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Abstract 

Problem: Diffuse idiopathic skeletal hyperostosis (DISH) is a common musculoskeletal 

condition yet its etiology, early and progressive disease features, and clinical implications 

are poorly understood. The purpose of this dissertation was to investigate the imaging 

features associated with the continuum of DISH. 

Methods: A retrospective study design was used to evaluate thoracic computed 

tomography scans from a population in Minnesota, United States. Female and male 

individuals ≥20 years of age were examined for imaging features of DISH and early-

phase DISH. The extent of ectopic bridging between each vertebrae was scored. 

Subsequently, the individuals with repeated computed tomography scans of the thoracic 

spine were evaluated for changes in imaging features over time. Lastly, a cohort of 

cadaveric human thoracic vertebral column specimens were studied to characterize 

pathological mineralization of the costovertebral joint (CVJ) and its association with 

DISH. 

Findings: DISH was detected in 14.2% of the sample (7.4% of females, 20.9% of males, 

average age of 78 years) and early-phase DISH was detected in 13.2% of the sample 

(10.4% of females, 15.8% of males, average age 73 years). The change to early-phase 

DISH was characterized by new ectopic bridging at previously unaffected regions. 

Progression in the severity of DISH was characterized by increased bridge scores in 

regions that were previously affected. Microcomputed tomography demonstrated that 

ectopic bridging of the CVJ was associated with DISH and intra-articular CVJ 

mineralization was associated with early-phase DISH. 
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Significance: Insight into clinical implications of DISH were uncovered through our 

population-based research. We reported that DISH or early-phase DISH are present in 

one out of three individuals over the age of 40, with increased prevalence of DISH among 

males of advanced age. Importantly, we reported on the spatiotemporal changes across 

the continuum of DISH that differ based on the stage of development. We also identified 

a potential link between DISH and CVJ mineralization, which may contribute to a 

modified diagnostic criteria to improve clinical detection. These findings may facilitate 

improved detection and reporting of DISH in the clinic and, in turn, enhance clinical 

outcomes for people living with DISH. 
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Summary for Lay Audience 

Arthritis-related musculoskeletal disorders are leading causes of pain and disability 

worldwide. Back pain and disorders of the spine are especially burdensome. Diffuse 

idiopathic skeletal hyperostosis (DISH)—a common spine condition—is characterized by 

irreversible formation of bone-like bridges that connect the bones of the spine. It is 

estimated based on research from 25 years ago that 15 to 25% of North Americans over 

50 years of age are affected by this condition. Importantly, health professionals are often 

unfamiliar with DISH, so it is often mis- or under-diagnosed. Symptoms generally 

include back pain and stiffness, and in severe cases, DISH can lead to pinched nerves or 

obstruct swallowing. The cause of the condition is unknown and there are no effective 

treatments. Surgery can be performed to remove the mineral bridges, but the recurrence 

of DISH is extremely high. This poor knowledge and unmet clinical need underscore the 

necessity of further research. 

Our research was designed to address four overarching research questions: 

1. What is the current prevalence of DISH and early-phase DISH in a North 

American population? 

2. How often do radiologists report on the imaging features of DISH? 

3. How do the bone-like bridges associated with DISH change over time as detected 

by medical images? 

4. What are additional joint structures that could be used to better define DISH? 

Using medical records and clinical images, we aimed to determine the impact of DISH 

along its disease stages across the lifespan. Our studies showed that DISH occurs in one 
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in four people over the age of 60 years and that more than one third of people over 40 

years-of-age displayed either early-phase DISH or DISH. We studied individuals with 

multiple medical images to learn about changes in DISH over time. Our results identified 

unique clinical features at different points along the continuum of the disease. Lastly, our 

new findings show that bony changes at the rib joints are also associated with DISH.  

Together, these findings contribute to an important investigation of the clinical features 

associated with DISH along its continuum with the goal of improving clinical awareness 

and early detection. 
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Chapter 1 

General introduction and outline of chapters 

 

1 title 

This chapter presents an introduction to the anatomy of the human vertebral column, 

general spinal pathologies, conditions associated with ectopic mineralization (i.e., 

calcification and/or ossification), and an overview of DISH. Inherent preference was 

given to studies focused on the thoracic vertebral column and humans. Anatomical 

position is referenced when describing locations in the human body. In the vertebral 

column, the terminology of caudal was used to describe direction towards the sacrum and 

cranial to describe direction towards the skull. 
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1.1 Anatomy of the human vertebral column 

The fundamental unit of the vertebral column is a motion segment, which describes a 

single intervertebral disc, the adjacent superior and inferior vertebral bodies, and includes 

all associated tissues connecting the two independent vertebrae. In an adult, the vertebral 

column is composed of 24 presacral vertebrae that are interspersed by 23 intervertebral 

discs. The vertebral column is divided into three anatomical regions: i) cervical—seven 

vertebrae and six intervertebral discs; ii) thoracic—twelve vertebrae and intervertebral 

discs, and iii) lumbar—five vertebrae and intervertebral discs.  

1.1.1 Osseous features of the thoracic vertebral column 

Throughout the vertebral column, the morphology of bony features differs slightly based 

on the region (Figure 1.1). From posterior to anterior: spinous process connects to paired 

transverse processes through the laminas and the transverse process are linked to the 

vertebral body through the pedicles. In the thoracic region, the mass of the vertebral body 

is larger than in the cervical region and smaller than in the lumbar region. The projection 

angle of the spinous processes is prominently in the caudal direction in the thoracic spine. 

1.1.2 Articulations of the thoracic vertebral column 

There are three articulations in the thoracic vertebral column: i) zygapophyseal joints; ii) 

CVJs; and iii) intervertebral discs. The first two are synovial joints that are lined with 

hyaline cartilage, contain synovium, and are surrounded by a fibrous capsule. The latter is 

a secondary cartilaginous joint that contains fibrocartilage. 
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Figure 1.1. Vertebral osseous features 

Renderings of an individual thoracic vertebrae with bony landmarks labelled. A, Left 
lateral view; B, anterior view; C, superior view. 

Created by Dale E. Fournier using 3D Slicer (v. 5.2.2), http://www.slicer.org 
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1.1.2.1 Zygapophyseal joint 

Also referred to as apophyseal or facet joints, these structures allow for the interaction of 

bony prominences within the posterior column of the vertebral column (Figure 1.2). 

Paired superior articulating facets face posteriorly, and paired inferior articulating facets 

face anteriorly. When viewed in the transverse plane, the angle of the facets ranges from 

74 to 88 degrees relative to the midline (1, 2). The thoracic facets are rotated slightly 

lateral by 16 degrees (1). This restricts flexion and extension of motion segments and 

facilitates trunk side bending and rotation. 

1.1.2.2 Costovertebral joint 

The CVJ forms the articulation between the head of the rib and costal surfaces on the 

vertebrae (Figure 1.3). Ribs one, ten, eleven, and twelve articulate alone by a simple 

synovial joint (3). Ribs two through nine articulate at two sites on the lateral aspect of the 

vertebrae (inferior costal facet of cranial vertebrae and superior costal facet of caudal 

vertebrae) and are bisected by an intra-articular ligament creating a double synovial 

compartment (3). Ribs one through ten attach to the sternum via costal cartilage. True 

ribs (one through seven) directly attach to the sternum. The motion associated with true 

ribs is described as a “pump-handle” mechanism. Elevation of the ribs produces rotation 

of the CVJ through a frontal axis (4, 5). False ribs (eight through ten) merge with the 

costal cartilage of rib seven to connect to the sternum through the costal cartilage 

associated with rib seven. The motion associated with true ribs is described as a “bucket-

handle” mechanism. Elevation of the ribs produces rotation of the CVJ through a sagittal 

axis (4, 5). Floating ribs (eleven and twelve) do not attach to the sternum.  
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Figure 1.2. Zygapophyseal joint anatomy 

Renderings of sequential vertebrae in the thoracic region of the vertebral column, 
zygapophyseal joints highlighted in red pseudocolouring. A, Posterior view; B, right 
posterior-lateral view; C, right lateral view; and D, right anterior-lateral view. 

Created by Dale E. Fournier using 3D Slicer (v. 5.2.2), http://www.slicer.org 
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Figure 1.3. Costovertebral joint anatomy 

Illustration of sequential thoracic motion segments and the attachment of the head of the 
rib. Right lateral view with the rib removed at T3-4, ligaments removed at T4-5, and soft 
tissue illustrated at T5-6.  

Created by Dale E. Fournier using 3D Slicer (v. 5.2.2), http://www.slicer.org 
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Ribs also articulate with the transverse process of the caudal vertebrae associated with a 

given motion segment; ribs eleven and twelve lack this articulation. The costotransverse 

ligament fills the space between the neck of the rib and the transverse process (3).  

1.1.2.3 Intervertebral disc 

Intervertebral discs are complex fibrocartilaginous joint structures that are located 

between vertebrae. Intervertebral discs stabilize the vertebral column, enable flexibility, 

and absorb load during weight bearing activities. The intervertebral discs are composed 

of three distinct yet interdependent tissues: i) anulus fibrosus; ii) nucleus pulposus; and 

iii) vertebral endplates.  

The anulus fibrosus defines the periphery of the intervertebral disc and is characterized 

by bundles of type one collagen organized into consecutive lamellae (6). This 

arrangement serves to resist tensile strain experienced during bending, twisting, as well as 

during compressive loading of the intervertebral disc (7). In a healthy intervertebral disc, 

the inner anulus fibrosus serves as a transition from the outer fibrous anulus fibrosus to 

the gelatinous nucleus pulposus, through a decreased abundance of type one collagen and 

an increase in type two collagen and proteoglycan content, the latter localized to the 

interlamellar matrix (8).  

The nucleus pulposus is the gelatinous central component of the intervertebral disc that is 

composed of proteoglycans and water within an irregular network of type two collagen 

and elastin fibers (9). The nucleus pulposus dissipates compressive loads placed on the 

intervertebral disc. It is an avascular tissue containing a heterogeneous population of 

chondrocyte-like cells derived from the embryonic notochord (9). 
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The vertebral endplate is composed of a bilayer of hyaline cartilage and bone that anchor 

the intervertebral disc to the cranial and caudal vertebrae. The cartilage endplate serves 

an essential function in nutrient exchange for the intervertebral disc, allowing passive 

diffusion of nutrients from the adjacent vascularized bone (10). 

1.1.3 Connective tissues of the thoracic vertebral column 

Numerous intricate connective tissue structures connect between individual motion 

segment of the vertebral column (Figure 1.4). The posterior aspect of the vertebral 

column is rich with both large and small muscle groups that facilitate gross movements of 

the trunk. Ligamentous structures function to limit extremes in range of motion. Two 

broad spanning ligaments are present along the anterior and posterior aspect of the 

vertebral body: i) anterior longitudinal ligament and ii) posterior longitudinal ligament.  

The anterior longitudinal ligament is the only structure present on the anterior aspect of 

the vertebral column and anchors to the middle of each vertebral body. Within the 

thoracic spine, the anterior longitudinal ligament is thicker than in the cervical region and 

narrower compared to the lumbar region (3). This ligament serves to limit excessive 

hyperextension of the thoracic vertebral column.  

The posterior longitudinal ligament is similarly anchored to the middle of each vertebral 

body, located along the posterior aspect of the vertebral column within the vertebral 

canal. In the cervical and superior thoracic regions, the posterior longitudinal ligaments 

are broad and uniform in width; while, in the inferior thoracic and lumbar regions they 

become narrow over the vertebral bodies and wide over the intervertebral disc (3). These 

ligaments serve to limit excessive hyperflexion of the thoracic vertebral column.  
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Figure 1.4. Ligaments of the vertebral column 

Illustration of sequential thoracic motion segments with ligaments labelled. Lateral view 
from the right. The top half of the illustration is bisected in the sagittal plane to show 
additional anatomical features. 

Created by Dale E. Fournier using 3D Slicer (v. 5.2.2), http://www.slicer.org 
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Additional ligamentous structures serve to stabilize the posterior aspect of the vertebral 

column and maintain normal curvature: i) ligamentum flava; ii) interspinous and 

intertransverse ligaments; and iii) supraspinous ligaments (Figure 1.4). 

1.1.3.1 Features of the enthesis 

Entheses are specialized tissues that characterize the connection of tendons, ligaments, or 

joint capsules to bones via fibrocartilaginous tissue (11). The term “enthesitis” describes 

inflammation of these metabolically active regions (12). Most relevant to the current 

dissertation is that ectopic mineralization of the enthesis has been described as 

pathophysiological response to mechanical overloading (12). Pathological bone 

formation associated with enthesis inflammation can occur throughout the vertebral 

column and peripheral skeleton. 

1.2 Pathologies associated with pathological mineralization 

There are numerous pathologies of the vertebral column that are complex and diverse 

with respect to tissues involved, pathogenesis, and clinical features. In this section, we 

specifically explore the features of pathological mineralization associated with common 

spine disorders. 

Ectopic mineralization characterizes the deposition of mineral material in regions outside 

of the skeleton (13). Dystrophic calcification occurs in damaged tissues where there is a 

notable biochemical abnormality of calcium and phosphate metabolism, or without 

identifiable cause (i.e., idiopathic) (13). Heterotopic ossification is the formation of bone 

tissue (woven or organized) with or without cartilage formation (13). 
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1.2.1 Osteoarthritis 

Within the vertebral column, the zygapophyseal joints can involve osteoarthritic changes 

of joint space narrowing, subarticular bone erosions, subchondral cysts, osteophyte 

formation, and hypertrophy of the articular process (14). Osteoarthritis in the vertebral 

column is intimately linked with intervertebral disc degeneration that alters the 

biomechanics and loading onto the zygapophyseal joints (14). As the intervertebral disc 

space narrows, osteophytes can form across the anterior or posterior aspect of the 

vertebral bodies or across zygapophyseal joints. The implication of these space 

occupying osteophytes can be compression of neural tissues and neurological deficits 

(14). Degeneration-driven changes also occur at the CVJ, resulting in similar arthritic 

changes (15, 16) 

1.2.2 Spondyloarthropathies 

Spondyloarthropathy (or spondyloarthritis) define a family of inflammatory rheumatic 

diseases that can involve the vertebral column, including: psoriatic and reactive arthritis, 

ankylosing spondylitis, and undifferentiated spondyloarthritis (i.e., non-radiographic 

and/or early stage ankylosing spondylitis) (17). Together, these diseases share clinical 

features, show familial clustering, and are associated with human leukocyte antigen -B27 

positivity (17, 18). A characteristic clinical feature of spondyloarthropathy is 

inflammatory back pain associated with morning stiffness lasting greater than 30 minutes 

that improves with mobility (17). 
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1.2.2.1 Ankylosing spondylitis 

Ankylosing spondylitis is characterized by sclerosis and/or fusion of the sacro-iliac or 

zygapophyseal joints (17). In the intervertebral disc, sclerotic regions of the vertebrae 

ultimately lead to a reactive pathological healing response and ossification of the 

periphery of the anulus fibrosus. Involvement of the costovertebral and costotransverse 

joints have been described in ankylosing spondylitis by erosion and sclerosis, bony 

proliferation, or fusion of the joints (19-21). 

1.2.3 Mineralization of spinal ligaments 

Previous studies using whole body computed tomography have reported the prevalence 

of multiple spinal ligament ossification (22-25). One study reported that 58.3% of a 

Japanese community displayed asymptomatic ossification of spinal ligaments, and that 

the prevalence increased up to 84% of individuals with body mass index greater than or 

equal to 30 kg/m2 (24). Another study from China showed an increased trend in the 

prevalence of spinal ligament ossification beyond 50 years of age (23). Lastly, analysis of 

1,500 consecutive scans for cancer screening in Japan demonstrated regular co-

occurrence of spinal ligament ossification within the same individual (22). The 

prevalence of concomitant spinal ligament ossification differed based on the anatomical 

region of the vertebral column and the specific ligaments affected (22). 

1.2.3.1 Ossification of the posterior longitudinal ligament 

Ossification of the posterior longitudinal ligament is characterized by ectopic 

hyperostosis and calcification of the posterior longitudinal ligament leading to ectopic 

mineral formation within the vertebral canal (26). The cervical spine is most commonly 
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affected, followed by the thoracic spine. Genetic and familial inheritance have been 

associated with ossification of the posterior longitudinal ligament, primarily within Asian 

populations (27). A severe secondary outcome associated with ossification of the 

posterior longitudinal ligament is direct compression of neural tissues (26, 28). 

Ossification of the posterior longitudinal ligament often co-exists with ossification of 

other spinal ligaments (22-25). 

1.2.3.2 Ossification of the ligamentum flavum 

Ossification of the ligamentum flavum has clinical features similar to ossification of the 

posterior longitudinal ligament, primarily related to compression of neural tissues. An 

investigation on the prevalence, morphology, and distribution of ossification of the 

ligamentum flavum using magnetic resonance imaging reported that 3.8% of 1,736 

Chinese volunteers showed imaging features of ossification, predominately in the lower 

thoracic vertebral column (29). In contrast, another study from China reported that 63.6% 

of individuals that presented with chest symptoms showed imaging features of 

ossification of the ligamentum flavum (30). Additional patient studies in Japan and South 

Korea reported ossification of the ligamentum flavum in 36% and 22% of individuals, 

respectively (31, 32). 

1.2.3.3 Ossification of the supraspinous/interspinous ligaments 

The ligaments connecting the spinous processes have not been extensively studied. Few 

case reports have detailed clinical implications associated with ossification of the 

supraspinous/interspinous ligaments, some of which include midline thoracolumbar pain 

(33), cauda equina syndrome (34), post-implant ossification (35), and complication for 
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interlaminar epidural steroid injection (36). A multicenter cross-sectional study in Japan 

reported that 29% of individuals with ossification of the posterior longitudinal ligament 

also displayed supra/interspinous ossification (37). Most often, ossification of the 

supraspinous and/or interspinous ligaments occurred at multiple levels, predominantly in 

the thoracic vertebral column (37). Another study focused on synovitis, acne, pustulosis, 

hyperostosis, and osteitis syndrome reported that in these individuals, 63.4% of motion 

segments showed supraspinous ossification compared to 3.4% that showed ossification of 

interspinous ligaments (38). 

1.2.3.4 Ossification of the anterior longitudinal ligament 

Ossification or calcification of the anterior longitudinal ligament is characterized by the 

formation of ectopic bridges along the anterior aspect of the vertebral column. These 

pathological features contribute to conditions such as DISH. Ossification of the anterior 

longitudinal ligament is most commonly reported in the cervical region of the vertebral 

column in case reports of dysphagia (i.e., difficulty or inability to swallow) (39). 

Histological examination these structures reported that ectopic ossifications displace or 

overlay the anterior longitudinal ligament as opposed to forming within the ligament 

(40). In contrast, others have reported focal regions of dystrophic calcification within the 

anterior longitudinal ligament of cadaveric tissues (41). In a study from India, the 

prevalence of ossification of the anterior longitudinal ligament in the cervical region was 

5.4% while the prevalence of ossification of the anterior longitudinal ligament in the 

thoracic region was 32% (25). In Japan, the prevalence of ossification of only the anterior 

longitudinal ligament was reported to be 13.7% (24). In China, ossification of the anterior 

longitudinal ligament was identified in the cervical, thoracic, and lumbar regions in 6.6%, 
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19.2%, and 2% of individuals, respectively (23). Notably, ossification of the anterior 

longitudinal ligament is often reported to co-exist with ossification of other spinal 

ligaments (22-25). 

