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Sammendrag / Summary in Norwegian

Bildediagnostikk av kjeveleddet hos barn med barneleddgikt; referansemateriale
og skaringssystemer for & vurdere aktiv sykdom og permanent skade

Barneleddgikt (juvenil idiopatisk artritt, JIA) er den vanligste, kroniske revmatiske
sykdommen hos barn og rammer arlig ca. 15 barn per 100 000 i Norge. Sykdommen er
en betydelig belastning for barnet i form av smerte og stivhet i ledd, langvarig
behandling og hyppige kontroller i helsevesenet. Kjeveleddet er involvert hos en stor
andel av pasientene, med smerter og ubehag, og mulig darligere munnhelse.
Bildediagnostikk er et viktig hjelpemiddel for & vurdere om kjeveleddene er affiserte,

om der er pagéende inflammasjon og om det er tilkommet permanent skade.

Moderne bildediagnostikk som magnetkamera (MR) og cone-beam datortomografi
(CBCT) er utfordrende & tolke. Det finnes ogsa lite kunnskap om kjeveleddenes

utseende hos friske barn. Derfor er det vanskelig & skille friske kjeveledd fra syke.

For & leere mer om friske barns kjeveledd fikk vi lov & se pa allerede utfgrte MR-
undersgkelser av 101 barn som ikke har JIA for & finne palitelige bildefunn og malinger.
Vi fikk ogsa lov & gjennomfgre MR og CBCT pé barn med JIA. P& 86 av barna med

JIA testet vi et stort antall malinger og bildefunn for & se hvilke som var pélitelige.

Vi fant ut at mange bildefunn og malinger av kjeveledd hos barn bade med og uten JIA
er upalitelige. Hos barn uten JIA er det vanlig & se kontrastveaske i kjeveleddet. Det er
noe som man tidligere trodde bare forekom hos syke barn. P4 MR er syv bildefunn
palitelige nok til & brukes for & beskrive permanent skade og fire bildefunn kan brukes
til & beskrive aktiv sykdom. Hos barn med JIA er ni bildefunn pa CBCT palitelige nok
til & brukes for & beskrive permanent skade. Vi har sett at mange typer malinger av

anatomiske strukturer i kjeveleddet er forbundne med stor usikkerhet.

Basert pa erfaringene fra pélitelighetstestene, anbefaler vi et eget skaringssystem for
MR og et for CBCT. Systemene kan brukes til & vurdere kjeveleddet hos barn med JIA.
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Summary in English

Imaging of the temporomandibular joint in children with juvenile idiopathic
arthritis; references and novel scoring systems for active and permanent disease

Juvenile idiopathic arthritis (JIA) is the most common, chronic rheumatic disease in
children. Globally, there are large variations in incidence, ranging from 1.6-23 per
100 000 children/year and prevalence from 3.8-400 per 100 000 children. The annual
incidence in Norway is estimated at 15 per 100 000 children. Disease course and
prognosis varies between different categories of JIA, and recent publications indicate
that the temporomandibular joint (TMJ) is affected in a large proportion of children
with JIA. Children diagnosed with JIA are more prone than their peers to develop

orofacial pain, growth disturbances of the TMJ, and reduced quality of life.

A large multicenter, prospective, observational, case-control study on JIA (The
Norwegian JIA Study — Imaging, oral health, and quality of life in children with
juvenile idiopathic arthritis, NorJIA) www.norjia.com was conducted from 2015 to
2020, including a large cohort of children with JIA in three regions of Norway. One of
the focus areas for the NorJIA study is the evaluation of medical imaging of the
temporomandibular joint (TMJ). Herein lies the aim to document normal variation of
imaging findings and to develop robust image-based classification systems. Moreover,
these aims are in line with the research strategy of the European Society of Paediatric
Radiology (ESPR).

Several publications during the last 10-15 years have shed light on the normal and
pathological image features of the paediatric TMJ. The publications address findings
using radiographic techniques, cone-beam computed tomography (CBCT), and
magnetic resonance imaging (MRI), but thorough testing of the precision of these image
features is lacking. Without proof of acceptable precision, the results from imaging

studies will be associated with uncertainty.

In this thesis we first aimed to establish normal standards for the development of the
TMJ, based on the most robust MRI-based image features and continuous

measurements. We then aimed to identify and test the precision of a wide set of MRI-


http://www.norjia.com/

based and CBCT-based image features of the TMJ in children with JIA. Subsequently,
the aim was to propose a CBCT-based and MRI-based scoring system, based on the

most precise imaging findings.

In the first paper we used a retrospectively collected dataset including 101 head MRI
examinations, of which 36 included images before and after intravenous contrast,
performed for other reasons than JIA. Following thorough calibration three experienced
radiologists performed consensus reading twice to determine agreement between each
reading. In this cohort of children without JIA we found that continuous measurements
showed wide limits of agreement, which is a statistical indication of low agreement
between readers. Several of the categorical image features were also hampered with
inaccuracy. We found that the anterior inclination increases by age, that condylar
flattening in the coronal plane is a common finding, and that mild contrast enhancement

of the joint tissue is very common in children without JIA.

In paper two, we used a balanced dataset consisting of the MRI examinations of 86 of
the participants in the NorJIA study. Two consultant radiologists scored the MRI
dataset according to 25 different image features (twice by one of the radiologists). We
found seven image features in the osteochondral domain and four in the inflammatory
domain to be of acceptable precision. Several image features previously used to

characterize disease of the TMJ in JIA turned out to be imprecise.

In paper three, we used a balanced dataset consisting of 84 CBCT examinations, also
drawn from the NorJIA study. Three consultant radiologists scored the dataset after
thorough discussion, calibration and testing. One of the radiologists scored the dataset
twice. As in paper one and two, essentially all continuous measurements of the TMJ
turned out to be imprecise. From the categorical image features nine were deemed

precise enough to be used further.

Conclusion: For an MRI-based scoring system of the TMJ in JIA, we propose seven
image features of the osteochondral domain and four in the inflammatory domain. For a
CBCT-based scoring system in JIA, we propose a scoring system consisting of nine
image features suitable for evaluation of TMJ deformity.
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1. General introduction

Temporomandibular joint (TMJ) disorders in children include congenital deformities
and acquired diseases such as inflammatory juvenile idiopathic arthritis (JIA),
neoplasms and growth disturbances following trauma, infection, and the rare condition

idiopathic condylar resorption.

Recent technical advances have made it possible to visualize the TMJ in detail, both the
bony parts, the cartilage, and the soft tissues, using different imaging modalities and
techniques. However, to recognize pathology, knowledge of the normal appearances is
crucial, particularly in children where the imaging appearances change significantly
during maturation and growth. Documenting normal variation in imaging findings to be
able to confidently differentiate disease from normal, constitutes one of four key aims
of the European Society of Paediatric Radiology (ESPR) research strategy, the others
being facilitation of multicentre studies and data sharing, development of robust, image-
based classification systems and last, but not least, the development of evidence-based

clinical guidelines (1).

