two sections. The aim of Chapter 1 
is to review past and current literature on A) diffuse idiopathic skeletal hyperostosis (DISH) 
and spondylosis deformans (spondylosis) in both humans and companion animals, and B) 
intervertebral disc (IVD) degeneration and degenerative disc disease (DDD) in dogs.  
There is a special focus on what has been described about these disorders in companion  
animals, to evaluate whether these animals may serve as disease models for their human  
analogs. 

The present thesis consists of two parts. Part I consists of Chapters 3, 4, 5, 6, and 7. The aim 
of these chapters is to increase the knowledge of three spinal disorders (i.e., degenerative 
disc disease (DDD) due to intervertebral disc (IVD) degeneration, diffuse idiopathic skeletal 
hyperostosis (DISH), and spondylosis deformans) of companion animals, and to determine if  
these animals may serve as translational spontaneous disease models for humans. 

The aim of the study reported in Chapter 3 is to investigate the prevalence of DISH in a large 
group of dogs. In Chapter 4 this is combined with the prevalence of spondylosis in the same 
group of dogs. In addition, four cases of canine DISH are described in detail. The aim of the 
study described in Chapter 5 is to evaluate if magnetic resonance imaging (MRI) may be useful 
in differentiating between DISH and spondylosis. In Chapter 6 the prevalence of DISH and 
spondylosis in a large group of cats is reported. In addition, an owner’s questionnaire is used to 
evaluate the clinical signs of caudal lumbar spondylosis in a group of cats. The aim of the study 
described in Chapter 7 is to investigate the relationship between the clinical signs and the grade 
of IVD degeneration found on MRI and histology in a group of dogs that was surgically treated for 
IVD disease.

In Part II of this thesis, consisting of Chapters 8, 9, 10 and 11 the canine model is used to  
study two new treatment options. In IVD disease the annulus fibrosus is frequently no longer 
intact (i.e., herniated) or needs to be opened in order to facilitate access to the nucleus pulposus 
(i.e., nuclectomy). The aim of the study reported in Chapter 8 is to evaluate a new method to  
close the annulus fibrosus. The aim of the studies reported in Chapter 9 and 10 is to evaluate  
a novel nucleus pulposus prosthesis (NPP) in canine cadaveric lumbar spines. First, the design  
and manufacturing of the NPP, surgical insertion technique, visibility on imaging modalities, 
in situ swelling capacity, and biomechanical evaluation are reported in Chapter 9. The aim of 
Chapter 10 is to describe a pilot study evaluating the performance of this NPP in compression 
and repeated cycle testing.

The results of these studies are discussed and summarized in Chapter 11. A laymen’s summary is 
provided in Dutch in Chapter 12. 
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The hypotheses of this thesis are:

1.  Dogs may serve as optimum longitudinal spontaneous disease models for human intervertebral 
disc degeneration (IVDD) and DDD; 

2. Dogs and cats may serve as a research population for DISH and spondylosis;
3.  Dogs may serve as an optimal test population for new treatments for degenerative disc disease 

in man;
4. It is feasible to permanently close an annular defect with a glue; 
5.  A hydrogel nucleus pulposus prosthesis with a softness gradient to replace the degenerated 

nucleus pulposus is a surgical alternative for patients with DDD. 
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Abstract

Background/Aims  
Diffuse idiopathic skeletal hyperostosis (DISH) is a systemic disorder 
of the axial and peripheral skeleton in humans and has incidentally 
been described in dogs. The aims of this study were to determine the 
prevalence of DISH in an outpatient population of skeletally mature dogs 
and to investigate if the dog can be used as an animal model for DISH.

Methods  
Retrospective radiographic study.

Results  
The overall prevalence of canine DISH was 3.8% (78/2041).  
The prevalence of DISH increased with age and was more frequent in 
male dogs, similar to findings in human studies. In the Boxer breed 
the prevalence of DISH was 40.6% (28/69). 

Conclusion
Dog breeds represent closed gene pools with a high degree of familiar 
relationship and the high prevalence in the Boxer may be indicative for a 
genetic origin of DISH. It is concluded that the Boxer breed may serve as 
an animal model for DISH in humans.
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Introduction

Diffuse idiopathic skeletal hyperostosis (DISH) is a systemic disease of the axial and peripheral 
skeleton.68 DISH results in ossification of soft tissues including the longitudinal spinal ligaments 
and sites of attachment of tendons and capsules to bone. DISH was first described by Forestier 
and Rotes-Querol in 1950.68 In 1976, Resnick and Niwayama postulated three criteria for the 
diagnosis of DISH which are now widely used in literature and may be helpful differentiating DISH 
from other spinal disorders, such as spondylosis deformans, intervertebral osteochondrosis and 
ankylosing spondylitis.73 The prevalence of DISH varies with geographic location and ranges from 
2.9% in Korea to 25% in the USA.90, 91, 94-96 The variation in prevalence for DISH found throughout 
the world suggests a possible genetic and/or ethnic factor in the pathogenesis of DISH.91, 93, 94 

The etiologic factors are not yet clear but various metabolic, endocrinological, genetic and 
environmental factors have been suggested to contribute to its development.13, 71, 72 DISH is 
associated with obesity and the incidence increases with body weight in both genders.71, 72, 75 
 DISH often remains asymptomatic but can lead to mild back pain, stiffness and restriction  
in spinal range of motion.74, 101 In advanced stages of DISH, multiple level spinal ankylosis may  
lead to spinal cord compression or result in unstable fractures of the spine, even after trivial 
trauma, often mimicking clinical features of ankylosing spondylitis.90, 106

DISH has been described in two canine cases, in which both dogs showed orthopedic and 
neurological abnormalities and were eventually euthanized because of the severity of 
symptoms.49, 50 Morgan and Stavenborn (1991) suggested that DISH and extensive forms of 
spondylosis deformans in dogs, a condition frequently described in veterinary literature, have 
many features in common.41, 42, 49

 For more than 15,000 years dogs have lived with humans in comparable conditions.3, 4 They 
share the same environment and are subjected to similar nutritional and toxic substances. 
The nutrition of dogs on commercial pet food diets has been researched intensively. But yet a 
growing number of dogs develop obesity and estimations vary between 20 and 40 percent.5, 6 
Endocrinological syndromes and conditions of the spine show great similarities between humans 
and dogs, and for specific diseases in humans, dogs may serve as a spontaneous disease animal 
model.18-20, 119 
 However, no animal model has been described for DISH. Therefore the aims of the present study 
were: 1) to determine the prevalence and spinal distribution of DISH in an outpatient population 
of skeletally mature dogs, 2) to study the relation between DISH and age, gender, neutering status 
and breed and 3) to investigate if the dog could be used as an animal model for DISH.

Materials and Methods

Radiographs of dogs older than 1 year, referred to the Department of Clinical Sciences of 
Companion Animals between February 2003 and January 2008, were retrieved from the hospital 
database. From this cohort, radiographs were selected when more than 20 dogs of a particular 
breed were available, leading to a total of 2041 dogs from 33 breeds. All dogs were referred by 
veterinarians for various medical conditions not necessarily related to the spine.
 Radiographs of the thorax, abdomen and cervical and/or thoracolumbar spine were all eligible 
for review. DISH was confirmed when the criteria of Resnick and Niwayama (1976) were met.73 
The radiographs were screened by the principal investigator according to a predefined scoring 
system: (1) DISH, (2) possible DISH and (3) no DISH. Radiographs marked with score 1 or 2 were 
re-reviewed by two investigators in a consensus meeting to confirm or refute the diagnosis of 
DISH. When consensus on the diagnosis was not established, a third investigator was consulted. 
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The indications for radiographic examination were reviewed and categorized in three groups. 
Suspected thoracic abnormalities and screening for metastatic disease constituted the majority 
of indications (75%). The group ‘spinal’ included dogs that were examined for neurological or 
orthopaedic complaints (18%). In 7% the indication for the radiographs was an abdominal 
problem. 
 Statistical analysis was performed using SPSS software (version 16.0). The Student’s t-test was 
performed on the mean ages of dogs with and without DISH. Univariate analysis was performed 
on age, gender, neutering status, breed in general and in case one or more breed(s) appeared 
most affected, for a particular breed separately. Variables that were significantly related to DISH 
in the univariate analysis were subsequent analyzed in a multiple logistic regression model. 
Significance was set if p < 0.05. 

Results

From the total group of 2041 dogs, 51.3% were male and 48.7% female. The mean age ± SD of 
all dogs was 7.2 ± 0.2 years (range 1-17 years). The mean age of dogs with DISH (8.9 ± 1.0 years, 
range 2-16 years) was significantly (p=0.00) higher than the mean age of dogs without DISH (7.0 
± 0.2; range 1-17 years). The overall prevalence of DISH in this cohort was 3.8% (78/2041) (95% 
confidence interval (CI) 3.0-4.7) (Table 1). DISH was present in male dogs more frequently than in 
female dogs. In male dogs the prevalence of DISH was 4.3%, in female dogs the percentage was 
3.3%. Stratified into three age groups, DISH was more prevalent in older dogs (Table 1).
 Fifteen breeds were affected by DISH. Among these, only the Boxer breed showed an 
exceptionally high prevalence and reliable confidence interval; 40.6% (28/69) (95% CI 29.0-52.2). 
In contrast, two other popular dog breeds, the Labrador Retriever and the Bernese Mountain 
dog, that were well represented in the cohort, showed a low prevalence for DISH (2.5 and 2.0% 
respectively)(Table 2). In dogs of eighteen other breeds, including the Beagle (a dog frequently 
used in experimental studies), DISH was not found. 
 DISH was predominantly localized in the thoracolumbar spine (Figure 1). Two dogs showed 
DISH in the cervical spine; 52 dogs in the thoracic spine; 22 dogs in the thoracolumbar spine 
(Figure 2) and two dogs in the lumbar spine (Figure 3). 
 Univariate analysis on parameters age, gender, neutering status and breed resulted in a 
statistically significant positive odds ratio of 1.22 for age only (95% CI 1.14-1.31, p=0.00). The odds 
ratio’s for gender of 1.31 (95% CI 0.83-2.07, p=0.25) and neutering status of 1.09 (95% CI 0.69-
1.71, p=0.72) were not significant (p>0.05). The odds ratio for the most affected dog breeds was 
investigated and univariate analysis resulted in a significant positive odds ratio for the dog breed 
Boxer of 26.25 (95% CI 15.05-45.80, p=0.00). 
 The parameters significantly related to DISH in the univariate analysis were subsequently 
analyzed in a multiple logistic regression model. This model showed that age (1.32, 95% CI 1.21-
1.44) and dog breed Boxer (51.27, 95% CI 26.57-98.93) were significantly related to the presence of 
DISH (p=0.00 for all parameters). 
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Gender No DISH DISH Total

Male dogs 1002 (95.7; 94.5-96.9) 45 (4.3; 3.1-5.5) 1047 (100.0)

Female dogs 961 (96.7; 95.6-97.8) 33 (3.3; 2.2-4.4) 994 (100.0)

Age group

1-5 years 736 (98.3; 97.3-99.2) 13 (1.7; 0.8-2.7) 749 (100.0)

6-10 years 951 (95.8; 94.5-97.0) 42 (4.2; 3.0-5.5) 993 (100.0)

11-17 years 276 (92.3; 89.3-95.3) 23 (7.7; 4.7-10.7) 299 (100.0)

Total 1963 (96.2; 95.4-97.0) 78 (3.8; 3.0-4.7) 2041 (100.0)

Table 1.  The prevalence of DISH in 2041 dogs according to gender and age groups: number of dogs  
(percentage; 95% confidence interval).

Breed N DISH 

Labrador Retriever 244 6 (2.5; 0.5-4.4)

Bernese Mountain dog 199 4 (2.0;0.1-4.0)

Golden Retriever 156 6 (3.9; 0.8-6.9)

Rottweiler 120 2 (1.7; -0.6-4.0)

German Shepherd 113 8 (7.1; 2.4-11.8)

Boxer 69 28 (40.6; 29.0-52.2)

Bouvier des Flandres 63 4 (6.4; 0.3-12.4)

Flatcoated Retriever 61 8 (13.1; 4.6-21.6)

Table 2.  Prevalence of DISH (number (%; 95% confidence interval) in eight large dog breeds (> 25 kg) of which at least 60 dogs 
were available for screening.

Figure 1. Distribution of bridging ossifications of the spinal longitudinal ligament in 78 dogs with DISH.
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Figure 2. Radiograph of an 8-year-old neutered female Boxer with DISH at T9-L7.

Figure 3. Radiograph of an 8-year-old neutered male Boxer with DISH at L4-S1. 
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Discussion 

Similar to humans, male dogs were more frequently affected by DISH than female dogs and the 
overall prevalence increased with age. A genetic background of DISH in humans was suggested  
to underlie the difference of the prevalence in ethnic groups with Caucasians being most 
frequently affected, compared to native Africans, Afro-Americans and Asians.91-94 The Boxer breed, 
like many inbred dog breeds, represents a closed gene pool with a high degree of familiar 
relationships.116, 118 The high prevalence of a specific disease in a certain dog breed and absence  
of this disease in other breeds, is suggestive of a genetic mechanism.117 The high prevalence 
of DISH in the Boxer breed may allow for the study of DISH in a spontaneous disease animal 
model. With the present knowledge of the sequenced canine (Boxer) genome 116, 118, 119, future 
studies could focus on the elucidation of the gene or genes involved in the pathogenesis of  
DISH using association studies with single nucleotide polymorphisms at high density.120 
 When using the dog as an animal model for spinal research some biomechanical issues are 
important to consider. For example the direction of the gravity load on the spine in quadruped 
dogs is not the same as in bipedal humans and therefore the loading on the human spine  
is commonly assumed to be larger than that in quadrupeds. However, biomechanical 
measurements show the contrary. The muscle contraction forces and tension structures such as 
ligaments and intervertebral discs in the quadruped spine add substantially to the axial loading 
on the spine 183 which is actually larger in quadrupeds than in bipeds.158, 182 This may limit how  
we extrapolate the results of canine experiments to humans.158 The canine spine is loaded along 
its long axis just like the human spine.182 The dog may serve as a valuable animal model for  
spinal research but, as with all animal models, care must be taken when transferring the results 
to the human situation.158, 182, 272 

 The segmental distribution of DISH in the spine in our cohort of dogs showed great similarities 
to that in humans. Resnick and Niwayama (1976) reported in their study of 215 cadaveric spines 
and 100 patients with spinal manifestations of DISH that the 7th to 10th thoracic vertebrae were 
most frequently affected, although lumbar involvement was also present. In addition, they noted 
a lower incidence in the most cranial thoracic vertebrae.73 In the present study in dogs, DISH was 
found in similar locations as in humans. The caudal thoracic vertebrae and, to a lesser degree,  
the cranial lumbar vertebrae were most frequently affected in dogs.
 No studies on DISH in dogs have been reported other then the case reports of Morgan and 
Stavenborn (1991) and Woodard et al. (1985). Both dogs were eventually euthanized because  
of extreme stiffness and pain of the spine and joints refractory to medical treatment.49, 50  
 The bone formation along the spine in DISH probably originates from ossification/calcification 
of the anterior (or, in quadrupeds, ventral) longitudinal ligament whereas spondylosis deformans 
originates from the endplates of vertebral bodies. Spondylosis deformans is a common disorder 
in dogs and prevalences of spondylosis deformans ranging from 26% to 50% in Boxers have been 
published.41, 42 The radiographic differentiation of both conditions, however, remains difficult in 
severe cases.22 Morgan and Stavenborn (1991) suggested that DISH in dogs closely resembled 
extensive spondylosis deformans. In retrospect, it may have been more appropriate to use the 
term DISH for some of the severe cases of spondylosis deformans reported in dogs.49 
 In conclusion, the current radiographic study showed the presence of DISH in some dog 
breeds and demonstrated that its prevalence increased with age and was higher in male dogs. 
Considering the unusually high prevalence of DISH in the Boxer breed, this animal may serve as a 
spontaneous disease animal model for DISH in humans. Furthermore, our results are indicative of 
a genetic origin of canine DISH. Future research may be directed at the elucidation of the gene(s) 
involved in the pathogenesis of this disorder.



54

CH. 3



CH. 4

Diffuse idiopathic skeletal 
hyperostosis (DISH)
and spondylosis deformans in 
purebred dogs: A retrospective 
radiographic study 

Hendrik-Jan C. Kranenburg
George Voorhout
Guy C.M. Grinwis
Herman A.W. Hazewinkel
Björn P. Meij

Vet J. 2011;190(2):e84-90. 



56

- Part I Spinal Disorders

CH. 4

Abstract 

Background/Aims 
This study was performed to investigate the prevalence of diffuse 
idiopathic skeletal hyperostosis (DISH) and spondylosis deformans 
(spondylosis) in 2041 purebred dogs and to determine association with 
age, gender and breed. Four cases of DISH provided information on the 
appearance of canine DISH. 

Methods 
A retrospective radiographic study

Results
The prevalence of DISH and spondylosis was 3.8% (78/2041) and 18.0% 
(367/2041), respectively. Of dogs with DISH, 67.9% (53/78) also had 
spondylosis, whereas 14.0% (53/367) of dogs with spondylosis also had 
DISH. Dogs with DISH and/or spondylosis were significantly older than 
those without spinal exostosis. The prevalence of DISH and spondylosis 
was 40.6% (28/69) and 55.1% (38/69), respectively, in Boxer dogs. 
Nineteen smaller breeds were not affected by DISH, but showed signs of 
spondylosis; only standard Poodles appeared not to be affected by either 
disorder. Radiography, computed tomography (CT), magnetic resonance 
imaging (MRI), and/or histopathology were used to investigate four DISH 
cases. 

Conclusion 
It was concluded that spondylosis and DISH can co-occur in dogs. 
DISH has probably been previously under-diagnosed and mistaken  
for severe spondylosis. The diagnosis can be made using radiography,  
CT or MRI. On histology, DISH can be distinguished from spondylosis 
by the location (ventral longitudinal ligament) and extent of new  
bone formation. 
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Introduction

Different types of osteophyte formation can coexist in the canine and human spine.  
Wright (1982) recognized that the different types signified two distinct disorders, namely, 
spondylosis deformans (spondylosis) and ankylosing hyperostosis. The latter is currently  
referred to as diffuse idiopathic skeletal hyperostosis (DISH) 49, 50, 73, 74 and is considered a  
disorder distinct from spondylosis.13, 22, 32, 71, 273

The systemic disease, DISH, affects the axial and appendicular skeleton and results in ossification 
of soft tissues, including the spinal ventral longitudinal ligament (Fig. 1) and sites of attachment 
of tendons and capsules to bone.68, 73 In humans, DISH is associated with symptoms that vary 
from mild back pain to spinal cord compression or even spinal fractures.74, 90, 101, 106 Occasionally, 
DISH has been described in the veterinary literature.49, 50 Extreme stiffness and pain in the axial 
and appendicular skeleton, presumably due to DISH, has been reported in two dogs, which were 
subsequently euthanized.49, 50 

Spondylosis is a non-inflammatory, degenerative disease of the peripheral endplate region 
associated with new bone formation.22, 39-42 Osteophytes vary from small spurs to bony bridges 
across the disc space, leaving at least part of the ventral surface of the vertebral body unaffected 
(Fig. 1). Spondylosis was detected on computed tomography (CT) images in 62% of dogs with 
degenerative lumbosacral stenosis (DLS).56 Although the presence of spondylosis is suggested to 
be associated with Hansen type II herniated nucleus pulposus (HNP) 40, spondylosis is also found in 
combination with healthy intervertebral discs. 

Spondylosis is more prevalent in aging dogs with a breed predilection for German Shepherds 
and Boxers, and can be diagnosed on radiographic or (histo)pathological examination.39, 41-46 
Spondylosis is not generally considered to be of great clinical relevance, except in working dogs 
in which the diminished spinal flexibility might limit activity.39, 55 Osteophyte formations extending 
dorsolaterally can compress spinal nerve roots at the level of intervertebral foraminae.39 Signs 
reported to be related to severe spondylosis are stiffness in the back, lameness, changes in gait, 
and pain.42 Since DISH is relatively unknown in the veterinary community, it may have been 
previously mistaken for severe spondylosis on radiographic examination.49, 163 

In humans, DISH and spondylosis can occur independently and simultaneously.32, 273 No studies 
of the co-occurrence of DISH and spondylosis in dogs have yet been described. The aims of 
this study were (1) to determine the prevalence and spinal distribution of spondylosis in a 
radiographic study of a large group of purebred dogs and to study its association with age, sex, 
and breed; (2) to combine the outcome with the prevalence of DISH as previously reported 163 with 
kind permission of Springer Science and Business Media), and (3) to enhance our understanding 
of canine DISH using four dogs with DISH for which a descriptive imaging and histological study 
was conducted.
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Materials and methods

Radiographic study
Radiographs including the spine and medical reports of dogs older than 1 year, referred to the 
Utrecht University Veterinary Medical Teaching Hospital between February 2003 and January 
2008 were retrieved from the hospital database. For statistical purposes, breeds were included 
if radiographs of more than 20 dogs of a certain breed were available. All dogs were referred by 
veterinarians for various medical conditions not necessarily related to the spine. The indications 
for radiographic examination were thoracic (75%), orthopaedic or neurological complaints (18%) 
and abdominal problems (7%). 

Radiographs of the cervical, thoracic and/or lumbar spine were eligible for review. The radiographs 
were examined by the principal investigator according to a scoring and grading system for both 
disorders (Table 1). A diagnosis of DISH was made if the diagnostic Resnick criteria were met 
(Table 2).73 These criteria were developed to differentiate DISH from spondylosis, ankylosing 
spondylitis, osteoarthritis of the facet joints, and vertebral osteochondrosis. The radiographs that 
were scored positive for DISH were re-reviewed by a medical researcher trained in diagnosing 
DISH in humans to confirm or refute the diagnosis of DISH. Spondylosis was diagnosed if 
radiographic signs of new bone formation were found adjacent to the endplate region and 
classified in three stages (mild, moderate or severe) according to Langeland and Lingaas 41  
(Table 1). Thus, in spondylosis osteophytes do not affect the complete ventral surface of the 
vertebral body in the typical flowing manner as in DISH (Figure 1). 

Statistical analysis of the data was performed using SPSS software version 16.0. Data were 
assessed for normality of the residuals and homogeneity of the variances. Student’s t test was 
performed on the mean ages of dogs with and without spondylosis and/or DISH. One-way 
ANOVA with Bonferroni correction was performed on the mean age of the dogs with spondylosis 
of different severity (grade) and/or DISH. Univariate analysis was performed to analyze the 
association between age, gender, neutering status, and breed, and spondylosis. Variables that 
were significantly associated with spondylosis in the univariate analysis were subsequently 
analyzed in a multiple logistic regression model. Odds of < 1.0 were indicative of a protective 
factor that made dogs less likely to develop the disease and odds of > 1.0 were indicative of a 
predisposing factor that made dogs more likely to develop the disease. When calculating the odds 
for spondylosis the sum of dogs scored as grades 1, 2, 3, D1, D2 and D3 is used. For calculating the 
odds for DISH, the sum of grades D0, D1, D2 and D3 represent the dogs scored positive for DISH. 
Significance was set at P < 0.05.

Descriptive study
Four dogs, referred between 2008 and 2010, were selected to investigate the imaging and 
histological appearance of canine DISH. CT used for imaging of the lumbar and lumbosacral 
vertebral column was a single slice helical CT scanner (Philips Secura, Philips NV) with 120 kV, 
260 mA and 1 s scanning time per rotation. Magnetic resonance imaging (MRI) was done using 
a low-field (0.2 Tesla) open magnet (Magnetom Open Viva, Siemens AG) with a 16 cm-diameter 
multipurpose flex coil. The imaging protocol included T1-weighted (TR 510 ms, TE 26 ms) and T2-
weighted (TR 4455 ms, TE 117 ms) 3-mm-thick sagittal slices. Histopathological examination of the 
vertebral column is shown for one dog.
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Grade Criteria
Number of dogs
(percentage; 95% 
confidence interval)

Age
(Mean ± SE)

Male dogs
(percentage; 
95% confidence 
interval)

Female dogs
(percentage; 
95% confidence 
interval)

0 No spondylosis or 
DISH

No ossifications 1649 (80.8; 79.1-82.5) 6.8 ± 0.16 (1 - 17) 831 (79.4;77.0-1.9) 818 (82.2; 79.8-84.6)

1 Mild spondylosis, 
no DISH

Bony spur not protruding 
beyond the caudal/cranial 
edge of the vertebral border, 
no DISH

91 (4.5; 3.6-5.4) 8.7 ± 0.51 (3 - 15) 46 (4.4; 3.2-5.6) 45 (4.5; 3.2-5.8)

2 Moderate 
spondylosis, no DISH

Bony spur protruding beyond 
the caudal/cranial edge of the 
vertebral border , no DISH

37 (1.8; 1.2-2.4) 9.0 ± 0.91 (2 - 14) 20 (1.9; 1.1-2.7) 17 (1.7; 0.9-2.5)

3 Severe spondylosis, 
no DISH

1 or 2 non flowing and/or 
contiguous bridges, no DISH

186 (9.1; 7.9-10.4) 8.9 ± 0.42 (2 -16) 104 (9.9; 8.1-1.8) 82 (8.2; 6.5-10.0)

D0 DISH, no spondylosis 3 or more flowing contiguous 
bridges, no spondylosis

25 (1.2; 0.7-1.7) 8.9 ± 1.1 (3 - 12) 14 (1.3; 0.6-2.1) 11 (1.1; 0.5-1.8)

D1 DISH and mild 
spondylosis

3 or more flowing contiguous 
bridges and bony spur not 
protruding beyond the caudal/
cranial edge of the vertebral 
border

3 (0.2; 0.0-0.3) 10.2 ± 5.1 (5 – 13) 2 (0.2;-0.1-0.5) 1 (0.1; -0.1-0.3)

D2 DISH and moderate 
spondylosis

3 or more flowing contiguous 
bridges and bony spur 
protruding beyond the caudal/
cranial edge of the vertebral 
border 

17 (0.8; 0.4-1.2) 8.4 ± 1.2 (5 – 13) 9 (0.9; 0.3-1.4) 8 (0.8; 0.3-1.4)

D3 DISH and severe 
spondylosis

3 or more flowing contiguous 
bridges and 1 or more non 
flowing and/or contiguous 
bridges

33 (1.6; 1.1-2.2) 10.0 ± 1.0 (2 - 16) 20 (1.9; 1.1-2.7) 13 (1.3; 0.6-2.0)

Total 2041 (100.0) 7.2 ± 0.2 (1-17) 1046 (100.0) 995 (100.0)

Table 1. Criteria and prevalence of grades of spondylosis deformans and diffuse idiopathic skeletal hyperostosis (DISH).

•	 	The	presence	of	flowing	calcification	and	ossification	along	the	ventrolateral	aspects	of	at	least	four	contiguous	vertebral	
bodies with or without localized pointed excrescences at intervening vertebral body-disc junctions.

•	 	The	relative	preservation	of	disc	height	in	the	involved	areas	and	the	absence	of	extensive	radiographic	changes	of	
degenerative disc disease (intervertebral osteochondrosis), including vacuum phenomena and vertebral body marginal 
sclerosis.

•	 	The	absence	of	apophyseal	joint	bony	ankylosis	and	sacroiliac	joint	erosion,	sclerosis	or	intra-articular	bony	fusion.

Table 2. Diagnostic criteria for diffuse idiopathic skeletal hyperostosis (DISH) according to Resnick and Niwayama (1976).
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Results

Radiographic study
Of the 2041 dogs from 33 breeds, 51.3% (1046/2041) were males and 48.7% (995/2041) were 
females. The mean age ± standard error (SE) of all dogs was 7.2 ± 0.2 years (range 1-17 years). 

The prevalence of DISH was 3.8% (78/2041) (95% confidence interval [CI], 3.0-4.7) and of 
spondylosis 18.0% (367/2041) (95% CI, 16.3-19.7%) (Table 1). Of the dogs with spondylosis, grade 
1 spondylosis was seen in 25.6% (94/367) (95% CI, 21.1-30.1%), grade 2 in 14.7% (54/367) (95% CI, 
11.3-13.4%), and grade 3 in 59.7% (219/367) (95% CI, 54.7-64.7%). Fourteen percent (53/367) (95% 
CI, 14.0-14.8%) of the dogs with spondylosis also had DISH. Of the dogs with DISH, 67.9% (53/78) 
(95% CI, 57.6-78.3%) also had spondylosis. DISH and spondylosis were significantly associated 
(Odds Ratio [OR], 11.13; 95%, CI 6.82-18.18).

Due to the retrospective nature of the study, not the entire vertebral column of all dogs was 
available for review. For 80 dogs only the cervical spine was available; for 131 dogs only the 
cervical and thoracic spine was available; for 3 dogs only the cervical and lumbar spine was 
available; for 1488 dogs only the thoracic spine was available; for 162 dogs only the thoracic and 
lumbar spine was available; for 140 dogs only the lumbar spine was available, and for 37 dogs the 
entire spine was present on the radiographs. As a percentage of screened segments, the thoracic 
T4-T7 and T9-T10, lumbar L2-L4 and lumbosacral L7-S1 vertebrae were most frequently affected 
by spondylosis. Vertebral levels of T6-T10 and L2-L6 were mostly affected by DISH and the cervical 
spine was least affected (Figure 2). 

Figure 1.  Schematic presentation of a sagittal cross section of vertebral bodies with spinal new bone formation showing 
different grades of spondylosis deformans (grade 1-3) and diffuse idiopathic skeletal hyperostosis (DISH).  
V, vertebral body; EP, end plate; flowing (red) line, ventral longitudinal ligament.



61

- Diffuse idiopathic skeletal hyperostosis (DISH) and spondylosis deformans in purebred dogs: A retrospective radiographic study 

The dogs with DISH and/or spondylosis were significantly older than the dogs without these 
disorders (P < 0.01), but there was no significant difference in age between dogs with different 
grades of spondylosis (grade 1 vs. grade 2, P =1.00; grade 1 vs. grade 3, P = 0.74) and/or DISH. 
Although more male dogs had DISH or spondylosis, this difference was not statistically significant 
(P = 0.25 for DISH and P = 0.17 for spondylosis) (Table 1). 

The standard Poodle was the only breed included in this study not affected by either DISH or 
spondylosis (95% CI, 0.0 – 13.0%). Nineteen breeds were not affected by DISH but showed signs of 
spondylosis. All breeds in which DISH was prevalent were also affected by spondylosis (Table 3). 
The prevalence of DISH and spondylosis in Boxers was 40.6% (28/69) and 55.1% (38/69), 
respectively. Almost 68% (19/28) of the Boxers with DISH also had signs of spondylosis at other 
spinal segments than those affected by DISH; 27.5% (19/69) of the Boxers with spondylosis did not 
show signs of DISH. All radiographs scored positive for DISH by the principal investigator were also 
scored positive for DISH by the medical investigator specialized in diagnosing DISH in humans.

Eleven individual breeds and age were significantly associated with spondylosis on univariate 
analysis. In a multiple logistic regression model, the variable Bernese Mountain dog was no longer 
statistically significant. The remaining 10 breeds acted as protective or predisposing factors for 
spondylosis. Age and the breeds Boxer and Flat-coated Retriever were predisposing factors for 
both DISH and spondylosis (Table 4).