1.3 Overview of diffuse idiopathic skeletal hyperostosis 

DISH is a non-inflammatory enthesopathy characterized by the formation of ectopic 

mineral bridges along the anterolateral aspect of the vertebral column. Figure 1.5 

presents a representative image of DISH generated using microcomputed tomography. In 

1950, Dr. Jacques Forestier and Dr. Jaume Rotés-Quérol laid down clinical, radiological, 

and pathological criteria which differentiated a new ankylosing condition of the spine, 

named “senile ankylosing hyperostosis of the spine” (42). The condition was renamed 

“ankylosing hyperostosis” to acknowledge its presence in populations other than older 

adults and the involvement of regions outside of the vertebral column. The name DISH 

was introduced by Dr. Donald Resnick, Dr. Stephen Shaul, and Dr. Jon Robins to 

describe this disease (43). Another term of “Forestier’s disease” is still commonly used to 

describe involvement of the cervical vertebral column. Interestingly, regardless of 

changes in its nomenclature, the bioarcheology record indicates that the condition 

currently referred to as DISH has been present throughout history based on examination 

of osseous remains (44).  

The underlying etiology of DISH is unknown (45). Epidemiology studies show increased 

prevalence with advanced age (46-49). The mineral formations associated with DISH 

appear similar to those seen in ossification of the posterior longitudinal ligament (50). 

Although DISH often co-exists with other spinal and systemic pathologies, it is   
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Figure 1.5. Representative images highlighting the key imaging features of DISH 

Images were created from microcomputed tomography scan data of the thoracic vertebral 
column (cut T4 to 12) from a representative 86-year-old female diagnosed with DISH. 
The characteristic imaging feature of ectopic mineral formation along the anterolateral 
aspect of the vertebral bodies is highlighted by red pseudocolouring in panel A and by 
red asterisks in the other panels. A, Three-dimensional isosurface rending of mineralized 
material, anterior view. B, Multiplanar reconstructed sagittal slice of microcomputed 
tomography data (0.154 mm), lateral view. C, Rebinned microcomputed tomography 
scan data to simulate clinical computed tomography (0.616 mm), lateral view. D, 
Digitally reconstructed radiographs to simulate plain-film radiograph, anterior and right 
lateral views. 
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advocated as a distinct clinical entity with different prevalence, joint distribution and 

gender distribution, and pathogenic mechanisms (51).  

1.3.1 Medical imaging features 

DISH is currently characterized by the detection of biomedical imaging features. It is 

detected in all regions of the vertebral column with a predominance in the thoracic 

region. One characteristic feature is the right-sided localization of ectopic bridging that is 

opposite to the descending aorta. Assessment of vertebral columns with DISH using 

computed tomography and unique reports of situs inversus totalis (i.e., flipped internal 

organ location) affirms this clinical feature (52-54). It is hypothesized that the repeated 

pulsation of the aorta serves to prevent development of ectopic mineral formations 

directly underneath the aorta (55).  

1.3.1.1 Diagnostic criteria from Resnick and Niwayama 

The current diagnostic criteria were published in 1976 in the journal Radiology (56). 

Vertebral involvement was described in a sample of 100 individuals (4 female and 96 

male), aged 49 to 88 years (56). The criteria for DISH include: 

i. The presence of “flowing” calcification and ossification along the anterolateral 

aspects of at least [four] contiguous vertebral bodies with or without associated 

localized pointed excrescences at the intervening vertebral body-disc junctions 

ii. A relative preservation of disc height in the involved areas and the absence of 

extensive radiographic changes of “degenerative” disc disease, including vacuum 

phenomena and vertebral body marginal sclerosis 
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iii. Absence of apophyseal joint bony ankylosis and sacro-iliac joint erosion, sclerosis 

or bony fusion 

Dr. Resnick and Dr. Niwayama noted that deposited bone varied in thickness from 1 up 

to 20 millimeters and was “bumpy” in front of the intervertebral disc (56). The authors 

also reported that spine abnormalities were most often continuous; although, five 

individuals displayed two regions of flowing mineralization separated by an area without 

bridging (56). The regions spanning thoracic vertebrae seven to ten was the most 

common region involved (56). Flowing mineralization along all motion segments in the 

thoracic vertebral column was observed in 32 individuals (56). 

1.3.1.2 Criterion for early-phase DISH from Kuperus and colleagues 

The diagnosis of DISH is primarily determined based on imaging features of the axial 

skeleton (57), and a special interest group identified that a mandatory next step to 

advance the field is classifying early phases of this chronic condition (58). Criteria for 

detection of early-phase DISH were first proposed in 2019 in a paper published in the 

journal Radiology (59). First, the authors characterized imaging features of DISH in a 

cohort of 1,367 male patients over 50 years-of-age that had two chest computed 

tomography scans at least 2.5 years apart (59). In 90 individuals, DISH was observed in 

both scans (59). In 55 individuals, DISH was observed in the last scan and not the first 

scan (grouped as “pre-DISH”) (59). In addition to the pre-DISH group, a random sample 

of 55 individuals without DISH on either image were assessed for the presence and 

completeness of a bone bridges at each motion segment (59). Various combinations of 

bridge scores were assessed and criteria with the best sensitivity of .96 (95% CI=.87, 1.0) 
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and specificity of .94 (95% CI=.85, .99) were selected to distinguish no DISH and early-

DISH (59). Early-phase DISH is defined, as follows: 

i. A motion segment with a complete bridge (score 3) with an adjacent segment of 

at least a near-complete bone bridge (score 2 or 3); AND 

ii. Another adjacent segment with at least the presence of newly formed bone (score 

1 or 2; if the first adjacent segment was score 2, the second adjacent segment may 

be score 3); OR 

iii. When at least three adjacent segments were recorded as showing a near-complete 

bone bridge (score 2). 

Figure 1.6 presents the scoring system and flowchart of the criteria. A second cohort of 

2,267 randomly selected people involved in a study of chronic obstructive pulmonary 

disease with two computed tomography scans available (mean time interval of 5.4 years) 

were used to validate the criterion (59). The authors reported a sensitivity of .96 (95% 

CI=.90, 1.0) and a specificity of .83 (95% CI=.82, .85) in the analysis of the second 

cohort (59). 

1.3.2 Clinical profile 

In comparison to other musculoskeletal conditions, interest in DISH from a research 

perspective is scarce and the clinical relevance remains in question (60). Clinical features 

are expected to progress slowly over a considerable timeframe (45, 61). In 1978, Dr. 

Donald Resnick proposed three reasons why past reports have failed to delineate the 

broad clinical spectrum of DISH that remain valid today (62). He specified that DISH is: 

i) often regarded as a radiographic entity whose clinical manifestations are minor and of   
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Figure 1.6. Scoring system and flowchart for the application of the early-phase 
criteria 

A, Completeness of ectopic bridging between vertebral bodies is scored using a four-
level system. Score of 0: No evidence of ectopic formation. Score of 1: Formations 
without a solid bridge, separated by more than two millimeters. Score of 2: Near-
complete bridging, less than two-millimeter space between structures. Score of 3: 
Complete bridging in more than two sagittal sections. B, Flowchart of the criteria for the 
diagnosis of early-phase diffuse idiopathic skeletal hyperostosis.  

Figure reproduced with permission of the copyright holder: Radiological Society of 
North America® (Appendix A).  

Article citation: Kuperus JS, Oudkerk SF, Foppen W, et al. Criteria for Early-Phase 
Diffuse Idiopathic Skeletal Hyperostosis: Development and Validation. Radiology. 
2019;291(2):420-426. doi:10.1148/radiol.2019181695 
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little significance; ii) often co-existing with other rheumatic conditions that obscure 

related clinical manifestations; and iii) prevalent in older adults with frequent 

“nonsignificant” complaints that may be paid less attention to by clinicians (62). Further, 

a potential lack of clinical awareness was described in a study of the clinical and 

laboratory manifestation of DISH where the referring physician had raised the diagnosis 

of DISH as a possibility in 4 of 52 individuals that were identified with DISH by the 

authors (63). A notable clinical feature that is linked to DISH is the occurrence of extra-

spinal involvement, commonly at the insertion of the Achilles tendon to the calcaneus, 

patellar ligament to the tibia, rotator cuff to the humerus, and ligaments of the elbow joint 

(43, 64-66). 

1.3.2.1 Signs and symptoms 

In the seminal description, DISH was reported as a “painless” condition mostly 

characterized by stiffness of the vertebral column (42). In 1985, Dr. Peter Utsinger 

reported on a case series of 200 people with DISH, which 84% had symptomatic disease 

characterized by stiffness (most marked in the morning and late evening, precipitated by 

inactivity, cold, and wet weather) and 72% of individuals also reported pain 

predominantly localized to the thoracic vertebral column that rarely radiated (64). A 

controlled study with 56 people with DISH, 43 people with spondylosis, and 31 healthy 

people indicated that pain and stiffness were greater in people with DISH (63). 

Evaluation for the 18 tender points (typically applied in populations with fibromyalgia) 

revealed that people with DISH had a lower pain threshold than people without DISH 

(67). In contrast, two studies have reported that pain was not associated with DISH and 
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proposed that increased stability of the vertebral column may protect against the 

development of degenerative changes and, in turn, lead to less back pain (68, 69). 

Most studies agree that stiffness of the thoracic vertebral column is a hallmark clinical 

feature associated with DISH (42, 62-64). Mata and colleagues reported greater Health 

Assessment Questionnaire (self-rated functional status measure) and Roland-Morris 

scores (self-rated physical disability caused by low back pain) in people with DISH (63). 

In addition, the authors reported that all measurements assessing thoracic and lumbar 

spinal movement were diminished in people with DISH compared to healthy controls 

(63). Similarly, a study of community-dwelling people in California showed reduced grip 

strength in people with DISH and greater self-reported difficulty in bending forward (70). 

Two studies in Japan have recently focused on physical function and DISH. The first 

evaluated grip strength, one-leg standing time, sit-and-reach, functional reach, and 

Oswestry Disability Index (self-rated score of level of function in activities of daily living 

in those rehabilitating from low back pain) and the EuroQuol-5D (self-rated level of 

mobility, self-care, usual activities, pain/discomfort, and anxiety/depression) in 504 

volunteers, in which DISH was detected in 4.3% of female and 14.3% of male 

individuals (71). The authors reported no inter-group differences in physical function 

(71). In the second study, physical function was evaluated within a group of 255 

individuals at baseline and after an interval of six years, in which 15.3% of individuals 

displayed imaging features of DISH at baseline (72). The authors reported little effect of 

DISH progression on longitudinal physical function (72). 
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1.3.2.2 Relevant associations 

While the underlying etiology and pathogenesis of DISH are uncertain (45), various 

associations have been established based on clinical and epidemiological studies. Studies 

of prevalence of DISH have showed increased detection in male individuals of advanced 

age (46, 47). Instances of DISH have also been associated with obesity, high waist-to-hip 

circumference ratio, dyslipidemia, hypertension, glucose intolerance, type II diabetes, 

hyperuricemia, hyperinsulinemia, and possibly elevated growth hormone and insulin-like 

growth factor 1 levels (45, 73). 

1.3.3 Therapies and treatments 

The primary therapeutic goals associated with DISH are to reduce pain and stiffness, 

address metabolic dysfunction, prevent adverse complications, and ultimately prevent or 

delay the progression of ectopic mineralization (74). Surgical resection of ectopic mineral 

is performed when symptoms are severe (e.g., dysphagia). One problem is that the re-

occurrence of ectopic mineralization is high in individuals with DISH, with or without 

symptoms (75-77). Another problem is the poor prognosis for recovery following 

surgery. A study of individuals with DISH and cervical hyperextension injuries that 

underwent spinal surgery reported that 66% of individuals experienced preoperative 

complications and 52.3% survival rate five years after the procedure, with the most 

common cause of death related to pneumonia (78). The authors concluded that reduced 

thoracic mobility is a cause of poor prognosis in people with cervical injuries and DISH 

(78). 
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Conservative treatments are often indicated yet their success is not well characterized. 

Only one study involving exercise therapy for 15 individuals living with DISH has been 

published in 2008 (79). The authors described considerable symptoms of pain and 

stiffness at baseline and implemented 24 weeks of an exercise-based program focused on 

strengthening, mobility, and stretching (79). The exercise program was most effective at 

alleviating stiffness and improving ability to bend forward at the trunk (79).  

1.4 Overview of dissertation 

1.4.1 Rationale for current studies 

As a clinical entity, DISH is a prevalent musculoskeletal condition that is poorly 

understood with respect to its etiology, progression, clinical implications, and clinical 

management. The current radiographic criteria and definition of DISH limits detection to 

an advanced disease state although newly validated criteria enable the categorization of 

early disease features. The purpose of the studies presented in this dissertation are to 

characterize imaging features across the continuum of DISH. 

1.4.2 Aim I 

In North America, the single prevalence study of DISH used 2,364 plain-film radiographs 

from individuals over the age of 50 years in Minnesota and reported that 15 percent of 

female and 25 percent of male individuals had DISH based on Resnick’s radiographic 

criteria (46). Given that the study was conducted over 25 years ago yet remains the most 

recent report on the prevalence of DISH in North America, we sought to provide an 

update on the prevalence of DISH. At the same time, we designed the first study to 

explore the prevalence of early-phase DISH in a population-based sample. The first aim 
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of this dissertation was to evaluate the prevalence of DISH and early-phase DISH across 

the lifespan and among both sexes in a large population-based sample. It was 

hypothesized that DISH would be more prevalent than previously reported 25 years prior, 

and that early-phase DISH would be more common than DISH in a population in 

America. 

1.4.3 Aim II 

In the past, others have acknowledged that DISH is underreported and underdiagnosed 

(60). As part of the first study, the radiology report associated with each thoracic 

computed tomography scan was evaluated to determine if it included a clinical 

description of DISH. The second aim of this dissertation focused on characterizing the 

frequency of accurate reporting of DISH in a cohort of thoracic computed tomography 

scans. It was hypothesized that DISH as a clinical entity would be underreported in a 

sample of adults referred for thoracic computed tomography. 

1.4.4 Aim III 

To date, few studies have detailed the progression of changes in imaging features 

associated with DISH beyond the formation of additional contiguous bridges of the 

vertebral column (80, 81). This limitation is primarily attributed to availability of 

repeated spine imaging given costs to the health care system and risks of exposure to 

radiation from medical imaging. Moreover, the progression of DISH is thought to occur 

over a lengthy period (61). Therefore, the third aim of this dissertation was to 

characterize changes in imaging features across the continuum of DISH is a population of 

people that received multiple computed tomography scans of the thoracic vertebral 
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column as part of previous medical care. It was hypothesized that better understanding 

the progression of ectopic mineralization in the spine will elucidate unique clinical 

features of DISH and better inform on the disease continuum. 

1.4.5 Aim IV 

To date, the characteristic imaging feature of DISH remains the presence of ectopic 

mineral formations along the anterolateral aspect of the spine. Previous studies have 

indicated that DISH—described as an enthesopathy—can involve additional joint 

structures beyond the spine (66). Others have described impairment in respiratory 

function associated with DISH (82, 83). The fourth aim of this dissertation was to 

conduct a detailed characterization of CVJ involvement in DISH using micro-CT scans of 

the thoracic spine from cadaveric specimens. It was hypothesized that mineralization of 

the CVJ would be associated with DISH and that characterization of these changes would 

provide a novel anatomical site of pathological changes that can be evaluated to further 

classify DISH. 

1.4.6 Dissertation hypothesis 

In this dissertation it was hypothesized that characterization of imaging features across 

the continuum of DISH will highlight unique features that can be used to differentiate 

DISH, identify early disease, and improve understanding of clinical implications. 
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2.2 Chapter summary 

DISH is a common musculoskeletal condition; however, the imaging features and disease 

continuum from early to advanced is poorly understood. The purpose of this study was to 

evaluate the prevalence of DISH and early-phase DISH in an American population and to 

assess the extent and pattern of ectopic mineral formation across the thoracic spine. 

Data were retrieved in collaboration with the Rochester Epidemiology Project. We 

conducted a retrospective image evaluation of a sample of individuals over 19 years-of-

age with computed tomography of the thoracic spine from a Northern United States 

catchment area. Stratified random sampling by age and sex was used to populate the 

study. We examined the prevalence and extent of ectopic mineral along the thoracic spine 

using previously established criteria. 

A total of 1,536 unique images (766 female and 770 male individuals) including 16,710 

motion segments were evaluated for imaging features of the continuum of DISH. 

Collectively, 40.5% of all motion segments evaluated displayed evidence of ectopic 

mineral formation in the thoracic spine. The prevalence of early-phase DISH was 13.2% 

(10.4% of female and 15.8% of male individuals). The prevalence of established DISH 

was 14.2% (7.4% of female and 20.9% of male individuals). Remarkable heterogeneity 

was detected in individuals within each disease classification, based on the extent of the 

thoracic spine affected and degree of mineralization. 

The continuum of imaging features associated with DISH is detected in more than one in 

four adults and both sexes in an American population. 
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2.3 Introduction 

DISH is a non-inflammatory enthesopathy characterized by ectopic mineral bridges that 

form along the anterolateral aspect of the spine (1). Diagnosis of DISH is based on 

radiographic criteria reported by Resnick and Niwayama in 1976: ectopic mineral bridges 

across four contiguous vertebrae; preserved intervertebral disc height; and lack of bony 

ankylosis of the sacro-iliac joints or zygapophyseal joints in the involved areas (2). 

Ectopic bridges present as osteophyte-like outgrowths or thin flowing bands of 

mineralized tissue predominately on the right side of the thoracic spine (3-5). Clinically, 

DISH has been linked to stiffness and disrupted physical function (6,7). In severe cases, 

ectopic bridges can cause dysphagia and/or airway obstruction (8). DISH is also 

associated with an increased risk of incidental vertebral fracture (9-12). Currently, the 

etiology of DISH is unknown and there are no disease-modifying treatments (13). 

Advanced medical imaging has enhanced the sensitivity to detect features of DISH 

compared to standard radiographs (5,14). Recent studies using Resnick and Niwayama’s 

criteria and computed tomography imaging report prevalence rates ranging from 3.9 to 

30.8% (14-26, Table 2.1). DISH is reported more frequently in male than female 

individuals (2:1 ratio, Table 2.1). Although DISH is most often diagnosed in older adults 

(14-26), case reports have described instances of DISH in individuals as young as 24 

years of age (27). Since the diagnosis of DISH is limited to advanced disease due to 

criteria centered on involvement of contiguous vertebrae (2), the pathogenesis and 

features associated with the onset and progression of DISH are largely unknown (28-30) 
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Table 2.1. Summary of prevalence studies of DISH from published literature 

 

Ref Region Population 
studied 

Age range 
(years) 

Study sample  
(Male:Female ratio) 

Prevalence of DISH  
(Male%, Female%) 

14 JPN Hospital—
Nonsurgical 40 to 89 558 (1.16) 27.2% (38.7, 14.0) 

15 JPN Screening—
Cancer 21 to 94 1500 (1.45) 12.0% (16.0, 6.2) 

16 JPN 
Screening—
Pulmonary 

disease 
16 to 97 3013 (1.39) 8.7% (13.1, 2.5) 

17 JPN Trauma 20 to 90+ 1479 (2.24) 19.5% (21.1, 16.0) 

18 KOR Hospital—
Nonsurgical 30 to 100 164 (1.04) 24.4% (31.7, 15.8) 

19 SWE Hospital—
Emergency 40 to 89 418 (1.73) 24.4% (32.5, 10.5) 

20 CHN Screening—
Cancer 22 to 95 2000 (2.01) 3.9% (4.9, 1.8) 

21 PAK Hospital—
Nontraumatic 50 to 65 416 (1.85) 30.8% (38.8, 23.3) 

22 ICL Population 
study—CVD 68 to 96 5321 (0.75) 7.5% (13.7, 2.8) 

23* USA* Trauma* 5 to 103 3299 (1.19) 7.7% (7.0, 8.6) 
24 IND Trauma 20 to 98 1815 (4.01) 19.1% (14.9, 20.2) 

25 JPN Hospital—
Emergency 79 ± 10 1519 (1.21) 17.4% (12.2, 5.3) 

26 IND Trauma 31 to 81+ 2500 (2.17) 6.9% (8.2, 4.1) 

Notes:  Based on computed tomography and Resnick and Niwayama’s diagnostic criteria. 
Three letter abbreviation indicates the country where the research was conducted. 
*Preferentially selected population of African-American and Caribbean-American 
individuals. CVD, cardiovascular disease; DISH, diffuse idiopathic skeletal hyperostosis. 
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Recently, criteria for early-phase DISH have been developed and validated (29) but have 

yet to be applied in studies of disease prevalence.  