The work in this thesis addresses two of the issues above, namely reference standards
and development of robust classification systems for TMJ imaging in children with JIA,
based on two different data sets. First, retrospectively collected MRIs of the TMJs in
children and adolescents without TMJ disease, upon which reference values for MRI are
based. Next, a cohort of children with JIA for the establishment and testing of novel

MRI and CBCT scoring systems for TMJ disease in this condition.

1.1 Normal references in paediatric radiology

References are essential to the pursuit of high academic standards in radiology. Atlases
demonstrating the normal skeletal maturation process have been published (2),
however, references from population-based studies are sparse. This may lead to both

over- and underdiagnosis for a variety of diseases, such as growth abnormalities,
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fractures and arthritic sequelae, as normal variations may mimic disease (3). The almost
constantly changing size and form of the paediatric skeleton, the evolution of the joint
surfaces, and, especially on MR, the varying appearance of the bone marrow makes
imaging interpretation prone to misdiagnosis. Further, altering growth rates and imaging
appearance of the physis before and after puberty has been subject for debate in the
radiologic community for years. In sum, there is a need for age-related normal imaging

standards of the paediatric skeleton and joints for all imaging modalities.

1.2 Juvenile idiopathic arthritis

Juvenile idiopathic arthritis is a condition affecting a wide range of joints, but also
extraarticular manifestations like soft tissue around the joints, bone marrow, eyes, and,
in rare occasions, also the liver and spleen. Medical imaging, such as radiography,
computed tomography, ultrasound, and magnetic resonance imaging (MRI) play a
significant, and increasing, role in the diagnostic process and in follow-up of the

patients.

1.2.1 Historical overview

In 1897 the British paediatrician George Frederick Still (1868-1941) described what he
called “a form of chronic joint disease in children”. Despite dr. Stills accomplishments
on several other fields of paediatric medicine, the eponym is still regarded as the
beginning of the exploration of juvenile idiopathic arthritis. In 1946 the Canadian Red
Cross Memorial Hospital in Taplow, Berkshire was created as the first hospital
dedicated to diagnosis and treatment of paediatric rheumatic disease. Five years later dr.
Barbara Ansell (1923-2001) started working at the hospital where she began not only a
research career that would last for more than 50 years, but also defined a new, holistic
approach to treatment of children with rheumatic disease. She and her colleagues
discovered that treating chronic disease in children not only is a matter of using the right
medicine, but success also is dependent on co-working with other experts such as

orthopaedic surgeons, radiologists, ophthalmologists, physiotherapist, podiatrists,
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dentists, and social workers. The recognition of the importance of interdisciplinary work
has since then inspired treatment of rheumatic disease all over the world and has, in a

way, also been the inspiration to the backbone of this thesis, the NorJIA study.

The nomenclature defining JIA has evolved since dr. Stills first attempt to define the
disease. In the United States, the term juvenile rheumatoid arthritis (JRA) was
commonly used. In Europe, the medical community over many years preferred the term
juvenile chronic arthritis (JCA). Today however, paediatric rheumatologist all over the
world have agreed on replacing these terms with the term juvenile idiopathic arthritis
(JIA). As there is rapidly expanding knowledge on genetic predispositions, further
understanding of cellular and molecular pathogenesis and greater appreciation of

epidemiology, the nomenclature will probably continue to evolve.

1.2.2 Pathology and diagnosis
Although the aetiology of JIA is still not understood, genetic predisposition,
environmental factors, and processes in the immune system seem to be important

contributors to the disease.

1.2.2.1 Genetics

There are assumed to be genetic factors associated with increased risk for development
of JIA, and the risk for family members to a patient with JIA to develop the disease is
increased (4). The major histocompatibility complex (MHC) contains several loci that
increase the risk for developing JIA, many of those in the human leukocyte antigen
alleles (HLA). Further, many of these loci differ significantly from the loci associated to
increased risk for adult rheumatic disease. On the other hand, risk genes found in early-
onset adult rheumatoid arthritis (RA) are similar to the genes associated to polyarticular
JIA, positive for rheumatoid factor (RF positive) indicating that this category of JIA
might be more closely related to adult disease than the other JIA categories. Although
the HLA genes so far have shown the strongest association to JIA, there are also other
genes, not associated to HLA that increase the risk for JIA (5, 6). Further, there is

evidence that some genes associated to increased risk for JIA have an age-dependent
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effect. This is expressed as an increased risk of developing JIA during a certain time
window, but also as a decreased risk in a later time window (7). In total, as knowledge
on genetics expand and the techniques to study genetics rapidly develop, one can hope

to find even more robust and clinically relevant associations in the future (8).

1.2.2.2 Environmental factors

The pathogenesis of JIA is likely related to disturbances in the immune system.
Therefore, the relation between infection and increased risk for JIA has been the focus
of multiple studies. Exposure to parvovirus B19 and Epstein-Barr virus have been
linked to JIA, albeit the causality and direct correlation has not been clearly stated (9-
11). Several studies have explored the possible correlation between breast feeding rate
and risk for developing JIA. Some studies imply there could be a correlation, yet other
studies did not find proof for the same (12). Similar, conflicting results have been
shown between risk for JIA and maternal smoking during pregnancy. A recent,
comprehensive, systematic review of studies on environmental factors influencing the
risk for JIA found evidence for a small increased risk associated with delivery by
caesarean section. A small risk reduction was associated with having siblings and with
maternal prenatal smoking. However, an equally important message of the publication
is probably the demonstration of the challenges of performing comparable,
epidemiological studies in a clearly defined study population (13).

1.2.2.3 Pathogenesis of arthritis

Activation of inflammatory cells and aggregation of them in and around the joint
synovium is a cornerstone of the pathogenesis in JIA. Lymphocytes, plasma cells,
macrophages, fibroblast-like synoviocytes, osteoclasts and other inflammatory cells are
recruited from the peripheral blood circulation. The cells migrate over the endothelial
blood vessel wall into the synovium and into the joint fluid. At the same time, local
inflammation in the synovium induces increased vascularity and blood flow, probably
mediated by vascular endothelial growth factor (VEGF). Aggregation and migration of

inflammatory cells over the endothelial wall is facilitated by several factors e.g. tumour
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necrosis factor alpha (TNF- o) and interleukins (e. g. IL-1, IL-6, IL-12 and IL-15).
Inflammatory factors also influence local blood perfusion factors such as flow, mean
transit time of the blood and exchange rate of substances over the synovial membrane.
These features are thought to represent the hallmark of arthritis, namely synovitis. The
amount of synovial fluid in joints affected by arthritis is often increased, a process that
probably also is regulated by inflammatory cells and inflammatory factors. Further the
inflammatory process induces aggregation of a tumour-like tissue component called
pannus in and around the joint and synovium. Pannus is thought to be composed of an
ongoing recruitment of inflammatory cells from the peripheral circulation, not a
neoplastic process per se. Pannus and hypertrophy of the synovium further are
important components in production and release of enzymes that affect the integrity and
stability of bone and chondral tissue of the joint (14). Release of these enzymes affect
and destabilize the extracellular matrix of both chondrocytes and the different kinds of
collagen that constitute much of the joint tissue. In time, focal aggregation of
inflammatory cells and the following degradation of joint tissue leads to defects in

chondral tissue and bone (erosions).