Figure 2.  Spinal distribution of levels affected by spondylosis deformans (n = 367) and diffuse idiopathic skeletal hyperostosis 
(DISH; n = 78) depicted as a percentage of screened vertebral levels.
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Breed Grades: n (%)a Total

 0 1 2 3 D0 D1 D2 D3

Beagle 39 (95.1) 1(2.4) 0 1 (2.4) 0 0 0 0 41

Belgian Shepherd, Malinois 42 (79.2) 2 (3.8) 3 (5.7) 5 (9.4) 1 (1.9) 0 0 0 53

Bernese Mountain dog 173 (86.9) 8 (4.0) 4 (2.0) 10 (5.0) 2 (1.0) 0 2 (1.0) 0 199

Border Collie 20 (76.9) 2 (7.7) 2 (7.7) 1 (3.8) 0 0 1 (3.8) 0 26

Bouvier des Flandres 52 (82.5) 3 (4.8) 1 (1.6) 3 (4.8) 1 (1.6) 1 (1.6) 1 (1.6) 1 (1.6) 63

Boxer 22 (31.9) 3 (4.3) 1 (1.4) 15 (21.7) 9 (13.0) 1(1.4) 8 (11.6) 10 (14.4) 69

Bullmastiff 10 (83.3) 1 (8.3) 0 1 (8.3) 0 0 0 0 12

Cairn Terrier 28 (84.8) 2 (6.0) 1 (3.0) 2 (6.0) 0 0 0 0 33

Dachshund 84 (97.7) 1 (1.2) 0 1 (1.2) 0 0 0 0 86

Doberman 24 (66.7) 3 (8.3) 2 (5.6) 7 (19.4) 0 0 0 0 36

Dogue de Bordeaux 27 (79.4) 2 (5.9) 1 (2.9) 4 (11.8) 0 0 0 0 34

Dutch Partridge dog 16 (80.0) 1 (5.0) 1 (5.0) 2 (10.0) 0 0 0 0 20

English Bulldog 19 (70.3) 0 1 (3.7) 8 (29.6) 0 0 0 0 27

English Cocker Spaniel 40 (93.0) 1 (2.3) 0 2 (4.7) 0 0 0 0 43

Flat-coated Retriever 35 (57.4) 5 (8.2) 1 (1.6) 12 (19.7) 4 (6.6) 0 3 (4.9) 1 (1.6) 61

French Bulldog 55 (90.2) 0 2 (3.3) 4 (6.6) 0 0 0 0 61

German Pointer 32 (84.2) 2 (5.3) 0 1 (2.6) 0 0 1 (2.6) 2 (5.3) 38

German Shepherd 73 (64.6) 11 (9.7) 1 (0.9) 20 (17.7) 2 (1.8) 0 0 6 (5.3) 113

Golden Retriever 126 (80.8) 7 (4.5) 2 (1.3) 15 (9.6) 1 (0.6) 0 1 (0.6) 4 (2.6) 156

Great Dane 24 (80.0) 0 2 (6.7) 4 (13.3) 0 0 0 0 30

Irish Setter 20 (90.9) 0 1 (4.5) 0 0 0 0 1 (4.5) 22

Jack Russell Terrier 153 (93.9) 5 (3.1) 0 5 (3.1) 0 0 0 0 163

Labrador Retriever 181 (74.2) 18 (7.4) 6 (2.5) 33 (13.5) 1 (0.4) 0 0 5 (2.0) 244

Leonberger 18 (72.0) 1 (4.0) 0 3 (12.0) 2 (8.0) 0 0 1 (4.0) 25

Maltese 70 (98.6) 0 0 1 (1.4) 0 0 0 0 71

Newfoundland 19 (86.4) 1 (4.5) 0 0 1 (4.5) 0 0 1 (4.5) 22

Poodle 25 (100.0) 0 0 0 0 0 0 0 25

Rhodesian Ridgeback 21 (77.8) 1 (3.7) 0 5 (18.5) 0 0 0 0 27

Rottweiler 98 (81.7) 9 (7.5) 2 (1.7) 9 (7.5) 1 (0.8) 0 0 1 (0.8) 120

Staffordshire Bull Terrier 16 (80.0) 0 2 (10.0) 2 (10.0) 0 0 0 0 20

Weimaraner 18 (81.8) 0 1 (4.5) 3 (13.6) 0 0 0 0 22

West Highland White Terrier 34 (81.0) 1 (2.4) 0 6 (14.3) 0 1 (2.4) 0 0 42

Yorkshire Terrier 36 (97.3) 0 0 1 (2.7) 0 0 0 0 37

All breeds in total 1649 (80.8) 91 (4.5) 37 (1.8) 186 (9.1) 25 (1.2) 3 (0.2) 17 (0.8) 33 (1.6) 2041



63

- Diffuse idiopathic skeletal hyperostosis (DISH) and spondylosis deformans in purebred dogs: A retrospective radiographic study 

a 0 = No spondylosis or DISH
 1 = Mild spondylosis, no DISH
 2 = Moderate spondylosis, no DISH
 3 = Severe spondylosis, no DISH

D0 = DISH, no spondylosis
D1 = DISH and mild spondylosis
D2 = DISH and moderate spondylosis
D3 = DISH and severe spondylosis

Table 3.  Prevalence grades of spondylosis deformans and diffuse idiopathic skeletal hyperostosis (DISH) according to breed.

Factor Spondylosis DISH

Oddsa P Oddsa P

Increasing age (per year) 1.300 < 0.001 1.320 < 0.001

Flat-coated Retriever 2.834 < 0.001 7.671 < 0.001

Boxer 9.237 < 0.001 51.270 < 0.001

Labrador Retriever 1.465 0.037 - -

Doberman 3.082 0.003 - -

German Shepherd 3.327 < 0.001 - -

Leonberger - - 9.880 < 0.001

Beagle 0.213 0.039 - -

Dachshund 0.106 < 0.001 - -

Jack Russell Terrier 0.245 < 0.001 - -

Maltese 0.043 0.002 - -

Yorkshire Terrier 0.080 0.014 - -

a  Odds < 1.0 protective (i.e., less likely to develop DISH or spondylosis); 
 Odds > 1.0 predisposing (i.e., more likely to develop DISH or spondylosis)

Table 4.  Significant protective and predisposing factors for spondylosis and diffuse idiopathic skeletal hyperostosis  
(DISH) in dogs.

Figure 3. Comparison of three imaging modalities. (A) Lateral 
radiograph of an 8-year-old male Boxer (Case 1) with diffuse 
idiopathic skeletal hyperostosis (DISH) at spinal level T12-S1; 
(B) Sagittal CT reconstruction of a 5-year-old neutered female 
mixed-breed (Case 2) with contiguous new bone formation of 
the ventral longitudinal ligament of at least T10-L7 (arrows) 
and non-continuous new bone formation possibly due to 
spondylosis deformans from T5-T10; (C) T2-weighted MRI of 
the canine lumbar spine of a 10-year-old Border Collie  
(Case 3) with DISH (arrows) from vertebra L3 to L7 and 
degenerative lumbosacral stenosis with black disc at L7-S1 
(arrowhead). Note the intact normal nucleus pulposus water 
signal (white) at the lumbar intervertebral disc spaces 
between L2 and L7 and the absence of this signal at L7-S1.  
The flowing and contiguous new bone formation is clearly 
visible on the ventral side of the vertebral bodies (arrows).
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Figure 4. (A) Ventrolateral 3D CT 
reconstruction of L1-S1 of a 16-year-
old Border Collie (Case 4) with diffuse 
idiopathic skeletal hyperostosis 
(DISH). Note the flowing ossification 
continuously along all lumbar vertebrae; 
(B) Transverse CT of L5 of the same 
Border Collie, note the original ventral 
border (arrowheads) of the vertebral 
body.

Figure 5. (A) Gross morphology of a sagittal 
section (dorsal part including the spinal 
cord are removed) of a 16-year-old Border 
Collie (case 4) with diffuse idiopathic skeletal 
hyperostosis (DISH). Note the extensive new 
bone formation at the ventral side of four 
contiguous intervertebral bodies in combination 
with three healthy intervertebral discs 
(arrowheads); (B) Histological pictures of (I) 
healthy canine intervertebral disc (IVD), the 
arrowhead corresponds with the location of the 
ventral longitudinal ligament, (II) moderately 
degenerated IVD with spondylosis deformans 
and (III) healthy disc with DISH from case 4.  
In spondylosis (II) the localized osteophyte 
(circle) originates from the region adjacent to 
the endplate. In contrast, in DISH (III) there is 
diffuse new bone formation (asterisks) along 
the ventral side of the vertebral body.  
Picrosirius red/Alcian blue stain.
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Descriptive study
Results of the radiography (Fig. 3a), CT (Figs. 3b and 4), MRI (Fig. 3c), gross pathology (Fig. 5a) and 
histopathology (Fig. 5b) of the four DISH cases are summarized in Table 5.

Case Breed Gender Age 
(years)

Orthopaedic 
and neurologic 
complaints and 
signs

Diagnostics 
(Figure)

Diagnosis Treatment and follow 
up

1 Boxer NF 8 Stiffness, pain 
reaction on palpation 
of caudal lumbar 
spine

Radiography
(Fig. 3a)

DISH Euthanasia due to  
co-morbidity
(multicentric lymphoma)

2 Mixed 
breed

NF 5 Lameness left pelvic 
leg, difficulty walking 
up and down stairs, 
pain on palpation of 
the caudal lumbar 
spine, patellar 
pseudohyperreflexia

CT
(Fig. 3b)

DISH Decompressive 
foraminotomy
and enthesiophytectomy.
Less painful and able to
walk up and down stairs

3 Border 
Collie

M 10 Urinary and faecal 
incontinence,  absent 
anal sphincter and 
tail tone, and pain of 
caudal lumbar spine

MRI
(Fig. 3c)

DISH and 
DLS

Decompressive 
laminectomy
and partial discectomy 
at L7-S1.
Pain resolved but
incontinence remained.

4 Border 
Collie

NF 16 Stiffness, urinary and 
faecal incontinence, 
unable to clean 
perineal region  
and painful on 
palpation of caudal 
lumbar spine

CT (Fig. 5)  
and (histo)
pathology
(Fig. 4)

DISH and 
OA

Euthanasia

Table 5.  Clinical, imaging and pathological characteristics of four cases of canine diffuse idiopathic skeletal hyperostosis (DISH)

NF, neutered female; M, male; CT, computed tomography; MRI, magnetic resonance imaging; DLS, degenerative lumbosacral 
stenosis; OA, osteoarthritis
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Discussion

This is the first large-scale radiographic study in the veterinary literature of the prevalence of DISH 
and spondylosis in a population of purebred dogs. A combined scoring system was used since 
both disorders can co-occur in one dog. Unfortunately, only 37/2041 dogs had the entire vertebral 
column available for examination. This may have influenced the outcome and resulted in an 
underestimation of the prevalence of both disorders. To report the prevalence of both disorders 
for the canine population at large, a prospective study including orthogonal radiographs of the 
entire vertebral column would be ideal. 

This is also the first report describing the appearance of canine DISH on CT, MRI, gross and 
histopathological examination. The clinical diagnosis of DISH based on imaging findings can be 
confirmed on post-mortem examination by its characteristic gross and histological features, which 
are distinct from those of spondylosis. Post-mortem histology showed the classical features of 
DISH, i.e. continuous solid bone bridge formation ventral to the vertebral body and bridging a 
healthy intervertebral disc.

In the Boxer, DISH, spondylosis, or a combination of both was present in high proportion  
(41%, 55%, and 28%, respectively). Dog breeds can be considered closed gene pools with a 
high degree of kinship maintained by constrained breeding. This makes the dog very useful for 
dissecting the genetic contribution to a disease.120 Since the prevalence of DISH and spondylosis 
was high in the Boxer, this appears the preferential breed to identify the gene(s) involved in the 
pathogenesis of both disorders 163.
 
Comparing the present study with earlier reports, spondylosis in the thoracic region was found 
slightly more cranially but the lumbar distribution was comparable to previous studies.42, 43, 

45-48 The ossification of DISH occurred less often in the more flexible cervical and caudal-lumbar 
spinal segments.189, 274 Spinal flexibility may protect against ossification of the ventral longitudinal 
ligament.45 

Earlier studies of canine vertebral hyperostosis did not distinguish between spondylosis and 
DISH.41-44, 48 In these studies, all bridging ossifications were thought to be severe spondylosis. 
Although radiographic differentiation between DISH and severe spondylosis is challenging, the 
two disorders differ in radiographic appearance.49, 163 The new bone formation in DISH, consisting 
of enthesiophytes affecting the ventral longitudinal ligament, continues along the entire ventral 
plane of at least four contiguous vertebral bodies.73 In spondylosis, the osteophytes originate 
from the region adjacent to the ventral endplate and thus the new bone formation will mostly 
be confined to the intervertebral disc junction. As DISH is relatively unknown in the veterinary 
community, it is likely that in earlier publications some cases diagnosed as severe spondylosis 
were in fact cases of DISH. 

In practice, canine DISH may be widely under-diagnosed and mistaken for severe spondylosis. 
As spondylosis is not considered to be of great clinical relevance, possible clinical symptoms 
might not be attributed to the ossifications or may even be overlooked by veterinarians. When 
a dog, especially a Boxer, Leonberger or Flat-coated Retriever, shows signs of spinal stiffness 
and/or pain of the caudal lumbar spine, DISH should be considered as a possible cause. If DISH 
is incidentally found during radiographic examination, the veterinarian should be aware that it 
might cause spinal stiffness and/or pain of the caudal lumbar spine. Over one third (28/78) of the 
medical records of dogs with DISH in our study contained reports of stiffness, pain, neurological 
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and/or orthopaedic signs that were not necessarily explained by the most prominent disease 
diagnosed in the animal. 

In DISH, involvement of the innervated periosteum may contribute to spinal pain. The massive and 
extensive new bone formation in dogs with DISH may dislocate and compress surrounding soft 
tissues, such as ventral lumbar muscles, more than do the spurs or bony bridges of spondylosis, 
thereby producing more pain. The contiguous new bone formation may result in loss of spinal 
flexibility and mobility, ultimately resulting in a higher pressure load on adjacent segments.  
This may give rise to accelerated intervertebral disc degeneration, i.e. adjacent segment disease, 
as found in dogs and humans after spinal fusion.185, 198, 249, 275 

In order to investigate the clinical relevance of DISH, it will be critical to conduct a prospective 
study and to promote awareness of DISH in dogs. As in humans, dogs with spinal stiffness and/
or pain of the caudal lumbar spine as a result of DISH could benefit from conservative treatment 
with NSAIDs and weight loss.69, 74 A randomized double-blind, placebo-controlled, clinical trial 
is needed to evaluate the effect of NSAIDs in dogs with DISH. Surgery may be necessary if 
conservative treatment does not provide adequate symptom relief or if neurological deficits or 
vertebral fractures are present.
 
Conclusions
Spondylosis and DISH were found alone or in combination in dogs and the prevalence of both 
disorders increased with increasing age. Veterinarians should be aware of the occurrence and 
the possible clinical relevance of DISH, which may cause stiffness and pain of the lumbar spine. 
A diagnosis can be made using radiographic examination, CT or MRI. On histology, DISH can be 
distinguished from spondylosis by the location (ventral longitudinal ligament) and extent of new 
bone formation.  

Acknowledgments:
The authors would like to thank Ms. Elise Petersen, Ms. Monique Jacobs, Mr. Joop Fama and  
Ms. Anneke Jansen for technical support, Dr. Jane Sykes for language corrections and  
Dr. Bouvien Brocks for referring canine patients with DISH to our clinic. Special thanks to  
Dr. L. Anneloes Westerveld, MD, for discussions on diagnosing DISH. 



68

CH. 4



CH. 5

Diffuse idiopathic skeletal 
hyperostosis (DISH):  
clinical, radiographic and 
magnetic resonance imaging 
findings in 19 dogs

Andrea Togni
Hendrik-Jan C. Kranenburg
Joe P. Morgan
Frank Steffen

Adapted from
Disseminated idiopathic spinal hyperostosis 
(DISH): clinical, radiographic and magnetic 
resonance imaging findings in 19 dogs – 
submitted to Vet J.



70

- Part I Spinal Disorders

CH. 5

Abstract

Background/Aims 
To describe magnetic resonance imaging 
(MRI)-findings in dogs with a radiographic diagnosis of lumbar 
disseminated idiopathic spinal hyperostosis (DISH) in an effort to 
separate DISH from spondylosis deformans (spondylosis) on MRI. 

Methods
Retrospective analysis of clinical records and spinal MRI  
and radiographs obtained from 19 dogs diagnosed with DISH. 

Results
All dogs had spinal pain, signs of thoracolumbar or lumbar spinal cord 
dysfunction and/or nerve root signs. Nine dogs had foraminal stenosis 
by new bone formation affecting the exit zone of the intervertebral 
foramen. Eight dogs had a bulging type II disc herniation affecting a 
spinal segment adjacent to a DISH-segment. The Pfirrmann grade of 
the spinal segments of dogs with DISH was significantly lower than the 
Pfirrmann grade of spinal segments with spondylosis (P<0.0001). MRI 
revealed decreased signal intensity from osteophytes and from bone 
marrow of spinal segments affected by spondylosis, whereas signal 
intensity from enthesiophytes and bone marrow of segments with DISH 
was equal to normal vertebral body marrow. 

Conclusion
DISH can be clinically relevant. MRI is a useful diagnostic  
tool in dogs with spinal hyperostosis. MRI is superior to plain radiography 
for differentiating DISH from spondylosis and, thus, may add valuable 
information for breeding decisions and for comparative studies of DISH 
in humans and dogs. 
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Introduction

Diffuse idiopathic skeletal hyperostosis (DISH) has several synonyms, including ankylosing 
hyperostosis and Forestier’s disease.49 DISH is a systemic non-inflammatory disorder, with the 
principal manifestation being ossification of soft tissues such as ligaments and attachments of 
tendons and capsules to bone (i.e., entheses). DISH in dogs is mostly characterized by generalized 
spinal new bone formation that appears as flowing ossification along the ventral and lateral 
aspects of the spine.50, 276 The intervertebral disc space is preserved, and the vertebral endplates 
are not affected. The use of the term DISH has not been used uniformly in the veterinary literature. 
In earlier publications, the distinction between canine spinal DISH and spondylosis deformans 
(spondylosis) has often not been made. Recently, DISH was suggested to be a separate spinal 
disorder from spondylosis in dogs.49, 50, 276 Dogs with DISH were proposed as a spontaneous 
animal model for this disorder in humans.163, 277, 278 The etiology of canine DISH is unknown, but a 
hereditary basis has been first suggested for the Boxer.41 Another hypothesis suggest that canine 
DISH may be secondary to other diseases including hypoparathyroidism, hypercalcitoninism.49 
In humans, various metabolic, endocrinological, genetic and environmental factors have been 
suggested to contribute to its development.13, 71, 279 DISH is suspected to cause spinal pain and 
dysfunction 276, but the clinical significance of the disorder is difficult to ascertain because the new 
bone formation is also found in asymptomatic dogs. In humans, most individuals with DISH are 
asymptomatic, but a large minority has symptoms of spinal stiffness and back pain. Occasionally, 
unstable spinal fractures after minor trauma, dysphagia, or airway obstruction may be found as 
well.74, 101, 105, 109 

 In contrast, spondylosis is characterized by more focal vertebral osteophytes, varying from small 
osteophytes to larger spurs, which appear to attempt to bridge an intervertebral disc space.  
Like DISH, spondylosis is a non-inflammatory disorder, which has been described not to be of 
great clinical relevance. Occasionally stiffness of the back, lameness, changes in gait, and pain 
were described.39, 42, 44 There is a possible association with Hansen Type II disc disease.40 When 
found in combination with intervertebral disc disease, the disc space may be narrowed and end-
plate sclerosis may be present on radiographic examination. 
The prevalence of spinal new bone formation in Boxers is described to be extremely high.44, 163, 

276 Unfortunately, in earlier reports the two entities, DISH and spondylosis, were not specifically 
separated.41 This is not surprisingly as in severe cases of canine new bone formation radiographic 
differentiation of the two conditions, as in humans, has been stated to be difficult.73, 276 Magnetic 
resonance imaging (MRI) is practical in diagnosing spinal new bone formation 276 and may possibly 
be useful in differentiation DISH from spondylosis. In this retrospective study, our primary goal 
was to describe MRI-findings in dogs with a radiographic diagnosis of lumbar DISH in an effort 
to separate DISH from spondylosis on MRI. Secondly, we report the association between the 
presence of DISH and the observed clinical signs, and report the outcome of (medical/surgical) 
therapy.

Material and Methods

Dogs
The medical records of dogs diagnosed with DISH and clinical signs of spinal hyperesthesia, 
lameness or spinal dysfunction between 2005 and 2010 were retrospectively reviewed.  
Dogs presented or referred to the neurological service due to spinal disease, were included if 
information of both radiographic and MR imaging was available from at least spinal segments 
L2 – S1. Dogs with orthopedic comorbidity were excluded. Recorded information included breed, 
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age, gender, results of physical, orthopedics and neurological examination, blood hematology and 
chemistry, treatment and follow-up.

Diagnostic imaging
All diagnostic images were obtained with the dogs under general anesthesia. After premedication 
with medetomidine (10 μg/kg intravenously (IV) and butorphanol (0.2mg/kg IV) anesthesia was 
induced with propofol (4mg/kg IV) and maintained with isoflurane in oxygen.
 Two radiographic views of the spine caudal to L2 were taken for all dogs (n=19) in lateral and 
dorsal recumbency. Thirteen dogs also had the thoracic region included in the radiographic 
study.  Radiographs were assessed by a board certified radiologist (JPM) for presence of DISH and 
spondylosis. 
 The diagnosis of DISH was based on the modified radiographic criteria as earlier postulated by 
Morgan and Stavenborn (1991):  a) flowing calcification and ossification along the ventral aspect 
of at least two contiguous vertebral bodies; b) relative preservation of the disc space width within 
involved areas and absence of degenerative disc disease on radiographs.49 Diagnostic imaging 
criteria for spondylosis were as follows: 1) vertebral osteophytes arising from the periphery of the 
end-plate; 2) preservation of the ventral cortex of the affected segment; 3) interposed disc space 
narrowed with degenerated disc, and 4) sclerotic end plates.280 If radiographic signs could not 
be attributed clearly to be DISH or spondylosis, it was assumed that both entities were present 
around a disc space.
 On the radiographs, the affected segments were counted and a ratio (vertebral thickness 
ratio) of the sagittal height of the vertebral body affected with DISH (measured on the middle 
of the vertebral body) to the sagittal height of L7 of the same patient was recorded. Vertebra L7 
(measured at the point with the lowest diameter of the vertebral body) was chosen as a reference 
because this vertebra was free of DISH in all our cases. The number and sites of segments with 
spondylosis were recorded. Intervertebral disc space width as well as intervertebral foramina were 
noted when they were encroached on by new bone formation (enthesiophytes in case of DISH or 
osteophytes in case of spondylosis). Density and size of the new bone formation were recorded in 
order to differentiate the new bone formation due to DISH from that due to spondylosis, around 
the disc space, as well as the status of endplates.
 MRI of the entire lumbar and sacral, plus the caudal portion (Th 10-Th 13) of the thoracic spine 
was performed in all dogs using a 1.5 Tesla magnet with a spine array coil. T1w, T2w, and short tau 
inversion recovery (STIR) sagittal sequences were performed routinely for all dogs. In addition, 
when narrowing of the vertebral canal or intervertebral foramen was present, T1w and T2w 
transverse sequences of the segments of interest were performed. The dogs were positioned in 
dorsal recumbency with the pelvic limbs extended. Standard fast spin echo (FSE) sequences were 
used. Settings included sagittal T2w images (repetition time TR 3720-4000ms, echo time TE 108-
123ms, field of view FOV 300-320mm, slice thickness 2mm, and 2-3 acquisitions) and sagittal T1w 
images (TR 550-672ms, TE 12-15ms; FOV 240-320mm, slice thickness 2mm, and 2-3 acquisitions). 
Transverse images were obtained in all planes parallel to the intervertebral disc space and were 
T2w in all cases (TR 4000-6360ms, TE 110-120 ms, FOV 180-220mm, slice thickness 2mm, and 3-4 
acquisitions). 
 Final diagnosis was based upon MRI studies in each dog interpreted by a board certified 
neurologist (FS) or a board certified radiologist (JPM). On sagittal MR images, the signal intensity 
(SI) of the intervertebral disc and of the nucleus pulposus was examined using the Pfirrmann 
grading scale.161, 237, 242 Disc protrusions were noted by determination of the degree of stenosis of 
the spinal canal. In addition, SI of new bone and vertebral bone marrow 281 was described on T1w, 
T2w images and STIR images by visually comparing SI of these structures to the SI of tissues such 
as fat and normal bone marrow. 
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Serial diagnostic imaging 
Serial results of diagnostic imaging procedures were available for two dogs. One Boxer had three 
radiographic studies performed: at the age of 18, 36, and 48 months. The owner, a veterinarian, 
performed the first two radiographic studies just for her own interest, the last examination was, 
combined with MR imaging, performed due to occurrence of clinical signs. One English Cocker 
Spaniel had two examinations, both with radiographs and MRI, performed in an interval of 14 
months. 

Treatment and Outcome
Based upon the diagnosis medical or surgical treatment was indicated (Table 1). Follow up 
examination was performed by a board certified neurologist (FS). Outcome was considered as 
excellent when clinical signs resolved completely, a good outcome was noted, when clinical signs 
improved but did not resolve completely. Outcome was satisfactory when clinical signs did not 
improve exception of pain. Outcome was poor when no improvement of clinical signs and pain 
was found.

Statistical analysis
A linear mixed model was performed treating the response variable as a number and modeling 
the mean nucleus pulposus Pfirrmann grade score in the different treatment groups after 
accounting for the correlated effects of dog. In order to evaluate if there is a statistical significant 
difference between the Pfirrmann grade score of dogs with DISH versus dogs with spondylosis 
dogs, AIC metric was done to choose the optimal mixed model for the data. This model was 
designed excluding the normal segment (NS) and the MIX group dogs, to reduce the 
confounding factors.

Breed Neurological findings Diagnosis Therapy Outcome

1. Flat Coat Retriever,

Fs, 5 Y 3M Painful, non-weight bearing 
lameness in the left hind limb

L6-7 nerve root 
compression by new 
bone formation

Foraminotomy L6-7 
left

excellent 1 year 
postop

2. Golden Retriever, 
F, 6Y 6M

Muscular atrophy and lameness 
of the right hind limb with mild 
proprioceptive deficits and pain on 
hyper-extension 

L6-7 nerve root 
compression by new 
bone formation

Mini-hemilaminectomy 
L6-7 right  

excellent 1 year 
postop

3. Boxer, Fs, 3Y 2M Root signature pain in the right 
hind limb (decreased withdrawal 
reflex and proprioception deficit in 
the right pelvic limb)

L7-S1 nerve root 
compression by new 
bone formation

Dorsolateral 
foraminotomy L7-S1 
right 

excellent 1 year 
postop

4.  Boxer, Fs, 1Y 7M Moderate-chronic lameness in the 
left hind limb

L7-S1 nerve root 
compression by new 
bone formation

Dorsolateral 
foraminotomy L7-S1 

excellent 1 year 
postop

5. Great Dane, Fs, 
3Y 6M 

Weight-bearing lameness in the 
right hind limb, delayed postural 
reaction, also pain on hyper-
extension

L7-S1 nerve root 
compression by new 
bone formation

Lateral foraminotomy  
L7-S1 right

good 1 year postop

Table 1.  Signalment, neurological findings, diagnosis, therapy, and follow-up of the 19 dogs with spinal new bone formation 
due to DISH.
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6. Cocker Spaniel, Fs, 
8Y 7M

Lumbosacral pain without 
neurological deficits

LS disc protrusion 
(Type II disc disease) 

Dorsal laminectomy 
L7-S1  

good 1 year postop

7. Golden Retriever, 
Fs, 6Y 7M 

Lumbosacral pain, lameness right 
pelvic limb

SD, (Type II disc 
disease) 

Dorsal laminectomy/
annulectomy L7-S1  

good 1 year postop

8. Gordon Setter, M, 
7Y 3M

Non-weight bearing lameness right 
pelvic limb, muscle atrophy in the 
right pelvic limb

L7-S1 nerve root 
compression by new 
bone formation

Foraminotomy L7-S1 
right 

good 1 year postop

9. Landseer, F, 5Y 9M Lameness in the left pelvic limb L7-S1 nerve root 
compression by new 
bone formation

Dorsolateral 
foraminotomy L7-S1 
left 

no follow-up available

10. Golden Retriever, 
Fs, 4Y 4M 

Lumbosacral pain, lameness both 
pelvic limbs

LS disc protrusion 
(Type II disc disease)

Medical treatment 
(NSAIDs) 

no follow-up available

11. German Shepherd, 
Fs, 7Y

Lumbosacral pain, lameness both 
pelvic limbs

LS disc protrusion, 
bilateral L7-S1 nerve 
root compression (Type 
II disc disease)

Dorsal laminectomy 
L7-S1, Annulectomy, 
bilateral stabilization 
with pedicle screws 
and polymethyl 
methacrylate (PMMA) 

excellent 1 year 
postop

12. Boxer, Fs, 6Y Thoracolumbar back pain T9-T10 discospondylitis Medical treatment 
(Antibiotics)  

excellent at 1 year 

13.  Entlebucher, Fs, 
10Y 2M

Lameness in the left pelvic limb L6-7 nerve root 
compression by new 
bone formation

Foraminotomy L6-7 
left

good 1 year postop

14. Boxer, F, 5Y 4M Lameness right pelvic limb, root 
signature 

L5-6, L6-7, L7-S1 nerve 
root compressions by 
new bone formation

Foraminotomy L5-6, 
L6-7, L7-S1 (right) 

good 1 year postop

15. Flat Coat  
Retriever, Fs, 6Y 3M 

Lameness right pelvic limb L7-S1 nerve root 
compression by new 
bone formation

Foraminotomy L7-S1 
right 

excellent 1 year 
postop

16. Mix breed, F, 4Y Paraparesis/pelvic limb ataxia and 
thoracolumbar pain

T11-12 disc protrusion, 
L2-3 disk protrusion 
(Type II disc disease)

Lateral corpectomy 
T11-12 and L2-3 

satisfactory 1 year 
postop

17. Boxer, Fs, 8Y 10 M Pelvic limb paraparesis, 
thoracolumbar back pain

T13-L1 disc protrusion 
(Type II disc disease)

Medical treatment 
(NSAIDs)  

no follow-up available

18. Boxer, Fs, 9Y Lumbar pain, lameness left pelvic 
limb

Discospondylitis 
L2-3

Medical treatment 
(antibiotics)

good 1 year postop

19. Boxer, Fs, 4Y Lameness/paresis left pelvic limb L7-S1 nerve root 
compression by new 
bone formation 

Foraminotomy L7-S1 
left

excellent 1 year 
postop

Table 1.   Continued.
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Results

Signalment 
Nineteen dogs were included. The breeds of the dogs were Boxer (7), Golden Retriever (3), Flat 
Coated Retriever (2), and one each of German Shepherd Dog, English Cocker Spaniel, Entlebucher 
Swiss Mountain Dog, Gordon Setter, Great Dane, Landseer, and mixed-breed dog. There was a 
predilection for female dogs in this study (14 female spayed, 4 female, 1 intact male).  Median age 
was 6.0 years (range 19 months to 10 years). Median weight was 31.0 kg (range 13-60 kg).

Clinical findings
All dogs were found to have spinal pain, signs of thoracolumbar or lumbar spinal cord dysfunction 
and/or nerve root signs of different degrees of severity (Table 1). On physical and orthopedic 
examination, no other abnormalities were found. Additional hematology and blood chemistry 
examination did not reveal any abnormal findings also.