In the current study, we investigated the continuum of DISH by examining the prevalence 

and pattern of ectopic spine mineralization for early-phase DISH and DISH across the 

adult lifespan in an American population. We hypothesized that DISH would be more 

common than previously reported and that early-phase DISH would be prominent based 

on computed tomography of the thoracic spine throughout the adult lifespan. 

2.4 Methods 

2.4.1 Data source and study design 

A retrospective evaluation of a cross-sectional dataset of computed tomography scans of 

the thoracic spine was conducted with the Rochester Epidemiology Project. This platform 

enables population-based research through an established medical records system that 

links health information across providers in Minnesota (31). Medical information is 

recorded as part of routine medical practice and not standardized across professions. 

Electronic indexes that can be searched included demographic data, diagnostic and 

procedural codes, and drug prescriptions. In 2002, the Health Insurance Portability and 

Accountability Act introduced a new level of regulation that enabled passive medical 

record review to be conducted without obtaining study-specific written informed consent 

from each participant if the investigators obtain a waiver from the Mayo Clinic and 

Olmsted Medical Center Institutional Review Board. This study was approved by the 

Institutional Review Boards of Mayo Clinic (20-000640, Appendix C) and Olmsted 

Medical Center (008-OMC-20, Appendix D). 
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We studied computed tomography images from individuals who received spinal imaging 

between 1995 and 2019 at Mayo Clinic (Rochester, Minnesota), identified using 2019 

Radiology Current Procedural Terminology codes for the thoracic spine (72128-30). The 

reported pixel resolution ranged from 0.6 to 1.1 mm. Individuals 20 years of age and 

older were included to assess the prevalence of DISH across the adult lifespan using an 

individual’s most recent thoracic spine computed tomography (5,444: 46.7% female and 

53.3% male individuals). An age- and sex-stratified random sampling approach was used 

to populate each decade of life with 100 female and 100 male individuals. A priori 

reasons for exclusion were established so that confounding anatomical changes (e.g., 

severe deformity and/or ankylosing spondylitis) and limitations in computed tomography 

images (e.g., without sagittal/frontal views, restricted field of view) were excluded. 

2.4.2 Image evaluation for radiographic features of DISH 

The list of 1,600 computed tomography images were randomized to reduce order bias. 

Multi-planar reconstructed images were viewed in QREADS Clinical Image Viewer 

(Version 5.14.0, Mayo Clinic) with a set window and level (2500 and 350, respectively). 

Demographic information was known at the time of evaluation. 

DISH was diagnosed using Resnick and Niwayama’s criteria (2, 31) (Figure 2.1A). A 

validated scoring system (29) was used to assess the extent of ectopic bridging at each 

thoracic motion segment (Figure 2.1B). The sacro-iliac joints were not assessed since 

thoracic computed tomography scans were retrieved, instead the zygapophyseal joints 

were evaluated for structural changes of inflammation. Early-phase DISH was  
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Figure 2.1. Representative computed tomography images and renderings of DISH 

A, Sagittal computed tomography of the thoracic spine from a representative 75 year old 
male meeting the diagnostic criteria for DISH; region of three contiguous complete 
bridges highlighted by yellow arrows. B, Three-dimensional rendering of the thoracic 
spine from the same individual. C, Magnified three-dimensional rendering of the same 
spine rotated to showcase the right anterolateral aspect of the thoracic spine from T4 to 
T11. Outlined regions provide representative examples of the scoring system applied at 
the level of the motion segment: Score of 0 indicates no bridging; score of 1 indicates 
anterior formations greater than one mm apart; score of 2 indicates an almost complete 
bridge (less than one mm apart); and score of 3 indicates a complete bridge. Scale bar 
represents 5 cm. 
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determined using validated criteria (29). Briefly, when a complete bridge was identified 

the adjacent motion segments were evaluated for either a near-complete or complete 

bridge (score of 2 or 3). If present, then the next adjacent motion segment was evaluated 

for any form of ectopic bridging (score of 1, 2, or 3), which determined early-phase 

DISH. Three contiguous motion segments with near-complete bridging (score of 2) was 

also designated as early-phase DISH (29). Images from individuals that did not meet 

either criteria for DISH or early-phase DISH were assigned to the “without” group. 

Prior to data collection and following training, an inter-rater evaluation was performed 

using a random sample of 20 thoracic computed tomography scans from a local 

hospital. Unknown at the time of evaluation was that 11 individuals did not show 

evidence of either early-phase DISH or DISH (55%), 5 individuals met the criteria for 

early-phase DISH (25%), and 4 individuals met the criteria for DISH (20%). The 

linearly weighted kappa statistic for inter-rater identification of DISH or early-phase 

DISH was perfect (κ=1.0).  

We focused on ensuring reliable inter-rater evaluation of bridge score prior to data 

collection. Within the same sample of 20 individuals (and associated 204 motion 

segments), at least 12% of motion segments displayed complete bridges (score of 3), 

15% of motion segments displayed near-complete bridges (score of 2), and 32% of 

motion segments displayed some anterior bridging (score of 1). Therefore, at least 

60% of motion segments displayed pathological features of ectopic bridging, for 

which the raters reported substantial agreement in scoring (κ=.89; 95% CI= .84, .94). 

After which, DEF independently evaluated all scans. 
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Following data collection, an intra-rater reliability analysis for consistency in diagnosis 

and scoring of ectopic bridging was performed. A random sample of 20 thoracic 

computed tomography scans were identified from the randomized dataset. Five scans 

were identified from each quartile (based on order assessed) of the data to evaluate 

potential change in the reliability of reporting over time. Unknown at the time of 

evaluation was that 12 individuals did not show evidence of either early-phase DISH or 

DISH (60%), 3 individuals met the criteria for early-phase DISH (15%), and 5 

individuals met the criteria for DISH (25%). The linearly weighted kappa statistic for 

intra-rater identification of DISH or early-phase DISH was .94 (95% CI=.83, 1.0).  

Within the same sample of 20 individuals for intra-rater analysis (and associated 220 

motion segments), at least 14% of motion segments displayed complete bridges (score 

of 3), 14% of motion segments displayed near-complete bridges (score of 2), and 18% 

of motion segments displayed some anterior bridging (score of 1). Therefore, at least 

45% of motion segments displayed pathological features of ectopic bridging, for 

which substantial intra-rater agreement was achieved in scoring .82 (95% CI=.76, .88).  

2.4.3 Statistical methods 

Analyses were performed using SPSS Statistics (Version 26.0, IBM Corp., Armonk, New 

York). Normality was evaluated with Shapiro-Wilks’ test, which indicated the need for 

non-parametric tests with continuous age data. Chi-squared tests were used to evaluate 

differences in frequencies. Post-hoc testing was performed using adjusted standardized 

residuals with Bonferroni’s multiple comparisons. Mann-Whitney U tests were used to 
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analyze differences between sexes and Kruskal-Wallis tests for pairwise comparisons 

across disease categories. 

2.5 Results 

2.5.1 Sample characteristics 

Of the 1,600 computed tomography images evaluated, 1,536 were included (Table 2.2) 

and 85.0% of the individuals were “white.” The predominant indication for computed 

tomography of the thoracic spine was trauma-related (79.8%). Other indications were 

neurological impairments (10.2%), follow-up or screening (4.4%), query for fracture 

(4.0%), or surgical relevance (1.7%). In total, 16,710 motion segments were analyzed 

with an average of 1,519 ± 9 for each thoracic vertebral level. 

2.5.2 Prevalence of DISH across the adult lifespan 

Images from 202 individuals (13.2%: 80 females and 122 males) met the criteria for 

early-phase DISH (Figure 2.2A) and images from 218 individuals (14.2%: 57 females 

and 161 males) met the criteria for DISH (Figure 2.2B), totaling 420 individuals with 

any phase of DISH (27.3%, Figure 2.2C).  

A greater proportion of male individuals presented with early-phase DISH compared to 

female individuals (39.6% female, 60.4% male, p=.01). Similarly, there were 

significantly more male compared to female individuals with DISH (26.1% female, 

73.9% male, p<0.001). The group that did not meet the criteria for any phase of DISH 

(72.7%) was composed of more female than male individuals (56.4% female, 43.6% 

male1, p<0.001). No age differences were found between sexes within each group. 

Among female individuals, the prevalence of early-phase DISH and DISH was 10.4%   
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Table 2.2. Number and mean age of individuals with computed tomography images of 
the thoracic spine available from the total sample of 1600 by 10-year age interval and sex 

 
Age 

group 
Total Sample  Female Individuals  Male Individuals 
N (%) Mean ± SD  N (%) Mean ± SD  N (%) Mean ± SD 

20-29 202 (13.2) 24.4 ± 2.7  98 (12.8) 23.9 ± 2.5  104 (13.5) 24.9 ± 2.7 
30-39 191 (12.4) 34.4 ± 2.8  98 (12.8) 34.5 ± 2.8  93 (12.1) 34.3 ± 2.9 
40-49 194 (12.6) 44.8 ± 3.0  97 (12.7) 44.8 ± 3.0  97 (12.6) 44.7 ± 2.9 
50-59 189 (12.3) 54.8 ± 2.8  97 (12.7) 54.9 ± 2.7  92 (11.9) 54.6 ± 3.0 
60-69 189 (12.3) 64.4 ± 2.9  95 (12.4) 64.3 ± 3.0  94 (12.2) 64.5 ± 2.8 
70-79 193 (12.6) 74.5 ± 2.8  97 (12.7) 74.6 ± 2.9  96 (12.5) 74.4 ± 2.8 
80-89 202 (13.2) 84.9 ± 2.9  97 (12.7) 85.0 ± 2.8  105 (13.6) 84.8 ± 3.1 
90+ 176 (11.5) 93.1 ± 2.9  87 (11.4) 93.4 ± 3.1  89 (11.6) 92.8 ± 2.8 
Total 1536 59.0 ± 22.9  766 (49.9) 58.9 ± 22.9  770 (50.1) 59.1 ± 22.9 

 
Notes: N, number; mean corresponds to age; SD, standard deviation. Excluded images 
(not included in table): 64 individuals (34 females and 30 males), no significant age 
difference between sexes (median age = 56, 20 to 97 years). 
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Figure 2.2. Prevalence of the continuum of DISH 

A, Early-phase DISH (n = 202), (B) DISH (n = 218), and (C) either early-phase DISH or 
DISH (n = 420) from the total sample of 1,536 individuals across the adult lifespan and 
stratified by sex. Each data point represents the percentage of individuals affected per 
age. The average sample size for each data point is 19.8 ± 4.5 individuals (female = 9.8 ± 
3.0 and male = 10.0 ± 3.2). Red symbols indicate pooling of data of those 96 years and 
older because of reduced sample size for each distinct age (total group = 30 cases, 
females = 18 and males = 12). 
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and 7.4%, respectively. Among male individuals, the prevalence of early-phase DISH 

and DISH was 15.8% and 20.9%, respectively.  

A positive correlation was found between any phase of DISH and advanced age in both 

sexes (Figure 2.2C). The median age of individuals with DISH was significantly higher 

than those without (81 years, range 40 to 104 compared to 49 years, 20 to 103) 

(p<0.001). The median age of individuals with early-phase DISH (74 years, 35 to 102) 

was also significantly higher than the without group (p<0.001), and statistically lower 

than those with DISH (p=.02).  

The youngest individual identified with early-phase DISH was 35 years of age. Over 34 

years of age, the prevalence of early-phase DISH was 16.4%: 13.0% of female and 19.7% 

of male individuals (Figure 2.2A). The youngest individual identified with DISH was 40 

years of age. Over 39 years of age, the prevalence of DISH was 19.1%: 10.0% of female 

and 28.1% of male individuals (Figure 2.2B). Nearly one in ten individuals (9.7%) 

displayed imaging features of either early-phase DISH or DISH by 60 years of age 

(Figure 2.2C). After 60 years of age, nearly one in two individuals (45.4%) met the 

criterion for early-phase DISH or DISH (Figure 2.2C).  

The prevalence of DISH was assessed among all individuals for each decade of life 

(Figure 2.3). This analysis revealed a significant increase in the prevalence of all phases 

of DISH in individuals between their 30s and 40s (5.2-fold) and 40s and 50s (1.9-fold). In 

both sexes, a notable increase in the prevalence of early-phase DISH was noted between 

individuals in their 40s and 50s. 
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Figure 2.3. Prevalence of early-phase DISH and DISH stratified by decade of life 
and sex 

Data represented as the percentage of individuals with each diagnosis per decade of life. 
White bars represent those that did not meet the criteria for either early-phase DISH or 
DISH, green bars represent early-phase DISH, and solid bars represent distinguished 
DISH. Sequential decades were evaluated with Mann Whitney U test, statistical 
significance of P<0.05 denoted by asterisk. 
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2.5.3 Imaging characteristics of early-phase thoracic DISH 

Images from individuals meeting the criteria for early-phase DISH were assessed to 

better characterize features along the disease continuum (Figure 2.4). Complete bridging 

between two contiguous vertebrae was detected in 82.2% of individuals with early-phase 

DISH and on average involved 1.6 ± 1.2 motion segments (range one to five) per 

individual (Figure 2.4A). Presentations included: a single motion segment with a 

complete bridge (34.9%); at least one site of two contiguous motion segments bridged 

(22.3%); two motion segments with complete bridges separated by at least one motion 

segment without a complete bridge (25.3%); or a combination of the above (17.5%). No 

significant age or sex differences were detected in the frequency of early-phase DISH 

presentations. Marked heterogeneity was also noted in the localization and extent (bridge 

score) of ectopic bridging across the thoracic spine (Figure 2.5A). 

When evaluating the entire thoracic spine, over half (53.5%) of those with early-phase 

DISH met the criteria in more than one way depending on the specific motion segments 

examined and the direction of evaluation (i.e., cranial/caudal) (Figure 2.4B).  The most 

common presentations were a complete bridge with two near-complete bridges (3-2-2: 

43.6%) and three contiguous near-complete bridges (2-2-2: 38.6%).  

While the criteria for early-phase DISH requires three adjacent motion segments affected 

by ectopic bridging, the average number of motion segments with evidence of any 

ectopic mineral was 8.2 ± 2.0 and ranged from 3 to 11 (Figure 2.4C). Moreover, when 

the bridging scores for all thoracic motion segments from each individual with early-

phase DISH were summed, the average score was 15 (range 6 to 24) (Figure 2.4C).   
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Figure 2.4. Imaging characteristics of early-phase DISH 

A, Anatomical distribution of ectopic bridging in individuals meeting the criteria for 
early-phase diffuse idiopathic skeletal hyperostosis (n = 202 individuals, including: 80 
female and 122 male). Darkest bars represent complete bridging (score of 3); medium 
bars represent near-complete bridging (score of 2); light bars represent anterior 
formations (score of 1); and white bars represent no bridging (score of 0). B, Frequency 
that each presentation was observed in the sample with early-phase DISH, stratified by 
sex. Presentations detected in either the superior or inferior direction are combined in this 
graph. C, Analysis of the entire thoracic spine from individuals with early-phase DISH. 
The total number of motion segments with ectopic bridging (ranging from the required 
minimum of 3 up to all 11 segments) and the summed thoracic spine bridging scores 
(ranging from the lowest possible score of 6 up to 24). Data presented as box-and-
whisker plots with tails representing the minimum and maximum values. Each data point 
represents one individual. 
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Figure 2.5. Visualization of the extent of thoracic spine involvement and 
heterogeneity of ectopic bridging score within all groups 

Individuals within each group were evaluated for the number of motion segments with 
ectopic bridging and the total summed bridging score across the thoracic spine. These 
values were used to stratify the group into minimum (blue), 25th percentile (green), 50th 
percentile (grey), 75th percentile (brown), and maximum (magenta) values. Percentiles 
were established based on two factors: i) number of motion segments with evidence of 
ectopic bridging and ii) summed bridge score of the thoracic spine. Unique three 
contiguous motions segments with ectopic mineralization that fulfilled the criteria for 
early-phase DISH are represented by the pink boxes. Contiguous regions of completed 
bridging that fulfilled Resnick and Niwayama’s diagnostic criteria are represented by the 
red colours boxes. Each schematic displays the imaging features of representative 
individuals within each of these categories, with age and sex of each individual indicated 
below (F = female, M = male). The scoring system validated by Kuperus and colleagues 
to score ectopic bridging: 0 = no bridging; 1 = anterior formations greater than 1 mm 
apart; 2 = near-complete bridge of less than 1 mm; or 3 = complete bridge 
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These metrics underscore the heterogeneity in the imaging features of individuals with 

early-phase DISH. Neither age nor sex significantly influenced the number of motion 

segments with ectopic mineralization in those with early-phase DISH. 

2.5.4 Imaging characteristics of thoracic DISH 

The anatomical pattern of spine mineralization was likewise assessed in images from 

individuals with DISH (Figure 2.6). Complete bridging of motion segments 

characteristic of DISH was observed throughout the thoracic spine (Figure 2.6A). In fact, 

60.1% of all motion segments in images from individuals with DISH displayed complete 

bridging, with more than 50% involvement at each spine level from T4 to T12. The most 

common presentation of ectopic mineral was a single contiguous band (94.0%). Twelve 

individuals showed two distinct regions of ectopic bridging that each met the diagnostic 

criteria for DISH. The hallmark right-sided predominance of ectopic mineral associated 

with DISH (4, 5) was also noted.  

Three contiguous complete bridges—the threshold for diagnosis—was detected in 22.9% 

of individuals with DISH. The average number of contiguous motion segments with 

complete bridging was 5.9 ± 2.6 (range 3 to 11). There were no age- or sex-related 

differences related to the number of contiguous bridges. Regardless of sex, individuals 

with DISH could be sub-classified based on the number of contiguous complete bridges 

in the thoracic spine (Figure 2.6B). Over half the individuals with DISH (62.4%) showed 

between three and six contiguous motion segments with complete bridging (median age = 

80, 40 to 100 years), predominantly in the lower thoracic spine. The remaining 37.6% of 

individuals with DISH showed seven or more contiguous motion segments (median age =   
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Figure 2.6. Imaging characteristics of DISH 

A, Anatomical distribution of ectopic bridging in individuals meeting the criteria for 
diffuse idiopathic skeletal hyperostosis (n = 218 individuals, including: 57 female and 
161 male). Darkest bars represent complete bridging (score of 3); medium bars represent 
near-complete bridging (score of 2); light bars represent anterior formations (score of 1); 
and white bars represent no bridging (score of 0). B, Visualization of the anatomical 
distribution of ectopic bridging in two subgroups: those presenting with 3 to 6 completed 
bridges and those with 7 to 11 complete bridges. 
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83, 44 to 104years) with complete bridges, potentially indicating a threshold to classify 

severe disease (Figure 2.6B). Eleven individuals showed complete bridging of all 

thoracic motion segments.  

In addition to the regions of contiguous bridging that met the criteria for DISH, we noted 

heterogeneity in extent of ectopic bridging throughout the remainder of the thoracic spine 

(Figure 2.5B&C). At least one additional complete bridge (non-contiguous) was 

observed in 35.9% of individuals with DISH, involving up to four motion segments. 