1.2.2.4 Diagnosis

As stated, juvenile idiopathic arthritis (JIA) is mostly described to be an autoimmune
condition. The disease affects children with onset of symptoms before the 16" birthday.
Arthritis in one or more joints must persist for at least 6 weeks and other causes of
arthritis must be excluded (15). The presentation of the disease is variable with
symptoms ranging from joint pain, joint stiffness, reduced range of motion, fatigue,
fever, rash, and visual impairment. Some patients are affected in one or a few joints,
while others display many affected joints. JIA is probably not one disease, but a
diagnostic term covering many different conditions with some common features. The
diversity of symptoms and differing prognosis has led to a classification system
suggested by The International League of Associations for Rheumatology (ILAR)
dividing JIA into seven categories (Table 1). One of these categories, systemic JIA, is

clearly distinguished from all the other forms, and is probably an autoinflammatory, not
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an autoimmune disease. This category was probably what dr. Still described in 1897 and

was for nearly a century named Still’s disease.

20



Table 1. Typical features of the International League of Associations for
Rheumatology (ILAR) categories of juvenile idiopathic arthritis. Adapted
from reference 16

Classification Onset age Typical features Sex

category ratio

Systemic arthritis ~ Throughout Fever, rash, systemic F=M
childhood symptoms

Oligoarthritis Early childhood Arthritis in <5 joints the first ~ F>>>M

6 months
RF-positive Late childhood or  Arthritis in >4 joints the first ~ F>>M
polyarthritis adolescence 6 months and RF positive at

least twice 3 months apart

RF-negative Peak at 2-4 years  Arthritis in >4 joints the first ~ F>>M
polyarthritis and at 6-12 years 6 months and RF negative

Enthesitis-related ~ Late childhood or  Enthesitis and lower extremity M>>F
arthritis adolescence arthritis and mostly HLA-B27
positive

Psoriatic arthritis Peak at 2-4 years  Arthritis and psoriatic rash (or F>M
and at 9-11 years ~ family history of psoriasis)

Undifferentiated Not relevant Arthritis that fulfils criteria of
arthritis none or >1 of the other
categories

1.2.3 Epidemiology

JIA is the most common chronic rheumatic disease in childhood, and girls are generally
more often affected than boys (16). The reported incidence and prevalence rate of JIA
vary considerably. In 2014, Thierry (17) published a review of 43 epidemiological
studies from Europe. A striking variation in both annual incidence (1.6-23 per 100 000
children) and prevalence (3.8-400 per 100 000 children) was found. The cause of these

differences is thought to be found in varying genetic predisposition in different ethnic

21



groups, somewhat differing interpretation of the disease classification system and
differing design and inclusion criteria for the studies. In the Nordic countries the annual
incidence is approximately 15 per 100 000 children, with the highest incidence found in
Northern and Central Norway (23/100 000) (18).

1.2.4 Disease course and outcome

The development of the disease, the probability of achieving remission, and the risk of
complications vary considerable between the different categories of JIA. Numerous
papers have been published on predictors of remission, and risk factors for ongoing or
destructive joint disease. Severity of disease at onset, presence of symmetrical disease,
presence of rheumatoid factor, and persisting active disease are predictors that have
been associated with worse prognosis. The systemic JIA category displays a variable
course ranging from unremitting arthritis accompanied by the rare, but life-threatening
macrophage activation syndrome, to a more benign disease course resulting in drug-free
remission (16). Oligoarthritis, especially the persistent category, is generally regarded as
the JIA category with the least aggressive disease course. In total, despite modern and
probably adequate treatment, a large proportion of the JIA patients do not achieve

remission (19, 20).

As shown, JIA is a disease characterized by inflammation affecting joints and
periarticular tissue. Naturally, much of the treatment generally therefore focuses on
preventing deteriorating bone health e.g., joint deformity, growth impairment and
osteoporosis. The disease however can also affect other types of tissue, such as
inflammation of the iris (iridocyclitis), and for systemic JIA, also affect inner organs
and result in hepatomegaly, splenomegaly, serositis and lymph node engagement. Some
of these complications, especially iridocyclitis, can present in asymptomatic patients.
Detection and treatment of these, potentially devastating complications to arthritis

demands follow-up by highly specialized paediatricians (21).
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1.2.5 Treatment

The prognosis and risk of complications of all categories of JIA is highly dependent on
early detection and treatment of active disease (22). Today, treatment of JIA is not only
depending on pharmacological intervention, but physical and occupational therapy and
psychosocial support / education also significantly affects the quality of life of the
patients. As the implementation of these non-pharmacological interventions usually do
not depend on the results of medical imaging, further explanation of these interventions

will not be pursued here.

In the middle of the 20™ century corticosteroids, gold salts, penicillamine and
hydroxychloroquine represented the known medical treatment options for children with
rheumatic disease. In the 1980s and 1990s placebo-controlled studies proved their
ineffectiveness and these drugs, except corticosteroids, were abandoned. In the same
era, a series of studies were performed studying several nonsteroidal anti-inflammatory
drugs (NSAIDs) proving their effectiveness and relatively low risk of adverse events
(23). Under the Cold War, a Soviet-American prospective, double-blinded, randomized,
placebo-controlled multi-centre study was performed on the effectiveness of
methotrexate, a slow-acting antirheumatic drug. The study confirmed low-dose
treatment of the drug as effective and safe, under certain requirements (24).
Methotrexate soon become one of the most extensively used disease-modifying
antirheumatic drugs (DMARD:S) to treat children with JIA.

The intraarticular injection of corticosteroids (IAC) is used to reduce joint inflammation
and to achieve fast, local relief of symptoms of arthritis. The technique has been
practiced at least since 1986 and is mainly used in the oligoarticular and polyarticular
JIA categories (25). The IAC procedure is not considered controversial, and its use is

widespread, although there is a paucity of randomized controlled studies (26).

Further, the long-term outcomes of IAC procedures are not thoroughly studied, partly
due to the ethical difficulties in randomizing patients in a study with a “treatment arm”
and a “non-treatment arm”. Not until 2017, Ravelli and co-authors tested the efficacy of

combining methotrexate with IAC vs. a group with IAC but no methotrexate in a

23



prospective, randomised study on children with oligoarticular JIA. The study did not
find convincing evidence supporting the combination of IAC and methotrexate (27).