Radiographic findings
In 19 dogs, on radiographic examination (Figure 1), a total of 49 spinal segments were affected 
with DISH. The enthesiophytes were found most frequently (14 /19, 73.7 %) at the spinal segment 
L5-L6. The number of segments per dog affected by the enthesiophytes varied between 1 and 5. 
Overall, the mean number of affected segments/dog was 3.4. Mean lateral heights of vertebral 
bodies affected with DISH were 1.57 (range 1.13 to 1.9) times larger in dimension than the height 
of L7. Osteophytes related to spondylosis were most frequently noted to only project into the 
peridiscal tissue, occasionally the osteophytes were found to bridge the interposed disc space. 
The osteophytes were centered around the disc space rather than below the complete vertebral 
body as in DISH, and each adjacent lesion appeared to be a separate entity. A total of 37 segments 
affected with spondylosis were identified in the study population. In the lumbar spine, the 
segments most frequently affected with spondylosis were L7-S1 (19/19) followed by L2-L3  
(7/19, 36.8%) and L3-L4 (7/19, 36.8%). 
 All 19 dogs displayed radiographic signs of spondylosis at the lumbosacral junction, while DISH 
was never observed at this segment. A total of 15 out of 19 dogs showed radiographic signs of 
segmental degeneration, thereby fulfilling the criteria for spondylosis in segments adjacent to  
the segments affected with DISH. 
 Both DISH and spondylosis appeared concomitantly at the same segment; both radiographic 
findings were found in 19 affected segments. These segments were characterized with 
radiographic signs of spondylosis (i.e., disc degeneration plus presence of new bone along 
its ventral aspect due to DISH). The segment most frequently affected with both radiographic 
characteristics was L2-3 (5/19, 26.3%). 

Magnetic resonance findings
Nine dogs had foraminal stenosis by new bone formation affecting the exit zone of the 
intervertebral foramen (Figure 2). Eight dogs had a bulging type II disc herniation affecting a 
spinal segment adjacent to a DISH-segment. Two dogs had discospondylitis cranially to a DISH 
segment (Table 2). The two cases with discospondylitis were not diagnosed in the radiographic 
study. Spinal segments with DISH had no or a lower degree of intervertebral disc degeneration, as 
depicted in the Pfirrmann score, compared to segments with spondylosis (Table 2, Figure 3).
 MRI revealed marked differences of SI in bone marrow of segments with DISH compared to 
segments with spondylosis. In DISH segments, on T1 and T2 weighted MR images, the signal from 
bone marrow and new bone was of equal intensity in all cases. On STIR sequences, the signal 
intensities of bone marrow and new bone were reduced suggesting the presence of fat as a cause 
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Figure 2. A)  
Sagittal view of a T2w MRI of Th13-S1 of 
case 14 (5-year-old female Boxer). Note the 
continuous new bone formation along the 
entire ventral side of the lumbar spine. B) 
Transverse view of the T2w MRI of L6-L7 of 
case 14. Note the foraminal stenosis at the 
right side (arrow).

Figure 1. A)  Dorsal – ventral radiograph of case 14 (5-year-old female Boxer), B) lateral radiograph of case 14. Note the 
continuous new bone formation along the ventral aspect of Th12-S1.
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Segment DISH SD Mix Normal

L2-3 6 7 5 1

L3-4 7 7 4 1

L4-5 11 1 4 3

L5-6 14 1 2 2

L6-7 11 2 4 2

L7-S1 0 19 0 0

Total 49 37 19 9

Table 2.  Number of segments affected with DISH, SPONDYLOSIS, or a combination of both DISH and SPONDYLOSIS (Mix), or 
without new bone formation, stratified per lumbar segment (19 dogs, 6 segments per dog).

Figure 3.  Distribution of spondylosis (1), DISH (2), normal segment (3), or combination of DISH and spondylosis (4) stratified per 
Pfirrmann grade of all scored segments (19 dogs, 6 segments per dog).

Figure 4.  Sagittal view of a T2w MRI of (L2-S1) of case 4 (1-year-old spayed female Boxer). The black arrow indicates new 
bone formation due to DISH; the white arrow indicates new bone formation due to spondylosis. Note the differences 
in signal intensity of the bone marrow of the segment affected by DISH and the bone marrow of the segment 
affected by spondylosis.
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of the higher SI seen in T1 and T2 weighted images. In comparison, in dogs with spondylosis the 
signal from osteophytes was more hypointense compared to normal bone marrow on both T1 
and T2 weighted images. Signal changes in bone marrow were found in 11/19 dogs (57.9%) in 
segments with spondylosis (Figure 4).

Serial diagnostic imaging
Serial radiographs and MR images of the female Boxer (case 19) were available for review. At the 
age of 18 months, the dog had changes of the thoracolumbar and lumbar column suggestive for 
spondylosis. Within the next 12 months, this initial radiographic pattern progressed to a massive 
hyperostosis involving spinal segments from L4 to L7, compatible with the definition of DISH. At 
the age of 48 months the dog started to show lameness of the right pelvic limb with a reluctance 
to jump. Neurological and orthopedic examination indicated presence of right lumbosacral nerve 
root dysfunction. Conventional radiographs taken at that time did not show further progression 
of DISH compared to the radiographs taken 18 months previously. MRI was performed and 
degenerative lumbosacral stenosis compressing the L7-S1 root by new bone proliferation 
encroaching the nerve at the exit zone was found. 
 A female spayed English Cocker Spaniel (case 6) had both serial radiographs and MR images 
available for examination. Upon the first examination, at the age of 8 years and 7 months, the 
dog was diagnosed as having a bulging type II disc herniation at the lumbosacral junction, and 
was operated on. At that time, DISH was present between T10 and L2 and between L4 and L7, 
while L3-4 was affected by spondylosis. The dog was again examined 14 months later with clinical 
signs of a thoracolumbar spinal cord lesion. Radiographs and MRI performed at this time revealed 
presence of a new bulging type II disc herniation at T9-10, a min-hemilaminectomy combined 
with fenestration was performed on. The number and thickness of the DISH-segments remained 
unchanged in comparison to the previous radiographic and MRI studies. 

Treatment and Outcome
A board certified neurologist or surgeon performed the surgeries at in total 18 affected segments, 
using the most appropriated surgical technique.282 Two dogs (case 10 and 17) were treated with 
Carprofen (4.4mg/kg per day) and restricted activity for 4 weeks, two other dogs (case 12 and 
18) diagnosed with discospondylitis were treated with Clindamycin (11mg/kg twice a day) and 
restricted activity for 6 weeks. The outcome of the follow-up of 16 cases is reported in Table 1, 
unfortunately, follow up was not available in three cases (case 9, 10 and 17).

Statistical results
The model showed that in our sampled population of 86 segments with either DISH or 
spondylosis, the Pfirrmann grade of the spinal segments of dogs with DISH was significantly lower 
than the Pfirrmann grade of spinal segments with spondylosis (P<0.0001). The mean Pfirrmann 
score was increased by 1.49 when spondylosis was present. 
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Discussion

The results of the present study confirm our hypothesis that MRI is a valuable tool in the 
evaluation of dogs with the radiographic diagnosis of DISH and spondylosis. Because MR is able 
to detect signal abnormalities of bone marrow and intervertebral discs, both of which were found 
to be different in DISH compared to spondylosis, it is an effective tool in differentiating DISH from 
spondylosis. Two important differences between DISH and spondylosis could be derived from MRI 
examination. 
 Firstly, normal signal behaviour of the intervertebral discs on T2w-MRI confirmed the finding of 
Morgan and Stavenborn (1991) that DISH is not associated with intervertebral disc degeneration 
of the involved spinal segment.49 Grading of the stage of intervertebral disc degeneration by 
using the Pfirrmann scale displayed no or only minor degrees of degeneration of the spinal 
segments with DISH. In contrast, intervertebral disc degeneration is described to be a likely cause 
for spondylosis.39, 44 According to this, intervertebral disc degeneration with subsequent annular 
tearing and loss of disc space was a frequent finding of the spinal segments with spondylosis 
in the present study. Although MRI is highly sensitive for intervertebral disc degeneration, 
histological evaluation remains the gold standard for its accurate determination. Apart from  
a single case276, large scale histological reports of canine DISH have not been published.  
According to one investigation, degeneration in the peripheral annulus fibrosus seemed to  
occur in a few cases of human DISH.73  
 Secondly, the signal behaviour of bone marrow was different in MRI examination between 
segments with DISH and spondylosis. In segments with DISH, there was equal to normal vertebral 
body marrow on both, T1 and T2 weighted images. This signal was hyperintense compared to 
the signal of normal vertebral endplates. Higher SI in DISH can be best explained with the higher 
content of fat, a characteristic of normal bony marrow. This assumption was further supported 
by the results of STIR sequences that suppress signal from fat tissue. In contrast, signal changes 
from bone marrow in spondylosis was characterized by decreased SI on both, T1 and T2 weighted 
images. Correlation between decreased SI on MRI and bony sclerosis on plain radiographs did only 
exist in cases of advanced sclerosis, as the lack of MRI signal in severe sclerosis reflects the relative 
absence of marrow in these areas. Subchondral bone marrow change of the endplate was noted 
only in a segment affected with spondylosis; this could compromise the normal nourishment 
of the intervertebral disc promoting intervertebral disc degeneration. In human medicine 
subchondral bone marrow changes and endplate cartilage changes are factors correlated with 
intervertebral disc degeneration.281 The sclerosis seen on plain radiographs is a reflection of dense 
woven bone within the vertebral body, whereas MR changes are a reflection of the absence of 
intervening marrow elements in these areas. Based upon our imaging results, bone marrow 
changes seen in DISH are markedly different from those seen in spondylosis, supporting the 
theory that there may be a different pathophysiology behind the two disorders. 
 There is little information in the veterinary literature about the clinical significance of DISH.276 
In the present study, a direct association between clinical signs and the radiographic diagnosis of 
DISH was found in at least 2 cases. In these two cases, bony proliferations in the region of the exit 
zones of the intervertebral foramen, and clinical signs compatible with nerve root irritation and 
foraminal stenosis were reported. An association between intervertebral disc herniation at sites 
adjacent to segments affected with DISH and the new bone formation is suggested but remains  
to be proven. Clinical and experimental data in rabbits, dogs and humans support the theory  
that fusion of a spinal segment induces alterations and stresses at adjacent, mobile segments. 
These loads may predispose the adjacent segments to accelerated degeneration and 
protrusion.198, 249, 275 As DISH can be regarded as a natural fusion process, similar biomechanical 
sequels for spinal mobility may be expected. The occurrence of discospondylitis in two cases 
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of the present series seems to be a coincidental finding and could not be explained with the 
presence of DISH. 
 Serial radiographic and MR imaging in two cases of the present investigation allowed for two 
observations in time. Firstly, in a young Boxer, DISH developed over a period of approximately  
12 months starting from minor radiographic changes, compatible to the definition of spondylosis, 
which later on progressed into the classical appearance of DISH. This finding may explain why 
some cases of DISH, especially in Boxers, may have been classified as severe cases of spondylosis.41, 

278 Secondly, serial MR imaging in an adult Cocker Spaniel revealed that DISH did not progress 
further within a 12 months period once the complete ventral surface of several contiguous 
spinal segments became ossified. Based on these two cases, it may be hypothesized that DISH 
is a progressive disorder initially, which will result in an “end-stage”-appearance that will not 
change over years. Before complete ossification of the longitudinal ligament has been reached, 
early stages of DISH may be misdiagnosed as spondylosis on plain radiographs. Only at its final 
stage, DISH can be diagnosed radiographically with high accuracy. Therefore, repeat imaging 
within a couple of months may be necessary to confirm the presence of DISH. This is especially of 
importance when breeding decisions or a more accurate diagnosis are warranted in younger dogs 
that present with new bone formation. Concomitant serial radiographic and MRI examinations in 
dogs with suspicion of early stages of DISH would be necessary to determine if MRI can separate 
DISH from spondylosis in early stages of the DISH.
 The female overrepresentation could be just an accidental finding, since in an earlier report 
describing the prevalence in a group of 2041 dogs a male predisposition was found.276 However, 
an unpublished study of JP Morgan found a prevalence of DISH of 52 female cases in a group of  
80 boxers. The possibility that a hormonal predisposition can cause DISH cannot be excluded in 
that study.
 Limitations of the present study include the lack of a control population of asymptomatic dogs 
with DISH or a group of dogs with spondylosis without signs of DISH. This would allow more 
accurate conclusions about the clinical significance of radiographic and MRI findings and the 
incidence of clinical signs in dogs with DISH and/or spondylosis. Further limitation includes the 
retrospective design of this study.
 We conclude that MRI is a useful diagnostic tool in the study of dogs affected by DISH and 
spondylosis. MRI is superior compared to plain radiography for differentiating canine spinal 
DISH from spondylosis, and, thus, may add valuable information for breeding decisions and for 
comparative studies of DISH in humans and dogs.
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Abstract

Background/Aims 
The primary objective was to determine the prevalence, spinal 
distribution, and association with the signalment, of cats suffering  
from different grades of feline spondylosis deformans (spondylosis).  
The secondary objective was to document behavioural changes 
associated with spondylosis by owner observation.

Methods 
A cross-sectional study was performed to determine the prevalence 
of feline spondylosis (group 1). A prospective study was performed 
to determine the association between radiographic abnormalities of 
the lumbosacral region (i.e., L3-S1) and owner perceived behavioural 
changes by completing a questionnaire (group 2). The radiographs were 
reviewed using a grading system (0-3) for spondylosis. 

Results
The prevalence of spondylosis in group 1 was 39.4% (158/402).  
Cats with spondylosis were significantly older than cats without 
spondylosis (P<0.001). The T4-T10 vertebrae were most often affected by 
spondylosis, but spondylosis was most severe in the T10-S1 vertebrae. 
In group 2, spondylosis of the lumbosacral region was significantly 
correlated with owner-reported behavioural changes, such as a 
decreased willingness to greet people and to being petted, increased 
aggressiveness, and a poor perceived quality of life (P=0.037). 

Conclusion  
This study found that feline spondylosis is common and that spondylosis 
of the lumbosacral region (i.e., L3-S1) may be accompanied by 
behavioural changes. 
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Introduction

The cat is the most popular companion animal in most western countries, with there being an 
estimated 69 million cats in the USA and 60 million in Europe.7, 283 Like humans and dogs, cats 
nowadays have an extended lifespan due to improved medical care.7 In humans and dogs, ageing 
is accompanied by degenerative skeletal diseases including osteoarthritis, spondylosis deformans 
(spondylosis), and diffuse idiopathic skeletal hyperostosis (DISH)10, 13, 163; in cats, the prevalence of 
osteoarthritis and spondylosis deformans (spondylosis) increases with age.14-16 

Spondylosis is a non-inflammatory degenerative reaction of the peripheral region of the endplate, 
which results in new bone formation. The osteophytes vary in size from small spurs to bony 
bridges across the disc space. In dogs, severe spondylosis may be a potential cause of stiffness 
of the back, lameness, change of gait, and pain.42 The spondylosis-associated changes of the 
intervertebral junction, a cartilaginous joint, are dissimilar to those associated with osteoarthritis 
of synovial joints.57 Nevertheless, both osteoarthritis and spondylosis are considered components 
of degenerative joint disease and are suggested to be a potential, and often overlooked, cause 
of clinical disease in cats.14, 16, 53, 54, 58 Surprisingly little is known about the aetiopathogenesis of 
degenerative joint disease in cats. To create insight into the possible animal welfare issues related 
to the prevalence and clinical impact of osteoarthritis and spondylosis in cats, more research 
in this area is needed.52-54, 58 Severe spondylosis should not be mistaken for DISH 49, 163, which is 
a systemic disease of the axial and appendicular skeleton that results in the ossification of soft 
tissues including the ventral longitudinal spinal ligament.68, 73 DISH has not been reported in 
domestic cats, although there is one report of DISH in a prehistoric Saber-toothed cat.64

Veterinarians are becoming more alert to the signs of spinal pain in dogs and cats.59, 129, 284-287  
Non-steroidal inflammatory drugs and therapeutic diets are used for short and long-term 
treatment of musculoskeletal pain in cats.60, 61, 285, 286, 288-290 However, cats are notorious for masking 
signs of musculoskeletal pain by adapting their behaviour rather than showing signs of lameness 
when affected, for example, by osteoarthritis.16, 54, 61, 290, 291 This may also be the case for chronic 
pain originating from the axial skeleton, which makes it difficult for veterinarians to assess the 
pain associated with spinal pathologies.16, 54, 292 Questionnaire-based outcome measures, already 
validated and generally accepted in human medicine, can be used to assess long-term pain in cats 
and their perceived quality of life.59, 293 The present study is the first to report possible behavioural 
changes in cats with spondylosis.

The aims of the present study were 1) to determine the radiographic prevalence of spondylosis 
in a hospital population of 402 cats and its possible association with the age, gender, breed, 
and body weight of these animals; and 2) to investigate the clinical relevance of spondylosis by 
studying the association between radiographic abnormalities and owner-reported behavioural 
changes in 100 randomly chosen cats aged six years and older. 

Materials and methods

This study involved two groups of cats. All cats were referred to the Veterinary Medical Teaching 
Hospital for various medical conditions, mostly for pulmonary disease, ear-nose-throat disease, 
cancer, trauma, cardiac disease, and gastroenteral disease (Table 1). In both groups, the top six 
cat breeds were Domestic and British shorthairs, Siamese, Persian, Maine Coon, and cross breeds, 
which together formed 90% of the cats in group 1 and 87% of the cats in group 2. 
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Reason for referral Group 1  Group 2 Cats with Spondylosis 
(group 2)

 (n) (n) (n)

Pulmonary disease 90 0 0

Cancer 86 19 6

Trauma 57 0 0

Multiple 47 0 0

Cardiology 30 6 2

Gastroenterology 23 6 3

Neurologic 14 0 0

Urology and Nephrology 14 8 0

Fever of Unknown Origin 9 0 0

Haematology 7 1 0

Without final diagnosis 6 0 0

Ears-nose-throat 6 21 8

Hepatology 5 1 1

Other 3 2 0

Endocrinology 3 3 1

Orthopaedics 2 4 0

Dermatology 0 2 0

Vaccination 0 5 1

Abscess 0 1 0

Ophthalmology 0 15 5

Dentistry 0 6 1

Total 402 100 28

Table 1. Reason for referral of cats from group 1 and group 2 and from cats of group 2 with spondylosis deformans.

Figure 1. Schematic drawing of vertebral bodies affected by different grades (1, 2 or 3) of spondylosis deformans.
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Group 1 consisted of 402 cats aged one year and older, referred to the Veterinary Medical Teaching 
Hospital between May 2004 and January 2007, and for of which cervical, thoracic or lumbar spinal 
radiographs were available. Cats were included when radiographs were available for assessment 
for one or more of these three spinal regions.

Group 2 consisted of 100 cats aged six years and older referred to the Veterinary Medical 
Teaching Hospital between April 2008 and January 2009. This prospective study was performed 
after informed and written consent was obtained from the owners and with permission of the 
University Ethics Committee on Animal Experiments. Owners completed a questionnaire, and 
appendicular and lumbosacral region (i.e., L3-S1) radiographs of the cats were made in two 
orthogonal projections. Data derived from this cohort have been used in a study on feline 
osteoarthritis in the appendicular skeleton.16 

The signalment (age, gender, bodyweight, and breed) of all cats was retrieved from the medical 
records together with the reason for referral and final diagnosis. For the cats of group 2, the body 
condition score was determined using the 9-point scale of Laflamme.294 The musculoskeletal 
system of cats of group 2 was examined as described previously.295 Clinical examination 
included assessment of gait, and inspection, palpation, and passive movements of the joints 
and lumbosacral region to evaluate range of motion, crepitation, and signs of pain. If cats were 
uncooperative, the examination was ended. Radiographs were evaluated using a spondylosis 
scoring system (Figure 1 and Table 2). The presence of osteophytes on the facets, indicative of 
osteoarthritis, and enthesophyte formation, according to the Resnick criteria 73 indicative of DISH, 
were recorded separately. 

Grade Criteria (n) (%) Mean ± SE

Age (years) BW (kg)

0 No Spondylosis No ossifications of the 
vertebrae and ligaments

244 60.7 5.7 ± 0.4
(1 – 16)

4.2 ± 0.1
(1.6 – 8.2)

1 Mild Spondylosis Bony spur not protruding 
the cranial/caudal edge 
of the vertebral body

82 20.4 10.8* ± 0.6
(2 – 17)

4.3 ± 0.2
(2.4 – 6.5)

2 Moderate Spondylosis Bony spur protruding the 
cranial/caudal edge of the 
vertebral body

34 8.5 11.3* ± 1.0
(4 – 16)

4.2 ± 0.3
(2.6 – 6.6)

3 Severe Spondylosis One bridge or more 42 10.4 12.0* ± 0.8
(5 – 17)

4.1 ± 0.3
(1.5 – 6.0)

Total 402 100.0 7.9* ± 0.4
(1 – 17)

4.2 ± 0.1
(1.5 – 8.2)

* Significantly higher than mean age of grade 0 (P<0.001)

Table 2.  The criteria and prevalence of grades of spondylosis deformans (see Figure 1) in 402 cats (group 1): number and 
percentage of cats, mean age ± SE (range) and mean body weight ± SE (range).
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Postoperative care
The cats in both groups were referred to the Veterinary Medical Teaching Hospital for various 
indications, including diagnostic procedures and conservative or surgical treatments. Cats that 
showed signs of pain were treated with analgesic medications according to routine hospital 
protocols. When invasive treatment such as surgery was performed, the cats were anaesthetized 
and pre-emptive and post-operative analgesic medications were administered, as considered 
appropriate by a board-certified anaesthesiologist or critical care specialist. The specific drug, 
dosage, and protocols differed between individual cases. 

Questionnaire 
The owners of the 100 cats in group 2 completed a questionnaire on their cat’s activity, behaviour, 
husbandry and lifestyle (abbreviated questions can be found in (Table 3) with the aim of detecting 
behavioural changes relative to when the cat was a young adult (between 1 and 3 years of age). 
The owners filled in the questionnaire on their own, with explanations only being given if a 
question seemed unclear. The questions were a compilation of aspects covered by other authors 
evaluating musculoskeletal disease 61, 290 and those that veterinarians routinely cover when taking 
the patient history.

Statistical analysis
Statistical analysis was performed using a commercial software package (SPSS version 16.0).  
For group 1, the ‘Student’s t test’ was used to compare the mean age, gender, and bodyweight of 
cats with and without spondylosis. One-way ANOVA with Bonferroni correction was performed for 
the mean age and bodyweight of the cats with different grades of spondylosis. Univariate analysis 
was performed for age, gender, neutering status, and breed. Variables that were significantly 
related to spondylosis in the univariate analysis were subsequently analysed in a multiple logistic 
regression model. 

For group 2, an ordinal categorical principal component analysis (PCA) was used to reduce the 
23 questionnaire variables.16, 296 A PCA study involves a mathematical procedure that transforms a 
variety of correlated and uncorrelated variables into a smaller number of uncorrelated variables, 
which subsequently were used for regression analyses. Binary logistic regression analysis was used 
to investigate the relationship between several variables (including those obtained by PCA) and 
the occurrence of spondylosis at levels L3-S1. In addition to the five variables obtained by PCA, 
age and bodyweight were entered as continuous variables, whereas gender, body condition score, 
and breed were entered as categorical variables. Variables significant in univariate regression 
analysis were subsequently entered in multivariate, backward stepwise logistic regression 
analyses. The Hosmer and Lemeshow test was used to assess goodness of fit of the regression 
analyses. Significance was set at P< 0.05.
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Questions PCA variable

1 2 3 4 5

01. Indoor or outdoor cat or both. -0.271 -0.202 0.886 -0.237 -0.044

02. Time spent outside. -0.271 -0.202 0.886 -0.237 -0.044

03. Change in acceptance of brushing hair coat. 0.351 -0.262 0.191 -0.254 0.257

04. Elimination directly over the edge of the litter box. -0.159 -0.215 -0.089 -0.359 0.640

05. Change in elimination directly over the edge of the litter box. -0.210 -0.186 -0.129 -0.504 0.538

06. Change in playing with other animals. 0.064 0.210 0.252 0.228 -0.153

07. Change in activity of the cat. 0.368 -0.005 0.119 0.391 0.107

08. Change in jumping on objects. 0.720 0.073 0.085 0.033 0.122

09. Has the height of objects the cat can jump on decreased? -0.782 0.114 0.136 0.013 -0.128

10. Change in jumping off objects. 0.705 0.060 0.197 -0.022 0.100

11. Has the height of objects the cat jumps off decreased? -0.777 0.093 0.037 0.017 0.004

12. Change in jumping high jumps. 0.566 -0.170 -0.097 -0.039 0.057

13. Change in accessibility of cat's favorite places. 0.424 -0.209 0.048 -0.033 0.080

14. Change in walking upstairs. 0.751 -0.073 0.066 -0.184 -0.286

15. Change in walking downstairs. 0.643 -0.137 0.035 0.002 -0.367

16. Change in stiffness. -0.603 0.227 0.005 0.140 0.167

17. Change in aggressiveness. 0.076 -0.648 -0.315 0.101 0.041

18. Change in cat satisfaction. 0.419 0.513 0.139 -0.185 0.095

19. Change in greeting people. 0.159 0.785 -0.063 -0.174 0.125

20. Change in acceptance being petted. -0.033 -0.590 0.099 0.477 -0.048

21. Change in inter-cat socialization. 0.037 -0.025 0.047 0.270 0.489

22. Change in number of grooming moments. 0.515 0.167 0.217 0.187 0.399

23. Change in time spent grooming. 0.658 0.083 0.214 0.261 0.254

24. Ever hit by a car? -0.013 0.450 0.096 0.134 -0.003

25. Lameness in past? -0.163 0.042 0.322 0.435 0.122

26. Present lameness? -0.347 0.022 0.026 0.519 0.387

Table 3.  Loading of responses to the questionnaire (first column) into five new variables by ordinal (questions 1 and 2)  
or categorical principal component analysis (PCA). The loadings > 0.40 and < -0.40 are considered significantly 
related and depicted in grey. Three possible answers (less, the same or more) were possible for all questions,  
except questions 4, 9 and 11 (yes or no), question 1 (indoor only, outdoor only, in- and outdoor) and question 2  
(“0hr”, “0 to < 3hrs” or “3 or more hours”).
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Grade 0 Grade 1 Grade 2 Grade 3 Total

 (n) (%) (n) (%) (n) (%) (n) (%) (n) (%)

Gender

M* 138 65.7 40 19 13 6.2 19 9 210 52.2

F* 82 49.7 40 24.2 20 12.1 23 13.9 165 41.0

M 8 80 2 20 0 0 0 0 10 2.5

F 16 94.1 0 0 1 5.9 0 0 17 4.2

Age groups 
(years)

1 - 5 137 91.3 8 5.3 3 2.0 2 1.3 150 37.3

6 - 10 86 62.8 26 19.0 12 8.8 13 9.5 137 34.1

11 -17 21 18.3 48 41.7 19 16.5 27 23.5 115 28.6

Total 244 60.7 82 20.4 34 8.5 42 10.5 402 100.0

M* = male neutered, F* = female neutered, M = intact male and F = intact female

Table 4.  The prevalence of grades of spondylosis deformans (see Figure 1) in 402 cats (group 1) according to gender and age 
groups (number of cats, %).

Figure 2.  Distribution of grades of spondylosis deformans in 402 cats (group 1), expressed as a percentage of vertebral levels 
screened. C=cervical, T=thoracic, L=lumbar, S=sacral vertebra.
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Breed Grade 0 Grade 1 Grade 2 Grade 3 Total

(n) (%) (n) (%) (n) (%) (n) (%) (n) (%)

Domestic Shorthair 161 56.3 64 22.4 27 9.4 34 11.9 286 71.1

British Shorthair 14 77.8 2 11.1 1 5.6 1 5.6 18 4.5

Persian 11 38.8 4 25.0 1 6.3 0 0 16 4.0

Siamese 9 56.3 4 25.0 1 6.3 2 12.5 16 4.0

Cross breed 11 84.6 0 0 1 7.7 1 7.7 13 3.2

Maine Coon 12 92.3 1 7.7 0 0 0 0 13 3.2

Eastern Shorthair 4 50.0 2 25.0 0 0 2 25.0 8 2.0

Burmese 6 85.7 0 0 0 0 1 14.3 7 1.7

Norwegian Forest Cat 5 83.3 1 16.7 0 0 0 0 6 1.5

Birman 0 0 1 33.3 1 33.3 1 33.3 3 0.7

Cornish Rex 2 100.0 0 0 0 0 0 0 2 0.5

Devon Rex 2 100.0 0 0 0 0 0 0 2 0.5

Russian Blue 1 50.0 1 50.0 0 0 0 0 2 0.5

Somali 0 0 2 100.0 0 0 0 0 2 0.5

Tonkinese 2 100.0 0 0 0 0 0 0 2 0.5

Turkish Angora 1 50.0 0 0 1 50.0 0 0 2 0.5

Abyssinian 0 0 0 0 1 100.0 0 0 1 0.2

Exotic Shorthair 1 100.0 0 0 0 0 0 0 1 0.2

Havanna Brown 1 100.0 0 0 0 0 0 0 1 0.2

Sphynx 1 100.0 0 0 0 0 0 0 1 0.2

Total 244 60.7 82 20.4 34 8.5 42 10.5 402 100.0

Table 5.  The prevalence (number of cats and %) of grades of spondylosis deformans (see Figure 1) in 402 cats (group 1) 
according to breed.
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Results

Group 1
Group 1 consisted of 220 male cats (54.7%) and 182 female cats (45.3%). The mean and median 
age were both 7.9 (SD 3.9) (range 1-17) years, and the mean and median bodyweight were both 
4.2 (SD 0.9) (range 1.5- 8.2) kg. The prevalence of spondylosis in group 1 was 39.4% (158/402) 
(Table 2). Cats with spondylosis (i.e., grades 1, 2, and 3) were significantly older than cats 
without spondylosis (i.e., grade 0; P<0.001) (Table 2). The prevalence of all grades of spondylosis 
increased with age (Table 4). No significant difference was found between the mean ages of cats 
with different grades (1-3) of spondylosis. Female cats (84/182, 46.2%) were significantly more 
affected by spondylosis than were male cats (74/220, 34.6%) (P<0.001) (Table 4). The bodyweight 
of affected and non-affected cats was not different (Table 1). Most breeds were affected by 
spondylosis (14/20); the six breeds without spondylosis were represented by only one or two cats 
(Table 5).

The distribution of the different grades of spondylosis along the vertebral column, expressed as 
a percentage of the total number of radiographs available for a certain segment, revealed a peak 
of >10% affected segments at levels T4-T10. However, severe, grade 3 spondylosis was found 
most often in the more caudal region of the spine (i.e., levels T10-S1) (Figure 2). The prevalence of 
spondylosis at levels L3-S1 in cats aged one year and older was 13.6% (9/66). Osteoarthritis of the 
facet joints or DISH was not found in either group. 

In the multiple logistic regression model, only the variable ‘increasing age’ was significantly 
associated with spondylosis (odds ratio (OR) 1.46, 95% confidence interval (CI) 1.36-1.57; P<0.001). 

Group 2
Group 2 consisted of 61 male cats (61.0%) and 39 female cats (39.0%). The mean and median ages 
were 10.9 and 11.0 years, respectively (range 6-19 years). The prevalence of spondylosis in the 
lumbosacral region (i.e., L3-S1) was 28% (28/100). In comparison, the prevalence of spondylosis 
of the L3-S1 vertebrae in cats of similar age in group 1 was 22.8% (8/35). Musculoskeletal 
examination was impossible in 12/28 of the cats with spondylosis. Five other cats reacted on 
deep palpation of the caudal region of the spine and passive movements of the hip joint. One 
of these also reacted on passive movements of both knees and tarsi. One cat reacted on passive 
movements both elbows. The remaining 10 cats did not react on passive movements of the 
appendicular skeleton and deep palpation of the lumbosacral region. None of the cats with 
spondylosis had moderate or severe radiographic signs of osteoarthritis in any appendicular joint 
and none of the cats had been referred for orthopaedic signs. 