Presentations included: a single motion segment with a complete bridge (52.7%); at least 

one site of two contiguous motion segments bridged (24.3%); two motion segments with 

complete bridges separated by at least one motion segment without a complete bridge 

(14.9%); or a combination of the above (8.1%). The frequency of these presentations was 

not affected by sex or age of individuals. Outside of regions meeting the criteria for 

DISH, incomplete bridging (bridge scores of 1 or 2) was detected in 74.6% of motion 

segments. Age and sex were not associated with incomplete bridging outside of regions 

of DISH. Of note, motion segments immediately adjacent to regions of DISH almost 

always displayed some form of ectopic mineral (89.4%). Furthermore, 53 individuals 

concurrently met the criteria for both DISH and early-phase DISH in distinct regions of 

the thoracic spine. The most common patterns of early-phase DISH were two contiguous 

complete bridges and one incomplete bridge (3-3-2: 41.5%) and three incomplete bridges 

(2-2-2: 34.0%) (Figure 2.5B). 



55 

 

 

2.5.5 Imaging characteristics of group without any phase of DISH 

Features of ectopic spine mineralization detected in the without group may reflect the 

earliest presentations of DISH (Figure 2.5D). Few individuals (6.5% of group) displayed 

at least one motion segment with a complete bridge. Individuals with a complete bridge 

were more often male (1.6:1; p=.01) and older than those without any complete bridging 

(median age of 72, 27 to 103 years compared to 59.3 years; p<0.001). A single complete 

bridge was observed in 66 individuals and two distinct regions of complete bridging were 

observed in seven individuals. Typically, the number of motion segments with some form 

of ectopic mineral and at least one complete bridge was 5.2 ± 1.9 (range 2 to 10) (no 

significant age or sex difference). In contrast, 62.0% of individuals showed only 

incomplete bridging. There was no difference in the average number of motion segments 

with incomplete bridging between female and male individuals (3.8 ± 2.3, range 1 to 11). 

Lastly, no evidence of ectopic spine mineral was detected in 31.5% of individuals in this 

group. 

2.6 Discussion 

Historically, the diagnosis of DISH has been limited to advanced disease state and the 

continuum of imaging features remains poorly understood. In this study, we sought to 

identify DISH and early-phase DISH throughout the adult lifespan in a group of 1,536 

Americans using thoracic spine imaging. Our analysis demonstrated the prevalence of 

DISH to be 14.2% (7.4% of female and 20.9% of male individuals), first detected at 40 

years of age. Early-phase DISH was detected in 13.2% of the sample (10.4% of female 

and 15.8% of male individuals), starting at 35 years of age. While DISH and early-phase 

DISH were more common in male individuals, no striking differences in imaging features 



56 

 

 

(i.e., pattern of mineral formation, anatomical location) were noted between sexes. These 

findings demonstrate a combined prevalence of 27.3% for DISH and early-phase DISH, 

with a striking 5.2-fold increase between individuals in their 30s and 40s during the time 

of anticipated initial onset in this population. 

Our reported prevalence of DISH aligns with previous studies using trauma-related 

computed tomography imaging that indicated rates ranging from 6.9 to 19.5% (17, 23, 

24, 26). Our analysis of computed tomography images found that 11.4% of female and 

32.6% of male individuals over the age of 50 displayed imaging features consistent with 

DISH. In comparison, a study of chest radiographs from the same geographic region 

reported DISH in 15% of female and 25% of male individuals over the age of 50 (33). 

The different prevalence rates detected in the current study may be attributed to the 

improved sensitivity of computed tomography compared to X-ray in detecting features of 

DISH (14) or an increase in risk factors for DISH over the past 25 years (e.g., sedentary 

lifestyle, diet, and metabolic dysfunction). Further, the sex-related differences in DISH 

may be associated with different rates of disease progression, which could be affected by 

innate biological, biomechanical, or social factors. Such findings underscore the 

importance of including both sexes in studies of DISH, including those aimed at 

understanding the mechanisms underlying disease pathogenesis. 

One novelty of the current study was the simultaneous investigation of early-phase DISH 

and DISH, throughout the adult lifespan. The finding that the youngest individuals 

identified with early-phase DISH and DISH were 35 and 40 years of age, respectively, 

was expected given that mineral formation is thought to be a slow process (28-30). We 
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expected that a random sample would identify more individuals with early-phase DISH 

earlier in life compared to DISH than was the case. These findings suggest that 

refinement of the criteria for early-phase DISH is needed to reliably detect features 

earlier in the disease continuum. The value of reliably detecting early disease features is 

the potential increased prospective clinical observations across the continuum of DISH. 

Perhaps this is a limitation of the sample population used for the development of the 

early-phase criteria: only males over the age of 50 with images at least 2.5 years apart 

(29). It is likely that some presentations of ectopic bridging we detected in individuals 

that did not meet the criteria for either DISH or early-phase DISH represent the earliest 

stage(s) of DISH. Future studies to improve the characterization of the continuum of 

imaging features need to consider evaluating individuals before the age of 50 with 

repeated images at intervals of less than 2.5 years. 

Findings from our study combining assessment of prevalence with detailed examination 

of ectopic mineral formation at the level of individual motion segments highlighted 

remarkable diversity in the imaging features of individuals within each disease group. 

These findings enable us to put forward two specific needs to advance the understanding 

and classification of the continuum of DISH pathogenesis. First, the widespread detection 

of ectopic mineral bridges outside the region meeting the diagnostic criteria for early-

phase DISH or DISH suggests that evaluation of ectopic mineral formation across the 

entire thoracic spine may more robustly characterize presentations of DISH. Motion 

segments immediately adjacent to regions meeting the diagnostic criteria for DISH may 

provide insight on disease activity that is not considered in the current diagnostic criteria. 

A holistic strategy that classifies early-phase DISH based on imaging features of the 
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whole spine may reduce the emphasis on contiguous motion segment involvement. For 

example, evaluation of the summed score of ectopic bridging, number of involved motion 

segments, and anatomical localization may reveal unique presentations of early-phase 

DISH or DISH. Classification of the continuum of DISH based on other imaging or 

physical features unique to DISH (e.g., structural appearance, volume of ectopic mineral, 

bone mineral density) may also have merit (4,5,34). 

Second, our analysis of ectopic mineralization in individuals with DISH revealed 

complete bridging across an average of six contiguous motion segments, a value that 

exceeds the threshold for clinical diagnosis (2). Previous studies reported a similar 

average of 6.6 to 9.2 contiguous bridges in the spine of individuals with DISH (16, 17, 

21, 23, 25). We question whether the diagnostic emphasis on three or more contiguous 

motion segments with complete bridging should be reconsidered to better capture distinct 

stages of DISH. For example, ectopic bridges spanning three to six contiguous motion 

segments may represent “moderate DISH,” while those spanning greater than six motion 

segments may represent “severe DISH.” We suspect that extending the criteria for DISH 

to better represent its continuum may strengthen future studies that evaluate the 

association between radiographic features and clinical symptoms and/or identify key 

points along the continuum or populations to introduce conservative therapies. Further 

studies are also required to investigate the continuum of DISH in the cervical and lumbar 

spine to assess the onset of mineral formation, its spatial progression, and associated 

impairments. 
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While our study was limited to a retrospective analysis of a cross sectional sample from 

one geographic region, our random sampling strategy (stratified on age and sex) 

improved the representativeness of the sample and eliminated sex-biases present in 

previous studies (4, 17, 20, 24, 26). We acknowledge that the population assessed in this 

study was limited to people with access to healthcare and is overrepresented by people 

that are “white,” thereby limiting the generalizability of our findings to diverse 

populations. A recent prevalence study of DISH among “African-American” and 

“Caribbean-American” individuals reported a prevalence of 7.7% (23), which was lower 

than our findings in a primarily “white” population. Another limitation is our exclusive 

focus on the anterior thoracic spine and acknowledge that analysis of features throughout 

the spine and peripheral joints may elucidate additional important clinical features of 

DISH.  

In conclusion, our findings demonstrate that DISH is a common musculoskeletal 

condition involving the thoracic spine of Americans and is prevalent across the adult 

lifespan beginning at 35 years of age in both sexes. Our findings suggest that more than 

one in three individuals over the age of 39 has imaging features consistent with early-

phase DISH or DISH. We observed early-phase DISH throughout the thoracic spine and 

as such postulate that the current emphasis on contiguous motion segment involvement 

captures a diverse and likely incomplete group under the umbrella of “early-phase 

DISH.” There is a need for research on the etiology, progression, and clinical 

implications of DISH prior to its detection in advanced presentations. Recognition of the 

full spectrum of this poorly understood disease may be an important step to improve early 
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detection and identify factors associated with disease onset. Together this may lead to a 

better understanding of etiology and targets for the development of treatments. 
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Chapter 3 

Thoracic Spine Computed Tomography Scans and Diffuse 
Idiopathic Skeletal Hyperostosis: A Retrospective Study of 

Radiology Documentation 
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3.2 Introduction 

DISH is a musculoskeletal condition characterized by flowing mineralization along the 

anterolateral aspect of four contiguous vertebrae with preserved intervertebral disc height 

and lack of erosions, sclerosis, or ankylosis in the apophyseal or sacro-iliac joints (1) 

(Figure 3.1). DISH occurs throughout the spine. It is prevalent in 14% of adults and 

increases with advanced age (affecting one third of males 50+ years) (2). Histological 

investigation has revealed features of dystrophic calcification and heterotopic ossification 

(3); however, the etiology is unknown and its clinical consequences remain controversial. 

Routine and accurate identification of DISH on spine imaging may be key to advancing 

knowledge of the condition. The purpose of this study was to evaluate reporting of DISH 

in radiology reports. 

3.3 Material and Methods 

A retrospective, observational study was conducted with Health Insurance Portability and 

Accountability Act compliance and Institutional Review Board approval (20-000640). 

The prevalence of DISH was previously investigated using thoracic computed 

tomography scans from 1995-2019 in Minnesota, USA (2). All individuals with thoracic 

computed tomography scans acquired from previous medical care were identified by 

procedural codes (72128-30). Age- and sex-stratified random sampling was used to select 

100 females and 100 males per decade—starting at 20 years—without restriction on race, 

health status, or indication. 
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Figure 3.1. Representative clinical computed tomography images of a 69-year-old 
male individual with DISH that was documented in the radiology report 

A, Three-dimensional rendering of the thoracic spine, anterior view. Yellow arrows 
indicate complete bridges required for the diagnosis of DISH. Non-contrast computed 
tomography images (B, coronal view) and (C, sagittal view) of the same representative 
thoracic spine shows ectopic bridging from T7–10. Scale bars indicate 5 cm. Diagnosis of 
DISH was determined by Resnick and Niwayama’s radiographic criteria developed in 
1976: i) flowing ossification and hyperostosis along four vertebrae; ii) normal or mild 
decrease in intervertebral disc height in involved regions; and iii) absence of apophyseal 
or sacro-iliac joint erosions, sclerosis, or bony ankylosis. 
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Images were evaluated as previously reported (Chapter 2), which included using the 

established diagnostic criteria for DISH (1). Afterwards, indication for imaging was 

recorded and the associated radiology reports were screened with an a priori list of 

descriptors related to DISH and imaging features of ectopic bridging. 

3.3.1 Statistical Methods 

Data were collected from all included individuals. Chi-square test and logistic regression 

were performed using SPSS Statistics (Version 29.0, IBM Corp., Armonk, New York). 

3.4 Results 

Of 1,600 individuals evaluated, 4% were excluded because of anatomical deformity or 

image concerns, resulting in 1,536 individuals analyzed (50% males, 85% white, 80% 

trauma-related indication). The radiology reports directly referenced DISH in 24% of 218 

individuals identified with the condition (Figure 3.2). Radiologists’ reporting of DISH 

was greater in instances of moderate DISH (3-6 contiguous bridges) than severe DISH 

(7+ contiguous bridges) (χ2[1]=6.53, p=.01). Over 70% of computed tomography scans 

were from 2013-2019, during which the probability of accurately reporting DISH 

improved annually (OR=1.31; 95% CI: 1.04, 1.63; p=.02) to a high of 34.6% in 2019. 

Imaging features of ectopic bridging were described in 37% of reports in lieu of DISH. 

3.6 Discussion 

Our study demonstrates substantial underreporting of DISH in a sample of adults referred 

for spine computed tomography scans. It is understood that the focus of reporting for 

trauma indications is acute injuries and less for chronic conditions. However, features of 

ectopic bridging were routinely documented while DISH was infrequently reported where   
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Figure 3.2. Distribution of terminology identified from the radiology report 
associated with each computed tomography scan 

Data are expressed as a percentage for each group studied (with and without DISH). 
Established DISH is based on meeting Resnick and Niyawama’s diagnostic criteria. 
Purple areas indicate DISH-related terminology: e.g., diffuse idiopathic skeletal 
hyperostosis, vertebral ankylosing hyperostosis, calcification, ossification of the anterior 
longitudinal ligament. Darker grey areas indicate ectopic bridging terms: e.g., 
osteophytes, bridging, ankylosis, syndesmophytes. Light grey areas indicate non-disease 
specific terms: e.g., degenerative, spondylotic, or hypertrophic changes. White areas 
indicate no mention of imaging features related to abnormal mineralization of the spine. 
Below each chart is the mean age, standard deviation, and range in years of individuals 
included in the group. 
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the condition was present. Greater awareness of DISH as a clinical entity in radiology 

reporting is warranted given the opportunity to advance knowledge of this common 

enthesopathy, for which the relationship between imaging features and clinical symptoms 

is poorly understood. 

We acknowledge that despite using methods to ensure representativeness of the 

population with spine computed tomography scans, the radiology reports from one 

geographical region may not reflect the standards of practice elsewhere or the entire 

specialty. Yet, the findings do suggest an important opportunity to enhance the value of 

spine imaging reporting. For example, improved awareness of DISH may be invaluable 

for health care providers to prevent adverse outcomes, such as incidental fractures 

resulting in neurological deficits (4) or complications during medical procedures (5,6). 

Furthermore, accurate reporting of DISH may yield important clinical observations and 

research that leads to new knowledge of disease features, etiology, clinical symptoms, as 

well as innovative medical or non-medical interventions. Ultimately, radiology is 

uniquely positioned to advance the field of DISH research and patient care. 
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4.2 Chapter summary 

The purpose of our study was to characterize spatiotemporal features of disease 

progression over time using repeated computed tomography scans of the thoracic spine 

from people with DISH, early-phase DISH, and those not meeting either criterion. 

A retrospective study was designed in collaboration with the Rochester Epidemiology 

Project to evaluate completeness of ectopic bridging and disease status over an average of 

2.7 years (range from 0.2 to 15.0 years) with 83 female and 74 male individuals. 

Over fifteen percent of individuals displayed changes in imaging features over time that 

resulted an adjusted diagnosis along the continuum of DISH. Early-phase DISH is 

marked by new involvement of previously unaffected motion segments, estimated to 

occur over 2.1 years. Whereas, advanced presentations of DISH are marked by increased 

prevalence of complete bridging (average 2 of 3 available motion segments), estimated to 

occur over 2.6 to 2.9 years. Localized nodules of ectopic mineralization external and 

within the intervertebral disc were regularly observed in early-phase DISH. 

This is the first characterization of spatiotemporal features across all phases of DISH, 

indicating that progression of DISH is characterized by distinct features at different 

phases along the disease continuum. Localized nodules of mineralization the spinal 

ligaments and within the intervertebral disc are coincident with early phases of the 

disease and may serve a key factor in the pathogenesis of DISH. 
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4.3 Introduction 

DISH is a non-inflammatory enthesopathy of the spine (1) that affects an estimated 14% 

of adult Americans and over one third of males of 50 years (2). The clinical presentation 

of DISH can include physical dysfunction (3-5), obstruction of the airway (6), or 

compromised neural tissues (7-11). The rigid spine associated with DISH also increases 

risk for vertebral fractures from low-energy forces (12-15). DISH is more prevalent in 

males of advanced age, but the underlying etiology is unknown (16). 

The diagnosis of DISH is based on Resnick and Niwayama’s radiographic criteria of 

ectopic mineral bridges that connect four contiguous vertebrae of the spine with 

preserved intervertebral disc height and absence of bony ankylosis of the apophyseal or 

sacro-iliac joints in the involved areas (17). The severity of DISH can be further 

categorized based on the number of contiguous bridges detected (2). These mineral 

formations present heterogeneously as osteophyte-like outgrowths and/or flowing bands 

of mineralized tissue (18-21).  

Early-phase DISH is categorized based on the assessment of completeness of ectopic 

bridging and the spatial relationship across three contiguous segments (22). The 

prevalence of early-phase DISH is reported to be 13% of adults with an average age of 73 

years and slightly greater prevalence in male compared to female individuals (2). 

This study sought to describe the spatiotemporal progression of ectopic mineralization in 

the thoracic spine by evaluating repeated computed tomography scans from individuals 

meeting the diagnostic criteria for DISH and early-phase DISH at the time of the most 

recent image from a cross-sectional patient population. We are the first to provide a 
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detailed characterization of the change in imaging features of ectopic mineralization in 

the thoracic spine over time. We specifically focused on the continuum of DISH 

pathogenesis for individuals with early-phase DISH, moderate and severe DISH. We 

hypothesized that better understanding the progression of ectopic mineralization in the 

spine will elucidate unique clinical features of DISH and better inform on disease 

continuum. 

4.4 Methods 

4.4.1 Data source 

Data was retrieved from the Rochester Epidemiology Project that collates individual’s 

health information from various clinical encounters in Minnesota, United States (23, 24). 

Our study was approved by both Institutional Review Boards (20-000640; 008-OMC-20). 

4.4.2 Study design and sample population 

Computed tomography scans of the thoracic spine were retrospectively analysed from a 

cross-sectional patient population using data that was prospectively collected between 

1995 and 2019 (2). Adults over the age of 19 years were searched for thoracic spine scans 

using procedural codes (72128-30). A minimum threshold of two months between scans 

was set to capture acute or chronic changes over time. There were no restrictions 

regarding sex, race, indication for imaging, or past medical history. Four distinct groups 

were identified based on the last image: those meeting Resnick and Niwayama’s criteria 

for DISH (moderate = 3-6 contiguous bridges; severe =7+ contiguous bridges) (2,17), 

those meeting Kuperus and colleague’s criteria for early-phase DISH (22), and those that 

did not meet either criterion (Figure 4.1). The data   
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Figure 4.1. Flowchart of study sample from cross-sectional population 

Groups were populated from previously established diagnosis of DISH, early-phase 
DISH, or those that did not meet either criterion. Individuals without repeated images or 
images less than two months apart were excluded. A search for DISH based on 
International Statistical Classification of Diseases and Related Health Problems (v.9 and 
10) codes revealed a group of 13 individuals with multiple images that were included. 
The cyan boxes represent the number of individuals with multiple computed tomography 
images that were viewed. The yellow boxes represent the final number of individuals 
included in the study. Of which, thirteen motion segments from three individuals could 
not be evaluated because of limitations in field of view. Localized deformity was reason 
to exclude 27 motions segments from 15 individuals. Since unique motions segments 
excluded in one image were also excluded in repeated images from the same individual, a 
total of 64 motion segments from 18 individuals were removed (1.9% of all motion 
segments). 
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source was searched using International Statistical Classification of Diseases and Related 

Health Problems codes that represent DISH (v9: 721.6; v10: M48.1*), which identified 

an additional 13 individuals with repeated computed tomography images for inclusion 

(Figure 4.1). The last image from individuals with an ICD code for DISH was also 

evaluated to confirm DISH. 

Image acquisition consisted of thoracic and thoracolumbar spine protocols with reported 

pixel resolutions ranging from 0.6 to 1.1 mm. QREADS Clinical Image Viewer (Version 

5.14.0, Mayo Clinic) was used to evaluate the reconstructed sagittal and frontal views 

(consistent window of 2500 and level of 350). Primary analysis was the difference 

between the last and first computed tomography images available. The list of 163 

individuals and their repeated images were randomized to reduce order bias during image 

evaluation; although, age and sex were known.  

It was established a priori that images with significant deformity that disrupted anatomy 

would be excluded (e.g., intervertebral disc degeneration with fused motion segments, 

exaggerated kyphosis or scoliosis). Evidence of ankylosing spondylitis—differentiated 

based on thin band of ectopic mineralization and presence of zygapophyseal joint erosion 

or fusion—was also reason for exclusion. When a unique motion segment was excluded 

in one image, it was also excluded in any repeated images from the same individual. 