As mentioned earlier, the inflammatory process in JIA is mediated and maintained by
disturbances in the regulatory mechanisms of the immune system. Aiming at
modulation of these mechanisms, a new class of therapeutic agents, the biologic drugs,
was implemented in clinical use in the late 1990s. Biologic treatment is divided in
different categories, influencing different types of mediators of inflammation such as
interleukins, tumour necrosis factor alpha, B-cells, and interferons. The advent of the
biologic DMARDs (bDMARDs) in contrast to the class of synthetic DMARDs
(sSDMARDs) such as methotrexate, has proven to be a milestone regarding effectiveness
of pharmacologic treatment of JIA (28). In general, the safety profile of biologic
treatment is acceptable, given the good anti-inflammatory effect (29, 30). Biologic
drugs, sometimes in combination with NSAIDs or metothrexate, is therefore often used
to achieve remission or at least suppress inflammation as extensively as possible in an
increasing population of children with JIA not reaching inactive disease on

methotrexate alone.

The goal of treatment of arthritis in the temporomandibular joint (TMJ) in JIA is the
same as in other joints, full remission. There are few, if any, prospective, randomised
studies on the effect of systemic treatment focusing specifically on TMJ arthritis. Still,
systemic treatment of TMJ arthritis is common and not controversial (22). In their
upcoming publication, Schmidt and co-workers found evidence resulting in similar

recommendations for diagnosis and treatment of the TMJ in JIA (31).

As in other joints, intraarticular injection of corticosteroids (IAC) has been tried to
achieve remission, albeit studies on their efficacy and safety have shown diverging
results (32). In 2018, a joint American-Danish statement addressed that IAC is
associated with significant adverse events and that robust evidence for the continuation
of IAC procedures in the TMJs is lacking (33).
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1.3 The temporomandibular joint in JIA

In JIA, the temporomandibular joint is commonly affected (39-78%) although the exact
prevalence of TMJ arthritis in JIA is not known (34-37). It is usually hypothesized that
arthritis in the TMJ affects the joint in similar ways as in other joints e.g. hip, knee,
ankle and wrist. However, robust evidence for this is lacking and differences in
anatomical and physiological features between the TMJ and other joints may hamper

comparisons. The consequences of arthritis in the TMJs are discussed below.

1.3.1 Normal development of the TMJ

In utero, usually at the end of the first trimester, the TMJ begins to differentiate from
three separate mesenchymal condensations which differs from the development of other
synovial joints. The most cranial condensation develops into the glenoid fossa of the
temporal bone, while the most caudal condensation develops into the mandibular
condyle. In between, the third condensation develops into the articular discus (38).
Being composed of fibroblasts (approximately 70%) and chondrocytes (approx. 30%),
the articular disc closely resembles the menisci of the human knee joint. However, the
exact composition of the articular surfaces of the glenoid fossa and the mandibular

condyle during early childhood is not entirely known.

The mandibular condyle is defined as a secondary cartilage which differs from the
primary cartilages in the limbs and cranium. A significant feature of the secondary
cartilage is the presence of cells with periosteal origin. These cells, the periosteal
cambium, and the adjoining cells is probably where most growth occurs and constitute
the most superficial part of the joint surface, overlying a zone of fibrocartilaginous cells.
This feature is essential to the understanding of growth of the mandibular condyle as
there is no mandibular equivalent to the physis of the long tubular bones of the
extremities. The joint surface of the mandible and the glenoid fossa is thus
histologically different from surfaces of joints with primary cartilage (39).
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The chondrocytes of the TMJ surfaces produce fibrocartilage, not hyaline cartilage,
containing collagen type 1, collagen type 11 and collagen type X (40, 41). Genetic
studies on mice with knock-out-genes and studies focusing on altered mechanics of the
TMJ have shown intricate relationships between genes and physical strain on the joint
surfaces. The normal development of the glenoid fossa therefore seems dependent on
the appropriate load exerted by the mandibular condyle. Following the development of
the three mesenchymal condensations into the glenoid fossa, the articular disc, and the
mandibular condyle, the TMJ is divided into two joint cavities lined by a thin
synovium; the lower cavity below the disc and the superior cavity above the disc
(Figure 1).

Fossa cartilage

Articular
eminence

Articular periosteum

Fibrocartilage
compartments

Figure 1. Schematic presentation of the temporomandibular joint shown in the sagittal plane.
With permission from Thomas Johnsen

In the postnatal period, during childhood and into early adulthood, the morphology of
the TMJ undergo almost constant change. The articular eminence of the temporal bone,
in front of the glenoid fossa, grows rapidly during the child’s first three years and then,

more slowly until completion in late adolescence. During the same period, substantial
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growth and remodeling occurs in the mandibular condyle and ramus. This process of
lateralization of the condyles and vertical growth of the ramus is essential in the
development of the growing skull, and to make place for the erupting teeth (38, 42, 43).
More specifically, the mandibular condyle grows significantly in the mesiolateral
dimension, and to a lesser extent, in the anteroposterior dimension. In late adolescence,
when visualized in the transverse plane of cross-sectional imaging, the condyle reaches

an elliptical or sickle-like form with a slight tilt in the anteromedial direction (Figure 2).

Figure 2. Cone-beam computed tomography in the transverse plane of an adolescent, showing the
sickle-like form of the centre of the mandibular condyles with a tilt in the anteromedial direction.

In the growing child and teenager there is an increasing anterior tilting of the
mandibular condyle relative to the ramus known as anterior inclination. The grade of
inclination increases by age and is usually determined by medical imaging. However,
robust data on the normal growth rate and appearance of the condyle and its inclination
in healthy individuals is sparse. The paucity of data is probably mainly due to inclusion
and measuring challenges resulting in only a few, debatable publications on this topic
(44, 45).
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1.3.2 Pathology of the TMJ

Pathological change of the TMJ in JIA is characterized by a series of findings, many of
which, but not all, are similar to pathological changes in other arthritic joints. As
mentioned earlier these findings include joint effusion, increased synovial and bone
perfusion leading to synovitis and edema-like changes, synovial thickening, aggregation
of pannus, degradation of joint surfaces, and growth disturbances. In severe cases,
growth disturbances in the TMJ can lead to facial asymmetry and malocclusion.
Recently, a series of publications have acknowledged the difficulties in diagnosing
arthritis in the TMJs. Clinical examination is hampered with low sensitivity, and it is
hard to differentiate arthritis from other oral health issues. Sometimes clinical findings
in TMJ arthritis can overlap with clinical findings with non-arthritic individuals, with
so-called temporomandibular dysfunction (TMD) (46-48). A consensus-based statement
from the TMJaw group (49) proposed the term “TMJ arthritis” to be signs indicating
active inflammation. The same group acknowledge the low sensitivity and specificity of
clinical examination of the TMJ, promoting medical imaging with MRI as a necessary
means for evaluation of active TMJ inflammation (50). The term “TMJ deformity” has
been suggested for JIA-related structural change such as joint surface irregularities,
altered shape of the joint surfaces, volumetric change of the bones and growth

disturbances.