Questionnaire answers were grouped into five variables by ordinal, categorical PCA: PCA 
variable 1, mobility and grooming; PCA variable 2, aggressiveness and social interaction with 
the owners; PCA variable 3, indoor or outdoor housing; PCA variable 4, current and previous 
lameness; and PCA variable 5, elimination directly over the edge of the litter box and inter-cat 
socialization (Table 2). Univariate binary logistic regression demonstrated an association between 
the presence of moderate or severe (grade 2 or 3) spondylosis of the lumbosacral region (i.e., 
L3-S1) and PCA variable 2 (P=0.037 OR 1.714, 95% CI 1.033-2.844). No significant associations 
between spondylosis of the lumbosacral region and age (P=0.158), gender (P=0.152), bodyweight 
(P=0.899), BCS (P=0.564), PCA variable 1 (P=0.451), PCA variable 3 (P=0.737), PCA variable 4 
(P=0.313), and PCA variable 5 (P=0.190) were found. 
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Discussion

The cats with spondylosis were significantly older than those without radiographic evidence of 
spondylosis, and more female than male cats had spondylosis. The bodyweight of the cats was not 
associated with the severity of spondylosis. Most feline breeds were affected by spondylosis, but 
because some breeds were represented by only one or two cats, it was not possible to statistically 
analyse breed differences in the prevalence of spondylosis. Vertebrae T4-T10 were most often 
affected by spondylosis, as reported earlier 14, 15, 43, 51-53, but severe, grade 3, spondylosis, was  
most common in the lumbosacral region of the vertebral column, as found by others.14, 52, 54 

Consequently, clinical signs originating from the lumbosacral region can be expected, as 
evidenced by the association between radiographic abnormalities in this part of the spine and 
owner-reported behavioural changes in the cats of group 2. DISH was not found in any of the cats, 
but more research will be needed to conclude definitively that DISH does not occur in the feline 
species. 

It is challenging to assess orthopaedic problems in cats.54 Not only because a proper 
musculoskeletal examination of a cat is often difficult to perform or even impossible, as in 
12/28 cats with spondylosis in the present study, but also because cats tend to ‘mask’ pain due 
to musculoskeletal problems by behavioural changes, such as personality changes, abnormal 
elimination habits, poor grooming or aggressive behaviour, ass well as reduced ability to jump.16, 53, 

54, 58 If these behavioural changes do not have an acute onset and develop gradually, owners tend 
to consider the changes as part of natural ageing.284, 286 Owner evaluation of changes in behaviour 
and mobility appears to be a valid measure of chronic pain, as shown in adolescent cats with pain 
due to osteoarthritis.15, 16, 58, 59, 290 

Previously, we reported that osteoarthritis of the appendicular skeleton was significantly 
correlated with a decrease in mobility and grooming behaviour as well as an increase in 
elimination directly over the edge of the litter box.16 As Clarke and Bennett 15 reported, cats  
can suffer from osteoarthritis without there being specific notable radiographic changes.  
Thus, without histopathological examination of the joints, it would not be feasible to be 
absolutely certain that cats with osteoarthritis were excluded from our group of cats with 
spondylosis. Although physical examination of cats is often difficult to perform and an abnormal 
reaction is not necessarily indicative of pain, we tried to assess whether palpation and passive 
movements of the appendicular and axial skeleton elicited a (pain) reaction. The two cats with 
abnormal reactions during movement of the appendicular skeleton did not have clinical signs 
(pain reaction), palpable effusion or crepitation of the joints involved, or radiological signs of 
osteoarthritis of these joints, and were therefore included in the study.

None of the 28 cats with spondylosis in group 2 had radiographic or clinical signs of moderate 
or severe osteoarthritis in any appendicular joint. We therefore decided that we could study the 
possible clinical relevance, expressed as owner-reported behavioural changes, of specifically 
spondylosis independent of the presence of clinically evident osteoarthritis of the appendicular 
skeleton. The present study is the first report describing behavioural changes in cats with 
spondylosis. The PCA study reveals a significant correlation of spondylosis with PCA variable 2). 
This demonstrates that cats with spondylosis of the lumbosacral region show signs suggesting 
that they dislike being petted, are reluctant to greet people, are more aggressive and are 
considered by their owners to have a less satisfying life. Part of these behavioural changes can 
be explained by chronic irritation of cauda equina nerves or nerve roots attributing to a state of 
hyperesthesia or paraesthesia of the lumbosacral region and pelvic limbs.233 Since some cats in our 
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non-spondylosis group did had osteoarthritis, there is a possibility that the behavioural changes 
found in the present study were underestimated. These cats with osteoarthritis were previously 
reported 16 to have a changed mobility, which makes it theoretically difficult for PCA to detect 
mobility changes in the spondylosis group also. 

Bias due to comorbidity was not found, since the 28 cats with spondylosis in the lumbosacral 
region in group 2 were not significantly more often or more severely affected by local or systemic 
diseases (including hyperthyroidism 297) that could give rise to behavioural changes than were the 
other 72 cats not affected by spondylosis in this group. A double-blind placebo-controlled study 
of the efficacy of analgesic medications on behavioural changes is needed to demonstrate the 
clinical relevance of our findings. 
 
In conclusion, this study shows that the prevalence of spondylosis in cats increases with age and 
is especially high in the thoracic region, although severe spondylosis is most often found in the 
lumbar and lumbosacral region (i.e., T10-S1). Spondylosis of the lumbosacral region (i.e., L3-S1) 
appears to be associated with behavioural changes in the cat, rather than with lameness. 
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Abstract 

Background 
The relationship between intervertebral disc (IVD) disease and IVD 
degeneration remains unclear. This study is the second part of a  
two-part investigation, where the first part involved the development 
and validation of a histological grading scheme for classification of 
canine IVD degeneration.

Aim/Methods
The aim of the present study was to compare the clinical severity of 
IVD herniation (IVDH), determined with a neurological grading system, 
with findings of magnetic resonance imaging (MRI) and histology using 
grading systems for IVD degeneration in chondrodystrophic (CD; n = 37) 
and non-chondrodystrophic (NCD; n = 37) dogs. 

Results
IVD degeneration graded on MRI correlated significantly with IVD 
degeneration graded on histology, but not with pre-operative clinical 
signs. Hansen type 1 hernias were more common in the cervical 
and thoracolumbar segments and Hansen type 2 hernias were more 
common in the lumbosacral segment. Type 1 hernias occurred more 
often in CD dogs than in NCD dogs, and CD dogs were clinically more 
severely affected than NCD dogs. The grade of IVD degeneration on MRI 
was higher in CD dogs than in NCD dogs, but there was no difference 
between dogs with type 1 and type 2 hernias. No significant differences 
in histological grade were found between CD and NCD dogs or between 
type 1 and type 2 hernias. 

Conclusion
It was possible to conclude that IVD degeneration did not correlate with 
the neurological severity of IVDH. The extent of degeneration identified 
on MRI correlated with degeneration seen histologically. Although the 
MRI grading system reflected the severity of IVD degenerative changes 
as confirmed by histopathology, it appeared less useful in predicting the 
clinical implications. 
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Introduction
 
In the 1950s, Hans-Jörgen Hansen laid the foundation to the current theories of canine 
intervertebral disc (IVD) degeneration and IVD herniation (IVDH).170, 229, 230 Two types of IVDH  
were described, namely, the explosive extrusion (type 1 hernia) and the bulging protrusion  
(type 2 hernia). Two types of IVD metaplasia (chondroid and fibrous) and their occurrence in two 
types of dog breed, namely, chondrodystrophic (CD) and non-chondrodystrophic (NCD) breeds 
were also described.170, 229, 230 During the last 60 years, numerous studies have investigated the 
pathophysiology of IVD degeneration and the diagnosis, clinical presentation, and treatment of 
IVDH.176, 228 However, the relationship between the clinical severity of IVDH and the morphological 
changes indicative of IVD degeneration has never been thoroughly investigated. 
 
The clinical signs of IVDH in dogs depend on the type and location of the IVDH and may range 
from pain and discomfort to severe neurological deficits 62, 176, 228.
Magnetic resonance imaging (MRI) is considered the best diagnostic imaging modality for 
identifying and localizing IVDH.176, 228, 238, 298 MRI is also the technique of choice for determining  
the stage of IVD degeneration, scored with grading systems such as that of Pfirrmann et al. (2001), 
which has recently been validated for the use in dogs.242 

The current surgical treatment of IVDH aims to relieve compression of neural tissue. This can 
be accomplished by removing extruded or protruded IVD tissue via a ventral slot, lateral 
hemilaminectomy or dorsal laminectomy.176, 228, 299, 300 The surgically removed IVD tissue can be 
evaluated histologically 301, preferably using a validated histological grading system for IVD 
degeneration allowing for an objective and reproducible evaluation of morphological changes in 
the affected tissue. Royal et al. (2009) reported on the histological and cytological evaluation of 
surgical biopsies from dogs with a type 1 hernia, but did not use or propose an IVD degeneration 
scoring system.301 Boos et al. (2002) developed a histological scoring system for human IVD tissue 
that includes cytological and structural variables reflecting changes in the pulpy nucleus (NP), 
annulus fibrosus (AF), cartilaginous endplate and subchondral bone, but this system proved to be 
inadequate for grading canine IVD lesions in complete functional spinal units.245 

In part 1 of this two-part series, we proposed a new validated histological grading system 
specifically for canine IVD degeneration.302 The aim of the present report was to compare the 
clinical severity of IVDH with the degree of IVD degeneration seen on MRI (Pfirrmann system) and 
histology (Bergknut system) in CD and NCD dogs with IVDH. 

Materials and methods 

Animals and inclusion criteria
Dogs that were referred from March 2008 until September 2010 to the University Clinic for 
Companion Animals in Utrecht for surgical treatment of IVDH were included. Clinical data were 
retrieved from the hospital database. On the basis of earlier publications 12, 62, 170, 171, 238, 242, 266, 303-311, 

the dogs were grouped as CD or NCD. All dogs underwent clinical examination including 
neurological grading.62, 299, 300, 312 The diagnosis of IVDH was confirmed on MRI, and IVD material was 
collected during surgical treatment for histopathological investigation. 
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Clinical signs
Dogs were subclassified according to the outcome of the clinical neurological examination: 
dogs with pain only were subclassified as grade 1; dogs with paraparesis/tetraparesis that were 
ambulatory as grade 2; dogs with paraparesis/tetraparesis that were no longer ambulatory as 
grade 3; dogs with paraplegia/tetraplegia but with deep pain perception as grade 4; and dogs 
with paraplegia/tetraplegia and loss of deep pain perception as grade 5.62, 299, 300 

Magnetic resonance imaging
All MRI examinations were performed with a 0.2 Tesla open MRI system (Magnetom Open Viva, 
Siemens AG) equipped with multipurpose flex coils with diameters of 12, 16 and 21 cm and a 
body/spine flex coil with a diameter of 30 cm. For each examination a coil was chosen that fitted 
around the body of the patient as closely as possible. Contiguous, 3-mm thick T1- (TR 510 ms; 
TE 26 ms) and T2-weighted (TR 4455 ms; TE 117 ms) images were made in a sagittal plane. Of 
IVD spaces that were abnormal on sagittal images, 3-mm thick contiguous T1- (TR 624 ms; TE 26 
ms) and T2-weighted (TR 3835 ms; TE 117 ms) images were made in a transverse plane. The T2-
weighted sagittal MR images were assessed according to the validated Pfirrmann grading system 
for IVD degeneration (Table 1).237, 242 The location and type of IVDH and the lateralization of the 
compression were determined on T1- and T2-weighted transverse images. 

Histology
The diagnosis and type of IVDH (1 or 2), and the lateralization of the compression were confirmed 
during surgery by a board-certified ECVS surgeon (BM) and documented in the surgical reports. 
The surgical approach depended on the location of the IVDH, and thus different parts of the IVD 
were collected (Table 2). After fixation in 4% neutral-buffered formalin, the IVD tissue samples 
were embedded in paraffin, cut at 3-5 µm with a microtome, and subsequently stained with 
haematoxylin and eosin (H&E), and Picrosirius red/Alcian blue. H&E-stained sections were used to 
evaluate the morphological changes in the surgical biopsies, and the Picrosirius red/Alcian blue-
stained sections were used to evaluate changes in the composition of the intercellular matrix.  
All slides were evaluated using a standard optical microscope (Leica DM LS2) under the 
supervision of a board-certified pathologist (GG).
 
The histological samples were graded using a modified version of the validated Bergknut 
histological grading system for canine IVD degeneration made applicable for surgically obtained 
material.302 As suggested by Bergknut et al. (2012), the variables for the endplate, new bone 
formation, and subchondral bone sclerosis were omitted (Table 3). All histological slides were 
scored blinded and in random order. For statistical comparison only dogs for which both AF and 
NP tissue were available were included. In order to correlate clinical signs with MRI grades and 
histological changes, five grades were created based on the total histology score: grade 1 (0-4 
points), grade 2 (5-8 points), grade 3 (9-12 points), grade 4 (13-16 points), and grade 5 (17-20 
points).

Statistics
Data were analyzed using SPSS v.16.0 and Winepiscope v.2.0. Normal distribution of the data was 
confirmed using a Shapiro-Wilk W test and equality of variances using Levene’s test. Thereafter, a 
two independent samples t test (for the continuous data) and the Mann-Whitney U test (for the 
ordinal data) were performed to compare the means or medians of the different groups; an odds 
ratio was calculated for the rate of occurrence of type 1 and type 2 IVDHs in CD and NCD dogs, 
and relative risks were calculated for the proportion of IVDHs in the different spinal areas (cervical, 
thoracolumbar, or lumbosacral) and in CD and NCD dogs. The possible correlation between 
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clinical neurological grades, Pfirrmann MRI grades, and histological scores was investigated using 
Spearman correlations. P < 0.05 was considered as significant.

Grade Structure Distinction 
between NP and AF

Signal intensity Height of 
intervertebral disc

1 Homogeneous, bright white Clear Hyperintense, 
isointense to CSF

Normal

2 Inhomogeneous, with or 
without horizontal bands

Clear Hyperintense, 
isointense to CSF

Normal

3 Inhomogeneous, grey Unclear Intermediate Normal to slightly 
decreased

4 Inhomogeneous, grey to 
black

Lost Intermediate to 
hypointense

Normal to moderately 
decreased

5 Inhomogeneous, black Lost Hypointense Collapsed disc space

NP, pulpy nucleus; AF, annulus fibrosus; CSF, cerebrospinal fluid.

Spinal location 
and type of dog

Type of hernia Surgical approach IVD tissue

Cervical CD 1 Ventral decompression AF + NP

Cervical NCD 2 Ventral decompression AF

Thoracolumbar CD 1 Dorsolateral 
hemilaminectomy

NP + rarely AF

Lumbosacral NDC 2 Dorsal laminectomy AF + NP

AF, annulus fibrosus; NP, pulpy nucleus; type 1 IVDH, extrusion; type 2 IVDH, protrusion.

Table 1. The Pfirrmann intervertebral disc degeneration grading system using magnetic resonance imaging.237

Table 2.  Overview of the neurosurgical approaches in chondrodystrophic (CD) and non-chondrodystrophic dogs (NCD) with 
intervertebral disc (IVD) disease, type of hernia and type of disc material that was collected.
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Annulus fibrosus  

(points) Morphology:

0 Well-organized, half ring-shaped, collagen lamellae

1 Mild disorganized; some loss of half ring-shaped structure, most lamellar layer, still 
distinguishable (<25%)

2 Moderately disorganized; partly ruptured AF, loss of half ring-shaped structure (25-75%)

3 Completely ruptured AF; no or few distinguishable half ring-shaped collagen lamellae (>75%)

Chondrocyte metaplasia:

0 No chondrocyte morphology, just spindle-shaped fibroblasts

1 Mild chondrocyte proliferation (i.e., limited to inner most AF layers)

2 Moderate chondrocyte proliferation (i.e., chondroid cells in up to half of the AF)

3 Marked chondrocyte proliferation (i.e., chondroid cells up to outer layers of the AF)

Tear and cleft formation:

0 Absent

1 Rarely present

2 Present in intermediate amounts

3 Abundantly present

4 Scar/tissue defects

Pulpy nucleus  

(points) Cells chondrocyte proliferation:

0 No proliferation

1 Increased chondrocyte-like cell density

2 Connection of two chondrocytes

3 Small size clones (i.e., several chondrocytes group together, i.e., 2-7 cells)

4 Moderate size clones (i.e., > 8 cells)

5 Huge clones (i.e., >15 cells)

6 Scar/tissue defects

Presence of notochordal cells:

0 Abundantly present (>50%)

1 Present (1-50%)

2 Absent

Matrix staining Alcian blue / Picrosirius red:

0 Blue stain dominates

1 Mixture of blue and red staining

2 Red stain dominates

Table 3.  Modification of the Bergknut histological grading system 302 for application in surgically obtained intervertebral disc 
(IVD) tissue.
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Results

Descriptive statistics
A total of 37 CD and 37 NCD dogs were included. The CD dogs were of the following breeds: 
American Cocker spaniel (1), Beagle (2), Dachshund (8), Miniature Dachshund (5), English Cocker 
spaniel (3), French Bulldog (6), Jack Russell terrier (7), Sealyham terrier (2), and Shih-Tzu (3).  
The NCD dogs were of the following breeds: American Bulldog (1), Belgian Shepherd (5), 
Bolognese (1), Bordeaux (1), Border Collie (1), Boxer (1), Dalmatian (2), Nova Scotia Duck Tolling 
Retriever (1), German Shepherd (3), Golden retriever (1), Labrador retriever (5), Maltese (1), 
mongrel (5), Rhodesian Ridgeback (1), Rottweiler (4), Staffordshire Bullterrier (1), White Shepherd 
(2), and Yorkshire terrier (1). 

The mean age ± standard deviation (SD) of the CD and NCD dogs was not significantly different: 
6.5 ± 3.0 years (range, 1.6-12.2) and 6.6 ± 2.1 years (range, 2.8-12.5), respectively. The mean age of 
dogs with type 1 (n = 49) and type 2 (n = 25) hernias was also not significantly different: 6.7 ± 2.8 
years (range, 1-1) and 6.3 ± 2.1 years (range, 2-10), respectively. There were 41 males (15 neutered) 
and 33 females (23 neutered). Of these, 22 males were CD and 19 males were NCD, while 15 
females were CD and 18 females were NCD. The mean ± SD age of males was 6.9 ± 3.9 years 
(range, 1-12) and that of females was 6.2 ± 2.4 years (range, 1-9). In males, there were 26 type 1 
hernias and 15 type 2 hernias. In females, there were 23 type 1 hernias and 10 type 2 hernias.  
No significant differences between male and female dogs were found for mean age, type of  
breed (CD vs. NCD), or type of hernia (1 vs. 2).

Clinical signs 
Pre-operative neurological status was recorded for all 74 patients. The overall median (range) 
clinical neurological grade was 2 (1-5); it was 3 (1-4) for CD dogs, 2 (1-5) for NCD dogs, 3 (1-5)  
for dogs with type 1 hernias, and 1 (1-5) for dogs with type 2 hernias. The neurological grade  
was higher in CD than in NCD dogs (P = 0.037) and in dogs with type 1 vs. type 2 hernias  
(P < 0.001). Most NCD dogs (29/37; 79%) had grade 1 or 2 clinical signs, whereas more CD dogs 
than NCD dogs had grade 3 (8/37, 25% vs. 5/37, 10%) or 4 (10/37, 29% vs. 2/37, 5%) clinical signs. 
While neurological grades 1–4 were relatively evenly distributed in CD dogs (or dogs with a type 
1 hernia), increasingly fewer NCD dogs (or dogs with a type 2 hernia) had higher neurological 
grades (Figure 1). 

Magnetic resonance imaging 
Pfirrmann grading of the IVDs were performed and recorded for all 74 patients. The overall median 
(range) Pfirrmann grade was 4 (1-5); it was 4 (1-5) for CD dogs, 3 (1-5) for NCD dogs, 4 (1-5) for 
dogs with type 1 hernias, and 3 (1-5) for type 2 hernias (Figure 2). The mean Pfirrmann grade was 
higher in CD dogs than in NCD dogs (P = 0.047), but there was no difference between dogs with 
type 1 or type 2 hernias (P = 0.102). 
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Figure 1.  Number of dogs (n) in each clinical neurological score category stratified per chondrodystrophic (CD) dogs,  
non-chondrodystrophic (NCD) dogs, Hansen type 1 intervertebral disc (IVD) and type 2 IVD hernia.

Figure 2.  Number of dogs (n) in each Pfirrmann score category stratified per chondrodystrophic (CD) dogs,  
non-chondrodystrophic (NCD) dogs, Hansen type 1 intervertebral disc (IVD) and type 2 IVD hernia.
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Figure 3.  Representative images of the four different stages of morphological change in the annulus fibrosus: (A) 0 points; (B) 1 
point; (C) 2 points; (D) 3 points (Table 3).

Figure 4.  Representative images of the seven different stages of chondrocyte-like-cell proliferation in pulpy nucleus tissue: (A) 0 
points; (B) 1 point; (C) 2 points; (D) 3 points; (E) 4 points; (F) 5 points; (G) 6 points (Table 3).
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Figure 5.  Representative images of differences in composition of the intracellular matrix of the pulpy nucleus using a Picrosirius 
red/Alcian blue staining: (A) 0 points; (B) 1 point; (C) 2 points (Table 3).

Figure 6.  Number of dogs (n) in obtained histological grade category stratified per chondrodystrophic (CD) dogs, non-
chondrodystrophic (NCD) dogs, Hansen type 1 intervertebral disc (IVD) and type 2 IVD hernia.



103

-  Intervertebral disc disease in dogs: comparison of clinical, magnetic resonance imaging, and histological findings  
in 74 surgically treated dogs

Histology
Surgically obtained IVD tissue consisted of AF (Figure 3) and NP (Figures 4, 5), AF only, or NP 
only (Table 2). AF and NP material was available for 44 dogs. The histological scores of these 44 
dogs were used for statistical comparison. The median (range) histological grade was 3 (1-5); 
it was 3 (1-5) for CD dogs, 3 (2-5) for NCD dogs, 3 (1-5) for dogs with type 1 hernias, and 3 (2-
5) for dogs with type 2 hernias (Figure 6). No significant differences in histological grade were 
found between CD and NCD dogs (P = 0.554) or between type 1 and type 2 hernias (P = 0.144). 
Notochordal cells were found in the nucleus material in 1/21 CD dogs and in 4/23 NCD dogs. The 
CD dog with notochordal cells in the nucleus tissue was an 8-year-old Jack Russell terrier with a 
type 1 hernia, neurology grade 4, Pfirrmann grade 1, and histological grade 1. No fibrocytes were 
found in any of the NP specimens. In 12/44 surgical biopsies varying numbers of inflammatory 
cells were encountered. In addition, 17/44 biopsies revealed mineralization of the intercellular 
matrix ranging from blue-purple staining of the otherwise normal looking matrix, to extensive 
extracellular deposition of coarse crystalline material with or without a granulomatous reaction.

Type of hernia and dog breed 
The majority of IVDHs found in CD dogs were type 1 hernias (34/37), while in NCD dogs type 1 
(15/37) and type 2 (22/37) IVDHs were represented more equally. The relative risk of CD dogs 
developing a type 1 hernia was (34/37)/(15/37) = 2.3 times higher than that of NCD dogs, whereas 
NCD dogs were (22/37)/(3/37) = 7.3 times more likely than CD dogs to develop a type 2 hernia. 
In CD dogs, a type 1 hernia was seen 11.3 times (34/3) more often than a type 2 hernia. In NCD 
dogs, a type 1 hernia was seen 1.5 times (22/15) less often than a type 2 hernia. The odds ratio 
that CD dogs rather than NCD dogs would develop a type 1 hernia was (34/3)/(15/22) = 16.6 (95% 
confidence interval (CI), 3.6 – 52.8). 
 
A type 1 hernia was diagnosed more often in the cervical (17/49) and thoracolumbar (31/49) 
vertebral column than in the lumbosacral (1/49) area. Type 2 hernias were found mostly in the 
lumbosacral (16/25) segment and less frequently in the cervical (4/25) and thoracolumbar (5/25) 
regions. The probability of a cervical type 1 hernia was (17/49)/(4/25) = 2.2 times higher than 
the probability of a cervical type 2 hernia. The probability of a thoracolumbar type 1 hernia 
was (31/49)/(5/25) = 3.2 times higher than the probability of a thoracolumbar type 2 hernia. 
The probability of a lumbosacral type 1 hernia was (16/25)/(1/49) = 31.4 times lower than the 
probability of a type 2 hernia. The probability of a cervical hernia was (11/37)/(10/37) = 1.1 times 
higher in CD dogs than in NCD dogs. The probability of a thoracolumbar IVDH was (23/37)/
(13/37) = 1.8 times higher in CD dogs than in NCD dogs. The probability of lumbosacral hernia was 
(16/37)/(1/37) = 16.0 times lower in CD dogs than in NCD dogs. 

Correlation analysis
The Pfirrmann grade was moderately correlated with the histological grade (r = 0.43, P < 0.001), 
but neither the Pfirrmann grade (r = 0.11, P = 0.65), nor the histological grade (r = 0.26, P = 0.09) 
showed significant correlation with the clinical neurological status.
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Discussion

This study showed that while MRI findings and histological grades of IVD degeneration were 
significantly correlated with each other, they were not significantly correlated with the severity 
of clinical neurological signs. Seiler et al. (2003) also found a significant association between MRI 
changes and histopathological findings using different scoring methods and complete lumbar 
IVDs.240 However, Seiler et al. (2003) did not compare findings with clinical data, investigated 
only NCD dogs, and used complete functional spinal units retrieved from dead animals, which 
makes it difficult to compare the two studies. The lack of correlation between clinical neurological 
signs and the extent of IVD degeneration, scored using MRI or histological grading systems, 
might reflect the difference in focus of the scoring systems: functional changes (due to neural 
compression) vs. degenerative changes. Since nerve root and spinal cord compression cause pain 
and neurological deficits 62, from a clinical point of view, neural compression should be part of a 
clinical MRI scoring system for IVDH as proposed by Bergknut et al. (2011).242

 
Histopathological evaluation of the present cases revealed an inflammatory reaction in 27%  
of the surgical samples in addition to more abundant degenerative changes and necrosis.  
The inflammatory infiltrates were not encountered in histological samples of complete 
functional spinal units and were thus not included in the Bergknut grading scheme.302 Therefore, 
inflammation was also not included in the list of variables used in our grading scheme for surgical 
biopsies. We speculate that the absence of an inflammatory infiltrate in complete spinal segments 
collected from dogs without any clinical back problems 302 was probably partly due to the fact that 
these samples typically represented chronic, inactive and uncomplicated stages of degeneration, 
whereas the surgical samples obtained from dogs in the current study represent more acute 
lesions or chronic lesions that were operated in an acute episode of the disease. 

In case of a type 1 IVDH, an inflammatory reaction is evoked when disc material herniates into the 
spinal canal. Inflammatory infiltrates with neutrophils and macrophages, comparable to those 
encountered in our samples, have been reported earlier in surgical samples of canine herniated 
IVDs.301 We speculate that an acute inflammatory reaction could aggravate the clinical signs due 
to swelling of the inflamed, extradural tissue causing compression on the dura. In case the dura is 
damaged and no longer intact, inflammatory mediators may directly affect the spinal cord. In case 
of a type 2 IVDH, the integrity of the AF decreases, allowing blood vessels to enter the periphery of 
the disc with inflammatory changes in the AF as a result. Lymphocytes, plasma cells, macrophages 
containing haemosiderin pigment and granulation tissue can also be observed in some surgical 
biopsies and reflect a more chronic inflammatory reaction with signs of tissue repair.
 
Hansen is commonly cited as reporting that type 1 hernias occur predominantly in CD dog breeds, 
whereas type 2 IVDHs occur in older animals of both CD and NCD breeds.170, 176, 230, 313, 314 Clinically, 
the neurological signs of IVDH are generally less severe in NCD dogs than in CD dogs.12, 228 This is 
most likely due to the higher prevalence of type 2 hernias in NCD breeds. A limitation of our study 
was that we did not control for timing of the injury because the case numbers would have been 
too low to enable us to draw statistically significant conclusions. This may have influenced the 
outcome of the comparison among the types of hernias and types of dog breeds, since dogs will 
usually progress through stages of clinical signs. Another limitation is that the location of the IVDH 
was not specifically taken into account and cervical, thoracolumbar and lumbosacral IVDH were 
grouped together when comparing types of IVDH and types of breeds.
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While some investigators have reported no gender predilection for either type of hernia 176, others 
have found a significantly greater risk in males and spayed females than in intact females.303, 315 
The age of dogs with IVDHs has been reported to be 3-7 years in CD dogs and 6-8 years in NCD 
dogs.12, 176, 228 In our study, the distribution of the two types of hernias between CD and NCD dogs 
was similar to that reported earlier, and CD dogs presented with more severe neurological signs 
than did NCD dogs. We also found no difference between gender or age of dogs with a type 1 and 
a type 2 IVDH, or between the age of CD dogs and NCD dogs.
 
The most noticeable deficit in CD dogs is abnormal endochondral ossification which leads to 
disproportionate dwarfism.171, 305 In humans, cattle, poultry and rabbits chondrodysplasia is 
considered a heritable disease and in dogs it is believed to be a pathological trait that became a 
breed characteristic as a direct result of inbreeding and selection.12, 169, 305 There is no uniform and 
comprehensive list of dog breeds regarded as CD, so we based the classification of CD vs. NCD on 
reports from the literature.12, 62, 170, 171, 238, 242, 266, 303-311 Neither the Maltese, nor the Bolognese terrier 
has been reported as being a CD breed in the literature. The Yorkshire terrier has been reported to 
be both a CD 306 and a NCD breed.316 We considered these three smaller breeds as miniature NCD 
breeds and grouped them accordingly. 
 
In CD dogs, notochordal cells differentiate in, or are replaced by, chondrocyte-like cells relatively 
early in life when compared to NCD dogs 12, 169. As a result, the NP becomes less viscous and more 
cartilaginous with altered biomechanical characteristics, which makes it firmer. Interestingly, 
many notochordal cells were found in the NP of a Jack Russell Terrier, a breed often described 
as CD.242, 306, 310, 311 This may explain the unusual low Pfirrmann score (1) and histological grade (1) 
of this dog. In NCD dog breeds, notochordal cells are normally present at later age; the matrix 
composition of the NP remains therefore gelatinous.12, 169, 177, 178 Remarkably, notochordal cells were 
present in only 4/23 NCD dogs. This finding supports the hypothesis that IVD degeneration, which 
is generally the underlying mechanism for IVDH, is characterized by a loss of notochordal cells and 
an increase in the number of chondrocyte-like cells in the NP, regardless of the type of breed. 
 
Hansen (1952) described two different types of metaplasia, i.e., chondroid and fibrous, 
as occurring in CD and NCD breeds, and in type 1 and type 2 IVDHs, respectively. As IVD 
degeneration progresses, the histological distinction between CD and NCD dogs may become 
less apparent.170 Our research population included dogs with early-stage IVD degeneration as 
well as animals with more chronic changes, as scored using the Pfirrmann grading system and our 
histological system. The complete absence of fibrocytes in the NP of our CD and NCD dogs with 
varying degrees of IVD degeneration, except in cases with the presence of granulation tissue, does 
not support Hansen’s hypothesis of a fibrous type of metaplasia. 

Conclusions
The Pfirrmann MRI grading system and the modified Bergknut histological grading system provide 
useful information about the severity of degenerative changes in the IVD. However, they were 
not correlated with clinical signs due to IVDH. These MRI and histological grading systems are 
thus less useful to predict the functional consequences of IVDH because they do not score neural 
compression and inflammation. This study confirms most of Hansen’s theory on type 1 and type 
2 IVDHs and their relation with spinal location and breed type. However, the histological findings 
in 37 CD and 37 NCD dogs with varying degrees of IVD degeneration did not support Hansen’s 
hypothesis of a fibrous type of metaplasia which remains a focus for further research.
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Abstract

Background/Aims
In patients with low back pain, surgical removal of the partially herniated 
nucleus pulposus may lead to clinical improvement but ultimately 
leads to intervertebral disc degeneration and recurrence of back pain is 
frequent. As an alternative treatment, use of an injectable material which 
solidifies in situ, is proposed. Such materials can easily fill oddly-shaped 
defects in the annulus fibrosus and seal the disc through a minimally 
invasive surgical procedure, thereby protecting the disc from further 
degeneration. 