4.4.3 Image evaluation 

This study builds upon our previous work evaluating the continuum of imaging features 

observed in DISH (2). A validated scoring system was used to evaluate the completeness 

of ectopic bridging at the level of the individual motion segment; patterns of ectopic 



78 

 

 

bridging were assessed to determined disease categorization. Intervertebral disc 

mineralization was recorded. Inter-rater reliability indicated substantial to excellent 

agreement between raters in the diagnosis and bridge scoring (Chapter 2.4.2). 

4.4.4 Statistical methods 

SPSS Statistics (Version 29.0, IBM Corp., Armonk, New York) was used for analysis. 

Ordinal bridge score data required nonparametric tests. Paired data was evaluated using 

Wilcoxon signed-ranked test for ordinal variables and McNemar tests for binary 

variables. Chi-squared and Fisher exact tests were used to evaluate differences between 

groups and sexes, and post-hoc testing was performed using adjusted standardized 

residuals and Bonferroni’s multiple comparisons. Mann-Whitney U test and Kruskal 

Wallis pairwise test with Dunn’s multiple comparisons were used to analyze differences 

between sexes and groups with quantitative data. Predictive modelling of changes over 

time was performed using logistic regression and fixed linear regression analysis. 

4.5 Results 

4.5.1 Sample characteristics 

From a sample of 1,536 individuals, 163 were identified with repeated computed 

tomography scans of the thoracic spine and 157 were included in this study (Figure 4.1). 

Overall, 91.7% of the individuals were reported as “white.” The most recent image was 

used to categorize individuals within the groups by disease status. 

The predominate indication for computed tomography of the thoracic spine was physical 

trauma (76%: e.g., bodily injury, motor vehicle collision, or falls). Other indications are 

neurological reasons (11%), query of fracture (6%), surgical relevance (5%), or cancer 
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screening and/or health follow up (2.2%). Between groups, the indication for imaging 

people with DISH was more associated with trauma compared to the other groups.  

There was no difference in the time interval between scans by sex or groups. The average 

time between scans was 2.7 years and ranged from 0.2 to 15.0 years. At the time of the 

last image, individuals with DISH were significantly older than those in the without 

group (78 ± 14 years, range 44 to 104 compared to 68 ± 21 years, range 25 to 100; 

p=.03). No age or sex differences were noted between groups at the time of the first 

image. 

4.5.2 Evaluation of repeated scans revealed spatiotemporal changes in 
ectopic spine mineralization 

The continuum of DISH can be categorized based on criterion that distinguish early-

phase DISH (22), DISH (17), and the severity of DISH (2). Progression along the 

continuum was observed in 15% of individuals without sex-related differences (Figure 

4.2A). Individuals that changed disease categories were older than those that remained 

unchanged (80 ± 14 years compared to 70 ± 19 years; p=.02). Increased disease severity 

was seen in 16% of individuals from groups where severity could progress (without 

group, early-phase DISH, and moderate DISH). Decreased disease severity was observed 

in 4% of individuals. These were linked to spine surgery or injury between scans that 

may have disrupted contiguous ectopic bridging. In the timeframe assessed, no 

individuals progressed from the without group to DISH (moderate or severe) or vice 

versa. 

The criteria for early-phase DISH are based on evaluation of ectopic mineral bridging at   
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Figure 4.2. Changes in disease stage along the continuum of DISH over time with 
repeated scans. 

A, Schematic representation of categorization of individuals based on DISH disease stage 
highlighting changes between first and last image. B-D, Three-dimensional renderings 
highlighting the changes in ectopic bridging over time from three unique individuals 
using 3D Slicer (Version 5.2.2.). Representative images of the thoracic spine showing 
regions associated with the progression from (B) without to early-phase DISH, (C) early-
phase DISH to DISH, and (D) moderate to severe DISH. Inlays present the bridging score 
at specific motion segments associated with the first and last image for each individual. 
Scale bars represent 5 cm. 
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individual motion segments (scored as 0-3) and the spatial pattern of bridging across 

three contiguous motion segments (22). All possible patterns to fulfill the criteria for 

early-phase DISH were observed at least once in individuals that progressed from the 

without group to early-phase DISH (i.e., new early-phase DISH), with the most common 

being 3-2-3 and 3-2-2 (Figure 4.2B). When individuals progressed from early-phase 

DISH to either moderate or severe DISH (i.e., new DISH), the most common contiguous 

bridging patterns of early-phase DISH in the first image were 3-2-2, 3-3-2, and 2-2-2 

(Figure 4.2C). Individuals that progressed from moderate to severe DISH (7 total) 

displayed an average increase of three contiguous bridges (first scan = 5, range 3-6; last 

scan = 8, range 7-10) (Figure 4.2D). 

4.5.3 Changes in ectopic spine mineralization in individuals that did not 
meet the criterion for DISH 

Despite categorization to the without group, an average of 3 motions segments per 

individual (range 0-11) displayed evidence of ectopic spine bridging in the first scan in 

the without group. In the last scan, almost half of individuals (43.6%) displayed at least 

one region of three contiguous motion segments with some evidence of ectopic 

mineralization. More complete bridging was detected in the last scan, which involved 

11.5% of individuals and only 1.3% of motion segments. Over time, new involvement of 

at least one motion segment with ectopic spine mineralization was seen in 56.4% of 

individuals. Based on the current data set, regression analysis predicts that ectopic 

mineral formation at a new motion segment in the without group occurs every 5.0 years. 

In contrast, progressive changes in bridge score of previous affected regions (noted in 

20.8% of individuals) was predicted to occur over an average of 2.4 years. 
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4.5.4 Characterization of changes over time associated with early-phase 
DISH 

In the group of 30 individuals meeting the criteria for early-phase DISH in the last scan, 

the average number of motion segments per individual with ectopic mineralization 

increased between scans from 8 to 9 (p=.07). There was a significant increase in the 

severity of bridging scores between scans (Figure 4.3A). 

Analysis of early-phase DISH was studied in three subgroups: new early-phase DISH 

(early-phase detected on the last scan only), unchanged early-phase DISH (detected on 

both scans), and new DISH (early-phase DISH on the first scan, DISH on the last scan). 

We first characterized individual motion segments where new ectopic bridging was 

detected (i.e., present in last but not first scan). Individuals that progressed to new early-

phase DISH showed the highest proportion of individual motion segments with new 

ectopic mineralization (average: 3 of 5 motion segments) compared to individuals with 

unchanged early-phase DISH diagnosis (average: 1 of 2 motion segments) or those with 

new DISH (average: 0.5 of 2 motion segments). Using linear regression analysis, the 

predicted time for ectopic mineralization of a previously unaffected motion segment in 

new early-phase DISH, unchanged early-phase DISH, and new DISH are 2.1, 5.8, and 3.1 

years, respectively (Figure 4.3B). Of note, individuals with new early-phase DISH and 

unchanged early-phase DISH showed the greatest heterogeneity in bridge scores of the 

newly involved motion segments compared to individuals with new DISH (Figure 4.3C).  

The progression in severity of bridge scores over time was next assessed in motion 

segments that displayed ectopic mineralization in the first image. Over half (55.9%) of   
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Figure 4.3. Quantitative analysis of changes associated with early-phase DISH 

A, The distribution of ectopic mineralization of the thoracic spine in individuals that met 
the criteria for early-phase DISH in the last image compared to bridging score from the 
same individual in the first image. Legend indicates bridge score. B, Graph displays the 
extent of new involvement relative to time. Fixed linear regression analysis enabled 
predicative estimates per year. C, Distribution of bridge score in newly involved regions 
of individuals with new DISH, or unchanged and new early-phase DISH. D, Graph 
displays the number of motion segments with a change in bridge score relative to time. 
Fixed linear regression analysis enabled predicative estimates per year. E, Distribution of 
bridge scores in involved regions of individuals with new DISH, or unchanged or new 
early-phase DISH. 
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motion segments showed no change in bridge score in the last image. When a change in 

bridge score was observed, it was most often associated with increased bridging as 

opposed to reduced bridging (66% compared to 34% of motion segments). Increased 

bridge score was noted more in individuals with new early-phase DISH (average: 2 of 5 

motion segments) and new DISH (average: 3 of 7 motion segments) compared to 

unchanged early-phase DISH (average: 2 of 7 motion segments). Linear regression 

analysis predicts that the time associated with increased bridging at one motion segment 

in new early-phase DISH, unchanged early-phase DISH, and new DISH are 3.4, 2.7, and 

0.83 years, respectively (Figure 4.3D). A one unit change in bridge score was detected in 

93.9% of motion segments that changed (Figure 4.3E). Individuals with new DISH had 

more motion segments that developed complete bridges compared to individuals with 

new or unchanged early-phase DISH (64.7% compared to 25.0% and 44.8%, 

respectively). 

4.5.5 Characterization of changes over time associated with progression 
of DISH severity 

Changes in ectopic mineralization over time were characterized in individuals with DISH 

at the first image. Three subgroups were established: unchanged moderate and severe 

DISH (same status on both scans) and progressive DISH (moderate DISH in the first 

scan, severe DISH in the last scan). Four individuals (two female and two male) 

displayed complete bridging of all motion segments in both images and as such were 

excluded from analysis. In the first image, 51.3% of individuals showed moderate DISH 

(three to six contiguous bridges) and 48.7% showed severe DISH (seven or more 

contiguous bridges). On average, 10 of 11 motion segments from individuals with DISH 



85 

 

 

displayed ectopic bridging (9 of 11 in moderate DISH and 10 of 11 in severe DISH). In 

the last image, fewer near-complete bridges (p=.05) and more complete bridges (p=.03) 

were observed compared to the first image (Figure 4.4A). When stratified by sex, female 

individuals showed a greater increase in complete bridges in the last image compared to 

the first image (p=.06) whereas males did not (p=.19). Similar to changes in early-phase 

DISH, it was less common for bridge scores to increase more than one unit (two units = 

15.7 %, three units = 5.9%). 

New ectopic bridging at previously unaffected regions was seen in 48.0% of individuals 

with DISH and involved almost one third (31.6%) of available motion segments (Figure 

4.4B). The average number of newly involved motion segments was slightly greater 

among individuals that progressed from moderate to severe DISH (average: 0.8 of 2 

motions segments) compared to individuals that did not change disease categories 

(unchanged moderate DISH, average: 0.6 of 3 and unchanged severe DISH, average: 0.60 

of 1 motion segments). Estimation using linear regression analysis predicted that 

mineralization of a new motion segment in individuals with progressive DISH and 

unchanged moderate or severe DISH occurs over 4.5, 3.9, and 6.1 years, respectively. 

The progression of ectopic bridging in previously involved regions was observed in all 

individuals with progressive DISH, and 84.6 % of individuals with unchanged moderate 

DISH and 57.9% of individuals with unchanged severe DISH (Figure 4.4C). On average, 

2 of 3 motion segments showed increase bridge scores in individuals that moved from 

moderate to severe DISH. Increased bridge score was seen in 1 of 4 and 0.5 of 2 available 

motion segments in those with unchanged moderate and severe DISH, respectively.   
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Figure 4.4. Quantitative analysis of changes associated with moderate to severe 
DISH 

A, The distribution of ectopic bridge scores for motion segments of the thoracic spine in 
individuals that met the criteria for DISH in both scans, comparing bridges score from the 
same individual in the first image. Legend indicates bridge score. B, Graph displays the 
number of motion segments in each individual with mineralization present in only the last 
image relative to time. C, Graph displays the number of motion segments in each 
individual with increased bridge scores at the last image relative to time. Graphs are 
coded based on the diagnostic criteria for each individual (unchanged moderate DISH, 
progression from moderate to severe DISH, unchanged severe DISH). Fixed linear 
regression analysis used to predict the rate of new bridge formation or bridge progression. 
D, Visualization of the bridge scores at the motion segment adjacent to regions of 
contiguous bridging meeting the diagnostic criteria for DISH at the first and last image. 
Percentages are the number of immediately adjacent motion segments in the last scan that 
maintained the same bridge score or increased in bridge score compared to the first scan. 
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Linear regression analysis predicted that the time for increased bridge score at one 

motion segment in progressive DISH and moderate DISH is 2.9 and 2.6 years, whereas 

severe DISH is 7.8 years. 

We specifically analyzed motion segments immediately adjacent to regions of contiguous 

bridging meeting the diagnostic criteria for DISH to assess progression of contiguous 

mineralization (Figure 4.4D). In the first image, 39 individuals with DISH displayed a 

motion segment with an incomplete bridge score immediately superior to the region of 

contiguous bridging. In the adjacent region, no bridge was observed in four individuals, 

early bridging in seven individuals, and near-complete bridging in 28 individuals. Nearly 

half (41.6%) of these regions displayed an increase in bridge score of the adjacent motion 

segment on the last scan compared to the first, with complete bridging observed in 

41.0%. The occurrence of progression to a complete bridge in the superior motion 

segment was higher in individuals that progressed from moderate to severe DISH 

(55.6%) compared to unchanged moderate and severe DISH (38.5% and 31.6%, 

respectively). The region of contiguous bridging in the group with progressive DISH 

increased by an average of three contiguous bridges (range from one to five). Individuals 

with DISH in both images displayed minimal new involvement (0 to 3 motion segments) 

between images. 

Logistic regression analysis at the level of the motion segment suggests variables that 

predict involvement with ectopic mineralization. Diagnosis and age at the first image, as 

well as time between images largely influenced the odds of new involvement or 

progressive changes (Table 4.1). Of note, sex was not a significant predictor.  
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Table 4.1. Logistic regression analysis for variables associated with ectopic 
mineralization at the level of motion segments 

 

Variables 
 New Involvement (n=733)  Progressive Bridge Score 

(n=919) 
 OR 95% CI p value  OR 95% CI p value 

Age* (in years)  1.00  .99, 1.01 .158  .98  .97, 1.00 .028 
Sex 
- Female  
- Male  

  
1 
.76 

 
.51, 1.14 

 
.185 

  
1 
1.04 

 
.67, 1.62 

 
.870 

Diagnosis* 
- Without  
- Early-phase 
DISH  
- Moderate DISH 
- Severe DISH 

 
 
1 
1.86  
1.27  
4.94 

 
.98, 3.52 
.59, 2.72 

1.65, 14.84 

 
 

.057 

.536 

.004 

 
 
1 
2.41  
3.56  
4.68 

 
1.42, 4.09 
1.87, 6.78 

1.85, 
11.80 

 
 

.001 
<0.001 

.001 
Diagnosis 
- Unchanged  
- Changed  

  
1 
3.92 

 
2.25, 6.82 

 
<0.001 

  
1 
5.41 

 
3.23, 9.05 

 
<0.001 

Scan Interval  
(in years) 

 
1.08  1.01, 1.15 .025 

 
1.13  1.04, 1.22 .004 

*collected from the time of the first computed tomography scan of the thoracic spine; CI, 
confidence interval; DISH, diffuse idiopathic skeletal hyperostosis; OR, odds ratio. 



89 

 

 

4.5.6 Localized nodules of ectopic mineralization within connective 
tissues of the spine 

Distinct from ectopic bridging of vertebral bodies, isolated mineralized nodules were 

observed in proximity to the intervertebral disc, previously described as “nodular soft-

tissue calcification” (22) (Figure 4.5A). Localized mineralized nodules were detected in 

63.7% of individuals in the first image and 61.8% of individuals in the last image, 

corresponding to 14.2% of motion segments in the first image and 13.4% in the last 

image. No sex differences were reported. We assessed the prevalence of these formations 

based on location: i) connective tissues external to intervertebral disc (i.e., anterior 

longitudinal ligament) or ii) within the anulus fibrosus. Stratification based on 

localization revealed that mineralized nodules external to the intervertebral disc 

decreased in prevalence from 40.1 to 33.1% of individuals between images (p=.11). In 

contrast, a significant increase in the prevalence of anulus fibrosus nodules was observed 

from 39.5 to 49.0% of individuals between images (p=.03). 

We assessed the relationship between localized nodules and the continuum of DISH. In 

the first scan, localized nodules were most often detected and more abundant in 

individuals early in the disease continuum (Figure 4.5B, C). Mineralization external to 

the intervertebral disc was most often associated with a bridge score of 1 (53.6%), in part 

because the presence of localized nodules adjacent to the intervertebral disc meets the 

criteria for a bridge score of 1 (20) (Figure 4.5D). 

Lastly, we evaluated the presence of localized nodules over time. Slightly more nodules 

were detected in both images compared to nodules that were new (present only in the last   
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Figure 4.5. Prevalence and association of localized ectopic mineralization nodules. 

A, Examples of clinical images for localization of nodules to connective tissues likely 
external to intervertebral disc (i.e., anterior longitudinal ligament) or within the 
intervertebral disc (i.e., anulus fibrosus); indicated by the yellow dotted circles. B, The 
prevalence of localized nodules in individuals across the continuum of DISH. C, Number 
of motion segments involved with localized nodules of ectopic mineralization stratified 
across the disease continuum. Red line indicates mean and error bars are 95% confidence 
intervals. Each dot represents an individual. D, Association between the bridge score of 
the motion segments and localization of mineralized nodules in connective tissues at the 
first image. E, Graph of the change in nodule between images within the same individual, 
stratified by localization of nodules in connective tissues. 
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scan) or were no longer present (detected only in first scan) (Figure 4.5E). A notable 

proportion of nodules detected external to the intervertebral disc were detected only in 

the first scan. In contrast, slightly more nodules within the intervertebral disc were only 

observed in the last scan. It is possible that localized nodules of ectopic mineralization 

contribute to the pathophysiology of ectopic bridging in the spine. 

4.6 Discussion 

In this study, we characterized imaging features along the continuum of DISH in 157 

individuals with repeated computed tomography images of the thoracic spine (an average 

of 2.7 years apart). Between the first and last images, 15% of individuals displayed 

imaging features that lead to a change in diagnosis. Our analysis revealed that 

progression to early-phase DISH is largely characterized by involvement of previously 

unaffected motion segments and the occurrence of localized mineralized nodules in the 

intervertebral disc. In contrast, progression in the severity of DISH is marked by 

advancing bridge scores of involved motion segments. These findings underscore that 

both spatial and temporal changes are critical to progression at different points along the 

disease spectrum. 

To date, few studies have evaluated changes in the imaging features of DISH over time 

with computed tomography (19, 20, 25-27). Our findings of increased prevalence of 

complete bridges (from 67.7 to 74.1% [+6.4%] of motion segments) in individuals with 

DISH in both images is in keeping with previous studies reported increases in complete 

bridging in individuals with DISH from 45.0 to 55.8% [+10.8%] (20), 54 to 59% [+5%] 

(19), and 31.3 to 38.0% [+6.7%] (25). The elevated initial prevalence reported in the 



92 

 

 

current study is likely attributed to the design of our study that included 100 individuals 

per decade of life between 20 and 100+ years, resulting in the analysis of individuals at a 

more advanced age than previous studies. Regardless, these results inform on the 

progressive nature of DISH following clinical diagnosis (20, 25). Our analysis further 

showcased the extent of ectopic bridging by highlighting the involvement of early forms 

of bridging in non-contiguous regions of the thoracic spine. 

Few studies have examined the imaging features associated with progression from early-

phase DISH to DISH. The current study characterized the imaging features associated 

with the transition from early-phase DISH to DISH and reported an increase in the 

frequency of completing bridging from 20.0 to 43.6% (+23.6%) of motion segments. 

Kuperus et al. reported increased complete bridging in the group they classified as “pre-

DISH” (DISH confirmed on last scan and not on first scan) from 11.3 to 31.0% (+19.7%) 

of motion segments (20). Thereby, our observations revealed progressive changes from 

early-phase DISH to DISH occurred over an average of 2.4 years. 