In terms of clinical symptoms, a JIA diagnosis is associated with increased risk of
orofacial pain, increased frequency of periodontal conditions, reduced orofacial function
and general quality of life in the early phases of the disease (51, 52). Orofacial
symptoms include several findings, but often include muscle pain on palpation, reduced
ability to open the mouth compared to age-related healthy peers, and asymmetric mouth
opening. During a three-year follow-up, Stoustrup and colleagues found an increasing
cumulative incidence of orofacial symptoms and dysfunction, regardless of JIA
category (53). Similarly, significant signs of disease and symptoms were found in a
controlled follow-up study of JIA patients 17 years after diagnosis. The adult JIA
patients showed increased TMJ pain, morning stiffness, and problems with chewing

compared to a healthy population (36).
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Pathologic change such as joint effusion, synovitis, joint surface degradation and
deformity are presumed to correlate with clinical symptoms, but the exact mechanism
and correlation between them is not clear.

1.4 Imaging of the TMJ

As mentioned in the section on pathology, the diagnostic work-up, management and
follow-up of arthritis in the TMJ in patients with JIA is more influenced by medical
imaging than other joints affected by the disease (46-48). The purpose of medical
imaging of the TMJ in children with JIA is to detect and monitor signs of inflammation,
to detect and monitor signs of structural joint deformity and lastly, to detect and monitor
growth disturbances. To achieve these goals, the imaging modality must satisfy certain
technical conditions regarding spatial resolution, tissue contrast, feasibility, and

radiation dose.

1.4.1 Radiographic techniques

In the 20" century, imaging of the TMJ was dominated by radiographic methods such
as plain radiographs, orthopantomogram (OPG), and cephalometric radiographs.
Despite their advantage of low radiation dose and high feasibility, the drawbacks of
these modalities such as geometric distortion, superimposition of multiple structures,
limited ability to detect early, bony change and inability to detect soft tissue pathology
have reduced their impact in the diagnostic process (54-56).

1.4.2 Ultrasound

Ultrasound is a relatively cheap, accessible, easy-to-use imaging modality without
ionizing radiation. In general, ultrasound is well suited for imaging of soft tissues and is
mostly well tolerated by children. However, the anatomic configuration of the TMJ
severely limits the possibility to examine the whole joint, leaving only the lateral aspect

available. There are no known, standardized scoring systems for ultrasound-guided
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evaluation of the TMJ in JIA and there is a lack of anatomic, age-related standards of
the normal paediatric TMJ. Further, the problematic interobserver variability and
relatively low sensitivity and specificity for arthritis-related pathology precludes
ultrasound from being the primary imaging modality of the TMJ in patients with JIA
(54, 57, 58).

1.4.3 Magnetic Resonance Imaging (MRI)

MRI is an imaging modality able to depict both bony structures and soft tissue with
imaging appearance basically depending on the inherent molecular structure of the
tissue. By placing the tissue in a large, static magnetic field and manipulating the tissue
with radiofrequency pulses, one can spatially localize the different structures in the
tissue. Depending on the density and mobility of the protons in the tissue, a specific
signal is sent out from the tissue. To detect this magnetic signal sent out from the tissue,
a coil is applied around the patient; in TMJ imaging, more specifically around the
patient’s head. By adjusting the timing and the way the system detects signal from the
tissue, images with different weighting of the inherent tissue contrast are produced.
Depending on the timing properties of the acquisition, the produced image is
categorized in contrast groups called T1-weighted, T2-weighted, or proton-density-
weighted (PD) images. To collect sufficient signal data, an ordinary MRI sequence
focussing on a certain tissue contrast, is acquired in 1-6 minutes. A conventional,
clinical MRI examination usually is composed of 3-6 sequences with some pauses in
between. In total, an MRI examination of the TMJ requires the patient to stay in the
scanner for approximately 25-50 minutes, depending on the specific MRI protocol. Due
to the strong magnetic field, the usefulness of MRI is restricted in patients with metallic
devices. The narrow conditions in the MRI camera, combined with the narrow-fitting
coil around the head not seldomly gives the patient a feeling of being constrained which
can lead to considerable claustrophobia. The abovementioned properties of the MRI
examination obviously make the procedure demanding and sometimes unpleasant for
the paediatric patient. Thus, sedation is needed for patients under the age of four to six

years of age.

30



1.4.3.1 Osteochondral tissue on MRI

MRI uses the alternating polarity of hydrogen protons to produce an image. In human
cortical bone there is a paucity of mobile hydrogen protons which renders a relative lack
of signal from that area. This lack of signal is depicted as black areas on all MRI
sequences. Mostly, imaging focussing on cortical structures is based on T1-weighted
images either presented as thin slices in a 2-dimensional acquisition or as a volume in a
3-dimensional acquisition. Due to the small size of the TMJ and the relatively low
spatial resolution of conventional MRI sequences as compared to other modalities,
much effort has been spent in establishing MRI sequences with higher spatial
resolution. For that purpose, Karlo and co-workers (59) used a high-resolution
computed tomography (micro-CT) examination as reference on 8 cadaveric heads to
evaluate a series of MRI sequences. They found the 3D-fast spoiled gradient recalled
echo sequence to outperform the other sequences in terms of visualizing cortical, bony

abnormalities.

On the joint surfaces of the TMJ, overlying the cortical bone, there is a thin rim of
articular cartilage. As described earlier, the joint surfaces of the TMJ differ from other
joints being profoundly involved in the mandibular growth and composed by
fibrocartilage in contrast to hyaline cartilage in other joints. In the TMJ, as in other
joints, image interpretation of the joint cartilage is dependent on PD-weighted images,
with important support by the T1- and T2-weighted images. The small size of the TMJ,
the even smaller size of the TMJ cartilage, and the complex anatomy of the joint makes
MR-imaging of its cartilage particularly challenging, given the relatively low resolution
of the technique. However, no other imaging modality has shown its superiority over
MRI in imaging cartilage of the TMJ (60). The presence of pathological aberrations in
the cortex and fibrocartilage as presented by MRI in a patient with arthritis is thought to
represent structural change due to the disease although there is increasing knowledge of

the overlap between normal and pathological findings (50).
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The medullary space lies deep to the cartilage and cortical bone, consisting of trabecular
bone and bone marrow. In the growing child, this tissue is in almost constant change. In
the younger child the bone marrow is dominated by hematopoietic, cell-rich tissue, but
in the adolescent and young adult the marrow is converted into fat-rich, yellow marrow,
with more sparse distribution of cells (61). This has implications on the MRI-based
imaging of the TMJ as bone marrow edema, or “edema-like marrow signal intensity
(ELMSI)” (62) is thought to represent an important sign of inflammation in the arthritic
patient. In theory, the inflammatory process in the bone is characterized by aggregation
of inflammatory cells, mediated by cytokines, replacing the adipocytic cells, although
studies confirming the histopathologic correlation of this statement are sparse. In MRI
this process is expressed as reduced signal intensity on T1-weighted images as the
fraction of fat is reduced. Respectively, the signal in water-sensitive sequences as T2
and proton-weighted images is increased (63, 64). The conspicuity of this finding in
water-sensitive sequences is increased by applying fat-suppressing (fs) techniques in the
MRI acquisition (65).