Methods
In this study, a series of injectable and photo-crosslinkable macromers 
based on poly trimethylene carbonate (PTMC) and polyethylene glycol 
(PEG) were prepared and tested in an ex vivo canine model. 

Results
It is shown that these materials are injectable and solidify within two 
minutes upon illumination with visible light. By varying the PTMC to 
PEG block ratios, material properties such as elastic modulus and water 
content could easily be tuned to match those of the native annulus 
fibrosus. Ex vivo results using canine cadaveric spines showed the 
potential of the materials to seal an opening in the annulus fibrosus, 
although the adhesion of the photo-crosslinked material to the disc 
tissue needs to be improved.

Conclusion
PTMC-based macromer formulations can be injected and  
photo-crosslinked in situ in a nuclectomized intervertebral disc.  
By preparing blockcopolymeric macromers with different contents of 
PEG and TMC, biodegradable network materials with varying properties 
can be prepared. Important physical properties such as elastic modulus 
and hydrophilicity can be optimized to match those of native AF tissue. 
Studies in canine cadaveric spines showed that, while the depth of cure 
in the intervertebral disc cavity is sufficient to achieve adequate network 
formation, the adhesion of the photo-crosslinked materials to the disc 
tissue needs to be enhanced.
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Introduction

Low back pain (LBP) is a major medical problem of immense socio-economic concern.125-128 One 
of the main causes of LBP is degenerative disc disease (DDD) characterized by partial herniation 
of the nucleus pulposus (NP) through a ruptured annulus fibrosus (AF). This will eventually 
lead to intervertebral disc degeneration (IVDD).133 Currently, removing the partially herniated 
NP and suturing the AF is the gold standard for treatment of DDD. Despite the fact that new 
emerging suturing techniques for annular closure are promising, disc reconstruction is usually 
not performed during these surgical procedures. Progressive IVDD may lead to structural failure 
of the IVD and AF prolapse at the original site of injury, i.e. where the annular structure has been 
disrupted, with recurrence of LBP.317 Therefore, there is a great need for improved techniques and 
devices to repair annular defects at the moment of NP removal and prevent progressive IVDD and 
recurrent LBP.
 Recent efforts have focused on tissue engineering strategies. A number of scaffolds have been 
suggested for AF tissue engineering, including collagen and hyaluronan 318, chitosan 319, 
aligned electrospun poly(et-caprolactone) (PCL) fibers 320, poly (1,8-octanediol malate) 321, 
polyglycolic acid meshes 322 and RGD-modified porous silk.323 While many of these materials show 
promise, they need to be implanted as a replacement patch into the injured or diseased AF that 
requires invasive surgery. In addition, only few studies have addressed the need for fixing the 
implanted material within the annular defect.324 Furthermore, tissue engineering attempts aim at 
regenerating AF tissue in the long term. Providing immediate mechanical strength after surgery is 
often neglected in these studies. In this study, we hypothesized that minimally invasive injection 
of a biodegradable material into the torn AF and subsequent curing, not only can restore IVD 
function in the short term through immediate securing of disc material, but can also promote 
disc regeneration in longer times through degradation of the material and subsequent cellular 
infiltration. An ideal in situ-forming AF material should be readily injectable, easily infiltrate in 
surrounding tissue, and cure rapidly. The formed implant should have physical and mechanical 
properties that are close to those of AF tissue, and thereby not interfere with the restoration 
of the biomechanical properties of the disc. To develop an injectable system which meets the 
above requirements, we first focused on the synthesis of liquid triblock copolymeric macromers 
with three structural moieties: hydrophilic PEG that provides hydrophilicity, flexibility and allows 
wetting of the tissue 325; oligomeric trimethylene carbonate (TMC) blocks that provide the 
elasticity and (enzymatic) degradability of the material 326; and photo-crosslinkable methacrylate 
end groups which allow (photo)crosslinking.327 In the next step, the developed systems were 
characterized in terms of their injecctability, curing and solidification time, and their physical 
and mechanical properties. To illustrate the potential of this injectable system as an AF sealant or 
restoration device, ex vivo experiments were conducted using canine cadaveric spines.

Materials and methods 

Materials 
Trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim (Germany) and used 
without further purification. Stannous octoate (tin 2-ethylhexanoate, SnOct2), 1,6-hexanediol 
(99%) (HD), polyethylene glycol (PEG) (200, 600 and 1000 g.mol-1), triethyl amine (TEA), 
methacrylic anhydride (MA), camphorquinone (CQ) photoinitiator, N,N-Dimethyl-p-Toluidine 
(DMPT) and hydroquinone were purchased from Sigma-Aldrich (U.S.A.) and used as received. 
Analytical grade dichloromethane (DCM) was obtained from Biosolve (The Netherlands).  
DCM and toluene were dried over CaH2 and distilled. The PEG were dried by azeotropic  
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distillation with toluene. Other solvents (Biosolve, The Netherlands) were of technical grade  
and were used as received. 

Synthesis and characterization of macromers 
Poly(trimethylene carbonate) (block co) oligomers were first synthesized by ring opening 
polymerization of trimethylene carbonate in the presence of HD, PEG200, PEG600 or PEG1000 
as initiator. A typical procedure for the preparation was as follows: TMC, initiator and Sn(Oct)2 
(0.2 mmol/per mol monomer) as catalyst were reacted in the melt at 130 °C for 72 h under argon 
atmosphere. Oligomers with a targeted molecular weight of approximately 2000 g.mol-1 were 
prepared by adjusting the initiator to monomer ratios.
 The synthesized oligomers were subsequently methacrylate-endcapped using methacrylic 
anhydride in the presence of triethyl amine. The (co) oligomers first were dissolved in DCM and 
MA and TEA (4 mol/mol oligomer) and charged into a three-necked round bottom flask under 
argon atmosphere. The reaction was allowed to proceed for 72 h at room temperature.  
Then, 200 ppm hydroquinone was added to the solutions and the macromers were purified 
by removal of the formed methacrylic acid and the excess methacrylic anhydride by vacuum 
distillation at 120 °C. The macromers were then dissolved in DCM and precipitated in excess cold 
hexane. The macromers were dried in a vacuum oven at 30 °C for 24 h and stored at -20 °C until 
use. The oligomer syntheses and the functionalization reactions are schematically shown in  
Figure 1. The macromers are labeled as MA-PTMC-initiator-PTMC-MA, in which initiator is HD  
or the corresponding PEG. For example, MA-PTMC-PEG200-PTMC-MA macromers are prepared  
using PEG of molecular weight of 200 g.mol-1 as the initiator. 
 Macromer molecular weights and degrees of functionalization were determined by 1H-NMR 
spectroscopy (Varian Innova 300 MHz, USA), using CDCl3 (Merck, Germany) as the solvent. 
The thermal properties of the macromers were assessed by differential scanning calorimetry 
(DSC) employing a Perkin Elmer Pyris 1 (USA). To erase the thermal history of the samples, 5-10 
mg samples were heated from -100 °C to 100 °C at a heating rate of 10 °C/min and quenched 
rapidly (300 °C/min) to -100 °C. After 5 min, a second scan was recorded. In second run The glass 
transition temperature, Tg, was taken as the midpoint of the heat capacity change, the melting 
point (Tm) was determined as the maximum of the endothermic peak. The viscosity of macromers 
was determined at room temperature using a US 200 rheometer (Anton Paar, Austria).  
 The experimental settings were a flat plate geometry (25 mm diameter, 0.5 mm gap), a strain of 
1% and a frequency of 1 Hz.

Figure 1. Schematic route employed to synthesize PTMC and PTMC-PEG-PTMC macromers.
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Photo-crosslinking kinetics by Fourier transform infrared (FTIR) spectroscopy 
Fourier Transform Infrared Spectroscopy (FTIR) experiments (4000–600 cm−1) using a Perkin-
Elmer Spectrum 1000 FTIR spectrometer (USA) at 4 cm-1 resolution were performed at room 
temperature for investigation of the curing kinetics. An amount of macromer was dissolved in 
dry DCM, and CQ (2 wt% of the macromer) was added. 100 µl of this solution was then cast on a 
KBr disc and left in the dark in a vacuum oven for 4 h to evaporate the solvent. A spectrum of the 
non-crosslinked material was then collected. With use of a light probe (Optilux 501, USA, 10 mm 
diameter light probe, 470 nm blue light) the specimens were illuminated for 10 s with an intensity 
of 200 mW/cm²). Immediately after light exposure, a second spectrum was collected. This process 
was repeated until the samples were illuminated for a total time of 280 s. The C=C stretching 
vibrations at 1670–1600 cm−1 were used as characteristic infrared absorbance bands to monitor 
the conversion of the methacrylate double bonds during photo-crosslinking. The area of these 
peaks was integrated and normalized to the peak area of the carbonyl (C-O) peak at 1730 cm-1 to 
correct for polymerization shrinkage during the reaction. The conversion was calculated from the 
decrease of the peak area in time:

      (1)

Here At=0 is the peak area of the C=C bonds at the beginning of the reaction (non-irradiated 
specimens, t=0) and At is the peak area at illumination time t. To check if crosslinking continued 
in the dark, double bond conversions were also determined after different time periods after the 
illumination. The photo-crosslinking rates were determined by numerical differentiation from the 
double bond conversion versus time data.
 To investigate the effect of a tertiary amine on the photo-crosslinking kinetics, DMPT  
(0.08 wt% with respect to the macromer) was added to the macromer and CQ solutions in DCM. 

Preparation of PTMC-based networks by photo-crosslinking and 
characterization  
PTMC-based networks were prepared by photo-crosslinking Optilux 501 apparatus with a blue 
light intensity of circa 200 mW.cm-2 using CQ/DMPT as photo-initiating system. Typically, CQ  
(2 wt% with respect to the macromer) was first dissolved in the macromer, after which DMPT  
(0.08 wt % with respect to macromer) was added. The mixtures were cast in metal molds and 
cured for 200 s to give discs with a diameter of 6 mm and a height of 3 mm. 
 The gel content of the photo-crosslinked specimens were determined by swelling in DCM.  
The as-prepared samples were first weighed (Wi) and then immersed in excess of DCM. After 72 h, 
the specimens were dried in a vacuum oven for 36 hrs (at 40 °C), and their dry 

      (2)

Water-uptake measurements were also conducted. As-prepared samples were immersed in 
excess distilled water until constant weight was reached (Ww). Then the specimens were dried in a 
vacuum oven at 70 °C for 72 h and weighed (Wd). Water-uptake was calculated using:

         (3)

The thermal properties of the networks in the dry- as well as in the wet state after equilibration in 
water were evaluated by DSC as described before, by quenching to -50 °C and heating to 30 °C at 
10 °C/min. In the wet specimens, the fraction of freezable and non-freezable (bound) water could 
be determined as described by Gunasekaran et al. (2006).328
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The elastic modulus (E) of the photo-crosslinked PTMC-based networks in the dry and in the wet 
state were determined at room temperature in compression using a Zwick Z020 tensile tester 
(Germany) equipped with a 500 N load cell. Photo-crosslinked discs (with a diameter of 6 mm and 
a height of 3 mm in the dry state) were compressed at a rate of 30% per min. The value of E was 
determined from the slope of the linear region in the compressive stress-strain curves. The depth 
of cure of the macromers was determined in a manner similar to that described in ISO 4049. The 
mixtures of macromer and initiating system were inserted into a cylindrical mold (10 mm length 
and 6 mm internal diameter), covered with glass slides and irradiated for 200 s with blue light as 
described above. Non-cured material was carefully removed with a plastic spatula, and the length 
of the cured cylinder was equated to the depth of cure.

Cross-linking of PTMC-based macromers in cadaveric canine intervertebral discs 
The potential of using the macromers as an injectable AF closure device was evaluated using 
canine cadaveric discs. The lumbar spines of beagle dogs were immediately frozen at -20 °C  
after euthanization. Prior to use, the spines were left to thaw for 24 hours at room temperature. 
Excess muscle was removed, but ligamentous tissue was left intact. Before application of the 
macromers, a nuclectomy of the lumbar IVDs was performed after making a stab incision in the 
AF via a left lateral approach to the IVD. This is approach is similar to the surgical procedure done 
in human and canine DDD patients.329 An incision was made in the transverse midline of the IVD, 
parallel to the fibers of the outer annular ring using a surgical blade nr 11. The NP was removed 
with ball-tipped probes and a grasping forceps. 
 Then the macromers mixed with the CQ/DMPT initiating system (concentrations are as 
described before), were injected into and on the AF defect area using a syringe equipped with a 
gage 18 needle. The macromer mixtures were exposed to blue light for 200 s. The injections were 
done in IVDs at different locations of the spine, as is listed in Table 1. After closing of the annular 
defects upon injection and curing of the macromers, the spines were placed in an incubator 
overnight at 37 °C. The IVDs were carefully transected, and the infiltration of the macromer in the 
disc tissue, the extent of cross-linking and the efficiency of closing the annular defects  
was evaluated.

Macromer IVD in cadaveric canine spinea

MA-PTMC-HD-PTMC-MA L5-L6, T13-L1

MA-PTMC-PEG200-PTMC-MA L5-L6, T13-L1

MA-PTMC-PEG600-PTMC-MA L3-L4, L2-L3

MA-PTMC-PEG1000-PTMC-MA L1-L2, L4-L5

a  L and T stand for the lumbar and thoracic vertebrae, respectively. L5-L6 for example indicates the disc between the L5 and 
L6 vertebrae.

Table 1.  Locations of the IVDs in the canine cadaveric spines into which the different macromers were injected and subsequently 
photo-crosslinked. 



113

- Photo-crosslinkable poly(trimethylene carbonate)-based macromers for closure of ruptured intervertebral discs

Results and Discussion

Synthesis and characterization of PTMC-based macromers
A series of TMC-based macromers, varying in chemical composition and physical characteristics, 
were prepared by ring opening (co)polymerization of TMC in the presence of low molecular 
weight PEGs (with Mn values of 200, 600 or 1000 g.mol-1) or hexanediol as initiating species. The 
hydroxyl group terminated oligomers were end-functionalized by reaction with methacrylic 
anhydride. 
 The structure and the Mn values of the (triblock) macromers were determined by 1H-NMR 
(Table 2). The TMC block lengths and the total molecular weights of the macromers were close to 
the intended values (2000 g.mol-1), as could be determined from the TMC to PEG integral ratios  
in the NMR spectra. In the spectra, the TMC (-COOCH2CH2CH2O-) resonances are at 4.1-4.3 ppm, 
while the PEG resonances (-O-CH2-CH2-) occur at 3.5-3.7 ppm. For the MA-PTMC-Hexanediol-
PTMC-MA macromer, the Mn values were calculated from the peak integrals of the HD resonances 
(-CH2-, 1.35-1.44 ppm) and those of TMC (4.1-4.3 ppm). For all macromers, TMC conversion was 
more than 98 %.
 The degree of functionalization of the macromers was calculated from the integral ratios of the 
methacrylate -CH=CH2 protons at 5.6–6.4 ppm to the PEG protons (-O-CH2-CH2-) at 3.5-3.7 ppm 
or to the HD protons at 1.34-1.44 ppm. As shown in Table 2, the degree of functionalization of 
the macromers was higher than 95%. It should be noted that terminal hydroxyl terminal groups 
could not be discerned in 1H-NMR spectra, also suggesting that the functionalization reaction was 
essentially complete.
 The thermal characteristics of the synthesized macromers as determined by DSC are shown in 
Table 2. All macromers had low (single) glass transition temperatures ranging from -43 to -53 °C. 
Only the MA-PTMC-PEG(1000)-PTMC-MA macromer was crystallizable with a melting point of the 
PEG component of 22 °C and a crystallinity of 8 %. This latter value is determined from the heat of 
fusion ∆Hm= 205.8 J/g for fully crystalline PEG.330 Before block copolymerization with TMC,  
the melting temperature of the PEG and its crystallinity were respectively 37 °C and 61 %.  
The attachment of TMC to the ends of PEG chains hinders the crystallization of PEG. This behavior 
is similar to that observed for other PEG triblock copolymers reported in the literature.331, 332

While the glass transition temperatures of the macromers did not depend on composition,  
the viscosity of the macromers decreased with increasing PEG block molecular weight  
(and decreasing TMC content). 

Macromer Mn
(g.mol-1)

TMCa

(mol%)
DFb

(%)
Tg
(ºC)

Viscosity 
(Pa.s)

MA-PTMC-PEG(200)-PTMC-MA 1875 94 95 -51.1 990

MA-PTMC-PEG(600)-PTMC-MA 1820 92 98 -49.4 13.2

MA-PTMC-PEG(1000)-PTMC-MA 1900 89 98 -53.2 6.16

MA-PTMC-Hexanediol-PTMC-MA 2050 94 98 -43.7 90.0

a TMC content in the macromer (in mol %) 
b Degree of functionalization with methacrylate end groups

Table 2.  Characteristics of the different synthesized PTMC-based macromers.
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Photo-crosslinking kinetics by Fourier transforms infrared (FTIR) spectroscopy 
As the objective of this study was to develop an in situ photo-crosslinkable annular closure 
device, whereby a solid network forms within minutes, the kinetics of the macromer double 
bond conversion upon illumination with blue light in the presence of CQ need to be investigated. 
Although CQ alone can be an effective initiator in some systems, the hydrogen abstraction 
reaction of triplet 3CQ* with amines such as DMPT to generate free radicals proceeds much 
more rapidly.333, 334 In Figure 2, the photo-crosslinking kinetics of the macromers, as determined 
by following the double bond conversion by FTIR in time, are shown. Several steps in the 
photo-polymerization are noticeable from the shape of the conversion curves, these are 
autoacceleration, autodeceleration and a limiting maximal conversion of the functional groups 
(81%).335 In the dark, in the absence of further radical initiation, photo-polymerization is minimal 
as the rate of polymerization declines rapidly.

Photo-polymerization rates are highest at double bond conversions of 20 to 40%, in agreement 
with the literature.336 Although the molecular weight of the different macromers was very similar, 
and consequently the concentration of double bonds as well, the polymerization rates varied with 
macromer structure and composition, see the data presented in Figure 2 and Table 3. It has been 
shown that monomer structure, composition of the macromer system, oxygen concentration 
and temperature can affect the kinetics of the polymerization.336 In our case, increasing the PEG 
content of the macromers decreased the maximal polymerization rates (Rpmax). The maximal 
reaction rate can be an indication of the magnitude of the gel effect. With decreasing PEG 
contents of the macromers, their viscosities increase (see Table 2). High viscosities result in 
increased polymerization rates due to a decrease in mobility of the macroradical chain ends and 
decreased termination rates.337 In addition, it has been shown that at high concentration ether 
groups, hydrogen abstraction from these groups can compete with the addition of an initiator 
radical to the monomer , thereby slowing down the polymerization.337 

With only CQ as photoinitiator (Figure 2a), maximal conversion and polymerization rates were 
relatively low. The lowest conversions were reached for MA-PTMC-PEG(1000)-PTMC-MA, with 
only 50% conversion after 280 s illumination. The other macromers, with lower PEG contents, 
reached somewhat higher maximal conversions of 62 to 77%. These poor conversions are due to 
vitrification of the polymerizing systems, where especially at low conversion rates diffusion of the 
radicals is limited. The extent of double bond conversion is low even after long illumination times. 
The macromer double bond conversion curves shown in Figure 2b and the data presented in 
Table 3 indicate that in the presence of DMPT for all macromers polymerization rates and maximal 
conversions are significantly higher than in the absences of DMPT. After 280 s illumination, the 
macromers now reached maximal double bond conversion (DC) of 74 to 80%. 
It can be concluded that although the concentration of radicals produced by hydrogen 
abstraction from macromers using only CQ is sufficient to initiate radical polymerization, use of a 
CQ/DMPT initiating system is significantly more efficient.
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Figure 2.  Photo-crosslinking kinetics of the different PTMC-based macromers as determined by FTIR, showing the effect of the 
initiating system. A) CQ photo-initiator; B) CQ with DMPT as the photo-initiating system. 

A

B
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Preparation of PTMC-based networks by photo-crosslinking and 
characterization
To obtain PTMC-based networks with physical properties that match those of AF tissue, networks 
were prepared by photo-crosslinking of PTMC-based macromers containing varying amounts 
of PEG using a CQ/DMPT photo-initiating system. In Table 4, the characteristics of the different 
(disc-shaped) networks prepared in molds are summarized. These include important network 
properties such as gel fraction, water uptake and thermal properties, as well as the depth of cure 
of the systems that can be reached in our experiments. 

The gel content of all networks was high (close to 90%) after 200 s of photo-polymerization. 
After crosslinking, all networks were amorphous (also in the case of MA-PTMC-PEG(1000)-PTMC-
MA), where the presence of cross-linkages inhibits crystallization). Furthermore, it can be seen 
in the table that compared to the Tg of the starting materials, Tg of the networks had significantly 
increased upon crosslinking. This is due to the restricted mobility of the chain segments.338 
 The uptake of water by the different networks strongly depends on composition. While MA-
PTMC-Hexanediol-PTMC-MA networks were quite hydrophobic and did not absorb significant 
amounts of water, networks containing PEG were quite hydrophilic. In these cases water uptake 
by the networks increased with increasing amount of PEG. The water contents of these networks 
were comparable to that of the annulus fibrosus (60-70%), indicating their compatibility with AF 
tissue.339 The table also shows that in the hydrated MA-PTMC-PEG(200)-PTMC-MA and MA-PTMC-
PEG(600)-PTMC-MA networks, most of the water is bound water. This water is likely oriented by 
hydrogen bonding to the ether groups of the PEG component in the network. For MA-PTMC-
PEG(1000)-PTMC-MA networks the total uptake and content of water is much increased, the 
fraction of non-bonded (free or bulk) water is much higher. This can be important as the physical 
state of the absorbed water can determine the interaction between the hydrated network 

Macromer RPmax (%/s) DC at RPmax(%) 

Initiator Initiator 

CQ CQ/DMPT CQ CQ/DMPT

MA-PTMC-PEG(200)-PTMC-MA 1.24 1.50 29 41

MA-PTMC-PEG(600)-PTMC-MA 0.70 1.30 28 40

MA-PTMC-PEG(1000)-PTMC-MA 0.49 0.88 27 37

MA-PTMC-Hexanediol-PTMC-MA 0.74 0.73 4.6 21

Table 3.  Maximal methacrylate double bond conversion rates and corresponding double bond conversions (DC) in the photo-
crosslinking of PTMC-based macromers. Photo-initiation is done using CQ in the absence or presence of DMPT.

Material Gel fraction 
(%)

Tg
(oC)

Water 
uptake (%)

Bound 
water (%)

Cure
depth 
(mm)

MA-PTMC-PEG(200)-PTMC-MA 90±1.2 -9.4 6.3±0.8 4 8±0.3

MA-PTMC-PEG(600)-PTMC-MA 87±1.8 -17.7 18.8±0.5 16 8±0.4

MA-PTMC-PEG(1000)-PTMC-MA 90±0.5 -23.0 54.5±1.0 32 7.5±0.2

MA-PTMC-Hexanediol-PTMC-MA 88±2 -9.7 1.0±0.2 0.002 9±0.5

Table 4. Physical properties of PTMC-based networks prepared by photo-crosslinking with a CQ/DMPT initiating system in molds.
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and proteins present in tissues, and thereby influencing reactivity and biocompatibility of the 
networks. 
 For our intended application, where the materials are first injected and subsequently photo-
polymerized in the tissue, the depth of cure of the macromers is of interest. For the different 
macromers the depth of cure with the CQ/DMPT initiating system was more than 7 mm in all 
cases, which is be quite sufficient. This high depth of cure achieved by visible light curing using CQ 
is due to its photobleaching characteristics and due to the fact that visible light is not absorbed by 
most organic compounds.340

 The values of the elastic modulus of the amorphous PTMC-based networks measured in 
compression are shown in Figure 3. In the dry state, the networks prepared from MA-PTMC-
PEG(200)-PTMC-MA had the highest modulus of 19.4 MPa. With increasing PEG content, the elastic 
modulus decreased and a value of 5.5 MPa was found for networks prepared from MA-PTMC-
PEG(1000)-PTMC-MA. 
 This reduction can be attributed to the presence of ether bonds in the polymer backbone which 
can lead to increased flexibility of the material. Furthermore, as previously discussed, the lower 
conversion of macromers containing the highest amounts of PEG could have resulted in a higher 
amount of non-elastically active chains and reduced crosslinking densities. Reduced crosslinking 
densities can result in lower elastic modulus values. 
 After equilibration in water, the elastic modulus of the hydrated networks decreased  
significantly. PTMC-based networks with the highest amounts of PEG take up the most water,  
and concomitantly have the lowest modulus values in the wet state.
Networks prepared using MA-PTMC-HD-PTMC-MA had relatively high E modulus values.  
As these networks take up only limited amounts of water, the rigidity did not change much  
upon equilibration in water.

The annulus fibrosus is a heterogenic tissue, with an elastic modulus of 5 to 40 MPa depend on 
the anatomical location.341 The determined elastic modulus values of the PTMC-based networks 
indicate that the mechanical properties of these materials should be adequate to use in functional 
repair of damaged AF tissue.

Figure 3. Elastic modulus values 
determined in compression of 
PTMC-based networks in the dry 
sate and in the wet hydrated state. 
The different networks take up 
different amounts of water, 
see Table 4.
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Figure 4.  Injection of a curable (MA-PTMC-PEG(200)-PTMC-MA) resin formulation into a nucletomized canine cadaveric 
intervertebral disc (A). In situ photocuring of the macromer with blue light (B). Dissected intervertebral disc 
after photocuring of the PTMC-based macromer (C). Photocrosslinked PTMC-based network in the nucletomized 
intervertebral disc (D).
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Photo-crosslinkable PTMC-based macromers as annulus closure devices 
The wetting of canine cadaveric IVD tissue by the different liquid PTMC-based macromers was 
first evaluated qualitatively. All macromers were found to spread well on the surface of the tissue, 
showing good adherence. The contact angles of the PEG-containing macromers on IVD surfaces 
were around 40°, as was roughly estimated from microscopy images after putting a drop of the 
macromers on the IVD tissue. The contact angle of the MA-PTMC-HD-PTMC-MA macromer had a 
slightly higher contact angle of around 45°, which correlates with the low hydrophilicity of the 
macromer.
 At room temperature, all macromers could readily be injected through an 18 gauge needle. 
Figure 4a shows the manner in which the macromers are injected into the nucletomized canine 
cadaveric intervertebral disc. By illumination of the macromers through the annular defect with 
blue light for 200s, shown in Figure 4b, a network is formed with the intervertebral disc. Figures 
4c and 4d are photographic images of the dissected canine cadaveric intervertebral discs in which 
the photocrosslinked PTMC-based network is present.
 The depths of cure determined in cylindrical molds was 7 mm or more, as described before, and 
it was to be expected that this would be to be more than sufficient to allow photo-crosslinking 
in situ. Upon examination of the discs after dissection, it was indeed found that the macromers 
could be cured to form a flexible and elastic network within the intervertebral disc cavity. In some 
cases, however, the nucletomized intervertebral discs were not completely filled; it is likely that 
the internal pressure within the intervertebral disc had made it difficult to completely fill the 
cavity with resin. It was also found that crosslinking was less efficient in the IVD cavity than in the 
cylindrical molds used to determine the depth of cure. With exception of the resins based on the 
MA-PTMC-PEG(200)-PTMC-MA macromer, the extent of double bond conversion and network 
formation, as could quantitatively be assessed from the stickiness of the networks, seemed to be 
lower. This reduced rate of curing can be due to blockage of the pathway of the light, or due to 
dilution of macromer resin compositions in the aqueous environment of the intervertebral disc. 
 Of the resins that were fully cured in situ, the strength of adhesion to the intervertebral disc 
tissue was qualitatively assessed. It was found that while the non-crosslinked macromer resins 
showed excellent spreading and adhesion to the tissue, the attachment of the cured PTMC-based 
networks to the tissue was not very strong. Although there was attachment to some extent, it is 
not sure if adhesion would be strong enough to prevent detachment to or expulsion from the IVD 
in clinical use.

Conclusions
The results presented in this study show that PTMC-based macromer formulations can be injected 
and photo-crosslinked in situ in a nucletomized intervertebral disc. By preparing blockcopolymeric 
macromers with different contents of PEG and TMC, biodegradable network materials with 
varying properties can be prepared. Important physical properties such as elastic modulus and 
hydrophilicity can be optimized to match those of native AF tissue. Studies in canine cadaveric 
spines showed that, while the depth of cure in the intervertebral disc cavity is sufficient to achieve 
adequate network formation, the adhesion of the photo-crosslinked materials to the disc tissue 
might need to be enhanced.
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Abstract

Background/Aims
A hydrogel nucleus pulposus prosthesis (NPP) was designed to swell  
in situ, have intrinsic radiopacity, and restore intervertebral disc height 
and biomechanical functionality. 

Methods 
These features were examined using an ex vivo canine lumbar model. 
Nine NPPs were implanted in 5 spines and their visibility was assessed 
on radiography, computed tomography (CT) and magnetic resonance 
imaging (MRI). Six other NPPs were tested biomechanically in 6 canine 
lumbar spines.

Results
The NPPs were visible on all imaging modalities and 8/9 NPPs stayed 
intact and in situ. Removal of the nucleus pulposus (nuclectomy) caused 
significant changes in biomechanical parameters. After implantation 
and swelling of the NPP, values were not significantly different from the 
native state for range of motion (ROM) of flexion-extension (FE) and 
lateral bending (LB), the neutral zone (NZ) of all motion directions and 
the neutral zone stiffness (NZS) of FE. Biomechanical restoration by the 
NPP compared to the nuclectomized state was significant for the ROM  
of FE and axial rotation, the NZ of FE and LB, and the NZS of FE and LB.  
Disc height was significantly restored and 6/6 NPPs stayed intact and  
in situ. 

Conclusion
The NPPs swell in situ, have intrinsic radiopacity and restored disc height 
and aforementioned biomechanical properties.
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Introduction

The intervertebral disc consists of an outer ring of collagenous fibers, the annulus fibrosus, and 
a soft inner gel-like structure, the nucleus pulposus. The combination of the soft nucleus and 
the firm annulus fibrosus allows for flexibility, stability, and cushioning, which contribute to the 
biomechanical properties of the spine. Age-related or pathological degeneration of the annulus 
fibrosus and/or in the nucleus pulposus lead to degenerative disc disease (DDD). DDD is an 
important of low back pain, a major medical and economic burden in Western societies.342-346 
Current surgical treatments focus on alleviating the clinical symptoms, rather than resolving the 
underlying cause, or at least restoring segmental functionality.347-349 These treatments consist 
of removal of the nucleus pulposus (nuclectomy) or the complete intervertebral disc (IVD) 
(discectomy), with or without spinal fusion. Nuclectomy decreases the disc height and thereby 
changes the biomechanics of the intervertebral disc, explaining why long-term surgical outcomes 
might not be as good as initially thought.350-355 Screws, cages, and connectors are often used to 
facilitate spinal fusion but do not restore the biomechanical function of the spine and may lead 
to nonunion, implant failure, and adjacent segment disease.143, 185, 193, 195, 198, 356-358 An alternative 
strategy is to replace the diseased nucleus pulposus with a prosthesis, leaving the annulus 
fibrosus largely intact. This nucleus pulposus prosthesis (NPP) should restore the cushion function 
of the healthy nucleus, maintain disc height, and interact with the annulus fibrosus. This NPP 
concept has been widely investigated.147, 359-362 Clear indications for NPP use have been formulated 
363, and the use of NPPs in a clinical setting has increased in the last decade. The first NPPs were 
associated with a high rate of complications, which led to a series of different designs.141 The most 
widely investigated commercial NPP is the Hydraflex prosthetic disc nucleus (PDN, Raymedica, 
Bloomington, MN, USA). The device consists of a hydrogel core that is packed in a polyethylene 
jacket; however, its design and the implantation technique have since been extensively modified, 
usually to cope with the problem of device migration.360 Another prosthesis, the hydrogel NeuDisc 
from Replication Medical Inc. had a stacked conformation including layers of a fiber mesh that was 
designed to prevent radial deformation.364 Recently, a new synthetic, biocompatible, radiopaque 
hydrogel NPP was described that can be implanted in a small (dry) form after which hydration 
occurs. The swollen NPP can fill the nuclear cavity and has mechanical properties mimicking  
those of the native nucleus pulposus.365-367 Testing of this NPP in canine cadaveric spines 
demonstrated its biomechanical feasibility, but also material limitations (extrusion and 
fragmentation) of this homogenous implant.187 This data led to a redesign of the NPP in such 
a manner that a non-homogenous structure with a soft core and a relatively firm periphery 
was developed. In the present study, we investigated the surgical feasibility of this improved 
NPP (implantation, swelling and imaging) as well as its effect on biomechanical function in a 
nuclectomized spinal unit, using canine cadaveric lumbar spines.