By assessing the continuum of DISH, we are the first to explicitly characterize features 

associated with the onset of early-phase DISH, progression from early-phase DISH to 

DISH, as well as the progression in severity of DISH. We demonstrated that progression 

to early-phase DISH is primarily characterized by involvement of new motion segments. 

Meanwhile, progression in disease severity in individuals with DISH is primarily 

characterized by advanced bridging. This information is crucial to better understand the 

clinical features of DISH throughout the disease and suggests that future therapeutic 
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interventions aimed to prevent onset or delay progression may have greater efficacy at 

different time points in the natural course of the disease.  

Our study evaluated both female and male individuals throughout the continuum of DISH 

(e.g., sample population is 47.1% male and 56.3% of individuals with DISH were male). 

From this, our results suggest that imaging features associated with progressive change in 

DISH do not differ based on sex, despite a well-known sex-related difference in the 

prevalence of the condition (2). The greater prevalence among male individuals may be 

linked to behaviors and/or societal roles in adulthood that predisposes male individuals to 

greater spinal trauma and, in turn, the sequalae of DISH. Recently, genetic 

polymorphisms have been indicated in DISH (28, 29). As such, genetic factors may be a 

critical feature that differentiates those at risk for advanced pathological mineralization. 

Since the current population was largely imaged for reasons related to trauma, it would 

be interesting to explore the association between physical trauma and the potential 

initiation or accelerated progression of ectopic mineralization associated with DISH.  

A strength of the current study was the detailed evaluation of all motion segments in the 

thoracic spine. We speculate that there may be unique patterns of bridging in specific 

regions of the spine that can facilitate early disease detection. We recommend 

modification of scoring systems to differentiate between gross features of complete 

bridges (e.g., horizontal outgrowths vs. flowing bands) (19-21) and to consider the 

primary direction of bridge progression. Moreover, we postulate that additional features, 

such as localized nodules of mineralization documented by us and others (19-21), 

constitute important pathological features of DISH that should be considered. Previous 
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microcomputed tomography-based characterization of the radiodensity of ectopic 

mineralization in DISH reported on unique features of hyperdense material and 

dystrophic calcification (21, 30), likely corresponding to the nodules observed in this 

study. An increased prevalence of intervertebral disc mineralization with advanced age 

has been reported in individuals with DISH, along with more complete bridging of the 

vertebral bodies (27). Interestingly, our investigation of localized nodules showed a 

significant association with early-phase DISH compared to advanced presentations of 

DISH and reduced prevalence of localized nodules in the last image. We speculate that 

localized nodules may be either resorbed with time or become integrated within the 

forming ectopic bridge associated. It is possible that a relationship between bridge 

scoring and localized nodules may differentiate pathophysiological stages of DISH. 

The current study would be strengthened by increases to both the number of individuals 

included, as well as the number of scans from each to better capture disease progression. 

Examination of individuals at distinct time intervals may further distinguish acute and 

chronic changes associated with the continuum of DISH. Of note, the patient population 

examined in the current study was not controlled, so other disease(s) may have had 

influence the progression of pathological mineralization. For example, ossification of 

other spinal ligaments or peripheral structures may influence the progression of DISH 

(31, 32). The sample studied was also limited to a group of individuals that are 

predominately white and reside in a single geographic region in the United States, which 

hinders the generalizability of our findings to other populations. Lastly, the imaging 

features described represent only one aspect of the clinical profile and would be 

strengthened by analysis of the correlation of these to symptoms or impairments.  
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In conclusion, our detailed analysis of 78 individuals with notable changes in disease 

features along the continuum of DISH revealed remarkable patterns of pathological 

changes based on the stage of disease. Early-phase DISH is characterized by the 

involvement of previously unaffected motion segments and the occurrence of discrete, 

localized nodules of ectopic mineralization. At early stages, therapies should be aimed at 

preventing the onset of tissue mineralization. In contrast, increased DISH severity is 

characterized by the progressive bridging of motion segments previously affected. At 

later stage, therapies may be effective if they target the processes underlying growth of 

bridging bony formations. Clearly defining the pathological changes associated with the 

continuum of DISH will contribute to improved understanding of disease pathogenesis to 

facilitate targeted clinical management and enhance clinical outcomes. 
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5.2 Chapter summary 

Mineralized CVJ is linked to respiratory dysfunction. We investigated the association 

between imaging features of CVJ mineralization and DISH. 

Ectopic mineralization of CVJ was analyzed using microcomputed tomography scans of 

the thoracic spine from 41 human cadavers (mean age 79 ± 9 years). A novel scoring 

system enabled characterization of joint bridging and intra-articular features of ectopic 

mineralization. 

All specimens displayed some phases of CVJ bridging, features that were detected 

throughout the thoracic spine. Overt ectopic bridging was 3.0 times more likely in CVJs 

from specimens with DISH (p<.001) and 1.4 times more likely in males (p=.04). Ectopic 

bridging did not display preferential occurrence by side. 

Diffuse intra-articular mineral was associated with CVJs from female specimens 

(p<0.001) and the without group (p<.001). Distinct intra-articular nodules were 3.3 times 

more likely in CVJ from specimens with DISH (p<0.001).  

Regions with complete vertebral bridges meeting the criteria for DISH were 4.5 and 2.7 

times more likely to display overt ectopic bridging and intra-articular distinct nodules 

>.430 mm3 compared to regions without vertebral bridging, respectively. Only ectopic 

CVJ bridging (39.1% of CVJs) was more common than co-localized ectopic bridging and 

intra-articular mineral (25.5%), or only intra-articular mineralization (13.4%). 

Imaging features of ectopic mineralization of the CVJ are common throughout the 

continuum of DISH. CVJ involvement may contribute to clinical symptoms of respiratory 
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impairment in DISH and may be a valuable addition to its diagnostic criteria using 

computed tomography scans. Intra-articular involvement of the CVJ may also contribute 

to the pathogenesis of DISH. 

5.3 Introduction 

The CVJ is the articulation between the head of the rib and vertebrae (1). These synovial 

joints are surrounded by connective tissues that are richly innervated and susceptible to 

pathology (2-5). Previous studies showed CVJ changes in osteoarthritis and rheumatoid 

arthritis of the spine (6-8), as well as seronegative spondyloarthropathies (9-11). Joint 

space narrowing, bone erosions, joint ankylosis, or osteophyte bridging are pathological 

features that can impair rib mobility and result in respiratory dysfunction and/or pain (12-

16). Mineralized outgrowths can disrupt neurovascular structures and create additional 

symptoms (1, 17-19). 

CVJ involvement is generally overlooked due to the challenges of viewing imaging 

features with plain film radiographs (20). Advanced medical imaging improves 

investigation of disease features associated with CVJs and facilitates insight into the 

clinical relevance with musculoskeletal conditions (21, 22). One such musculoskeletal 

condition that may involve CVJ changes is DISH, a noninflammatory enthesopathy 

characterized by the formation of ectopic mineral bridges along the vertebral bodies of 

the spine (23) that affects one in four individuals over 60 years of age (24). Since DISH is 

associated with ectopic mineral formation (25), it reasons that CVJs could likewise 

undergo pathological mineralization and contribute to symptoms of DISH. Previous 
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studies showed the occurrence of pathological bridging of the CVJ in DISH (26-28) and 

linked with impaired respiratory function (29, 30). 

The purpose of this study was to characterize the imaging features of CVJs across the 

continuum of DISH in a sample of human cadaveric spines using micro-CT. We 

investigated the association between ectopic mineralization of the CVJ and DISH by 

employing a novel semi-quantitative scoring system to assess the extent and localization 

of ectopic mineral formation.  

5.4 Methods 

This study included thoracic spines from a previously characterized cohort of 59 

embalmed human cadavers (27 females, 32 males; mean age at death = 79 years, 55 to 

96) from the Haase Education in Anatomy & Research Technologies Laboratory at the 

University of Western Ontario. All data were obtained in accordance with the Anatomy 

Act of Ontario and the study was approved by Western’s Committee for Cadaveric Use in 

Research (#22062016, Appendix E). Cadaver donors were white from Southwestern 

Ontario. Sex as a dimension was defined by biological attributes associated with physical 

features. No personal or medical information was available. Thoracic spines were 

dissected and imaged using micro-CT (31). 

5.4.1 Classification of DISH and features of ectopic spine 
mineralization 

A blinded clinician-evaluator assessed the micro-CT scans to determine DISH status 

based on Resnick and Niwayama’s radiographic criteria (32): i) ectopic mineral bridges 

across four contiguous vertebrae, ii) normal to mildly decreased intervertebral disc 
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height, and iii) lack of erosions, sclerosis, or bony fusion of the zygapophyseal or 

sacroiliac joints. The sacroiliac joints were not dissected and thus could not be evaluated. 

Early-phase DISH was determined by the presence of fewer than three contiguous 

bridged motion segments with adjacent incomplete bridges in the thoracic spine, based on 

recently reported criteria (33). Three groups were established: specimens meeting the 

diagnostic criteria for DISH, early-phase DISH, or not meeting either criterion. Stratified 

sampling using randomly assigned identifiers ensured representation of sex and the 

continuum of DISH. Specimens with imaging features of ankylosing spondylitis or 

significant damage from post-mortem dissection were excluded. A semi-quantitative 

scoring system was used to evaluate the completeness of vertebral bridging at each 

motion segment (34). 

5.4.2 Assessment of the CVJ 

A scoring system to evaluate ectopic CVJ mineralization was created based on features 

similar to ectopic bridging in the spine (35) (Figure 5.1). We focused on the presence 

and extent of CVJ bridging between the head of the rib and the vertebrae, as well as the 

presence and appearance of mineralized material within the joint space. Multiple training 

sessions were conducted and independent evaluations for inter-rater reliability analysis 

were performed using all CVJs from three randomly selected specimens. 

All images were de-identified for scoring and image order was randomized. Multiplanar 

micro-CT reconstructions were cropped to contain a single motion segment with the 

associated ribs. Images were viewed using MicroView (2.5.0: Parallax Innovations Inc., 

Ilderton, ON) at a consistent window and level (3000, 500). The transverse plane was   
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Figure 5.1. Schematic depiction of the novel scoring system to evaluate ectopic 
mineralization of the CVJ  

Cranial to caudal view. Representative microcomputed tomography sections are 
displayed below line drawing. A, Costovertebral joint bridge score characterizes the 
presence of mineral formations bridging the head of the rib and vertebrae (cyan blue 
color and arrows): 0 = no evidence of ectopic bridging; 1 = minor outgrowth extension; 2 
= major outgrowth forming a near-complete bridge; 3 = complete bridge between the 
head of the rib and vertebrae. B, Intra-articular involvement characterizes mineralized 
material within the joint space. Diffuse material presented as amorphous radiodense 
material throughout the costovertebral joint (orange colour and arrow). Distinct nodules 
were classified based on localized material with a definitive border (yellow colour and 
arrow). Images not drawn to scale. 
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predominately used to score features of the CVJ. Single motion segments from specimens 

were excluded when post-mortem dissection compromised the CVJ; this occurred in 24 

unique CVJs from 14 individuals. In these instances, the contralateral CVJ from the same 

rib level was also excluded. 

Given the sensitivity of micro-CT to detect small features of mineralization, a second 

observer evaluated all CVJs with intra-articular mineralization for quantitative analysis. 

Manual segmentation and computational thresholding were used to quantify the volume 

of mineralized material using a threshold corresponding to the density of cortical bone 

(≥400 Hounsfield units) (31). A threshold volume of greater than 0.430 mm3 (50th 

percentile of data) was set to ensure relevance in the context of clinical imaging 

protocols. 

5.4.3 Statistical analyses 

SPSS Statistics (v29.0, IBM Corp., Armonk, NY) was used for data analysis and 

GraphPad Prism (v8.0, GraphPad Software, San Diego, CA) to create graphs. Data were 

evaluated for normality using histograms and Shapiro-Wilk test. Reliability was assessed 

using Cohen’s kappa test statistic for paired observations of categorical variables that 

were scored by the same two independent raters. Dichotomous and dummy coded 

nominal variables were evaluated for association using chi-square test statistics because 

observations were independent and exclusive categorical variables. Binomial logistic 

regression was used to predict the probability of dichotomous CVJ involvement based on 

exclusive independent variables (disease categorization, sex, sidedness, spine disease 

activity). Volumetric data of intra-articular mineralization was not normally distributed 
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and required non-parametric tests to compare the medians. Kruskal-Wallis H test was 

used to compare across disease categories and Mann-Whitney U test to compare between 

sexes. These non-parametric tests were also used to evaluate ordinal bridge score data by 

disease category and sex. McNemar test was used to evaluate differences in paired, 

mutually exclusive categorical data within the same individual. 

5.5 Results 

5.5.1 Sample characteristics 

Scans of 48 specimens were evaluated; three were excluded due to features of 

inflammatory arthritis in all apophyseal joints and four were excluded due to damage to 

over half of CVJs associated with post-mortem dissection. The sample included 41 

thoracic spine specimens from 19 female and 22 male individuals. The mean age at death 

was 80 ± 9 years (range 64 to 94). Within the sample, 14 met the diagnostic criteria for 

DISH (6 female, 8 male individuals), 12 met the criteria for early-phase DISH (5 female, 

7 male individuals), and 15 did not meet either criterion (8 female, 7 male individuals). In 

total, 878 CVJs were evaluated from 439 motion segments in the thoracic spine, 

corresponding to an average of 73 ± 9 CVJs evaluated at each rib level. Analysis of age 

did not display any main effects between disease groups (p=.73) or sex (p=.67), nor 

interaction effects (p=.18). 

5.5.2 Inter-rater reliability 

Substantial agreement was reported between raters in the sample of 72 CVJs that were 

evaluated for ectopic bridging and intra-articular mineralization (33). Within the sample 

of three micro-CT scans of the thoracic spine and, unknown to the raters at the time of 
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evaluation, 63% of CVJs displayed some phase of ectopic bridging and 61% of CVJs 

displayed intra-articular mineralization.  

We focused on ensuring reliable evaluation of bridge score prior to data collection. 

Within the 72 CVJs evaluated, the raters consistently identified the dichotomous presence 

of any phase of ectopic bridging (κ=0.82: 95% CI=0.68, 0.96). At least 4% of CVJs 

displayed complete bridges (score 3), 33% of CVJs displayed near-complete bridges 

(score 2), and 25% of CVJ displayed some anterior bridging (score 1). Given the ordinal 

scale of bridging severity, a weighted kappa statistic was reported (κ=0.79; 95% CI=0.68, 

0.89). 

We also evaluated inter-rater reliably to detect intra-articular mineralization of the CVJ. 

Unknown to the raters at the time of evaluation, at least 50% of CVJs displayed intra-

articular mineralization. The raters consistently identified the dichotomous presence of 

any type of intra-articular mineralization (κ=0.77; 95% CI=0.63, 0.92). Within regions 

identified with intra-articular mineralization, 18% displayed the diffuse presentation and 

82% the distinct presentation, for which perfect agreement in its classification was 

achieved (κ=1.0). After which, AZ independently evaluated all scans of the CVJ and 

DEF reviewed all CVJs identified with intra-articular mineral. 

5.5.3 Ectopic bridging of the CVJ 

Ectopic bridging between the head of the rib and vertebra was scored based on the extent 

of connection between the two structures (Figure 5.1A). Any phase of bridging (score 1, 

2, or 3) were observed in at least one CVJ in each specimen and 64.6% of total CVJs 

assessed, averaging 14 ± 5 CVJs per specimen (range 4 to 22). Ectopic bridges mostly 
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extended from the rib towards the vertebra (70.2% of CVJs with bridges). Complete 

ectopic bridges linking the rib and vertebra (score of 3) were uncommon, likely due to the 

resolution enabled by micro-CT; detected in 1.9% of all CVJs. 

Associations were found between the prevalence of CVJ bridging and disease category as 

well as sex (Figure 5.2A). The occurrence of any phase of CVJ bridging was more 

common in specimens with DISH (p<0.001), slightly more frequent in specimens with 

early-phase DISH (p=.36), and less common in the without group (p<0.001) (Figure 

5.2B). Complete ectopic bridges were most often observed in specimens with DISH 

(76.5%), and almost exclusively among males (92.3%). Over 50% of CVJs from 

specimens in the without group displayed evidence of ectopic bridging. Irrespective of 

disease category, an association was demonstrated between any phase of CVJ bridging 

and male sex (68% of CVJs compared to 61% in females; p=.03). The probability of CVJ 

bridging was 1.2 times greater (95% CI=.92, 1.6) in male compared to female specimens 

(p=.13). 

A logistic regression analysis was performed to ascertain the effects of disease category 

and sex on CVJ bridging. The likelihood of detecting features of ectopic CVJ bridging 

was 3.0 times greater for specimens with DISH (95% CI=2.1, 4.3; p<0.001) and 1.8 times 

greater for specimens with early-phase DISH (95% CI=1.3, 2.5; p<0.001) compared to 

the without group. Overall, there was an increase in CVJ bridging in both sexes with 

increased disease severity (Figure 5.2B). The most notable sex-related difference was an 

increased percentage of complete ectopic bridges in male compared to female individuals 

in specimens with DISH (7.1% compared to 1.8%; p=.05).  
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Figure 5.2. Analysis of CVJ bridging across the continuum of DISH, stratified by 
sex 
 
A, Representative three-dimensional renderings of the continuum of bridge scores. 
Pseudo-coloured in light red is the rib of interest and darker red highlights areas of 
ectopic bridging. B, Graph displays the distribution of bridge scores in each group, 
presented as percent of all costovertebral joints evaluated. C, Graph displays the 
distribution of overt bridging (scores 2 and 3) based on costovertebral joint sidedness. 
Data are presented as the percentage of costovertebral joints displaying the associated 
imaging features. P values indicate comparison between sexes for each disease category 
using Mann-Whitney U test. F, female; M, male; eDISH, early-phase DISH.  
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To focus on bridging features that would be readily detected with clinical imaging 

protocols, we assessed the prevalence of overt CVJ bridging (scores 2 and 3). Overt CVJ 

bridging was more common in specimens with DISH and less common in the without 

group (p<0.001). No association was observed between overt bridging and specimens 

with early-phase DISH (p=.24). Increased overt CVJ bridging was detected in male 

compared to female specimens (p=.01; stratified by bridge score of 2, p=.03; and bridge 

score of 3, p=.05). Logistic regression confirmed greater odds of overt CVJ bridging in 

specimens with DISH (OR=3.0; 95% CI=2.1, 4.3; p<0.001) and in male individuals 

(OR=1.4; 95% CI=1.0, 1.8; p=.04). Conversely, an association between early ectopic 

bridging (score of 1) and early-phase DISH was noted (p=.03).  

Given the right-sided predominance of ectopic spine bridging in DISH (31, 35), we 

investigated the relationship between sidedness and CVJ bridging (Figure 5.2C). 

Overall, paired comparison tests indicated that sidedness within a motion segment did not 

affect the prevalence of CVJ bridging (p=.79), overt bridging (p=.46), or the distribution 

of bridge scores (p=.40). 

We next assessed the anatomical localization of CVJ bridging. Ectopic bridging was 

observed in all regions of the thoracic spine in specimens from all disease categories 

(Figure 5.3). Across both sides of the entire cohort, any phase of CVJ bridging was 

statistically less common in the first two ribs compared to the other regions of the 

thoracic spine. CVJ bridging was associated with rib six (p=.01), seven (p=.01), and eight 

(p=.04); and overt CVJ bridging was also associated with rib seven (p<0.001), eight 

(p<0.001), as well as nine (p=.002).  
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Figure 5.3. Visualization of the prevalence and severity of CVJ bridging stratified 
by disease category and side 
 
Data from ribs one through twelve are displayed for each disease category. Data are 
presented as the percentage of costovertebral joints displaying the associated imaging 
features.  
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To contextualize the heterogeneity in CVJ bridging observed, we investigated the 

relationship with spine bridging as a reflection of DISH disease severity across the 

specimens (Table 5.1). Motion segments without spine bridging comprised the reference 

group for logistic regression. The extent of spine bridging was scored using a 

classification system by Yaniv and colleagues.(34) Complete spine bridges were 

stratified as being localized to regions meeting the diagnostic criteria for DISH (i.e., 

minimum of three consecutive ectopic bridges connecting four vertebral bodies) or other 

involved regions of the thoracic spine. 