The clinical implications of the presence of bone marrow alterations in MRI
examinations are complex and highly dependent on the clinical setting (66, 67).
Nevertheless, in adults with rheumatoid arthritis bone marrow edema has been shown to
precede structural change in the joint surfaces, subsequently leading to joint destruction
(68, 69). In the paediatric patient however, interpreting imaging changes in the bone

marrow signal strictly as signs of pathology is disputed (70).

The exact background for the sometimes heterogenous depiction of the paediatric bone
marrow as presented on MRI is not clear. The general concept of the age-related
conversion of red marrow to yellow marrow from the periphery towards central regions
is accepted (61). This concept gives some guidance to the radiological interpretation of
bone marrow changes in children, although robust, age-related normal standards of the
paediatric bone marrow is lacking. Some publications can be found (71-73) but the

selection of patients, the age-categories under study, and sample sizes make the
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transferability to the JIA population questionable. Further, moderately heterogenous
bone marrow on MRI in close proximity to the growth zones of tubular bones in the
asymptomatic, adolescent and adult patient is thought to be caused by residual red bone

marrow and as such represents a normal finding.

The TMJ is considered part of the axial skeleton and as such is included in the later
phases of red marrow conversion. The mandibular, medullar cavity is close to the
growth centre in the joint surface of the condyle. These issues most likely hamper the
specificity of the radiologic interpretation of bone marrow change. An attempt to define
the MRI-based appearance of the normal TMJ bone marrow was made by
Junhasavasdikul (44). However, patients with imaging findings believed to represent
pathology were excluded and the study also included patients with JIA. Thus, the
usefulness of the publication as a population-based reference for the TMJ of healthy
children is questioned.

1.4.3.2 Soft tissue on MRI

MRI is the only modality which can depict the soft tissues of the whole TMJ. Using
separate sequences or combinations of sequences the radiologist can evaluate
anatomical structures thought to be essential in the diagnostic work-up of the JIA-
patient.

The synovium, and the changes affecting it, is thought to be the structure showing the
earliest signs of pathology in the arthritic joint. As described earlier, the synovium is
composed of a thin, intimal layer of cells and a subintima consistent of an intricate
network of arterial, venous and lymphatic structures (74). In the early phase of
inflammation various cytokines influence the synovial tissue by increasing local blood
perfusion, increasing permeability of the capillary walls and later, locally aggregating
inflammatory cells. In terms of MRI findings in the TMJ, the increased perfusion and
vascular permeability can be visualised on gadolinium enhanced, mainly T1-weighted
images with fat-suppression (75, 76). Numerous researchers have tried to define MRI-
markers of pathological synovial distribution of intravenous contrast, demonstrating a
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significant overlap between children with and without JIA, probably depending on
imaging plane, timing of contrast injection and image acquisition and heterogeneity of
the studied patient cohort (77-81).

Further, the aggregation of inflammatory cells in the synovium, leading to synovial
thickening, a finding usually seen in long-standing arthritis, is represented by areas of
intermediate signal intensity on water-sensitive sequences with fat-suppression (T2-fs)
(82). Synovial thickening is thought to be a definite sign of pathology, although to the
best of our knowledge, no true population-based reference standards have been
published.

As in other parts of the body, pathologic effusion of joint fluid in the TMJ is an
important marker of arthritis (34). The detection and the assessment of the amount of
joint fluid on MRI is dependent on water-sensitive sequences such as T2-fs and PD-fs.
There are publications defining what amount of joint fluid is within normal, mostly
setting a cut-off at 1 mm thickness of a joint compartment (83). A parallel definition
also exists, defining a normal MRI-based amount of joint fluid in the TMJ as “small

dots or lines” on T2-weighted images (84).

Despite its shortcomings in many areas of TMJ imaging in JIA, MRI has emerged to
one of the mostly used imaging modalities to diagnose and monitor TMJ arthritis in JIA
and further research efforts will probably develop the technique even more (85).

1.4.4 Computed tomography (CT) and Cone-Beam (CB) CT of the TMJ
Computed tomography (CT) and cone-beam computed tomography (CBCT) are
imaging modalities utilizing ionizing radiation to depict anatomic structures. The
different types of tissues in the visualised object attenuate the radiation in different ways
and by analysing the attenuation patterns, detailed anatomic images can be produced.
Both techniques produce a 3-dimensional image dataset by acquiring image data from
multiple angles of the object, a method known as tomography. Twenty to thirty years
ago, CBCT emerged as the preferred imaging modality in many areas of maxillofacial
radiology showing comparable accuracy, lower cost, higher availability and lower

radiation dose than conventional CT (86-88). Compared to radiographic techniques,
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CBCT gives significantly higher radiation dose, ranging from 0.02-0.500 mSv,
depending on equipment, field of view and exposure parameters. Nevertheless, the
typical dose, being around 0.1 mSy, is relatively low compared to CT (0.12-1.2 mSv)
(89, 90) as well as compared to the annual background radiation dose of 4.5 mSv (91).
The CBCT-technique has the advantage of providing exquisite visualisation of complex
anatomic structures, avoiding problems with distortion and superimposition of
structures (92). However, as CBCT-imaging is dependent on relatively large differences
in tissue density to produce image contrast, the technique is not able to separate

different types of soft tissue, leaving osseous structures as its primary focus (54, 93, 94).

The spatial resolution of CBCT supersedes MRI by far with possibilities to achieve
isotropic voxel sizes down to 80 um (95). The high resolution gives unmatched
opportunities to depict small, osseous changes in the TMJ, usually focusing on

abnormalities in the joint surface (96, 97).

By producing high-resolution, reproducible, relatively cheap image datasets at the
expense of an acceptable radiation dose, CBCT has been defined as the optimal means
of mapping the osseous details of the TMJ in JIA (49). Nevertheless, the lack of a
population based, age-related reference standard of healthy children underscores the
need for further research, as stated by Caruso et al in their review from 2017 (93).

1.5 Assessing agreement in radiology

A radiology report consists of a series of conscious and unconscious decisions made by
the radiologist interpreting the images, ideally leading to a clear conclusion. In an ideal
setting, another radiologist presented with the same image dataset and clinical
information would reach the same conclusion, the definition of perfect inter-observer
agreement. This is seldom the case. Many factors, both connected to the image
acquisition, the way the images are presented to the radiologist and the radiologist
him/herself, will affect the agreement of the two radiologic conclusions. To further
understand the concept of agreement, the terms precision and accuracy need to be

addressed. The precision of a diagnostic method is defined by how close two separate
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measurements are to each other, e g if two separate measurements of blood pressure
with a cuff around the patients arm both show exactly 120 / 80 mm Hg, the precision is
high. The accuracy of the method, on the other hand, is defined by how close the
measurement is to a “true value” or golden standard, e g the blood pressure as defined
by an intra-arterial measurement technique. Ideally, a diagnostic method is both precise

and accurate, but this is not always the case.