Materials and Methods

Manufacturing of the NPP
All chemicals, except 4-iodobenzoyl-ethyl-methacrylate (4-IEMA), were purchased from Aldrich 
(Zwijndrecht, The Netherlands); 4-iodobenzoyl-ethyl-methacrylate (4-IEMA) was prepared 
as described previously.365, 366 N-vinylpyrollidinone (NVP) and 2- hydroxyethyl methacrylate 
(HEMA) were purified through vacuum distillation. All other chemicals were use as received. 
A mixture of NVP (6.65 g, 59.8 mmol), HEMA (2.21 g, 17.0 mmol), 4-IEMA (3.60 g, 10.0 mmol) 
and 2,2’-azabisisobutyronitrile (AIBN, 5.0 mg, 30.4 micromol) was transferred into a cylindrical 
polypropylene tube (inner diameter 18.0 mm, length 70 mm, wall thickness 1.0 mm) that was 
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tightly closed at one end. The tube was placed vertically, and a Teflon-coated metallic rod 
(diameter 1.20 mm, length 100 mm) was placed exactly along the vertical axis. The tube was 
immersed for 90% in an oil bath that was interfaced with a time/temperature control system. The 
monomer mixture was heated over 2 h to 80°C and kept at this temperature for 12 h, during which 
time an incomplete polymerization reaction took place. The tube was removed from the oil bath 
and allowed to cool to room temperature. The central rod was carefully removed, and  
the resulting cylindrical cavity was filled with a mixture of NVP (0.865 g, 7.8 mmol), HEMA,  
(1.011 g, 7.8 mmol), Trigonox-42S (17.9 mg, 0.078 mmol), and a trace of the blue dye Makrolex B, 
using a syringe. The tube was again immersed in the oil bath, and the following time-temperature 
profile was imposed: (a) heating to 50°C during 30 min, followed by 6 h at 50°C; (b) heating to  
60°C during 30 min, followed by 6 h at 60°C; (c) heating to 80°C during 30 min, followed by 4 h  
at 80°C; (d) heating to 100°C during 30 min, followed by 4 h at 100°C; (e) heating to 130°C during 
30 min, followed by 2 h at 130°C; and (f ) power off, allowing the oil bath and polymer to cool  
to ambient temperature. Subsequently, the polymer rod was carefully excised from the tube. 
The NPPs were machined out of these rods, using a computer-controlled lathe/milling system, 
based upon previously determined dimensions of canine nuclear cavities.367 The dimensions of  
the dry NPP were calculated, using a one-dimensional swell factor of 1.28. This corresponds with 
a volume swell factor of (1.28)3 = 2.10. All tested NPPs were measured pre- and post-swelling with 
a Vernier caliper (accuracy 0.05 mm) and were weighed on a digital scale (accuracy 0.001 g).  
The pre-swelling dimensions were length 9.05 mm, width 3.86 mm, and height 2.4 mm, the mean 
weight was 0.0766 g.

X-ray photoelectron spectroscopy analysis
One dry NPP was subjected to X-ray photoelectron spectroscopy (XPS) cleaning for 30 minutes in 
an ultrasound bath with isopropanol, flushed with isopropanol, and dried with dry nitrogen gas.  
XPS reveals the elemental composition at the surface. Since the NPPs were machined out of a rod, 
it can be assumed that their surface composition is the same as their bulk composition.  
XPS line scans were measured to determine changes in composition across the core of the NPP. 
The measurements were carried out in a Quantera SXMtm from Ulvac-PHI, using monochromatic 
AlKα-radiation, a spot size of 100 µm, and a take-off angle of 45° (at this take-off angle the 
information depth in organic materials is ≈ 7 nm). Accurate narrow-scans were measured to 
determine the surface concentrations as a function of position. Line scans were measured along 
a straight line across the soft centre of the dry NPP. A total of 20 independent XPS spectra were 
measured, over a total distance of 4.0 mm (i.e., the distance between consecutive measurement 
spots was 200µm). These analyses provided profiles of the concentrations of carbon, iodine, 
nitrogen, and oxygen versus position in millimeters. 

Canine spines 
Spines were isolated from eleven 3-year-old healthy Beagle dogs weighing approximately 15 kg, 
stored -20°C and thawed at room temperature for 24 h prior to use. Excess muscles were removed 
but ligamentous tissue was left intact. Nine NPPs (No. I-IX) were used to investigate the surgical 
feasibility (implantation, swelling and imaging). Five of these nine prostheses were inserted at the 
L2-L3 level. To address the clinical setting where IVDs are never exactly the same size, two other 
prostheses were inserted in the slightly smaller level L1-L2 vertebrae and two prostheses were 
inserted in the slightly larger level lumbar (L) vertebrae (i.e., level L3-L4). For comparison, one 
control prosthesis (No. X) was left in a 50-ml tube with 0.9% NaCl in the incubator to swell freely. 
Six other NPPs (No. XI-XVI) were tested biomechanically in the L2-L3 level of six other spines  
(Table 1). Of these six spines, the spine segment ends were sawn at the thoracolumbar junction 
(i.e., level T13-L1) cranially and at the L5-L6 junction caudally, so that the final specimen included 
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L1-L5. For additional holding power, iron screws were inserted along and at right angles to the 
long axis in the vertebral body from L1 and L5. The spine ends with the protruding screw were 
completely embedded in two metal cups using heated (60°C) cerro-low147 (alloy consisting 
of 48% bismuth, 25.6% lead, 12.8 % tin, 9.5% cadmium, 4% indium; Cerro Metal Products Co., 
Bellefonte, PA). During preparation and testing, the specimens were kept moist by regularly 
spraying them with saline (0.9% NaCl) solution.

NPP
(No.)

Spine Spinal 
segment

Mass
(g)

Length 
(mm)

Width
(mm)

Height
(mm)

Implantation study

I 1 L2-L3 0.1115 10.83 4.54 2.72

II 2 L2-L3 0.1136 11.17 4.39 2.67

III 3 L2-L3 0.1068 11.06 4.49 2.86

IV 4 L1-L2 0.1100 11.03 4.49 2.70

V 4 L2-L3 0.1131 11.24 4.51 2.74

VI 4 L3-L4 - - - -

VII 5 L1-L2 0.1074 10.94 4.33 2.87

VIII 5 L2-L3 0.1095 11.13 4.44 2.90

IX 5 L3-L4 0.1149 11.84 4.46 2.63

X 0.9% NaCl 50ml tube 0.1350 11.48 4.67 3.06

Biomechanical study

XI 6 L2-L3 0.1141 11.23 4.22. 2.66

XII 7 L2-L3 0.1081 10.68 4.35 2.88

XIII 8 L2-L3 0.1001 10.33 4.22 2.45

XIV 9 L2-L3 0.1104 10.42 4.55 2.76

XV 10 L2-L3 0.1097 11.00 4.19 2.88

XVI 11 L2-L3 0.1055 10.28 4.36 2.69

Table 1.  Mass and dimensions of the nucleus pulposus prostheses (NPP) in the hydrated swollen state after implantation and 
incubation in a canine intervertebral disc (NPP No.I-IX) and in a 50-mL tube with 0.9% NaCl (NPP No.X) and after 
biomechanical testing in a canine intervertebral disc (NPP XI-XVI).

- could not be determined because ex situ fragmentation had occurred
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Surgical feasibility and imaging
Nuclectomy of lumbar IVDs was performed after making a stab incision via a left lateral approach 
to the IVD, comparable to the in vivo surgical approach in human and canine DDD patients.329  
The incision (3 to 4 mm) was made in the transverse midline of the IVD, parallel to the fibers of the 
outer annular ring, using a surgical blade No. 11. The NP was removed using ball-tipped probes 
and grasping forceps. After nuclectomy, the annular opening and nuclear space were probed with 
an aluminum NPP template (Figure 1), and then the non-hydrated NPP (xerogel) was manually 
inserted. Saline was injected into the nuclear cavity to initiate NPP hydration. The annular fibrosus 
was closed by suturing a 7x10 mm piece of fascia (lumbar musculature) dorsally and ventrally in 
the annular canal from the inside out, followed by three annular sutures (Ethilon 4-0) (Figure 2). 
The sutured annular incision was covered with a polypropylene mesh graft (Johnson & Johnson, 
New Jersey, USA) glued in place with tissue glue (Dermabond, Ethicon INC). After intramuscular 
infiltration with amoxicillin and clavulanic acid to prevent bacterial overgrowth, the spines were 
wrapped in plastic bags with saline solution to prevent dehydration and subsequently incubated 
at 37°C for 17 h mimicking physiological body temperature. The following day, after incubation 
for the implantation study, and after performing the biomechanical tests for the biomechanical 
study, the treated IVDs were carefully opened using a surgical blade No. 11. The incision was 
made immediately next to the caudal cartilaginous endplate to enable in situ assessment of the 
intactness and fit of the swollen NPP in the nuclear cavity. After removal, the dimensions and 
weight of the NPP were recorded. 
 Digital radiographs (Philips Bucky Diagnost, Philips N.V., Eindhoven, The Netherlands) were 
made in lateral and dorsoventral projections. Additional imaging was performed using CT (Philips 
Secura, Single slice spiral scanner, Philips, N.V., Eindhoven, The Netherlands) and high-field 
(7-Tesla) MRI (Philips Healthcare, Cleveland, OH, USA), using a home-built 30 channel receive 
surface coil.

Biomechanical testing
The six spinal segments that were used for biomechanical analysis were subjected to a constant 
bending moment from -2Nm to +2Nm (physiological moment for a dog) in a hydraulic spinal 
loading simulator (Instron Model 8872, Instron Corporation IST, Toronto, Ontario, Canada), of 
which the procedure has been described in detail previously.187 In short: the bending moment was 
applied in the dorsoventral plane (i.e., flexion extension (FE)), lateral plane (i.e., lateral bending 
(LB)), and rotated in the median plane (i.e., axial rotation (AR)). Each spinal segment was tested i) 
prior to nuclectomy (native), ii) after nuclectomy of L2-L3, and iii) after implantation of the NPP.  
 The following parameters were analyzed in the three different motion directions: 1) Range of 
motion (ROM): the range of angular displacement between minimum (-2 Nm) and maximum  
(+2 Nm) applied moments. 2) Neutral zone (NZ): the range over which the specimen moves 
essentially free of applied loading. The NZ was determined by calculating the angular 
displacement found between -0.1 Nm and +0.1 Nm of applied moment. 3) Neutral zone  
tiffness (NZS): the quotient of the loading and the angular displacement in the NZ. NZS was 
calculated for the upward slope of the load-displacement curve.
 Lateral radiographic views were taken to measure the height of the L2-L3 IVDs in all three 
conditions (native, after nuclectomy, and after implantation of the NPP), before and after  
testing to assess possible changes in disc height. The IVD height was measured with Image  
J® (National Institutes of Health, USA) using the method described by Hofstetter et al. (2009).274  

The distance between the deepest points of the end plates of both vertebrae was determined. 
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Figure 1.  From top to bottom: aluminum prosthesis template, xerogel nucleus pulposus prosthesis (NPP) in unswollen state, NPP 
(No.V) after swelling in situ, and NPP (No. X) after swelling in saline. The blue soft inner core is clearly visible. Note that the 
NPP (No. X) that was allowed to swell in saline was larger than NPP No. V that swelled in situ, presumably attributed to the 
absence of intradiscal pressure.

Figure 2. Schematic transverse 
overview of an intervertebral disc 
and the insertion of a nucleus 
pulposis prosthesis (NPP) and 
the annular closure technique: 
(A) annular ring surrounding 
the nucleus pulposus, (B) 
annulotomy in order to perform 
the nuclectomy, (C) insertion of 
the xerogel prosthesis through 
the annular canal, (D,E) a 
rectangular piece of muscle fascia 
is sutured inside out with three 
single sutures on top, (F) swollen 
NPP in situ.
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Statistics
Statistical analysis of the data from the biomechanical study was performed using the statistical 
environment R (R Development Core Team, R Foundation for Statistical Computing, 2008).  
Values obtained in the three test conditions were compared with each other using a linear mixed 
model. The Akaike information criterion (AIC) was used for model selection. Factors incorporated 
in the fixed part of the model were “condition” (three levels: native, nuclectomized, with swollen 
NPP), “motion direction” (three levels: FE, LB, AR) and their interaction; “spine” (6 levels: spine 1-6) 
was set as random effect to take the correlation within each spine into account. A correction for 
unequal variances was applied to obtain equality of variance between the different directions of 
motion. With PP plots and QQ plots, the normal distribution of the response variables within each 
model was assessed and optimized by logarithmically transforming the ROM, NZ, and NZS values. 
A second linear mixed model was used for statistical analysis of the disc height measurements of 
the biomechanical study. “Condition” (three levels: condition 1-3) and “test moment” (two levels: 
before and after biomechanical testing) were set as fixed effects; “spine” (six levels: spine 1-6) was 
set as random effect to take the correlation within each spine sample into account. The Benjamini 
Hochberg correction was used in both linear models to correct for multiple comparisons.  
The level of statistical significance was set at P<0.05.

Results

Manufacturing of the NPP
The two-step polymerization procedure for preparing the NPPs proved to be robust and 
reproducible. The outer polymer network was designed in such a way that the equilibrium 
swelling factor was 1.28 (one-dimensional), meaning that the NPPs approximately doubled their 
volume upon swelling. The NPPs swelled less in situ than in saline (Figure 1).
 
XPS measurements
The profile of the XPS line scan experiment was parabolic with a concentration minimum  
of 0.03 atom % iodine in the center (Figure 3). The monomer mixture that was used to fill the 
central cavity did not contain the 4-IEMA monomer. However, 4-IEMA monomer (i.e., iodine) was 
detected in the centre of the NPP. Inward diffusion of 4-IEMA must have occurred after filling of 
the central cavity with the NVP-HEMA-blue dye mixture and re-heating of the polypropylene tube 
and its contents. The inward diffusion of 4-IEMA is accompanied by outward diffusion of NVP, 
HEMA, and/or blue dye molecules. This occurred for the blue dye. Figure 1 shows, in swollen form, 
a blue cylindrical zone with a diameter of 4 mm, while the central Teflon-coated rod was only  
1.2 mm thick. The outward diffusion of the hydrophilic monomers NVP and/or HEMA produced  
a concentration gradient, such that a softness gradient was created after complete swelling  
of the NPP. 

Surgical feasibility and imaging
All NPPs were implanted (Figure 3) without difficulty and increased in size and weight after 
swelling in situ. The mass and dimensions of the freely swollen prosthesis (NPP No. X) appeared 
slightly larger than those of the NPPs swollen in situ (Table 1). Of the NPPs that were not tested 
biomechanically, 8/9 NPPs remained in situ, were intact, and showed a relative good fit within the 
annulus fibrosus, as was observed both on imaging and macroscopically. Some space between 
the inserted fascia and the left lateral pole of the NPP was noted. One NPP (No. VI) extruded along 
the annular closing and fragmented while trapped in the herniated annular opening. The NPPs 
were clearly visible on radiographs, CT, and high-field MR images (Figures 4-6). A clear contrast 
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difference was observed between the core and the periphery of the NPPs on plain radiography 
and CT (Figure 4 and 5), due to the difference in iodine content in the two regions. On transverse 
CT, a slightly eccentric location of the NPPs toward the insertion pole was observed (Figure 5). 
On the high-field 7-Tesla MR images, the xerogel NPP was free of water, showing the implant as a 
black area (Figure 6C). The outer layer of the swollen NPP was less easily distinguishable from the 
neighboring annulus fibrosus on MRI (Figure 6D) compared with the radiographic and CT images.

Figure 4.  Radiographic evaluation of a nucleus pulposus prosthesis NPP (No.V) (white arrow) in the canine lumbar L2-L3 
intervertebral disc space A) lateral view B) dorsoventral view.

Figure 3.  Iodine concentrations, measured in a series of 20 XPS measurements, in which a small measurement spot (diameter 
100 µm) was moved stepwise along a horizontal straight line across the soft centre of the dry NPP. The measurement 
spot traveled over a distance of 4 mm.
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Figure 5.  Transverse computed tomography (CT) images of canine cadaveric L2-L3 intervertebral disc (A-D). (A) Native state, (B) 
after nuclectomy (arrow), (C) with dry xerogel nucleus pulposus prosthesis (NPP) (No.VIII) (arrowhead), and (D) with 
swollen, hydrated hydrogel NPP (dotted arrow). Note that the swollen prosthesis is slightly eccentrically situated due 
to inadequate closure of the nuclear-annular transition zone. 

Figure 6.  Transverse 7-Tesla magnetic resonance images of (A) native L2-L3 intervertebral disc, (B) after nuclectomy (arrow 
head) indicates location of removed nucleus pulposus), (C) with dry xerogel nucleus pulposus prosthesis (NPP) (arrow), 
(D) and with swollen, hydrated hydrogel NPP (dotted arrow). Note that in the swollen state the NPP’s core is visible 
while the outer layers are less distinct from the surrounding annulus fibrosus.
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Biomechanical testing
All six prostheses that were tested biomechanically remained intact and in situ during 
biomechanical testing. The localization of most NPPs within the IVD was slightly eccentric. 
In the control segment L3-L4, no significant differences were found between the three testing 
conditions. In the operated segment, nuclectomy (i.e., removing the NP) significantly increased 
the ROM in FE (+18.1%) and AR (+62.9%) (Figure 7). After insertion and swelling of the prosthesis, 
the ROM in FE (-9.3%) decreased significantly. The ROM in AR also decreased significantly 
compared to the value after nuclectomy (-23.0%), but remained significantly different from 
the value recorded in the native spine (Table 2). Nuclectomy significantly increased the NZ in all 
motion directions (+245%, +109% and +166% in FE, LB, and AR, respectively), but NPP insertion 
significantly decreased the NZ in FE (-65%) and LB (-46%) relative to the values recorded after 
nuclectomy. No significant differences in the NZ in all directions of motion were found between 
the native spine and the spine with the NPP (Table 3). The NZS decreased significantly in all 
motion directions after nuclectomy (-84%, -60% and -66% for FE, LB, and AR respectively), but 
increased significantly in both FE (+209%) and LB (+106%) after NPP implantation. The NZS in  
LB (-17%) and AR (-56%) remained significantly different from values measured in the native  
spine (Table 4). Nuclectomy resulted in a significant decrease (P<0.001) in disc height compared 
with that in the native spine, before and after biomechanical testing. Insertion and swelling of  
the NPP resulted in a significant restoration of disc height (P<0.001) before and after 
biomechanical testing. The biomechanical tests did not significantly influence the intervertebral 
disc height (P=0.345).

Figure 7. Mean (+/- SD) range of motion (ROM),  
neutral zone (NZ), and neutral zone stiffness  
(NZS) in flexion-extension (FE), lateral bending 
(LB), and axial rotation (AR) in native spine,  
after nuclectomy, and after nucleus pulposus 
prosthesis implantation and swelling (n=6)  
(* = P<0.05, ** = P<0.001).
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Native
(degrees)

Nuclectomized
(degrees (% change from 
native, P*))

With prosthesis compared 
to native
(degrees (% change from 
native, P*))

With prosthesis compared  
to nuclectomized
(degrees (% change from 
nuclectomy, P**))

FE 11.24 13.28 (+18.1%) P<0.001 12.04 (+7.1%) P=0.138 12.04 (-9.3%) P=0.035

LB 18.08 19.54 (+8.1%) P=0.131 19.42 (+7.4%) P=0.158 19.42 (-0.6%) P=0.862

AR 1.103 1.797 (+62.9%) P<0.001 1.384 (+25.5%) P=0.031 1.384 (-23%) P=0.011

Table 2.  Mean values of range of motion (ROM) during three conditions and three different motion directions  
(flexion/extension FE, lateral bending LB, axial rotation AR) (n=6).

*  P value = compared to the native state 
** P value = compared to the nuclectomized state

*  P value = compared to the native state 
** P value = compared to the nuclectomized state

Native
(degrees)

Nuclectomized
(degrees (% change from 
native, P*))

With prosthesis compared 
to native 
(degrees (% change from 
native, P*))

With prosthesis compared to 
nuclectomized 
(degrees (% change from 
nuclectomy, P**))

FE 1.67 5.76 (+245%) P<0.001 2.04 (+22%) P=0.590 2.04 (-65%) P<0.001

LB 4.66 9.74 (+109%) P<0.001 5.23 (+12%) P=0.579 5.23 (-46%) P<0.001

AR 0.038 0.101 (+166%) P=0.035 0.058 (+53%) P=0.468 0.058 (-43%) P=0.187

Native
(Nm/
degree)

Nuclectomized
(Nm/degree (% change 
from native, P*))

With prosthesis compared 
to native 
(Nm/degree (% change from 
native, P*))

With prosthesis compared to 
nuclectomized 
(Nm/degree (% change from 
nuclectomy, P**))

FE 0.204 0.032 (-84%) P<0.001 0.099 (-52%) P=0.125 0.099 (+209%) P<0.001

LB 0.042 0.017 (-60%) P<0.001 0.035 (-17%) P=0.045 0.035 (+106%) P<0.001

AR 6.22 2.14 (-66%) P<0.001 2.73 (-56%) P=0.006 2.73 (+28%) P=0.299

* P value = compared to the native state 
** P value = compared to the nuclectomized state

Table 3.  Mean values for the neutral zone (NZ) during three conditions and three different motion directions (flexion/extension 
FE, lateral bending LB, axial rotation AR) (n=6). 

Table 4.  Mean values for the neutral zone stiffness (NZS) during three conditions and three different motion directions  
(flexion/extension FE, lateral bending LB, axial rotation AR) (n=6). 
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Discussion

The results of the current study demonstrate that the NPPs are easily implantable, swell in situ,  
are visible on several imaging modalities, and when tested biomechanically after total 
nuclectomy, implantation of this softness-gradient hydrogel NPP in canine cadaveric lumbar 
spines restored disc height and most biomechanical properties. 
 The relative change in NZ after nuclectomy was larger than the relative change in the ROM, as 
has been reported previously.214, 368, 369 Following NPP implantations, the NZ values in FE and LB 
improved significantly and those in AR tended to improve. These findings are clinically relevant 
because a reduction in NZ is associated with a decrease in spinal pain.370 This link to nociception 
could probably be explained by the high levels of annular stress caused by NZ instability, which 
leads to the stimulation of nociceptors in the outer annulus fibrosus.371, 372 

 The hydrogel NPP presented here is non-homogeneous, and after swelling it generates a 
softness gradient, like the natural disc, with a soft core and a more firm periphery. The most 
important quality of hydrogels in general is that they are able to absorb and release water 
depending on the load applied, similar to the natural nucleus pulposus.147, 373 The hydrogel NPP 
swelled more in saline than in situ; this was probably due to limited amount of water around 
the NPP in the cadaver spine and/or to the intradiscal pressure. The XPS experiment revealed 
the presence of iodine in the center of the NPP. As the monomer mixture that was used to fill 
the central cavity did not contain iodine, inward diffusion must have occurred. The subsequent 
outward diffusion of the hydrophilic monomers NVP and/or HEMA produced a concentration 
gradient, such that a softness gradient was created after complete swelling of the NPP. The 
covalently bound iodine also guarantees adequate visibility of the NPP through plain radiography 
and CT imaging. Furthermore, the implant could be localized readily by MRI imaging due to 
absorption of water. Essential features, such as the stability and biocompatibility of these 
radiopaque hydrogels, have been investigated previously.365, 366 
 A reliable technique to close the annulus fibrosus at the transition zone between annulus 
fibrosus and nucleus pulposus is urgently needed. In our biomechanical study, NPP implantation 
did not significantly decrease the ROM in LB, but restored the NZ and NZS. Although the canal 
through the annulus fibrosus was filled with muscle fascia, there was some residual space at the 
insertion pole between the NPP and the inserted fascia, so that the NPP could move slightly in 
the lateral plane. This suggests that the annular closure technique is not adequate and results in 
incomplete restoration of the IVD as a functional unit, especially under high bending moments. 
This could explain why the ROM in LB was not completely restored to levels found in the native 
spine. Adequate closure of the AF, preferably at the AF-NP transition zone, has been described as 
the most important biomechanical prerequisite for successful NPP implantation.374 The NPP in the 
present two studies was not custom-made and this may have resulted in a suboptimal shape and 
fit. In the next stage of NPP testing and development, attention should be paid to the preparation 
of MRI custom-made NPPs with an exact shape, size, and fit compared with the natural NP.367  
It would be interesting to quantify the filling capacity by measuring the final volume filling of 
these NPPs in a future study. 
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Abstract

Background/Aims  
The results described in Chapter 9 demonstrate that the nucleus 
pulposus prosthesis (NPP) is easily implantable, swells in situ, is visible 
on several imaging modalities, and when tested biomechanically after 
total nuclectomy, implantation of this softness-gradient hydrogel 
NPP in canine cadaveric lumbar spines restored disc height and most 
biomechanical properties. In a next step towards possible in vivo or 
clinical evaluation, additional biomechanical tests are required to 
evaluate the feasibility and safety of this hydrogel NPP under high, but 
nevertheless physiological, dynamic loading conditions. 

Methods
Chapter 10 describes a pilot study on the in situ retention and structural 
integrity of this hydrogel NPP in an ex vivo canine lumbar model in  
a repeated cycle and compression test.

Results
After repeated cycle (n=2) or compression testing (n=1), all three tested 
NPPs were no longer centrically located in situ and were not intact.  
The fourth NPP was extruded during swelling and therefore not tested. 

Conclusion
At least without an additional adequate annular closing technique,  
this NPP is in its current composition not strong enough to withstand  
the high intradiscal forces during loading with physical forces.  
As a consequence, it was decided by the investigators not to further 
pursue animal research on this prosthesis in its current composition 
under the currently available conditions.



137

-  Repeated flexion-extension and compression testing of a cadaveric canine lumbar spine model treated with a soft 
gradient hydrogel nucleus pulposus prosthesis – a pilot study

Introduction

Intervertebral disc (IVD) degeneration may lead to degenerative disc disease (DDD) which 
compromises the functionality of the involved spinal segment and causes back pain. Surgical 
options for DDD include decompressive laminectomy, nuclectomy, and instrumented or non-
instrumented spinal fusion techniques. Decompressive surgery affects the stability of the affected 
spinal segment. Nuclectomy decreases disc height and thereby changes the mechanics of the 
intervertebral disc, making long-term surgical results questionable.350-355 Spinal fusion, which is 
used to treat spinal instability, is more invasive than nuclectomy alone and may lead to nonunion, 
implant failure, and adjacent segment disease.181, 193, 195, 249, 275, 358 In order to restore functionality 
of the spinal segment, several devices - from total disc replacement to less invasive nucleus 
pulposus replacement - have been developed.141, 143, 144, 146-149, 375 Nucleus pulposus replacement 
preserves most of the annulus and endplates and thereby reduces the complexity and risk of 
implantation.143 Preclinical studies of spinal implants should focus on biocompatibility, surgical 
feasibility, and biomechanics.143 Although some devices available on the market initially showed 
biomechanically satisfactory results214, 376, the surgical feasibility and long term clinical outcome 
has most often not been thoroughly evaluated. Device migration, due to loss of integrity of the 
annulus and subsidence of the implant are prevalent problems.141, 145, 147, 350, 367, 375, 377-381 As a result, 
the research community continues to develop new spinal implants. 
 One potential option is the development of a hydrogel nucleus pulposus replacement.  
An important quality of hydrogels is that they are able to absorb and release water depending on 
the load applied, similar to the natural IVD.147, 373 Bergknut et al. (2010) showed that a preformed 
hydrogel nucleus pulposus prosthesis (NPP) had several promising qualities. This NPP swelled 
in situ, was easily implantable, was clearly visible on multiple imaging modalities and restored 
lumbosacral disc height.367 During biomechanical tests, this NPP was able to restore the natural 
range of motion but in situ fragmentation of 47% of the implanted NPPs occurred.187 A new 
NPP was recently developed that resembles the natural IVD more closely and which retains 
the above-mentioned properties. The new NPP (Figure 1) is non-homogeneous and its core is 
considerably softer than its periphery, thereby creating a softness-gradient making the NPP more 
biomimetical.382 The outer polymer network was designed in such a way that the equilibrium 
one-dimensional swelling factor is 1.28. This implies that these NPPs approximately double their 
volume upon swelling and therefore is able to fill up the complete nucleus cavity.382 In a previous 
biomechanical study on spinal stiffness and disc height (see Chapter 9), nuclectomy resulted in a 
significant decrease in spinal stiffness and a decrease in disc height.382 Subsequent implantation of 
the softness-gradient NPP was able to restore most biomechanical parameters in most directions 
of motion. Furthermore all six NPPs that were tested stayed intact and in situ.382 In a next step 
towards possible in vivo or clinical evaluation, additional biomechanical tests are required to 
evaluate the feasibility and safety of this hydrogel NPP under high, but nevertheless physiological, 
dynamic loading conditions. The current chapter describes a pilot study on the in situ retention 
and structural integrity of this hydrogel NPP in an ex vivo canine lumbar model in a repeated cycle 
and compression test.
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Figure 1. Swollen hydrogel nucleus 
pulposus prosthesis (NPP). The blue 
stained softer inner core is clearly 
distinguishable from the outer layer.

Figure 2.  Photograph of the 4-point bending device placed in the Instron hydraulic testing machine used in both testing 
procedures.
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Materials and Methods

Canine spines
The lumbar spines were isolated from three fresh cadavers of 3-year-old healthy Beagle dogs.  
The spines were immediately frozen at -20°C and were thawed at room temperature (24 h) prior  
to use in the experiments. Excess muscles were removed, but ligamentous tissue was left intact.
The first two spines consisted of L1-L5, the third spine L1-S1. The last spine was divided in two 
parts by sawing at the L6-L7 junction, thereby creating one segment including L1-L6 (spinal 
specimen 3) and one segment including L7-S1 (spinal specimen 4). Both ilium wings were 
removed in order to have access to the lateral side of the lumbosacral intervertebral disc.
For additional grip in the test setup screws were inserted in the outer endplates of the spinal 
specimens. The outer vertebrae, with the protruding screws, were embedded in two metal cups 
using an alloy with a low melting point (cerro-low147, Cerro Metal Products Co., Bellefonte, PA). 
During preparation and testing, the specimens were kept moist by regularly spraying with saline 
(0.9% NaCl) solution.