5.5.4 Intra-articular CVJ mineralization 

Ectopic mineralization within the joint space was identified in 39.2% of all CVJs 

corresponding to 40 of 41 specimens. Intra-articular mineralization was detected, on 

average, in eight CVJs (range 0 to 22) per individual. Two distinct types of intra-articular 

mineralization were noted: i) diffuse material throughout the CVJ space; and ii) 

radiodense nodules with distinct borders (Figure 5.1B). 

Diffuse intra-articular material was detected in 19.9% of CVJs. Diffuse mineralization 

was significantly more common in female specimens (p<0.001) and those in the without 

group (p<0.001) (Figure 5.4A). Diffuse intra-articular material was slightly more 

common in male specimens with DISH compared to females (p=.07). In contrast, diffuse 

material was strongly associated with female specimens with early-phase DISH 

compared to males (p<0.001). 

Logistic regression analysis was performed to determine the effects of disease category 

and sex on the probability of detecting diffuse intra-articular mineral in the CVJ. Sex was   
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Table 5.1. Logistic regression analysis of extra-articular bridging and disease activity 

 

  Extra-articular bridging of the CVJ 

Vertebral 
disease activity 

 Minor bridging  Overt bridging 

 OR 95% CI p value  OR 95% CI p value 

No bridge  1    1   

Incomplete 
bridge 

 4.2 1.3, 14.1 .020  1.6 .62, 3.9 .343 

Complete 
bridge: outside 
of DISH region 

 
5.5 1.5, 20.3 .011 

 
1.8 .62, 5.1 .282 

Complete 
bridge: within 
DISH region 

 
3.2 .91, 11.0 .071 

 
4.5 1.7, 11.6 .002 

Notes: Vertebral disease activity definitions: No bridge, vertebral bridge score of 0; 
Incomplete bridge, vertebral bridge score of 1-5 using Yaniv scoring system; Complete 
bridging, outside of DISH region, vertebral bridge score of 6 using Yaniv scoring; 
Complete bridging, within of DISH region, vertebral bridge score of 6 using Yaniv 
scoring system that met the diagnostic criteria for DISH (i.e., three contiguous complete 
bridges). OR, odds ratio; CI, confidence interval; DISH, diffuse idiopathic skeletal 
hyperostosis. 
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Figure 5.4. Analysis of intra-articular mineralization of the CVJ 
 
A, Graph displays the prevalence of intra-articular mineralization across the disease 
continuum and stratified by sex. Data are presented as the percentage of costovertebral 
joints displaying the associated imaging features. B, Graph displays the volume of focal 
mineralized material within costovertebral joints identified as distinct nodules. Orange 
dotted line indicates inclusion threshold (50th percentile of data). Data are summarized as 
means with 95% confidence intervals. F, female; M, male; eDISH, early-phase DISH. C, 
Panels showing images of the different sized nodules observed from the 25th percentile to 
greater than the 75th percentile. Two unique presentations of the diffuse presentation are 
shown. Scale bars represent 10 mm. Arrowheads highlight the intra-articular 
mineralization in each image.  
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found to be a significant factor with female specimens 2.1 times more likely (95% 

CI=1.5, 3.0; p<0.001) to show diffuse intra-articular CVJ material compared to male 

specimens. In contrast, CVJ from specimens with DISH and early-phase DISH were 

74% (95% CI=.26, .42; p<0.001) and 52% (95% CI=.32, .72; p<0.001) less likely to 

display diffuse intra-articular material, respectively, compared to specimens in the 

without group. 

Micro-CT enabled quantification of the volume of distinct nodules through segmentation 

and computational thresholding. Distinct mineralized nodules of various sizes were 

observed in the intra-articular space in 19.2% of CVJs (Figure 5.4B and 5.4C). Distinct 

nodules of any size were significantly associated with DISH (p<0.001), slightly more 

common in early-phase DISH (p=0.12), and were less frequent in the without group 

(p<0.001). No sex-related differences were noted (p=.46). When stratified by disease 

category, distinct nodules were more common in CVJs from female specimens with 

DISH (p=.04) and male specimens with early-phase DISH (p=.008). Logistic regression 

analysis predicts that CVJs from specimens with DISH are 3.3 times (95% CI=2.1, 5.2; 

p<0.001) more likely to have distinct nodules compared to the without group. 

Meanwhile, specimens assigned to early-phase DISH were 2.6 times (95% CI=1.6, 4.1; 

p<0.001) more likely to present with CVJ nodules than the without group. Sex was not a 

significant predictor of the involvement of distinct nodule (p=.95). 

The volume of distinct nodules ranged from .007 to 11.1 mm3 and there was no 

statistical difference between sex or sidedness. The average volume was greater in 

specimens with DISH compared to the without group (p=.08) and no differences were 
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detected between DISH and early-phase DISH. After applying the threshold to focus our 

analysis on nodules that could be detected with clinical imaging protocols (>0.430 

mm3), the prevalence of distinct nodules was reduced to 9.7% of CVJs. Larger nodules 

remained strongly associated with DISH (p<0.001) and DISH disease status remained a 

significant predictor compared to the without group based on logistic regression analysis 

(OR=4.1; 95% CI=2.1, 7.8; p<0.001). Large distinct nodules were also 3.0 times more 

likely in specimens with early-phase DISH compared to the without group (95% CI=1.5, 

5.9; p=0.001). Sex was not a significant predictor of large distinct nodules. 

The relationship between intra-articular nodules, anatomical region, and sidedness was 

assessed (Figure 5.2). All rib levels displayed evidence of intra-articular CVJ mineral 

formation, with no statistical differences detected in the overall prevalence of intra-

articular involvement, prevalence of all threshold intra-articular mineral, or the disease 

groups based on sidedness. Diffuse mineralization was observed throughout the thoracic 

spine, except for the twelfth rib that was less involved (p=.03). Distinct nodules of all 

sizes were associated with increased prevalence in the mid-thoracic spine; rib six (p=.13) 

and seven (p=.02). Large distinct nodules were observed slightly less at ribs three 

(p=.08) and five (.07), and slightly more at rib twelve (p=.07). Analogous to ectopic 

bridging of CVJs, we examined the relationship between intra-articular CVJ 

mineralization and ectopic spine bridging as a reflection of DISH disease severity (Table 

5.2). 

Lastly, we assessed the relationship between CVJ bridging and intra-articular 

mineralization (either diffuse or distinct nodules) within the same joint. CVJ bridging   
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Figure 5.5. Visualization of the prevalence and type of intra-articular CVJ 
mineralization stratified by disease category and side 

Data from ribs one through twelve are displayed for each disease category. Data are 
presented as the percentage of costovertebral joints displaying the associated imaging 
features. 
  



118 

 

 

Table 5.2. Logistic regression analysis of intra-articular involvement and disease activity 

 

  Intra-articular mineralization in the CVJ 

Vertebral 
disease 
activity 

 Diffuse mineral  Distinct nodules (all 
sized) 

 Distinct nodules 
(large only) 

 OR 95% 
CI 

p 
value 

 OR 95% 
CI 

p 
value 

 OR 95% 
CI 

p 
value 

No bridge  1    1    1   

Incomplete 
bridge 

 2.8 .85, 
9.6 .090  1.1 .38, 3.3 .830  .97 .22, 4.2 .970 

Complete 
bridge: 
outside of 
DISH 
region 

 

1.1 .27, 
4.8 .854 

 

1.9 .57, 6.5 .298 

 

2.7 .55, 
13.3 .220 

Complete 
bridge: 
within 
DISH 
region 

 

.60 .16, 
2.3 .455 

 

2.6 .84, 7.8 .097 

 

2.7 .60, 
11.9 .197 

Notes: Vertebral disease activity definitions: No bridge, vertebral bridge score of 0; 
Incomplete bridge, vertebral bridge score of 1-5 using Yaniv scoring system; Complete 
bridging, outside of DISH region, vertebral bridge score of 6 using Yaniv scoring; 
Complete bridging, within of DISH region, vertebral bridge score of 6 using Yaniv 
scoring system that met the diagnostic criteria for DISH (i.e., three contiguous complete 
bridges). OR, odds ratio; CI, confidence interval; DISH, diffuse idiopathic skeletal 
hyperostosis. 
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and intra-articular mineralization co-localized in 25.5% of CVJs assessed (Figure 5.6). 

Overall, it was more common to observe only bridging (39.1% of CVJs) than only intra-

articular mineralization (13.7% of CVJs). The most notable sex-related differences were 

the increased co-localization of CVJ bridging and intra-articular mineralization of CVJs 

from female specimens with early-phase DISH (p=.01) and only CVJ bridging in male 

specimens with early-phase DISH (p=.02). Logistic regression predicts that specimens 

with DISH are 74% less likely (95% CI=.15, .45; p<0.001) and 69% more likely (95% 

CI=1.2, 2.5; p=.002) to present with intra-articular only or bridging only, respectively. 

Co-localization of CVJ bridging and intra-articular mineralization is nearly twice more 

common in CVJs from specimens with DISH (OR= 1.9; 95% CI=1.3, 2.8; p<0.001) and 

65% more likely in CVJs from specimens with early-phase DISH (OR= 1.6; 95% CI=1.1, 

2.4; p=.01) compared to the without group. We also explored the relationship between 

ectopic spine bridging and patterns of ectopic mineralization of the CVJ (Table 5.3). 

5.6 Discussion 

In this study, we characterized features of ectopic mineral formation specific to the CVJ 

in 41 human cadaver thoracic spine specimens using micro-CT. Although features of 

CVJ bridging and intra-articular mineralization were detected across the cohort of 

specimens examined, our detailed characterization demonstrated important associations 

with DISH. Specifically, we showed that: i) ectopic CVJ bridging was associated with 

specimens with DISH, particularly males; ii) diffuse intra-articular material in the CVJ 

was more common in female specimens and the without group; and iii) distinct intra-

articular nodules in the CVJ were associated with DISH. Regression analysis predicted 

greater odds of CVJ bridging and concurrent bridging and intra-articular mineralization   
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Figure 5.6. Co-localization of CVJ bridging and intra-articular mineralization 

Data are shown as the percent of costovertebral joints that displayed imaging features of 
only costovertebral joint bridging or intra-articular mineralization, or both within the 
same joint. Data are stratified for analysis by disease categories and sex. 
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Table 5.3. Logistic regression analysis of co-localization and disease activity 

 

  Relationship of CVJ involvement 

Vertebral 
disease 
activity 

 Intra-articular only  Bridge only  Both 

 OR 95% 
CI 

p 
value 

 OR 95% 
CI 

p 
value 

 OR 95% 
CI 

p 
value 

No bridge  1    1    1   

Incomplete 
bridge 

 1.5 .42, 
5.2 .485  2.8 1.0, 7.4 .041  2.1 .70, 6.1 .183 

Complete 
bridge: 
outside of 
DISH 
region 

 

.96 .22, 
4.1 .958 

 

4.0 1.4, 
12.0 .013 

 

2.1 .62, 7.0 .232 

Complete 
bridge: 
within 
DISH 
region 

 

.43 .11, 
1.7 .231 

 

4.7 1.7, 
13.0 .003 

 

2.8 .92, 8.4 .070 

Notes: Vertebral disease activity definitions: No bridge, vertebral bridge score of 0; 
Incomplete bridge, vertebral bridge score of 1-5 using Yaniv scoring system; Complete 
bridging, outside of DISH region, vertebral bridge score of 6 using Yaniv scoring; 
Complete bridging, within of DISH region, vertebral bridge score of 6 using Yaniv 
scoring system that met the diagnostic criteria for DISH (i.e., three contiguous complete 
bridges). OR, odds ratio; CI, confidence interval; DISH, diffuse idiopathic skeletal 
hyperostosis. 
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in regions with ectopic spine bridging meeting the diagnostic criteria for DISH. In 

contrast to the right-sided predominance of ectopic spine bridging in DISH, sidedness 

was not a crucial factor for ectopic mineralization of CVJs. These findings highlight the 

value of examining the CVJs as a key factor contributing to the pathogenesis of DISH. 

Previous studies have reported pathological CVJ changes with DISH. Complete fusion 

and osseous outgrowth of at least one CVJ per individual was reported in 45.7% of those 

with DISH compared to 6.3% of those without DISH using CT (27). In our study, all 

specimens with DISH displayed CVJ bridging affecting on average 16 ± 4 individual 

CVJs. These findings are higher than a previous characterization of a sample of people 

with DISH and cervical spine injuries that reported CVJ bone excrescence in nearly all 

individuals (94%, 47 of 50 patients) and affecting an average of 7.0 ± 5.4 joints per 

individual (37). Previous studies indicate that within the same individual, 26.1% and 

15.4% presented with multiple levels of CVJ involvement (22, 38). Our results showed 

multilevel involvement in 13/14 specimens with DISH (average of 6 levels), 14/16 

specimens with early-phase DISH (average of 5 levels), and 8/11 specimens in the 

without group (average of 4 levels). Of note, in our study complete bridges were 

identified in 1.9% of all CVJs using micro-CT. A previous study using plain-film 

radiographs reported complete bridging in 32 of 909 articulations (3.5%) (38). Given the 

extreme differences in resolution based on imaging modality, we speculate that the 

prevalence of overt bridges (scores of 2 and 3: 47.9% of CVJs, on average 10 ± 5 per 

individual) may best reflect what can be observed using clinical imaging. 
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In terms of anatomical localization, our results align with previous studies that described 

more ectopic mineralization in the ribs from the mid-thoracic spine and less involvement 

of the upper ribs (22, 28, 37, 38). We speculate that this pattern may be linked to 

differences in joint biomechanics across the thoracic spine given that the prevalence of 

ectopic bridging of the vertebral bodies displays a similar pattern (31). Previous studies 

suggested greater prevalence of CVJ involvement in DISH on the right compared to the 

left side (22, 28, 37, 39). In contrast, we did not observe a statistical difference based on 

sidedness, findings which do align with another previous study (38). While it is theorized 

that the presence and pulsation of the aorta may drive the predominant right anterolateral 

involvement of vertebral body bridging in DISH, our findings suggest that this factor may 

not affect CVJ mineral formation. 

DISH as a clinical entity is regularly underreported (Chapter 3) and there is a poor 

understanding of its clinical implications. Our findings of CVJ bridging suggest that the 

stiffness resulting from bridging of the spine in DISH may likewise occur at the CVJ, 

leading to hypomobility in these regions. A clinical study showed that individuals with 

DISH have lower CT-measured lung volumes and reduced functional respiratory 

measures compared to individuals without DISH (29, 30). Notably, individuals with 

DISH had a reduction in the 6-minute walk test without differences in SGRQ scores 

(measure of impact on daily function), from which the authors concluded that respiratory 

changes may only be noticed during exercise activities (30). Based on the prevalence of 

CVJ changes observed in the current study, it reasons that spirometry could be a valuable 

non-invasive clinical tool used to screen for CVJ impairments related to DISH and/or 

monitor disease progression. The impact of respiratory dysfunction in DISH also 
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contributes to prognosis for surgical intervention (37). Pre-operative respiratory 

complications were reported in 40% of people with cervical spine injuries and DISH, and 

extensive CVJ mineralization was noted in individuals that did not survive five years 

post-surgery (37). Decreased thoracic mobility increases the risk for complications 

associated with pneumonia and other respiratory illnesses. It is possible that breathing 

exercise programs, which have been effective in studies in populations with ankylosing 

spondylitis, could improve functions of daily life for people with DISH (40-42). 

Our results support that clinical features of DISH expand beyond the diagnostic criteria 

focused on bridging of the vertebral bodies. One value of exploring other joints affected 

by DISH is the potential influence on its clinical management and better definition of its 

clinical presentation. For example, inclusion of respiratory symptoms associated with 

CVJ bridging in the clinical description of DISH may enable clinicians to avoid 

extraneous testing for symptoms that may seem unrelated to spine mineralization. 

Additional structures that undergo pathological mineralization may also contribute to 

respiratory dysfunction or symptoms of pain, including the sternocostal, clavicular, and 

costotransverse joints, in which ectopic mineralization has been described in previous 

studies (43-45). Our study provides a novel scoring system to evaluate CVJ 

mineralization that likely can be adapted to evaluate the involvement of these structures 

in relation to DISH. The prevalence of CVJ mineralization and the association of specific 

imaging features with DISH disease stage warrants further study of the clinical relevance 

of these tissues and their potential inclusion in a modified diagnostic criteria for DISH 

when using CT. 
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This study is the first to characterize intra-articular CVJ mineralization in DISH using 

micro-CT. The nodules detected bear remarkable resemblance to localized nodules we 

previously described in spinal ligaments and the intervertebral disc with DISH (46). It is 

unclear whether the intra-articular nodules are a unique feature of DISH or also occur in 

other pathologies. Within the CVJ, we speculate that diffuse intra-articular mineralization 

may be a precursor to bridging of the joint given their increased prevalence in tissues 

from specimens assigned to the without group. The resolution of micro-CT enabled us to 

detect small, mineralized nodules that cannot be regularly detected using clinical 

imaging. We attempted to address this limitation and the clinical relevance of these 

findings by setting a threshold to report on nodules of sufficient size that likely can be 

detected using current imaging protocols. Future studies are needed to apply this scoring 

system to clinical CT scans to explore the connection between intra-articular involvement 

and CVJ bridging and the relationship to the continuum of DISH pathogenesis. 

The advantage of micro-CT is the ability to explore novel aspects of disease features. We 

acknowledge that our investigation focused on the relationship between CVJ 

mineralization and DISH, and that CVJ changes may also be associated with other 

musculoskeletal conditions. Moreover, the proposed scoring system for CVJ 

mineralization has yet to be validated using clinical images and may need to be refined to 

facilitate clinical use. The generalizability of our findings is limited by the lack of 

diversity in the specimens investigated in terms of race and advanced age, as well as the 

lack of medical information on potential clinically relevant co-morbidities. Our random 

sampling from the total cohort of 59 specimens improved representativeness of the 

sample by considering sex and the continuum of DISH. Translation to a diverse clinical 
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sample would power further statistical analysis, improve external validity, and may 

provide the opportunity to ask questions about the direct implication of CVJ involvement 

on clinical outcomes. 

In conclusion, our detailed investigation of cadaveric specimens using micro-CT 

demonstrates an association between CVJ mineralization and DISH. CVJ bridging was 

associated with DISH while intra-articular mineralization was associated throughout the 

continuum of the disease. Distinct mineralized nodules were detected within the CVJ 

space in regions with ectopic spine bridging that established the diagnosis of DISH. 

These findings raise intriguing questions regarding the temporal relationship between 

CVJ mineralization/bridging and ectopic spine bridging along the continuum of DISH, 

and their potential interdependence. Importantly, we suggest that CVJ mineralization may 

be a key feature in the pathogenesis of DISH and should be considered to support 

diagnosis of DISH using CT scans. 
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Chapter 6 

Discussion of Dissertation 

6  

6.1 Overview 

This work presented in this dissertation leveraged two important resources.  First, we 

established an international partnership that enabled access to electronic medical records 

and clinical images from a large population in Minnesota, United States (amidst the 

COVID-19 pandemic restrictions) through the Rochester Epidemiology Project (1, 2). 

The resultant studies explored a rich dataset and characterized imaging features of ectopic 

mineralization in the thoracic spine from female and male individuals across the lifespan. 

Second, we leveraged invaluable resources at the University of Western Ontario, 

including cadaveric specimens and access to microcomputed tomography imaging 

infrastructure to characterize novel imaging features of the CVJs along the continuum of 

DISH. 