In their much-cited work from 1991 Fryback and Thornbury (98) presented a hierarchal
6-level model of efficacy for diagnostic methods in medical decisions, which can help
the radiologic community to higher levels of agreement (Figure 3). In short, the
paradigm states that a high level of efficacy in the upper part of the hierarchal model
necessitates a high level of efficacy of the underlying levels. Opposite, a high level of
efficacy in a low level does not automatically translate into high efficacy at a higher

level.

(=

G% LEVEL 6 — SOCIETAL EFFICACY

@ LEVEL 5 — PATIENT OUTCOME EFFICACY

@ LEVEL 4 — THERAPEUTIC EFFICACY

64’\:7 LEVEL 3 — DIAGNOSTIC THINKING EFFICACY

LEVEL 2 — DIAGNOSTIC ACCURACY EFFICACY

LEVEL 1 — TECHNICAL EFFICACY

Figure 3. Fryback and Thornburys hierarchal model for efficacy, Adapted from
reference 98

At the first level of the model, the importance of consistency and precision in technical
parameters such as resolution, contrast, sharpness etc of the diagnostic method is
evaluated. The importance of robust, thorough studies at this level must not be
underestimated, although the absence of complex human interaction on these

parameters often makes the studies less prone to bias.
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At level 2, more complex variables of the diagnostic method are evaluated, such as
precision, sensitivity, specificity, predictive value of a positive and negative test,
receiver operating characteristics (ROC) etc. The major difference between levels 1 and
2 is the introduction of the operator (radiologist). This explicitly includes the operator in
the medical decision and by that also includes the complex, human, cognitive processes
that lead up to this decision. The decision is no longer a function of the image alone, but
a function of the image and operator together. Another complicating factor at level 2 is
the fact that measures of accuracy of a diagnostic method often are dependent on the
prevalence of the disease (99). By selecting which patient or group of patients are

referred to medical imaging, the referring clinician thereby influences the test accuracy.

At level 3 the impact of the result of the diagnostic test is measured. If the clinician
changes the treatment regime, if the range of differential diagnoses is changed, if a
diagnostic hypothesis is strengthened, or just if the referring clinician is reassured the
patients is well, they are all impacts of the result of the diagnostic test. If no impact can
be shown, the diagnostic test is probably not justified.

To justify spending of economic and human resources on a new diagnostic method, and
not to mention justify exposing patients to the method, it needs to be tested at least
according to the three basic levels of Fryback and Thornburys model.

In the light of the presented model, the terms precision and accuracy now can be seen as

necessary elements of a robust, clinically, and societally justified diagnostic method.

1.5.1 Measuring precision

Precision of diagnostic methods can be measured in many ways and along different
scales. Precision measured along a scale of intra-observer agreement is used when
testing the repeatability of a test method used at least twice by the same observer.
Further, inter-observer agreement is used when testing the reproducibility of a test
method used by at least two observers. Thus, measurement of agreement is not
dependent on a ground truth or golden standard, but a means to compare results for the

same observer (intra-), between observers (inter-) or between methods (inter-method).
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Different statistical methods should be used for measurement of agreement of
continuous and categorical variables, respectively (100-102). For example, the clinical
difference of a tumour measuring 1 or 2 cm cannot be directly compared to the

difference between a grade 1 or grade 2 osteosarcoma.

1.5.1.1 Categorical variables

Data which can be categorised in discrete groups, such as pregnant/non-pregnant,
smoker/non-smoker is called categorical data. Categorical data can also consist of more
than two groups (or grades) e g non-smoker/present smoker/smoked earlier. There is no
clear, linear relationship between the grades, even if the data can be assigned numerical

labels.

Assessing the absolute agreement in a setting of binary, categorical variables can be
expressed as Po = (A+D)/ n, where P, denotes the proportion of observed agreement and

n the total number of examinations (Table 2).

Table 2. Contingency table for calculation of Cohen’s Kappa

Observer 1
Positive Negative
Observer 2 Positive A B A*B
Negative C D C*D
A*C B*D n

This gives an easily understood measurement of the proportion of cases where the two
observers agree. However, this equation does not take into consideration the number of
cases where the observers would have agreed simply by chance. To assess agreement
beyond chance Jacob Cohen demonstrated a method to adjust the proportion of absolute
agreement (103). By considering the products of the marginals in the contingency table

in table 2 one can calculate the expected agreement by chance (Pe) (Equation 1)
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Equation 1:
AB CD

n

Excpected agreement by chance =

By subtracting the chance agreement (Pe) from the observed agreement (Po) and divide
the sum by the proportion of agreement that did not occur by chance (1- Pe) one can

estimate the agreement that occurs beyond chance, Cohen’s kappa (k) (Equation 2).

Equation 2:

Observed agreement — Chance agreement
K =

1 — Chance agreement

This gives a result scaled from -1 to +1, where 1 indicates perfect agreement, 0
indicates chance agreement and -1 indicates perfect disagreement. The method is not

restricted to binary variables but can be used also on variables with more than 2 grades.

The presented method assumes that all disagreement is equally important, which is
often not true. For example, the difference between no pathology and mild pathology
can be clinically more important than the difference between mild and moderate
pathology. To adjust for this assumption but still correcting for agreement by chance,

Cohen proposed weighting of the disagreement, a method called weighted kappa (104).

The standard error of the « value can be calculated and thus one can estimate the
confidence interval of the k value, usually defined as x + 1.96*SE(«x). The kappa value
and its confidence interval does not represent an absolute measurement that uncritically
can be used as a comparator when assessing different methods. The value must be seen
in a clinical context, considering prevalence of the disease, number of categories, the
abilities and experience of the readers and, most importantly, the clinical importance of
diagnostic disagreement. Further, there is no evidence-based scale to guide the
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interpretation of the kappa value. In 1977, Landis and Koch proposed values ranging
from < 0 as poor agreement, 0-0.2 as slight, 0.21-0.4 as fair, 0.41-0.6 as moderate, 0.61-
0.8 as substantial and 0.81-1 as almost perfect (105). The authors explicitly noted that
the divisions are arbitrary, and others therefore have implemented the guide with minor

modifications.

In many situations, a diagnostic method is used by more than two operators, e g three
radiologists separately interpreting images of the same patient. Since Cohens kappa
does not allow for calculation of agreement of more than two readers, Fleiss proposed a
kappa-like model allowing for 3 or more readers of the same patient (106). Like its
predecessor, Fleiss kappa also produces values ranging from -1 to 1, where 1 denotes

perfect agreement between all readers.

In a setting with skewed distribution of the number of observations in each box in Table
2, a situation with high observed agreement (Po) but low x can occur, sometimes called
“the kappa paradox”. This is often the case in a study with low prevalence of the studied
disease, giving an unbalanced distribution in the contingency table. This phenomenon
occurs despite unaltered sensitivity of the readers. If the distribution of the marginal
totals (A*C, B*D etc) is closely analysed one can see that symmetrically, unbalanced
marginal totals leads to a low . Opposite, asymmetrically unbalanced marginal totals
lead to a high « (107). This problem was addressed by Gwet (108), who constructed a
model for assessing agreement which produces reliable results also when the prevalence
of the finding is low or extremely high. The method probably has some strengths
compared to Cohen’s and Fleiss” kappa, but it is not as thoroughly tested and known as

its predecessors and will not be used in this thesis.