Surgical insertion of the NPP
Annulotomy (i.e., opening of the annulus fibrosus) of the IVDs was performed by a left lateral 
approach. A stab incision through the annulus fibrosus (AF) was performed (approximately  
5 mm in length with surgical blade No. 11), resembling the surgical approach of lumbar IVDs  
in humans.329 Total nuclectomy (i.e., removal of the entire NP through the annular stab incision) 
was performed using ball-tipped probes and grasping forceps. Before the NPP was inserted, 
the nuclear space was probed with an aluminum NPP template of similar size. The pre-swelling 
dimensions of the non-hydrated hydrogel NPP were length 9.05 mm, width 3.86 mm, and  
height 2.4 mm as described in more detail in Chapter 9. The mean weight was 0.0766 g  
(range 0.0758-0.0777 g). Subsequently, the non-hydrated NPP was inserted. In spinal specimen 1, 
2 and 3 the NPPs were inserted in the L2-L3 intervertebral disc space. In spinal specimen 4  
the NPP was inserted in the L7-S1 intervertebral disc space. Saline (0.9% NaCl) solution was 
injected into the nuclear cavity before closure of the annular defect to initiate hydration of the 
implant. The annular ring was closed as follows: a 7x10 mm piece of fascia from the lumbar 
musculature was sutured dorsally and ventrally in the annular canal from the inside out, thereby 
sealing the inner annular layers. The outer annular incision was closed using at least two simple 
sutures (Ethilon 3-0). Finally, a polypropylene mesh graft (Johnson & Johnson, New Jersey, USA) 
was glued on top of the annular incision using cyanoacrylate tissue glue (Dermabond, Ethicon 
INC., Amersfoort, the Netherlands). Amoxicillin and clavulanic acid was intramuscularly infiltrated 
to prevent bacterial overgrowth. The spines were wrapped in plastic bags with saline solution and 
incubated at 37°C, mimicking physiological body temperature, for 17 hours to let the NPPs swell  
in situ. 

Testing procedures
The segments were divided into two groups, the first group was used in a repeated bending test 
and the second group in a compression test. 

Repeated cycle test
Spinal specimen 1 and spinal specimen 3 were used for a repeated cycle test. The spinal segments 
were placed in a custom made four-point bending device. This device was connected to a 
hydraulic testing machine (Instron Model 8872, Instron Corporation IST, Toronto, Ontario, Canada) 
(Figure 2). For the implant flexion-extension was considered to be most detrimental. This direction 
was chosen for the test. The machine was in motion control during testing, deformation was kept 
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constant at a rate of 1.0o/s. The applied load was monitored constantly; as soon as the maximum 
load was reached the loading direction was changed from flexion into extension and visa 
versa. The spinal segments were subjected to a constant bending moment from -2Nm to +2Nm 
(physiological moment for a dog) in the dorsoventral plane (flexion-extension (FE) for a period 
of 12 hours (spinal specimen 1) and 23 hours (spinal specimen 3). The test was stopped at the 
maximum test time or visible failure of the implant.

Compression test
Spinal specimen 2 and 4 were to be used in the compression test. In this testing procedure a force 
of two times body weight was applied in axial direction after the spinal specimen was placed in 
a 5° angle in lateral direction using the same hydraulic testing machine (Figure 3). The implant/
segment should be able to withstand this load without failure. The lateral bending was directed to 
open the annulus wound. 

Radiography and macroscopic inspection
To evaluate the location of the NPPs, radiographs were taken after incubation and swelling of 
the NPP but before biomechanical testing, and also after biomechanical testing. After the second 
radiograph was taken, the intervertebral discs in which the NPP had been inserted were dissected 
and the location and integrity of the NPP was macroscopically evaluated.

Figure 3.  Photograph of the experimental design of the compression test. The embedded spinal specimen was loaded along the 
axial axis while put in a 5° angle in lateral direction.
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Results

After repeated cycle (n=2) or compression testing (n=1), all three tested NPPs were no longer 
centrically located in situ and were not intact. The fourth NPP was extruded during swelling and 
therefore not tested (Table 1)

Repeated cycle test
The NPPs inserted in spinal specimen 1 (L2-L3) extruded during the biomechanical tests and was 
no longer intact (Figure 4A). The NPP used in spinal specimen 3 (L2-L3) was very eccentrically 
located and no longer completely in situ (Figure 4e). It was also torn (Figure 4F) in a similar fashion 
as the NPP tested in spinal specimen 1 (Figure 4B).

Compression test 
The NPP inserted in spinal specimen 2 (L2-L3) extruded (Figure 4C) during the biomechanical  
test and was no longer intact (Figure 4D). The NPP inserted in spinal specimen 4 extruded while 
the specimen was still in the incubator. After dissection of the intervertebral disc, a large  
portion of the nucleus pulposus appeared not to be removed but remained firmly attached to  
the annulus fibrosus (Figure 4G and 4H). As a result this spinal specimen could not be used in  
the compression test.

Spinal Location of NPP after Testing Location of NPP Integrity of NPP 

specimen swelling but before testing procedure after testing after testing

1 L2-L3, in situ Repeated cycle Extruded Torn, not intact

2 L2-L3, in situ Compression Extruded Fragmented, not 
intact

3 L2-L3, in situ Repeated cycle Eccentrically in situ Torn, not intact

4 L7-S1, partly extruded Compression Not tested Not tested

Table 1.  Location before and after testing, testing procedure and integrity of the four evaluated nucleus pulposus prostheses 
(NPP) at end of testing. 
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Figure 4.  Evaluation of the location and integrity of the implanted nucleus pulposus prostheses. Lateral view (A and G), 
transverse view after dissection of the intervertebral disc (C, E and H) and after removing the NPP from the spinal 
specimens (A, D and F). Photos A and B depict spinal specimen 1, C and D depict spinal specimen 2, E and F depict 
spinal specimen 3 and G and H depict spinal specimen 4.
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Discussion

All three NPPs used in these additional biomechanical tests were afterwards no longer intact. 
Two of these NPPs were also no longer in situ, the third NPP was eccentrically located. The fourth 
NPP extruded during incubation and was therefore not biomechanically tested. Since all four 
NPPs were no longer completely located in the center of the IVD in which they were inserted, it 
was not possible to evaluate the in situ behaviour of these NPPs. One of the major requirements 
for a nucleus implant is a working annulus repair method. Without this method the implant can 
not build up a normal nucleus pressure due to uncontained swelling. Secondly, the implant 
can migrate if there is insufficient annulus closure. Therefore, the exact cause why the this NPP 
were torn or fragmented is unclear, it may be: 1) insufficient material characteristics that do not 
withstand repeated cycle or compression forces, 2) migration of the NPPs during testing and 
subsequent exposure to eccentric loading forces leading to focal stress points on the hydrogel 
and subsequent fissure of the hydrogel, 3) a combination of 1) and 2). It was not possible to 
evaluate the exact moment when the NPPs got torn or fragmented. This could have been when 
the NPPs were still in situ, but it was thought to be more likely that the NPPs extruded and were 
subsequently damaged when they were blocked in the annular opening and were subject to 
eccentric loading forces creating focal stress forces on the hydrogel leading to fissures, tears, and 
fragmentation. Adequate closure of the AF, preferably at the AF-NP transition zone, has been 
described to be the most important biomechanical prerequisite for successful NPP implantation.374 
 The NPP in spinal specimen 4 extruded during incubation. This could have been because of the 
large amount of remnant nuclear tissue that left less space for the NPP. This nuclear tissue seemed 
extremely fibrous and was firmly attached to the annulus fibrosus making total nuclectomy 
difficult.
 It was concluded that, at least without an additional adequate annular closing technique, this  
NPP is in its current composition not strong enough to withstand the high intradiscal forces 
during loading with physical forces. As a consequence, it was decided by the investigators not 
to further pursue animal research on this prosthesis in its current composition under the currently 
available conditions.
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Summarizing Discussion and Conclusions

Since the time of Aristotle (384-322 BC)383 animal models have been used in all specialties of 
medicine and over time proven invaluable and an essential component of biomedical research. 
Research models are by definition simplified representations or replicas of the actual system of 
interest.248, 272 Before choosing the animal model, one has to ask the essential question: is the 
model able to serve as an analogue that possesses the same or at least comparable features as 
the system of interest? As it is a representation, no model will include all aspects of the system of 
interest; otherwise it would no longer be a model. But the essential qualities should certainly be a 
match. In order to choose the most optimal model, researchers need the knowledge of both the 
human situation as well as from the available models. One could say: “It takes (the knowledge of ) 
two to tango”. 

The present thesis consists of two parts. Part I consists of Chapters 3, 4, 5, 6 and 7. The aim of 
these chapters was to increase the knowledge of three spinal disorders (i.e., diffuse idiopathic 
skeletal hyperostosis (DISH), spondylosis deformans, and degenerative disc disease (DDD) due to 
intervertebral disc (IVD) degeneration) of companion animals, and to determine if these animals 
may serve as translational spontaneous disease models for humans. In Part II of this thesis, 
consisting of Chapters 8, 9 and 10 the canine model was used to study the feasibility to close the 
annular defect with a glue and to evaluate the performance of a nucleus pulposus prosthesis in an 
ex vivo canine model. 

The review on literature describing DISH and spondylosis in humans and companion animals 
(Chapter 1 section A) reported on several similarities between humans and companion animals 
when it comes to spinal hyperostosis. Both DISH and spondylosis are prevalent in humans and 
are considered distinct entities. Nowadays in the biomedical literature, the term spondylosis is 
often used in cases where also degenerative disc disease is present in a human patient. In the 
veterinary literature, spondylosis is used to describe cases of spinal new bone formation with 
or without intervertebral disc degeneration. The nomenclature and the definitions of both 
DISH and spondylosis in biomedical and veterinary literature should be more in line to facilitate 
comparison. At the time our studies of new bone formation in companion animals started, little 
was known of the prevalence of DISH in companion animals, and/or the co-occurrence of both 
DISH and spondylosis in one animal. Only two cases of canine DISH were reported 49, 50 and no 
feline DISH was reported. When DISH is present and especially when typically prevalent in certain 
breeds these animals may serve as translational disease models for the elucidation of the gene(s) 
involved in the (etio)pathogenesis of DISH or serve as a research population for etiologic factors 
and newly developed treatment options.

The review described in Chapter 1 section B reports that many different animal models have 
been used in spine research of human IVD degeneration.18, 158, 159 In an optimal animal model, 
IVD degeneration should occur in an anatomically analogous IVD with (etio)pathophysiology, 
clinical aspects, and biomechanical characteristics similar to those seen in humans in order to 
facilitate translation of the results. It requires many assumptions and limitations to extrapolate 
data obtained with murine models or models with induced IVD degeneration to humans. Dogs 
are the only reported large species that naturally develop IVD degeneration, which gives rise 
to degenerative disc disease (DDD). The clinical presentation, gross morphological, histological 
and biomolecular changes, and treatment of canine DDD are comparable to those in humans.12, 

129, 158, 160, 195, 220, 230, 251 Thereby, the Thompson and Pfirrmann systems to grade IVD degeneration 
in humans have also been validated in dogs.237, 242-244 Companion animals as disease model 
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complement laboratory animal models, but are currently underused as models for human (spinal) 
diseases. IVD degeneration is common in dogs and often leads to DDD.176, 228, 315 Moreover, the 
pathological changes, clinical presentation, and treatments are similar to those of human IVD 
degeneration. The dog, both as laboratory animal and as companion animal, is therefore a suitable 
translational animal model for (longitudinal) preclinical research on early-, intermediate-, and late-
stage IVD degeneration. 

Part I 

As concluded in Chapter 1, DISH, spondylosis, IVD degeneration, and DDD, are prevalent 
disorders in dogs. Spondylosis has been described as a prevalent problem of degenerative joint 
disease in cats. In Part I of this thesis, consisting of Chapters 3, 4, 5, 6, and 7, the main focus was 
on these spinal disorders.

Chapters 3 and 4 described a retrospective radiographic study on the prevalence of both  
DISH and spondylosis in a large group (n=2041) of pure-bred dogs. Canine DISH and spondylosis 
were found alone or in combination, and the prevalence of both disorders increased with age.  
The prevalence of DISH (40.6%) and of spondylosis (55.1%) in the group of Boxer dogs was 
specifically high. Dog breeds represent closed gene pools with a high degree of familiar 
relationship. With the present knowledge of the sequenced canine (including Boxer) genome 
116, 118, 119, future studies could focus on the elucidation of the gene or genes involved in the 
pathogenesis of DISH using association studies with single nucleotide polymorphisms at high 
density.120 Since only two case reports 49, 50 were earlier reported in the literature, four other cases 
of DISH were used to provide more background on the appearance of canine DISH. Radiography, 
computed tomography (CT), magnetic resonance imaging (MRI), and/or (histo)pathology were 
described for these four dogs with DISH. Veterinarians should be aware of the occurrence and 
the possible clinical relevance of DISH, which may cause stiffness and pain of the lumbar spine. 
The diagnosis can be made using radiographic examination, CT or MRI. On histology, DISH can be 
distinguished from spondylosis by the location (ventral longitudinal ligament) and extent of new 
bone formation. More research on the etiology of canine DISH is needed to investigate possible 
(dis)similarities with human DISH. 

As described in Chapter 3 and 4 the differentiation between DISH and spondylosis has not always 
been made in earlier studies and occasionally may be considered challenging. However, when 
clear definitions are being used the distinction is possible. As described in Chapter 4 DISH and 
spondylosis may also be present in one dog simultaneously. The results of Chapter 5 confirm our 
hypothesis that MRI is a valuable tool in the evaluation of dogs with the radiographic diagnosis 
of DISH and spondylosis. Because MR is able to detect signal abnormalities of bone marrow and 
intervertebral discs, both of which were found to be different in DISH compared to spondylosis, 
MR is an effective tool in differentiating DISH from spondylosis. Based upon our imaging results, 
bone marrow changes seen in DISH are markedly different from those seen in spondylosis, 
supporting the theory that there may be a different pathophysiology behind the two disorders. 
 There is little information in the veterinary literature about the clinical significance of DISH.276 
In the present study, a direct association between clinical signs and the radiographic diagnosis of 
DISH was found in at least 2 cases. In these two cases, bony proliferations in the region of the exit 
zones of the intervertebral foramen, and clinical signs compatible with nerve root irritation and 
foraminal stenosis were reported. An association between intervertebral disc herniation at sites 
adjacent to segments affected with DISH and the new bone formation is suggested but remains to 
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be proven. Clinical and experimental data in rabbits, dogs and humans support the theory  
that fusion of a spinal segment induces alterations and stresses at adjacent, mobile segments. 
These loads may predispose the adjacent segments to accelerated degeneration and 
protrusion.198, 249, 275 As DISH can be regarded as a natural fusion process, similar biomechanical 
sequels for spinal mobility may be expected. 
 Only at its final stage, DISH can be diagnosed radiographically with high accuracy. Therefore, 
repeat imaging within a couple of months may be necessary to confirm the presence of DISH.  
This is especially of importance when breeding decisions or a more accurate diagnosis are 
warranted in younger dogs that present with signs of new bone formation. Concomitant serial 
radiographic and MRI examinations in dogs with suspicion of early stages of DISH would be 
necessary to determine if MRI can separate DISH from spondylosis in early stages of the DISH.
 In the current study a definition for DISH by Morgan and Stavenborn (1991) was used.49 
This definition is slightly different from the definition by Resneck et al. (1976).73 Morgan and 
Stavenborn (1991) included all cases in which there is flowing calcification and ossification along 
the ventral aspect of at least two contiguous vertebral bodies. In contrast, a minimum of four 
affected vertebral bodies is required to meet the definition of DISH by Resnick et al. Since the 
definition of spondylosis in our study included the criterium that the ventral cortex of the affected 
segment should be preservated, we reason that, since spondylosis per definition does not affect 
the ventral cortex, no cases of (severe) spondylosis were wrongly grouped as DISH in this study.  
As described in Chapter 1 section A, other researchers from the biomedical field have also 
worked with modified criteria 69 or included the occurrence of pre-stage versions of DISH.91, 95, 96 
However, ideally all researchers, in both the biomedical and veterinary field, should use the same 
definition and similar nomenclature for similar things. 

Chapter 6 described the prevalence, spinal distribution, and association with signalment of 
different grades of feline spondylosis. In addition, it was assessed whether lumbar spondylosis in 
cats was related to behavioural changes using an owners’ questionnaire. This study showed that 
the prevalence of spondylosis in cats is increasing with age and is especially high in the thoracic 
region, but severe spondylosis is mostly found in the caudal part of the vertebral column. No DISH 
was found in this group of cats. Spondylosis of this caudal part of the vertebral column appeared 
to be significantly associated with behavioural changes of the cat, rather than with lameness 
as was earlier described for osteoarthritis.16 It would be interesting to use this feline model in a 
randomized placebo controlled study to evaluate the efficacy of pharmaceutical and/or nutritional 
treatment options that are available for spinal hyperostosis in humans and spondylosis in cats. 

The main aim of Chapter 7 was to study the relationship between DDD and IVD degeneration 
by comparing the severity of DDD, determined with a neurological grading system 62, with 
magnetic resonance imaging (MRI) 242 and histological 302 grading systems for IVD degeneration in 
chondrodystrophic (CD; n=37) and non-chondrodystrophic (NCD; n=37) dogs. IVD degeneration 
graded on MRI correlated significantly with the IVD degeneration graded histologically, but 
not with the preoperative clinical signs. Although the MRI and histology grading systems did 
reflect the severity of degenerative changes in the IVD, they appeared less useful in predicting 
the extent of clinical implications. In humans, the relation between IVD degeneration and the 
presence of clinical symptoms is controversial. Some report a significant relation between lumbar 
IVD degeneration and low back pain.384 Others showed that degenerative changes may also 
be found in lumbar IVDs of asymptomatic individuals.385, 386 No studies were found describing 
the relationship between the grade of IVD degeneration and the extent of clinical signs in a 
population of human DDD patients. Chapter 7 also evaluated some generally accepted dogmas 
on canine IVD degeneration described by Hansen in the 1950s. For instance, Hansen (1952) 
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described two different types of metaplasia, i.e., a chondroid and a fibrous type, occurring in CD 
and NCD breeds, respectively, and leading to type 1 and type 2 IVD herniation, respectively.  
As IVD degeneration progresses, Hansen described that the histological distinction between 
CD and NCD dogs may become less apparent.170 Our research population included dogs with 
early-stage IVD degeneration as well as animals with more chronic changes, as scored using the 
Pfirrmann grading system and our histological system. The complete absence of fibrocytes in the 
nucleus pulposus (NP) of our CD and NCD dogs with varying degrees of IVD degeneration, except 
in cases with the presence of granulation tissue, does not seem to support Hansen’s hypothesis 
of a fibrous type of metaplasia. Research is currently directed at elucidating the histological and 
biomolecular similarities and differences between IVD degeneration in CD and NCD dogs.

Part II

When conservative treatment of DDD is not effective and/or neurological deficits persist, spine 
surgery has become a routine treatment option. Standard surgical procedures for DDD in humans 
and companion animals consist of decompressive procedures including removal of laminar 
bone and/or partial or total nuclectomy (removal of the nucleus pulposus), with or without 
(instrumented) spinal fusion. The aim of these salvage procedures is to control clinical symptoms 
and signs rather than to restore the natural function of the intervertebral disc, and outcomes 
are reported to be less favorable in the long term.143, 356, 357 Nuclectomy decreases disc height and 
thereby changes the biomechanics of the intervertebral disc, making long-term surgical results 
questionable.350-355 Atlas et al. (2003) reported a re-operation rate for reherniation after partial 
nuclectomy of 25% at 10-year follow-up with a median time to re-operation of 24 months.387 
While complete nuclectomy will prevent reherniation, it leads to an even greater loss of disc 
height,353 which in turn leads to loss of spinal stability and increased loading on the remnant 
disc, the facet joints, and the adjacent segments.143, 388, 389 In addition, loss of disc height disturbs 
fluid exchange into the disc and can cause radicular pain as a result of narrowing of the foraminal 
canal.388, 390, 391 Metallic screws, cages, and connectors are often used to create spinal fusion, but 
do not restore the biomechanical function of the spine and may even lead to nonunion, implant 
failure, and adjacent segment disease.143, 185, 193, 195, 198, 356-358 In order to restore the function of the 
spinal segment, implants such as total disc replacements (TDR) and NP prostheses (NPPs) have 
been developed.141, 143, 144, 146-149, 375 When the physiological high intradiscal pressure is restored by 
inserting a NPP, the surrounding AF is generally too weak to withstand these forces392 which may 
lead to extrusion of the NPP.374 Maintaining the NPP centrically in situ after impairment of the 
annular ring is subsequently one of the major challenges in NPP technologies.141, 374, 392, 393  
To achieve this, it is required that the AF is closed on the inside, i.e., at the NP-AF transition zone, 
and not only at the outside of the annular ring as is the case when for instance only sutures are 
used.393, 394 The canine model can be used to evaluate new treatment options for DDD including 
annular closing techniques and a hydrogel NPP.187, 367 In Part II of this thesis, consisting of 
Chapters 8, 9 and 10 the canine model for DDD was used to study two new treatment options. 
One technique to close an annular defect, and a newly developed treatment for DDD by means of 
inserting a hydrogel NPP were evaluated. 

Replacing the nucleus pulposus without a proper annular closing method is described to be 
extremely difficult, making closure of the annulus fibrosus the Achilles’ tendon of nucleus 
replacement strategies. Injectable material that solidifies in situ may be useful as an annular 
closing technique. Such materials can easily fill oddly-shaped defects in the annulus fibrosus and 
seal the IVD through a minimally invasive surgical procedure, thereby protecting it from further 
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degeneration. In Chapter 8, the preparation and evaluation of a series of injectable and photo-
cross linkable macromers based on polytrimethylene carbonate (PTMC) and polyethylene glycol 
(PEG) were described. It was shown that these materials were injectable and solidified within two 
minutes upon exposure to visible light. Upon examination of the discs after dissection, it was 
indeed found that the macromers could be cured to form a flexible and elastic network within 
the IVD cavity. In some cases, however, the nuclectomized IVDs were not completely filled; it is 
likely that the intradiscal pressure made it difficult to completely fill the cavity with resin. It was 
also found that crosslinking was less efficient in the IVD cavity than in the cylindrical molds used 
to determine the depth of cure in vitro. The non-cross linked macromer resins showed excellent 
spreading and adhesion to the tissue, but the attachment of the cured PTMC-based networks  
to the tissue was not very strong. Ex vivo results using canine cadaveric spines showed the 
potential of the materials to seal an opening in the annulus fibrosus, although the adhesion of 
the photo-cross linked material to the disc tissue needs to be improved before the product can  
be used in combination with a NPP, or as a stand alone treatment for DDD. 

Preclinical studies of NPPs should focus on their biocompatibility, surgical feasibility of NPP 
implantation, and the biomechanical function of the prosthesis.143 Chapter 9 described several 
experiments on a novel NPP manufactured from biocompatible hydrogel material. Like the 
native intervertebral disc, this NPP is non-homogeneous and its core is considerably softer than 
its periphery, i.e., it has a softness-gradient. We studied the new NPP in an ex vivo lumbar canine 
model, to achieve experimental conditions that mimic the clinical setting as closely as possible. 
Firstly, the preparation and manufacturing of the NPP, surgical implantation and in situ swelling 
of the new NPP, and the visibility on radiographs, CT and high-field MRI results were investigated. 
Secondly, the biomechanical function of this softness-gradient NPP was assessed in a subsequent 
experiment using canine cadaveric lumbar spines. The results showed that after total nuclectomy, 
implantation of the softness-gradient hydrogel NPP in canine cadaveric lumbar spines restored 
disc height in all segments as well as restored most biomechanical properties. The NPP was easily 
implantable and visible on several imaging modalities. As annular closing technique a piece of 
muscle fascia was sutured inside out with a glued mesh on top. This proved not sufficient to keep 
the NPP perfectly centrally in situ during mechanical loading. More extensive biomechanical 
tests were found needed to evaluate long term performance of this NPP in combination with 
the described annular closing technique. Chapter 10 describes a pilot study investigating the 
performance of this NPP during a compression test and a repeated cycle test during 12-23 hours. 
None of the four NPPs stayed in situ and all NPPs that were able to be tested after incubation  
(n=3) were afterwards no longer intact. The exact cause why the NPP were torn or fragmented 
may be: 1) insufficient material characteristics that do not withstand repeated cycle or 
compression forces, 2) migration of the NPPs during testing and subsequent exposure to eccentric 
loading forces leading to focal stress points on the hydrogel and subsequent fissure of the 
hydrogel , 3) a combination of 1) and 2). Migration of the NPP out of the centric nuclear position 
is possible when annular closing at the annulus-nucleus transition zone is inadequate. This makes 
proper annular closing the Achilles heel of nuclear replacement technology. It was concluded 
that, at least without an additional working annular closing technique, this NPP is in its current 
composition not strong enough to withstand the extreme intradiscal forces during physical 
loading. 
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Hypotheses 

The hypotheses of this thesis were:
1.  Dogs may serve as optimum longitudinal spontaneous disease models for human intervertebral 

disc degeneration (IVDD) and DDD; 
2. Dogs and cats may serve as a research population for DISH and spondylosis;
3.  Dogs may serve as an optimal test population for new treatments for degenerative disc disease 

in man;
4. It is feasible to permanently close an annular defect with a glue; 
5.  A hydrogel nucleus pulposus prosthesis with a softness gradient to replace the degenerated 

nucleus pulposus is a surgical alternative for patients with DDD. 

The findings described in Chapters 3-7 of this thesis indicated that hypotheses 1, 2, and 3 
stating that companion animals are valuable animal models for spinal research may be accepted 
with some limitations. The annular closing technique described in Chapter 8, in its current 
composition, proved to be inadequate to close an annular defect. The NPP in its current form and 
in combination with the used annular closing technique as evaluated in Chapters 9 and 10 was 
not found to be a feasible treatment option for DDD. Hypotheses 4 and 5 are therefore rejected.

Conclusions

In conclusion, IVD degeneration, DDD, DISH, and spondylosis are prevalent spinal disorders 
in both humans and companion animals. There are many similarities between humans and 
companion animals for these spinal disorders. Companion animals are therefore valuable animal 
models in spinal research but species-related differences may limit the way the results are 
translated to humans. Especially when the availability of proper human vertebral material  
is lacking, canine spines may be used to assess the feasibility of surgical techniques for DDD. 
The annular closing technique and the hydrogel NPP described in this thesis are in their current 
forms inadequate DDD treatment options. 
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Key findings

•	 	Companion	animal	models	complement	laboratory	animal	models,	but	are	currently	underused	
for human spine research.

•	 	The	nomenclature	and	the	definitions	of	both	spondylosis	and	DISH	in	biomedical	and	
veterinary literature should be more in line to facilitate comparison.

•	 	Canine	DISH	and	spondylosis	were	found	alone	or	in	combination,	and	the	prevalence	of	both	
disorders increased with increasing age. The prevalence of DISH (40.6%) and of spondylosis 
(55.1%) in the group of Boxer dogs was specifically high.

•	 	MRI	is	a	useful	diagnostic	tool	to	diagnose	DISH	and	differentiate	DISH	from	spondylosis.	 
Thus, MR may add valuable information for breeding decisions and for comparative studies of 
DISH in humans and dogs.

•	 DISH	can	be	clinically	relevant	in	dogs.
•	 	Feline	spondylosis	of	the	caudal	part	of	the	vertebral	column	appeared	to	be	significantly	

associated with behavioural changes.
•	 	Canine	IVD	degeneration	graded	on	MRI	correlated	significantly	with	the	IVD	degeneration	

graded histologically, but not with the preoperative clinical signs.
•	 	Injectable	and	photo-cross	linkable	macromers	based	on	poly	trimethylene	carbonate	(PTMC)	

and polyethylene glycol (PEG) can seal an opening in the annulus fibrosus, but the adhesion 
of the photo-crosslinked material to the disc tissue was insufficient. The product, in its current 
form, cannot be used in combination with a NPP, or as stand-alone treatment for DDD.

•	 	The	softness-gradient	hydrogel	NPP	was	easily	implantable,	visible	on	several	imaging	
techniques, able to restore IVD height and able to restore most biomechanical parameters in 
limited dynamic loading testing conditions. However, in more extensive dynamic loading and 
compression testing conditions, the NPP, in its current composition and in combination with an 
inadequate annular closing technique, failed as novel treatment option for DDD.
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Al sinds de tijd van Aristoteles (384-322 voor Christus) worden dieren ingezet als model voor de 
mens voor tal van medisch onderzoek. Dierexperimentele onderzoeken hebben zich sindsdien 
bewezen als een zeer waardevolle en essentiële component van de medische vooruitgang. 
Onderzoekmodellen zijn per definitie een versimpelde voorstelling van hetgeen ze moeten 
representeren. Voordat een onderzoeker een model kiest, dient deze zich goed af te vragen of 
het model voldoende overeenkomsten vertoont met het onderwerp waarvoor het wordt ingezet. 
Daar het een representatie is, zal het niet alle aspecten één op één in zich herbergen, echter, de 
essentiële kwaliteiten moeten voldoende overeenkomen. Om deze afweging te kunnen maken 
moet de onderzoeker beschikken over kennis van zowel de menselijke situatie als van die van de 
beschikbare modellen. Men zou kunnen stellen: “It takes (the knowledge of ) two to tango”.

Het proefschrift dat u nu leest bestaat uit twee delen. Deel 1 bestaat uit de Hoofdstukken 3, 4, 5, 
6 en 7. Het doel van deze hoofdstukken was om de bestaande kennis van drie rugaandoeningen, 
te weten diffuse idiopathic skeletal hyperostosis (DISH), spondylose deformans en degeneratie 
van de tussenwervelschijf (TWS ), bij gezelschapsdieren aan te vullen. Het achterliggende 
doel was daarbij om na te gaan of deze diersoorten als model zouden kunnen dienen voor het 
bestuderen van overeenkomstige aandoeningen bij de mens. In deel 2 van het proefschrift, 
bestaande uit de hoofdstukken 8, 9 en 10, werd de hond als model gebruikt om een methode 
om een defect in de buitenste ring van de TWS, de annulus fibrosus, af te sluiten te evalueren 
alsmede om een prothese voor het binnenste van de TWS, de nucleus pulposus, te testen. 

Het proefschrift begint echter met Hoofdstuk 1 bestaande uit twee grote  
literatuurover- zichten. Hoofdstuk 1 sectie A beschrijft de overeenkomsten en verschillen  
in pathologische botnieuwvorming van de wervelkolom bij de mens en bij honden en 
katten. Zowel DISH als spondylose komt bij de mens voor en er wordt een duidelijk onderscheid 
tussen beide aandoeningen gemaakt. DISH is een ziekte waarbij in het gehele lichaam, maar 
vooral aan de onderkant van de wervellichamen, nieuw bot gevormd wordt. Volgens een vaak 
gebruikte definitie moeten minstens 4 aaneengesloten wervellichamen aangetast zijn om de 
diagnose te kunnen stellen. Mensen kunnen hier hinder van ondervinden en klachten als stijfheid 
en rugpijn krijgen. Tevens kan het hen predisponeren c.q. meer vatbaar maken voor fracturen van  
de wervelkolom als gevolg van minimaal trauma, zoals uitglijden. In de enkele gevallen waarbij  
de botnieuwvorming in de hals optreedt, kan het problemen geven met slikken en ademen.  
Bij spondylose wordt er bot gevormd aan de randen van de wervellichamen, dus niet onder  
de gehele wervellichamen, zodat er haken of brugvormige verbindingen tussen de wervels 
ontstaan. Tegenwoordig wordt in de biomedische literatuur de term spondylose veelal gebruikt  
in gevallen waarbij naast botnieuwvorming van de wervelkolom ook TWS-degeneratie  
aanwezig is. In de veterinaire literatuur wordt spondylose echter doorgaans gebruikt in alle 
gevallen waarbij botnieuwvorming van de wervelkolom aanwezig is. Het zou zeer wenselijk zijn 
wanneer in de biomedische – en de veterinaire literatuur de terminologie en definities van  
zowel DISH als spondylose overeen zouden komen. Voordat wij onze studies naar 
botnieuwvorming van de wervelkolom bij gezelschapsdieren gingen uitvoeren, was weinig 
bekend over het voorkomen van DISH bij gezelschapsdieren. Slechts twee casus van  
DISH bij honden waren tot dan beschreven en er werden geen verslagen van DISH bij katten 
gevonden. Indien DISH in een hoge mate zou worden gevonden bij honden van een bepaald 
ras en volledig niet bij andere rassen dan zouden honden van dat ras met DISH ingezet kunnen 
worden om bij hen proberen te achterhalen welk genetische afwijking bij het ontstaan van DISH 
betrokken is.  
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Verder zouden deze honden als onderzoekspopulatie kunnen dienen voor het achterhalen van 
onderliggende c.q. etiologische factoren. 