The primary purpose of this work was to better understand the continuum of DISH and 

its unique imaging features throughout the lifespan. We accomplished this through four 

major aims: i) examination of the prevalence of DISH and early-phase DISH in female 

and male individuals across the lifespan; ii) investigation of the current usage of 

terminology related to DISH by radiologists in their clinical reports; iii) exploration of 

the progression of imaging features related to ectopic mineralization over time and across 

the continuum of DISH; and iv) characterization of the relationship between pathological 
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mineralization of the CVJs and the continuum of DISH in a sample of cadaveric 

specimens using microcomputed tomography. 

Chapter 2 presents a retrospective study of a cross-sectional sample of computed 

tomography scans of the thoracic spine to evaluate the prevalence of DISH and early-

phase DISH across the adult lifespan of both female and male individuals. We 

hypothesized that DISH would be more common than previously reported and that early-

phase DISH would be prominent. Individuals over the age of 19 years who received 

thoracic computed tomography scans were identified and random stratified sampling by 

sex and age (per decade) was used. Scans from these individuals were evaluated based on 

established imaging criterion for both DISH and early-phase DISH and every level of the 

thoracic vertebral column was scored to assess the severity of ectopic bridging. We found 

that DISH was present in 14.2% of individuals, within a greater proportion of male 

(60.4%) compared to females (39.6%). Early-phase DISH was observed in 13.2% of 

individuals and there was no observed difference between sexes. The observed 

prevalence of DISH was comparable with previous reports. Our results indicated for the 

first time that early-phase DISH showed a prevalence similar to that of DISH. Taken 

together, we found that more than one in three adults over 40 years-of-age displayed 

imaging features of either DISH or early-phase DISH; reinforcing that this 

musculoskeletal condition (and its continuum) are a relevant clinical problem. 

The evaluation of a large cohort of 1,600 computed tomography scans of the thoracic 

spine enabled us to assess the reporting of DISH by radiologists. Since the diagnosis of 

DISH is based on radiographic features without consideration of other features of clinical 
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examination (e.g., physical function, subjective symptoms), we decided to explore the 

radiology reports associated with the images evaluated in Chapter 3. After image 

evaluation, we screened each radiology report for an a priori list of terms that described 

the phenomenon of DISH as well as imaging features of pathological mineralization. We 

found that radiology reports directly referenced DISH in only 24% of individuals that met 

the diagnostic criteria for the condition. These findings suggest an important gap in the 

clinical management of individuals with DISH. For example, although clinical 

interventions for DISH are limited, increased reporting of DISH may improve clinical 

outcomes by enabling clinicians to appropriately adapt their services or procedures to 

maximize clinical outcomes and reduce adverse events.   

To understand changes in imaging features associated with DISH along its continuum, 

the purpose of Chapter 4 was to identify and characterize the patterns and change in 

thoracic spine bridging over time. The study leveraged the results from Chapter 2 to 

populate three study groups with individuals that had two thoracic computed tomography 

scans (at least two months apart; on average, 2.7 years). Ectopic bridge scores throughout 

the thoracic vertebral column were compared between the first and last images in 48 

individuals with DISH, 30 individuals with early-phase DISH, and 79 individuals without 

any phase of DISH (disease category applied based on the last scan). In individuals with 

new early-phase DISH (early-phase DISH only on last scan), we found that previously 

unaffected motion segments displayed evidence of new ectopic bridging over time. In 

contrast, the progression towards new DISH (DISH only on last scan) or severe DISH 

were characterized by increased severity of bridge scores at previous affected motion 

segments. Our results raise the possibility that clinical prevention or management may be 
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critical at specific points along the continuum of DISH, and that there is likely a need for 

targeted interventions. 

Lastly, we leveraged the invaluable resource of cadaveric specimens and access to 

microcomputed tomography imaging at the University of Western Ontario. Since ectopic 

mineralization associated with DISH is not limited to the vertebral column, a detailed 

characterization of the CVJs was conducted in Chapter 5. To do so, we developed a 

novel scoring system to assess the extent of ectopic bridging between the head of the rib 

and vertebrae and assess intra-articular mineralization. Microcomputed tomography scans 

of a total of 41 specimens were studied, revealing that features of CVJ bridging was 2.7 

times more likely in specimens with DISH than those without a diagnosis of DISH. 

Interestingly, unlike vertebral bridging the side of articulation did not influence the 

prevalence of CVJ bridging. A novel aspect of the study was the characterization of two 

types of intra-articular mineralized material. First, we reported diffuse mineralized 

material within the CVJ that was more common in female specimens assigned to the pre-

DISH group. Second, we reported distinct localized nodules that were 3.1 times more 

likely in CVJs from specimens with DISH than those without a diagnosis of DISH. This 

work suggests that the involvement of the CVJs may serve as a valuable addition to the 

diagnostic criteria for DISH when evaluating with computed tomography. Further, intra-

articular mineralization of the CVJ may also have a role in the pathogenesis of DISH. 

6.2 Significance of findings and directions for future research 

Based on our findings of the prevalence of DISH and its continuum in a population in 

America, we can predict that 7.3 million Canadians (2.3 million female, 5.0 million 
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males) over 40 years of age may be living with DISH or early-phase DISH. While the 

medical resources used by individuals with DISH are unknown, it is clear that risk factors 

associated with DISH continue to be more prevalent in society (e.g., increased life 

expectancy, prevalence of diabetes and obesity, sedentary lifestyles).  Our findings from 

Chapters 2 and 3 suggest that DISH may be underreported. We are confident that a better 

understanding of the continuum of DISH will facilitate future research and clinical 

observation that will improve outcomes for people living with this common yet poorly 

understood musculoskeletal condition. 

6.2.1 Implications for clinical practice 

The clinical implications of DISH remain an area of insufficient investigation and 

knowledge (3). Despite the notable prevalence of this musculoskeletal condition reported 

in Chapter 2, clinicians are often under-reporting it (Chapter 3). This may be attributed to 

the current lack of disease modifying treatments to alter clinical prognosis following a 

clinical diagnosis (3). This cycle needs to be disrupted by well-designed controlled 

clinical research that examines the connection between objective imaging features and 

the clinical experience of DISH. This can be achieved by improving the generalizability 

of both the criteria for DISH and early-phase DISH to enhance routine clinical detection, 

observation of clinical features, and the ability to recruit for future studies through 

electronic medical records/coding systems (e.g., International Statistical Classification of 

Diseases and Related Health Problems, electronic medical records). For example, our 

findings of 13.2% prevalence of early-phase DISH (202 individuals) inspire an exciting 

opportunity to design longitudinal, prospective studies that monitor symptoms and 
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change over time. In turn, this would enable—for the first time—valuable prognostic 

information for both people living with DISH and clinicians providing care. 

Currently, the description of general spine stiffness with or without back pain are 

insufficient to establish a clinical profile to diagnose DISH based on symptoms. To date, 

DISH has only been associated to general features of poor health (e.g., diabetes mellitus, 

dyslipidemia, and hypertension) (3). Identifying clinical features unique to DISH may 

result from enhancing the characterization of imaging features beyond the current criteria 

of three contiguous completed bridges across the vertebral column. Given the 

heterogenous pathological changes associated with DISH, as demonstrated in this 

dissertation and previous studies, we propose that our clinical understanding of DISH 

would be improved by reliable subgrouping. Similar to the clinical classification system 

used with ossification of the posterior longitudinal ligament (4), we postulate that groups 

such as extensive bridging in only one region of the vertebral column, multiple sites of 

segmental bridging, or multiple sites of independent bridging could be clinically relevant 

in the clinical characterization of DISH. In turn, further understanding of the continuum 

of imaging features will likely highlight the need for targeted interventions at different 

stages, as our results in Chapter 4 suggest. Based on the current unmet clinical need, it is 

logical that interventions focused on preventing the formation of ectopic bridges are most 

useful early in the continuum of early-phase DISH and DISH. Whereas, interventions that 

delay or halt the progression of ectopic bridging are valuable for individuals already 

diagnosed with DISH, which may be achieved through exercise programs that promote 

spinal mobility (5). Interestingly, the association of the CVJ mineralization with DISH 
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indicates a novel and extremely valuable opportunity to screen, evaluate, monitor, and/or 

improve respiratory function for people living with DISH. 

Lastly, we speculate that a shift away from reliance on computed tomography findings 

may benefit the characterization of unique clinical features associated with DISH. One 

study by Dr. Reuven Mader in 2010 applied the 18 specific tender points (typically used 

to assess people with fibromyalgia) with a cohort of individuals with DISH and revealed 

a lower pain threshold compared to individuals without DISH, which indicates potential 

changes in nervous system sensitization (6). Subsequent clinical studies implementing 

other physical clinical measures have not been published. Recently, components of 

physical function (e.g., grip strength, one-leg standing time, sit-and-reach, functional 

reach) are being explored in clinical investigations focused on DISH which facilitates 

further research by transdisciplinary research teams (7, 8). The development of readily 

accessible tools that facilitate evaluation of the whole person during clinical examination 

may include the use of ultrasound to view multiple peripheral entheseal sites (9, 10). 

Also, the symptoms likely associated with DISH (physical disability and back pain) align 

with referral for magnetic resonance imaging compared to computed tomography. 

Previously studies have implemented magnetic resonance imaging to assess imaging 

features of DISH and may enable investigation of additional clinical features like 

inflammation at the base of an osteophyte or in its soft tissue surrounding (11). Imaging 

protocols commonly used for indications of low back pain general capture lower thoracic 

motions segments in addition to the lumbar vertebral column and could be a rich dataset 

to explore in the future. For example, it may be useful to leverage previous scans 

involving the lower thoracic regions of T9-12 to: i) conduct additional research focused 
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on associating clinical symptoms with features of ectopic spine mineralization, and ii) 

determine at the individual if DISH contributes to symptoms that would guide a 

particular clinical pathway. A portable modality such as digital radiography may also 

prove useful to implement screening programs. 

6.2.2 Need for an improved clinical imaging criteria 

The current gold-standard for the diagnosis of DISH remains the radiographic imaging 

features described by Resnick and Niwayama in 1976 (12). In this criteria, the lack of 

degenerative or structural changes within the sacro-iliac and zygapophyseal joints are 

highlighted as key features to differentiate from other pathologies of the vertebral 

column; most notably, ankylosing spondylitis. Given the accessibility and advancement 

in the application of computed tomography, it is regularly used in current studies to 

investigate the prevalence and pathogenesis of DISH; however, a focus on early detection 

and extraspinal involvement remains rare. Based on the work in the present dissertation 

and studies that used computed tomography, it is clear that degenerative changes 

throughout the vertebral column are common in people with DISH (13). 

Since the establishment of these diagnostic criteria nearly 50 years ago, various 

modifications have been proposed that reduce the emphasis on the number of contiguous 

vertebral bridges and include detection of extraspinal features (14). Despite its name (i.e., 

“diffuse” idiopathic skeletal hyperostosis), the primary diagnostic feature of DISH 

continues to be changes in the vertebral column. Mineralization at the calcaneus, pelvis, 

tarsals, metacarpals, olecranon, patella, and glenohumeral, shoulder, knees, and elbows 

have been described as regularly involved in DISH (15, 16). Our investigation of the CVJ 
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exemplifies that ectopic mineralization can simultaneously occur in other joints in 

specimens with DISH, supporting the idea that evaluation of peripheral joints has value to 

understand the entire experience of living with DISH. In fact, we believe that the CVJs 

should be evaluated in the assessment of DISH when using computed tomography. This 

idea is largely supported by our findings in Chapter 5 that reported a strong association 

between the prevalence and severity of CVJ bridging and DISH, as well as within motion 

segments with active DISH. Ultimately, the clinical features of DISH as a distinct entity 

need to be reconsidered given the historical predilection that it is a systemic condition, 

although it is not currently evaluated as such.  

We believe that the results from our studies of the continuum of DISH advocate for a 

modified approach that looks beyond contiguous bridging as the primary diagnostic 

feature and instead evaluates the pattern of ectopic mineralization within an individual. 

While it is generally accepted that the presentation of three contiguous complete bridges 

of the anterolateral aspect of the vertebral bodies represents a definitive phenotype of 

DISH, the heterogeneity in imaging features observed throughout the continuum of DISH 

suggests the opportunity for disease subgrouping. Fortunately, recent early-phase 

criterion based on ectopic bridge scores at each independent motion segment has 

advanced the field to appreciate the continuum of DISH (17). One concern is the 

continued focus on the relationship between contiguous motion segments. Once three 

contiguous bridges are established to fulfill the diagnostic criteria for DISH, there is little 

characterization of the progressive nature of the disease. For example, it is unknown 

whether clinical symptoms differ between individuals that present with the minimal 

threshold of three contiguous bridges compared to another with significantly greater 
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involvement of the vertebral column. The immediate clinical value of scoring each 

motion segment is unclear and it is likely unreasonable to expect radiologists to 

implement into routine practice. At this time, scoring is most important to researchers and 

those with a specific interest in DISH. Perhaps modification of the diagnostic criteria for 

DISH based on computed tomography scans that highlights both early phases of the 

condition and progressive change over time is needed to inspire greater reporting in the 

clinic. We are in favor of a strategy that evaluates all phases of bridging throughout the 

thoracic vertebral column to best categorize phenotypes of DISH and enable important 

monitoring of progression.  

6.2.3 Sex-related difference in DISH 

In the present dissertation, sex-related differences were specifically investigated for the 

overall prevalence of DISH as well as in our study of the CVJs. Our findings align with 

the previously reported male predominance of DISH (ratio of ~2:1 compared to females). 

The historical reporting of DISH as a disease of male individuals has created a bias in 

some research that disregards the experiences of female individuals. Our studies 

contribute three overarching findings specific to the role of sex in DISH. First, the 

prevalence of DISH is less among female individuals compared to males. Second, among 

both sexes the prevalence of DISH increases with advanced age. Third, male individuals 

displayed more complete bridging of the vertebral column compared to females; 

however, female individuals regularly display more features of early-phase bridging. It is 

possible that the differences in pathological mineralization between sexes could be 

related to natural hormones and their fluctuation over time. A study of 1,545 

postmenopausal women indicated that DISH was associated with increased events of 
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vertebral fracture, greater lumbar bone density, and significantly degraded trabecular 

bone scores compared to without DISH (18). Interestingly, there is mixed data on the 

relationship between bone mineral density and DISH in the published literature (19-24). 

Although, it is well established that both sexes with DISH are at increased risk for 

vertebral fracture (19, 25-27). 

Our characterization of the severity of ectopic bridge scores did not display a significant 

difference based on sex; implying that the objective scoring of DISH is consistent 

between sexes despite the difference in disease prevalence. It seems that male individuals 

are affected more with DISH and not that the severity of the condition is greater among 

males. Therefore, it is feasible that different environmental exposures, societal roles, or 

occupations linked to sex may explain the observed sex difference. For example, previous 

research has shown that occupations with manual labor and heavy lifting were associated 

with pathological involvement of ectopic mineralization in joints (28, 29). It is possible 

that male-dominated professions may result in greater exposure to either traumatic or 

repetitive spine trauma that contributes to the pathogenesis of DISH. Our findings 

ultimately underscore that pathological mineralization associated with DISH is not 

exclusive to male individuals but does occurs more often (ratio of ~2:1 compared to 

females). As such, we argue that inclusion of sex is a requirement for studies focused on 

the pathogenesis of DISH to better understand the differences in etiology and potential 

pathogenesis.  
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6.2.4 Disease pathogenesis 

Our data adds new insight to the mystery of the pathogenesis of this idiopathic 

musculoskeletal condition. The observation of localized nodules of mineralized material 

detected on computed tomography within the intervertebral disc (Chapter 4) and the CVJ 

(Chapter 5) in DISH inspires a theory that localized nodules could be a possible precursor 

to the formation of complete bridges between vertebral bodies as well as the across the 

CVJ. These findings resemble the pathological changes of dystrophic calcification 

described in human intervertebral discs with DISH (30). Given the prevalence of these 

localized nodules across the continuum of DISH, especially in individuals meeting the 

early-phase criteria, specimens assigned to pre-DISH, and localization to regions with 

DISH disease activity, it reasons that these localized nodules contribute to the 

pathogenesis of disease onset. Future studies that document the prevalence and monitor 

the progress of these localized nodules with repeated imaging would further support this 

hypothesis. 

6.3 Limitations of the described research 

Imaging features are the primary clinical feature associated with DISH, which is typically 

limited to advanced stages of the condition (i.e., three contiguous complete bridges in the 

spine) (12). Our work addressed this limitation in the field by exploring the continuum of 

DISH through an objective evaluation using a validated scoring system of ectopic 

vertebral bridging (17). It is important to acknowledge however that the four-point 

scoring system used to assess ectopic bridging is effective to evaluate the dichotomous 

extremes (i.e., no bridging and complete bridging). There is however tremendous 

heterogeneity in the appearance of complete bridging that is not effectively captured with 
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this scoring system. The first computed tomography-based scoring system proposed to 

assess vertebral bridging was based on seven distinct levels and better characterized 

features of early or intermediate phases of ectopic bridging (31). We also acknowledge 

that our development and use of a novel scoring system for CVJ bridging requires 

subsequent validation for application in other research, particularly studies using clinical 

imaging protocols. Future work may consider defining more levels of ectopic bridging to 

precisely score the extent of pathological involvement, as well as other characteristics 

such as the angle, volume, density, or direction of bridging. 

We acknowledge that DISH has been reported all regions of the vertebral column and 

decided to focus on thoracic computed tomography given the established predominance 

of involvement in this region. As a result, the sacro-iliac joints were not available for 

evaluation. This limitation is important to acknowledge since lack of involvement of the 

sacro-iliac joints is one component of Resnick and Niwayama’s diagnosis criteria for 

DISH that differentiates from ankylosing spondylitis. To address this limitation, we 

carefully examined the zygapophyseal joints for evidence of structural changes including 

erosion, sclerosis, or bony fusion. It is also worth noting that our focus on computed 

tomography scans enabled detailed investigation of the imaging features of pathological 

mineralization, yet also biased our selection to individuals that received imaging over the 

past decade (since computed tomography has become more accessible and used routinely 

in standard practice). There would be tremendous benefit to examining changes in other 

spinal and extraspinal structures in future work using various imaging modalities and 

imaging protocols that may capture the vertebral column (e.g., whole body or chest 

imaging). 
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Our work was limited to retrospective study designs and sampling from specific 

populations. With the Rochester Epidemiology Project, the population was 

predominantly white, from the geographic area of Olmsted County, and individuals most 

often received imaging of the thoracic vertebral column for reason related to trauma. Our 

stratified random sampling aimed to enhance the representativeness of our results by 

exploring imaging features across the lifespan and sex. We acknowledge that further 

studies are desperately needed to better understand the impact of geography, race, and 

ethnicity on the prevalence and clinical features of DISH. Further, our study of cadaveric 

specimens posed a similar limitation since donors were also white, from the geographic 

area of Southwestern Ontario, and of advanced age with unknown co-morbidities (since 

medical history was not available). Despite these limitations, our work was critical to 

generate new questions and hypotheses for future studies that will advance the field of 

DISH research. 

6.4 Conclusions 

This dissertation employed an established population-based dataset to explore timely 

questions related to DISH prevalence and progression of imaging features, reporting by 

radiologists, and relationship with CVJ mineralization using microcomputed tomography 

imaging. New information was gained regarding the prevalence and changes in imaging 

features along the continuum of DISH in female and male individuals across the lifespan. 

While there is a greater prevalence of DISH among male individuals, our results indicate 

that the imaging features and progression over time are not different between sexes. 

Importantly, this underscores the need to include all sexes in studies of DISH 

pathogenesis. Our examination of the CVJ inspires evaluation of the clinical implication 
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of the mineralization of these joints (among other extraspinal changes) in individuals with 

DISH. Ultimately, we highlight that DISH is a significant clinical problem and that the 

current clinical awareness can be improved. The most valuable future work will aim to 

link the observed imaging features with the lived experience of DISH and its continuum. 
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