Een TWS is zowel bij mensen als bij honden opgebouwd uit een aantal vergelijkbare structuren. 
Aan weerszijden van de TWS zijn tussen de TWS en de aangrenzende wervels kraakbenige 
eindplaten gelegen. Het centrum van de TWS bestaat normaal uit 80% water en heet de nucleus 
pulposus, hieromheen ligt de annulus fibrosus welke uit fibreuze ringen bestaat. De functie van  
de TWS is om als schokdemping te fungeren en als verbinding tussen de wervellichamen. 
Gedurende het leven zal de TWS degenereren en hierbij steeds meer water verliezen en stugger 
van structuur worden. In sommige gevallen gebeurt dit versneld en leidt tot klinische klachten 
door bijvoorbeeld een hernia of door afklemming van de uittredende zenuwen. Hoofdstuk 
1 sectie B vermeldt dat veel verschillende diermodellen voor TWS-degeneratie (vorm van 
(versnelde) veroudering/slijtage) zijn beschreven. In een optimaal diermodel zal TWS-degeneratie 
optreden in een anatomisch analoge TWS met ziektekundige, klinische en biomechanische 
aspecten welke overeenkomen met de situatie bij de mens. Om resultaten uit onderzoeken  
naar TWS-degeneratie bij bijvoorbeeld muizen, waarbij TWS kunstmatig wordt veroorzaakt,  
te kunnen vertalen naar de situatie bij de mens zullen vele aannames nodig zijn, wat beperkingen 
met zich mee zal brengen. De hond is de enige grote diersoort dat beschikbaar is voor 
wervelkolomonderzoek welke op natuurlijke wijze TWS-degeneratie ontwikkelt met klinische 
problemen als gevolg. De klinische presentatie, histologische en moleculaire veranderingen en 
de behandeling van TWS-ziekte bij honden vertonen veel overeenkomsten met de situatie bij de 
mens. Daarnaast zijn twee graderingsystemen voor TWS-degeneratie gemaakt voor toepassing  
bij de mens, inmiddels ook voor gebruik bij de hond gevalideerd. Gezelschapsdieren door mensen 
als huisdier gehouden, kunnen als onderzoeksgroep proefdieren deels vervangen. Helaas wordt 
deze mogelijkheid door onderzoekers werkzaam in de biomedische wereld onderschat en 
zodoende onvoldoende benut. Omdat deze dieren spontaan rugproblemen kunnen ontwikkelen 
en op overeenkomstige wijze hiervan hinder kunnen ondervinden en hieraan behandeld 
kunnen worden, kunnen deze dieren een optimaal model vormen voor bijvoorbeeld preklinisch 
longitudinaal onderzoek naar TWS-degeneratie.

Deel 1

Zoals al werd geconcludeerd in Hoofdstuk 1 sectie A komen DISH, spondylose en TWS 
degeneratie voor bij honden. Spondylose is tevens bij de kat beschreven. In deel 1 van dit 
proefschrift, bestaande uit Hoofdstuk 3, 4, 5, 6 en 7 was de focus op deze 
wervelkolomaandoeningen. 

Hoofdstuk 3 en 4 beschrijven een studie waarin het voorkomen van DISH en spondylose op 
röntgenfoto’s van een grote groep (2041) rashonden werd onderzocht. DISH en spondylose 
werden apart en in combinatie aangetroffen. Het voorkomen van elk van deze aandoeningen 
nam toe met toenemende leeftijd. Het voorkomen van DISH (40.6%) en spondylose (55.1%) in 
de groep Boxerhonden was sterk hoger dan bij andere hondenrassen. Een hondenras bestaat uit 
een afgesloten poel met genen met een grote mate van genetische relaties tussen de individuele 
honden. Het hondengenoom is inmiddels geheel bekend. Hierdoor zouden toekomstige studies 
zich kunnen richten op het bepalen van het gen/genen welke betrokken is/zijn bij het ontstaan 
van DISH. In Hoofdstuk 4 zijn vier casus beschreven met als doel om vooral de kenmerken 
van DISH op röntgenbeeld, computed tomografie (CT), magnetic resonance imaging (MRI) 
en het histo-pathologischonderzoek weer te geven. Het is van belang dat dierenartsen zich 
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bewust zijn van het gegeven dat DISH bij honden voorkomt en mogelijk aanleiding kan zijn 
voor klinische klachten zoals stijfheid en een pijnlijke wervelkolom. Middels zowel röntgen- als 
pathologischonderzoek kan DISH van spondylose worden onderscheiden. In geval van spondylose 
zal niet de gehele onderkant van de wervels door botnieuwvorming worden aangetast, bij DISH is 
dit juist wel het geval. Meer onderzoek zal verricht moeten worden om de onderliggende factoren 
van DISH bij honden bloot te kunnen leggen. Indien dit ook bij de mens gebeurt, zal kunnen 
worden bepaald in hoeverre de ziekten bij beide species echt vergelijkbaar zijn.

Zoals in Hoofdstuk 3 en 4 werd beschreven, is in het verleden in de veterinaire literatuur niet 
altijd een duidelijk onderscheid gemaakt tussen DISH en spondylose bij honden. Daarnaast 
kan het onderscheid in bepaalde specifieke situaties, bijvoorbeeld in een vroeg stadium, een 
uitdaging vormen. Beide aandoeningen kunnen ook naast elkaar bij de hond voorkomen.  
De resultaten beschreven in Hoofdstuk 5 laten zien dat MRI waardevol kan zijn bij het onderzoek 
naar DISH en spondylose bij honden. Middels MRI-onderzoek kunnen veranderingen in  
beenmerg en TWS-signaal zichtbaar worden gemaakt. Hierbij bleek DISH van spondylose te 
verschillen en dus MRI nuttig te zijn om het onderscheid tussen beide aandoeningen te maken.  
Er is tot op heden niet erg veel informatie over het klinisch belang van DISH bij honden.  
In de studie van Hoofdstuk 5 bleek er een directe relatie te vinden te zijn tussen de aanwezigheid 
van de botnieuwvorming van de wervelkolom en de klinische klachten bij ten minste twee van  
de 19 honden met DISH. Bij deze twee honden bleek de botnieuwvorming uittredende zenuwen 
te beklemmen met als gevolg klinische klachten passende bij deze zenuwbeklemming.  
Een ander gevolg van botnieuwvorming aan de wervelkolom zou TWS degeneratie kunnen zijn. 
Er is geopperd dat wanneer een aantal wervels door de botnieuwvorming tot een star geheel van 
gefuseerde wervels is verworden dit extra druk op de aangrenzende TWS zal kunnen geven met 
degeneratie als gevolg.

Hoofdstuk 6 beschrijft het vóórkomen van spondylose bij katten, en de verdeling over de 
wervelkolom en de associatie met ras, geslacht en leeftijd. Spondylose bleek gerelateerd aan 
toenemende leeftijd en komt met name voor bij de borstwervels, hoewel meer uitgebreide 
spondylose meer voorkwam in de onderrug. Omdat skeletveranderingen bij de kat zich eerder 
tonen als gedragsveranderingen dan als kreupelheid, werd onderzocht of spondylose statistisch 
aan gedragsveranderingen kon worden gekoppeld. Hiervoor werd gebruik gemaakt van een 
vragenlijst voor de eigenaren, waarvan de antwoorden verwerkt werden in een statistisch model. 
Spondylose van de onderrug bleek significant gerelateerd aan veranderingen in het gedrag 
van de katten en niet aan kreupelheid. Zo bleken deze katten vaker agressief, begroetten ze de 
eigenaren minder vaak, wilden ze minder graag geaaid worden en werd de kwaliteit van leven 
door hun eigenaren lager ingeschaald. DISH werd niet aangetroffen in deze onderzoekspopulatie. 
Katten met spondylose van de onderrug zouden kunnen worden ingezet om farmaceutische 
middelen en/of voedingssupplementen te testen (middels dubbelblind placebogecontroleerd 
onderzoek) tegen pijn van de wervelkolom. 

Het doel van Hoofdstuk 7 was om de relatie tussen mate van TWS-degeneratie en klachten 
gerelateerd aan TWS-ziekte (lees: hernia’s) bij honden te onderzoeken. Hiervoor werden de 
neurologische afwijkingen gescoord en vergeleken met de mate van TWS-degeneratie gescoord 
op MRI en histologie (onderzoek van flinterdunne gekleurde stukjes weefsel door middel van 
microscoop). Het bleek dat de mate van TWS-degeneratie gescoord op MRI overeenkwam met 
de mate van TWS-degeneratie gescoord middels histologie. Echter, beide scores kwamen niet 
statistisch overeen met de mate van neurologische klachten. Bij mensen is overigens bekend dat 
TWS-degeneratie ook gevonden wordt bij mensen zonder klinische klachten. Dit is ook bij honden 
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het geval. Bij mensen is echter nog niet in een groep geopereerde patiënten de relatie tussen de 
mate van TWS-degeneratie gescoord op MRI, histologie en preoperatieve klachten onderzocht. 
Tijdens deze studie werd ook een aantal dogma’s van het veterinaire TWS-onderzoek geëvalueerd. 
De Zweed Hansen beschreef in de vijftiger jaren het vóórkomen van twee soorten TWS-ziekten of 
hernia’s. Zo bestaat er een soort hernia waarbij het binnenste van de TWS door de buitenste ring 
heen tegen het ruggenmerg aan beweegt, dit wordt een type 1 hernia genoemd. Bij een  
type 2 hernia puilt de gehele TWS uit en drukt zo tegen het ruggenmerg. Dus in geval van een 
type 1 hernia is de buitenste ring, de annulus fibrosus, niet meer intact terwijl bij een type 2 
hernia de annulus fibrosus niet kapot maar wel versleten is. Hansen beschreef deze types hernia 
bij twee soorten honden. Onder de eerste groep vallen de zogenaamde chondrodystrofe rassen.  
Deze rassen vallen op door honden met korte kromme pootjes en versnelde degeneratie van  
hun TWS. De andere groep bestaat uit niet-chondrodystrofe rassen. Deze honden hebben 
normalere poten en hun TWS-en degenereren later in het leven. Ook in onze studie kwamen  
type 1 hernia’s meer voor bij de chondrodystrofe honden en bleken de TWS-en van deze honden 
vaker gedegenereerd dan bij honden van de niet-chondrodystrofe rassen. Hansen vermeldde  
ook een verschil in hoe de TWS-en op cellulair niveau degenereren. Bij de chondrodystrofe 
honden zouden de normale cellen van het binnenste van de TWS vervangen worden of 
veranderen in zogenaamde fibrocyten en van de niet-chondrodystrofe honden in chondrocyten. 
Dit onderscheid is in ons onderzoek echter niet naar voren gekomen. 

Deel 2

Wanneer een therapie van rust en pijnstillers niet effectief blijkt tegen de klinische gevolgen van 
TWS-degeneratie is chirurgisch ingrijpen vaak een optie. De standaard chirurgische procedures bij 
zowel mensen als gezelschapsdieren bestaan uit het verwijderen van  TWS-materiaal, eventueel 
gevolgd door het vastzetten van de wervels door middel van het inbrengen van metalen 
implantaten. Hiermee wordt echter de functie van de betrokken TWS niet hersteld, wat op de 
lange termijn minder gunstig is gebleken. Om de functie van deze TWS te herstellen is een aantal 
TWS-protheses gemaakt evenals implantaten die alleen het binnenste van de TWS, de nucleus 
pulposus, vervangen. In geval van de laatst genoemde protheses, de zogenaamde nucleus 
pulposus protheses (NPPs), is de grootste uitdaging om deze implantaten binnen de buitenste 
ring, de annulus fibrosus, te houden. Deze ring is namelijk altijd beschadigd door degeneratie en/
of door de chirurgische procedure. Het goed afsluiten van deze ring ter hoogte van de overgang 
tussen de annulus fibrosus en de nucleus pulposus wordt zodoende de “Achilleshiel” van de  
NPP-technologie genoemd. Hondenwervelkolommen kunnen ingezet worden voor onderzoek 
naar zowel de afsluiting van de buitenste ring als het vervangen van het binnenste van de TWS. 
Deel 2 van dit proefschrift, bestaande uit de Hoofdstukken 8, 9 en 10, beschrijft onderzoek naar 
een afsluitingsmethode voor de annulus fibrosus en een hydrogel NPP ter vervanging van de 
nucleus pulposus. 

Hoofdstuk 8 beschrijft het onderzoek naar de ontwikkeling en evaluatie van een nieuwe 
afsluiting  voor de annulus fibrosus (buitenste ring van de TWS). In deze studie werd het 
ontwikkelde materiaal niet alleen getest op afsluiten van de annulus fibrosus maar werd ook 
getracht de leeggeruimde holte van de nucleus pulposus van hondenkadaverwervelkolommen 
op te vullen. Het materiaal (photo-cross linkable macromeren gebaseerd op polytrimethylene 
carbonate) heeft als voordeel dat het onregelmatig gevormde openingen in de annulus fibrosus 
kan afsluiten. Het wordt namelijk na aanbrengen in een zachte vorm, door middel van blauw 
licht, hard gemaakt. Het materiaal bleek goed injecteerbaar in de honden TWS-en en werd 
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hard binnen twee minuten door middel van het blauwe licht. Na openen van de TWS-en bleek 
dat het materiaal echter niet altijd goed aan het weefsel hechtte en dat niet de gehele nucleus 
pulposusruimte was opgevuld. Ook bleek het materiaal in de diepte, meer centraal in de nucleus 
pulposusholte, niet volledig te harden, vermoedelijk omdat het blauwe licht niet goed tot in het 
centrum van de TWS doordrong. 

Preklinische studies van NPPs moeten zich concentreren op de weefselveiligheid, chirurgische 
implanteerbaarheid en op de functionaliteit. Dit laatste kan door de zogenaamde biomechanische 
evaluatie van de prothese. Hoofdstuk 9 beschrijft enkele experimenten naar de eigenschappen 
van een nieuw ontwikkelde hydrogel NPP. Een hydrogel heeft als voordeel dat het in een droge 
vorm kan worden ingebracht door een relatief kleine opening, waarna het op zijn plaats in de 
TWS, na opname van water, kan zwellen. Na opname van water kan de NPP de kussenfunctie 
van de normale nucleus pulposus (die voor ongeveer 80% uit water bestaat) overnemen. 
De ontwikkelde NPP heeft een zachtere kern en een meer stevige buitenkant. Het materiaal 
is zo ontwikkeld dat het zichtbaar moet kunnen zijn bij röntgen-, CT-, en MRI-onderzoek. 
De NPP bleek relatief gemakkelijk implanteerbaar, inderdaad zichtbaar op de verschillende 
beeldvormingtechnieken, maar bleek niet volledig in het centrum van de nucleus pulposusholte 
te blijven zitten. Het probleem hierbij zit waarschijnlijk in de uitdaging om de nucleus 
pulposusholte op de overgang met de annulus fibrosus af te sluiten. Dit bleek niet gelukt met 
de door ons gebruikte methode. Echter, tijdens de testen waarbij de hondenkadaverruggen in 
een apparaat in zowel onaangetaste vorm, na uithollen van de TWS-holte, als na implantatie en 
zwellen van de NPP werden bewogen, bleek de NPP intact te blijven. Tevens bleek dat de afstand 
tussen de twee wervels waartussen de TWS ligt, na uithollen verminderd en na inbrengen van 
de NPP weer hersteld te zijn naar de oorspronkelijke afstand. Ook bleken veel biomechanische 
metingen aan de wervelkolom tijdens het bewegen vóór uithollen (dus instabiel maken) van 
de TWS, overeen te komen met de metingen na inbrengen van de NPP. Dit was in veel gevallen 
significant verschillend van de metingen na uithollen van de TWS.

Voordat de NPP veilig genoeg geacht kan worden om in levende honden geëvalueerd te worden, 
waren extra biomechanische testen nodig. Hierbij was het doel om te testen of de NPP intact 
en op de juiste plek zou blijven tijdens testen waarbij de wervelkolom langdurig (12-24 uur) 
bewogen gaat worden. Tijdens een verkort experiment, beschreven in Hoofdstuk 10, bleek dat 
geen van de vier geteste NPPs intact en op de juiste plaats bleef. Hieruit werd geconcludeerd 
dat deze NPP in combinatie met de huidige afsluiting van de annulus fibrosus onbruikbaar is om 
verder in levende dieren getest te worden. 

Conclusie: zowel DISH, spondylose als TWS-degeneratie komt voor bij honden.  
Er zijn verschillende overeenkomsten met de analoge situatie bij de mens vast te stellen, evenals 
enkele verschillen. Met deze verschillen zal rekening gehouden moeten worden indien gekozen 
wordt deze diersoorten te gebruiken als diermodel voor toepassing in onderzoek voor de mens. 
Vooral hondenruggen zijn echter zeer bruikbaar voor de evaluatie van nieuwe chirurgische 
technieken tegen de gevolgen van deze rugaandoeningen bij mensen. 
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- Dankwoord

Dankwoord

Tijdens de afgelopen drie jaar heb ik met een grote groep mensen mogen samenwerken.  
Zij hebben allemaal bijgedragen aan mijn leerproces, voortgang en werkvreugde. Het risico 
lopende iemand te vergeten, wil ik toch proberen deze groep mensen hier specifiek te benoemen.

Professor dr. Herman Hazewinkel, waarde promotor, in 2008 klopte ik bij u aan met het verzoek 
om een orthopedisch gerelateerd onderwerp voor mijn onderzoeksstage. Samen met Björn Meij 
had u net een presentatie van Anneloes Westerveld over “DISH” in het UMC-Utrecht aangehoord 
tijdens de maandelijkse wervelkolom bijeenkomst. Jullie beide leek het een leuk idee wanneer  
ik eens zou kijken of honden deze aandoening ook vertoonden. Het eindresultaat staat in 
Hoofdstuk 3 en 4 te lezen. Ik heb de afgelopen jaren zeer prettig met u mogen samenwerken. 
Ik prijs mij gelukkig met een promotor die altijd de tijd voor me neemt, me weet te 
enthousiasmeren, motiveren, begeleiden en ik als een ware mentor beschouw. 

Professor dr. Wouter Dhert, waarde promotor, als penvoerder van het IDiDAS project van BMM 
alwaar ik als AIO voor heb mogen werken leerde ik je wat beter kennen. Hiervoor hadden we 
elkaar al een enkele maal getroffen dankzij het eerder genoemde DISH onderzoek. Je opgeruimde 
en zakelijke instelling en brede kennis heeft indruk op me gemaakt. Ik denk dat ons departement 
blij mag zijn met jou als adviseur en verbinding tussen de medische en veterinaire wereld.  
Mijn interesse gaat ook zeker die kant uit getuige de translationele insteek van dit proefschrift.  
Ik hoop ook in de toekomst nog met je te mogen samenwerken en van je te mogen leren. 

Dr. Björn Meij, waarde co-promotor, ik leerde je tijdens de co-schappen kennen en was verheugd 
toen Professor Hazewinkel voorstelde dat ik mede onder jouw leiding mijn onderzoeksstage 
mocht verrichten. Nadat ik ook nog een casus met je beschreven had, adviseerde je me te 
solliciteren voor de promotieplek binnen het IDiDAS project van BMM. Net als Professor 
Hazewinkel wist je van mijn ambitie me te willen specialiseren in de Chirurgie van de 
Gezelschapsdieren, waarvoor deze praktische en klinisch interessante promotieplek een goede 
opmaat zou zijn. Ook jouw vertrouwen, raad en daad, begeleiding, teamspirit en humor waardeer 
ik zeer. Onze gesprekken van en naar bijeenkomsten heb ik altijd als zeer prettig ervaren. 

Dr. Marianna Tryfonidou, waarde co-promotor, omdat ik uit het lab heb weten weg te blijven,  
heb ik niet veel direct met je samengewerkt. Gelukkig heb ik je wel wat beter leren kennen. Ik kijk 
ernaar uit om in de toekomst aan projecten te zullen gaan samenwerken: jij in het lab en ik in de 
kliniek? Je bent met je intelligentie, inventiviteit en tomeloze inzet een voorbeeld voor mening 
onderzoeker.

Niklas Bergknut, nadat je eerst Luc als Excellent Tracé (ET) student en later als mede AIO in het 
CSI(Canine Spine Investigation)-team had opgenomen kwam ik als derde AIO op de kamer.  
Samen met de overige ‘Bone’-kamergenoten heb je me vanaf dag 1 geholpen met tal van 
praktische zaken evenals met alles wat tussenwervelschijf degeneratie van mens en hond betreft. 
Je was zodoende een soort professionele grote broer waar ik veel van kon afkijken en waarbij ik 
met mijn vragen terecht kon. Je zeer geslaagde en succesvolle promotie-week (!) in Nederland  
en Zweden waarbij ik je paranimf mocht zijn zal me altijd bijblijven. Dank voor alle hulp, humor  
en begeleiding: ik kijk ernaar uit als SIO weer samen te mogen blijven werken. 

Luc Smolders, waarde mede AIO. Grote kleine man. Net als wat Niklas betreft heb ik ook bij jou 
zaken kunnen afkijken en kunnen leren van de stappen die jij net voor mij maakte. Je feitenkennis 
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is onuitputtelijk en ik heb nu al medelijden met de onderzoekers die jou als reviewer zullen 
treffen. Ik denk dat je nog vaak: “That’s not completely true” zal schrijven in je reports… Daarnaast, 
wat een lol hebben wij gehad, op de kamer, tijdens het uitvoeren van projecten, op congressen  
en in Zweden. Het was een mooie tijd en ik hoop dat we nadat je je co-schappen hebt afgerond 
weer samen zullen werken aan onze toekomst. Ik kijk uit naar jouw proefschrift en verwacht er 
zeer veel van. 

George Voorhout. Ik heb de gesprekken in jouw ‘buitenkantoor’ en je nuchtere en praktische 
inslag altijd op prijs gesteld. De afdeling diagnostische beeldvorming was onmisbaar in mijn 
onderzoek en ik ben jou en jouw collegae zeer dankbaar voor alle uitgebreide hulp.

Leo Koole, Ketie Saralidze en Menno Knetsch, waarde Maastrichtse collegae. Al enkele jaren 
werken wij, de CSI-groep, met veel plezier met jullie samen in het testen van onder andere 
de tussenwervelschijf-kern prothese zoals beschreven in Hoofdstuk 9 en 10. We hopen in de 
toekomst nog veel samen te mogen werken.

Albert van der Veen, jouw bijdrage en tomeloze inzet tijdens alle biomechanische proeven bij 
jouw VUMC hebben mij zeer geholpen. Je nuchtere en humorvolle kijk op het leven dienden als 
prettige arbeidsvitaminen. 

Dirk Grijpma, Shariar Sharifi, net als Wouter Dhert, Björn Meij, Laura Creemers, Albert van der Veen, 
Leo Koole en Ketie Saralidze, collegae binnen het IDiDAS project van BMM. Aan jullie was en is 
het de taak om een afsluiting voor de annulus fibrosus te vinden, Hoofdstuk 8 is hier bijvoorbeeld 
getuige van. Het is een probleem wat al vele decennia wereldwijs moeilijk oplosbaar blijkt en 
vooralsnog hebben we ook binnen IDiDAS niet een concreet product op de plank. Ik heb echter 
het volste vertrouwen dat met jullie kennis en kunde hier (zeer) binnenkort verandering in komt. 
Dank voor de samenwerking en het kijkje in jullie keuken.

Waarde collega onderzoekers van het departement Orthopedie van het UMC-Utrecht:  
Wouter Dhert, Cumhur Öner, Jorrit Jan Verlaan, Laura Creemers, Ruud Licht, Anneloes Westerveld, 
Hsiao-Yin Yang en anderen. Met enkele van jullie heb ik mogen publiceren en met anderen heb ik 
in ieder geval prettig overleg gehad en van jullie expertise mogen leren. De samenwerking tussen 
met UMC-Utrecht en ons departement is zeer waardevol en ik hoop dat we in de toekomst nog 
veel voor elkaar zullen kunnen betekenen. Tot heil van mens en dier! Speciale dank voor Anneloes 
en Jorrit Jan die in mij de interesse voor DISH hebben aangewakkerd en mij enorm hebben 
geholpen me de kennis betreffende deze aandoening eigen te maken.

Louis Penning, vakinhoudelijk hebben we weinig samengewerkt maar ik heb genoten van je 
vreugdevolle arbeidsvitaminen en wetenschappelijke vaardigheden. Ik ben ervan overtuigd dat 
de onderzoekslijn Tissue Repair onder jouw leiding nog vele stappen zal maken, vooral wanneer 
de samenwerking met de biomedische onderzoekswereld nog meer voeten in de aarde zal 
krijgen. Dank, ook voor je gezelschap tijdens onze mooie reis naar Zweden ten tijde van Niklas’ 
promotie.

Beste Eva van Hofwegen, David Onis, Julie Huizinga, Marcel van Buren, Ninke Gahrmann, en Roos 
Tijms. Zonder jullie hulp was het lastig geworden om in deze relatief korte tijd mijn proefschrift te 
voltooien. Jullie waren zeer prettig om mee samen te werken, hebben mij weten te inspireren  
en hebben mij ondersteund in de uitvoering van een aantal praktische zaken. Vooral David, als  
ET student voor een jaar verbonden aan onze onderzoeksgroep, ben ik veel dank verschuldigd.
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Dear Frank Steffen, Andrea Togni and Joe Morgan, thank you for the collaboration regarding the 
study described in Chapter 5. I hope we could again join forces in the near future and wish you all 
the best.

Lars Slingerland en Philippe Picavet, dank voor jullie hulp bij de totstandkoming van Hoofdstuk 6. 
Lars, voor jouw hulp met de statistiek ben ik je met name dankbaar. 

Harry van Engelen, jouw inzet en hulpvaardigheid is uniek. Ik ken weinig mensen die altijd bereid 
zijn mee te denken en te helpen en eigenlijk nooit “nee” zeggen. Dank hiervoor, ik hoop dat je nog 
lang voor de UKG beschikbaar zult blijven en je collegae op je mogen blijven rekenen.
 
Waarde medewerkers van de afdeling Diagnostische beeldvorming, specifiek Elise Petersen, 
Monique Jacobs en Joris de Brouwer, zonder jullie flexibiliteit was het vaak niet mogelijk alle 
röntgen, CT en MRI opnames in te plannen en uit te laten voeren. Om nog maar te zwijgen over 
het terugplaatsen van 2000+ mappen gevuld met niet-digitale röntgenfoto’s. Dank voor deze 
hulp en ook niet op de minste plaats voor alle collegiale grappen en grollen. De PowerPoint- en 
fotosessies die tussen jullie en de CSI over en weer zijn gegaan zijn in een woord: uniek. 

Beste medewerkers van de afdeling Multimedia, vooral Joop Fama en Anneke Jansen, geen 
manuscript is compleet zonder mooie figuren. Ik ben jullie dankbaar voor jullie creativiteit, 
inzet, tijd en geduld en zodoende voor het eindresultaat wat in de bladzijdes hiervoor is terug te 
vinden. 

Carolien Kolijn en Marylene Paes, lieve dames van de sterilisatie. Ook jullie waren altijd bereid om 
mee te denken en te helpen. Ik heb het altijd prettig gevonden om een praatje met jullie te maken 
en hoop dit in mijn verdere loopbaan nog vaak te mogen doen. 

Ineke Lavrijsen, Gaya Selvarajah en Lau Seng Fong, waarde kamergenoten. Wat hebben jullie 
moeten afzien met (initieel) drie dominante mannelijke wervelkolom onderzoekers op de kamer. 
In plaats van een kippenhok was het veelvuldig een kamer vol testosteron en flauwe (dus leuke) 
humor. Hoewel we, zo nu en dan, probeerden rekening met jullie te houden besef ik dat dit niet 
altijd gelukt is. Hiervoor mijn excuses. Mijn dank gaat uit naar jullie voor alle praktische hulp 
(vooral Ineke) en prettige gesprekken. Van Gaya heb ik geleerd dat je altijd rustig moet blijven 
ook al zit er soms wat tegen. Lau, ik ben nog steeds onder de indruk hoe snel en voortvarend je 
Nederlands hebt geleerd. 

De “Liver-room”: Boukje Schotanus, Hille Fieten, Frank van Steenbeek en Bart Spee (met als 
adoptie kindje Kim Boerkamp), ook wel kamertje twee (ten overvloede “Bone-room” was kamertje 
één) genaamd. Was leuk om tal van dingen met jullie te delen en ben vooral dankbaar voor de 
prettige sfeer die er tussen ons was. Frank, het verschil tussen jou en mij qua voetbalclub is echter 
onoverbrugbaar. 

Overige medewerkers Genomicslab JDV dank voor de collegiale momenten en interesse in het 
wervelkolom onderzoek. 

- Dankwoord
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Overige collegae van de Universiteitskliniek voor Gezelschapsdieren, de meeste van jullie heb ik 
de eerste twee jaar van mijn tijd als promovendus alleen vluchtig kunnen spreken, maar bedankt 
voor alle interesse. Ik werk inmiddels alweer een jaar zeer prettig samen en kijk ernaar uit dit nog 
lang te mogen doen.

Vrienden “van vroeger” uit Zeist, vanuit mijn studententijd in Utrecht, van de Voorjaardagen-
commissie, Nederlandse Tafel Ronde 1, en overige vrienden: bedankt voor de interesse, steun en 
vooral de soms broodnodige afleiding. 

Lieve familie, zowel schoon als direct, ook jullie veel dank voor de steun en interesse. Sommige 
van jullie gaven mij de kans hetzelfde verhaal soms vaker te vertellen, iets waarvan de 
lekensamenvatting zeker niet slechter is geworden.

Lieve mama, papa en Leen, samen met Puck en de kleine Alexander, zijn jullie onmetelijk 
belangrijk in mijn leven. Jullie medeleven en liefde zijn essentieel voor mij.

Lieve Puck, in 2010 zijn we (eindelijk) getrouwd. Je bent mijn vrouw, steun en toeverlaat. Ik kan 
op je bouwen: we zijn een team en samen kunnen we de wereld aan. We gaan nog zo veel mooie 
dingen beleven en dromen najagen. Ik ben in ieder geval nu al dankbaar dat ik, mede dankzij 
jou, de kans om te promoveren heb kunnen grijpen. De komst van onze zoon Alexander heeft me 
geholpen een hoop dingen, waaronder de totstandkoming van dit proefschrift, te relativeren.  
Ook hiervoor ben ik enorm dankbaar.

- Dankwoord
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Curriculum Vitae

The author was born in Apeldoorn, the Netherlands on August 5th 1979. He (was) moved to Zeist 
in 1980 and before starting his Veterinary education at the Faculty of Veterinary Medicine in 
Utrecht, he attended the Zeister School Vereeniging and Christelijk Lyceum Zeist. He graduated in 
2009 with honorable mention and worked for several months in a veterinary clinic for companion 
animals in Zeist. He started with his PhD in October 2009 at his Alma Mater. The author has 
completed an internship in companion animal medicine and currently works as a small animal 
surgery resident (ECVS) at the Department of Clinical Sciences of Companion Animals, Faculty of 
Veterinary Medicine, Utrecht University. He enjoys spending time with friends and family and is, 
together with his wife Puck, the proud father of Alexander (born October 22nd 2011).
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