1.5.1.2 Continuous variables

Data which can be presented along a scale of continuous values, such as weight, angles
or blood pressure is called continuous data. There is usually a clear, mathematic relation
in the distribution of the data.

When measuring agreement of two sets of continuous data, e g angles measured by two
different radiologists, one can use different statistical methods. Bland and Altman
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propose a graphical way of presenting the data in a plot (109). Amongst other factors,
the transparency of the data distribution and the ease with which agreement can be

evaluated has rendered the publication great impact.

The method plots the difference of the two measurements against the average of the two

measurements. By calculating the standard deviation of the differences between the

measurements (SD), one can define the 95 % limit of agreement as the mean difference

+ 1.96 SD. This way of plotting the agreement (or lack thereof) gives the reader an
opportunity to determine if the difference is important in a clinical setting relevant to
him or her. Plotting the measured differences against the average of the two
measurements further presents any skewing of the agreement. For example, two
methods may show high degree of agreement in one range of averages, but low degree

of agreement in another range of averages, Figure 4.
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Figure 4. Example of a Bland-Altman plot showing 95 % limits of agreement (red lines) between
two readers. (Y-axis denotes the difference between measurements and x-axis denotes the mean of
the measurements). The plot illustrates a trend towards increasing disagreement moving from low
to higher mean of the measurements.
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Another commonly used method to evaluate the agreement of a diagnostic method is the
intraclass correlation coefficient (ICC). Simply put, this method exploits the relation
between two inherent properties of the dataset; the variability of measurements between
the patients, and the measurement error (110)(Equation 3)
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Equation 3:

Variability between patients

ICC =
Variability between patients + Measurement error

As indicated in the formula, the ICC is highly dependent on the variation of
measurements in the study sample. Thus, to be clinically relevant, the variation of the
study sample must be somewhat similar to the population of the clinical situation the
method is meant for. Further, many subtypes of ICC exist; addressing different sets of
raters, whether the calculation is based on a single reader or an average of many readers,
if the consistency or agreement is to be measured etc (111). The ICC-equation results in
a single number ranging from 0-1, preferably with a 95 % confidence interval. This is
by some seen as an advantage of the model as it gives the impression of being easy to
compare to the ICC of other methods. However, the condensation of the result to a
single number also reduces the amount of information brought to the reader. For
example, the demonstration of the variation between the measurements is often lost, as
is the possibility to relate the disagreement to a clinical setting. Neither does the method
demonstrate if the amount of agreement varies as a function of the average of the
measurements (112). Hence, the ICC method will not be used in this thesis, although it

is commonly used in other publications.
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2. Objectives

The overall aim of the work in this thesis is to establish normal standards for the
development of the TMJ, next, to establish and validate scoring systems for MRI and
CBCT of the TMJ in children with a known diagnosis of JIA.

Paper 1

The aim was to evaluate the reliability of established and new measurements for
describing the normal MRI-based anatomy of the TMJ, and based on the most robust
measures, to characterize the appearances of the normal TMJ in children and

adolescents.

Paper 2

The aim was to identify and examine the precision of a set of MRI-based imaging
markers for the assessment of inflammatory and destructive changes of the TMJ in
children and adolescents with juvenile idiopathic arthritis. Next, to propose an MRI-

based scoring system based on the most precise imaging markers.

Paper 3

The aim was to identify and examine the precision of a set of CBCT-based imaging
markers for the assessment of destructive changes of the TMJ in children and
adolescents with juvenile idiopathic arthritis. Next, to propose a CBCT-based scoring

system based on the most precise imaging markers.
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3. Materials and methods

Paper one is a retrospective, cross-sectional study, based on cerebral MR examinations

of children examined for other reasons than TMJ issues.

Papers two and three are part of a large multicenter, prospective, observational, case-
control study on JIA (Norwegian JIA Study — Imaging, oral health and quality of life in
children with juvenile idiopathic arthritis, NorJIA) www.norjia.com. The study is
registered on clinicaltrials.gov with identifier NCT03904459.

The NorJIA study is founded on the collaboration between multiple institutions in three
Norwegian Regional Health Authorities, The Western Region, the Central Region, and
the Northern Region. The participating centers invited patients aged 4-16 years, with a
diagnosis of JIA according to the ILAR criteria from their catchment area to participate
in the study. Data collection was performed from 2015 to 2020 and consisted of a
baseline study visit and a follow-up visit 2 years after the first visit. A large amount of
data was collected at each visit, ranging from disease characteristics and demographics,
clinical examination with joint status, anthropometric and pubertal data by a paediatric
rheumatologist, oral health examinations by experienced dentists, blood test results,
biobank sampling (blood and saliva), patient-/parent-reported questionnaires, and
extensive medical imaging including ultrasound, CBCT, bitewing, MRI, radiographs,

and dual energy x-ray absorptiometry (DXA).

Sex- and age-matched controls, without JIA, were invited based on recruitment from the
regular dental health control of children and adolescents in the same catchment area.
Controls contributed with data in some of the aforementioned areas, although, due to
constraints in ethics regulations and resources, imaging and blood test were not
collected in controls in the baseline study. At the follow-up visit, we had ethical
allowance to ask the controls if they would contribute with blood tests, DXA,
radiographs of the hand and ultrasound. A small number of MRI examinations without
intravenous contrast was also performed in this control cohort. No CBCTSs were

performed in controls.
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3.1 Patients

In paper one, 101 patients who had undergone MRI of the head in the time interval
2005-2015 at Haukeland University hospital were identified in the hospital PACS.
Inclusion criteria were age 2-18 years at the time of examination, and an examination
performed on a 1.5 T or 3 T machine with a dedicated head coil. The MRI examination
had to include at least a T2-weighted sequence with or without fat suppression, and a
high-resolution 3D T1-weighted sequence (MPRAGE) with or without intravenous
contrast. Exclusion criteria were a known diagnosis of systemic inflammatory disease,
tumor affecting head or brain, hydrocephalus, cerebral malformations, skeletal
dysplasia, suboptimal MRI examination and images showing known pathology in or
close to the TMJ. Further, patients were stratified according to age and sex to ensure

balance of the dataset.

In paper two, the MRI examinations of 86 participants of the NorJIA study were
evaluated. The subset included participants from all three participating tertiary
hospitals: Haukeland University Hospital, Bergen, St. Olavs University Hospital,
Trondheim, and University Hospital of North Norway, Tromsg. Inclusion criteria were
a diagnosis of JIA according to the ILAR criteria (15) and age between 4-16 years at
inclusion. Exclusion criteria were suboptimal MRI examinations and the use of dental
braces. The 86 participants represent a subset of the totally 228 children included in the
first visit of the NorJIA study. The subset was selected to ensure a balanced dataset
regarding age, gender, skeletal development, and TMJ pathology as defined by the
radiology report. The rationale behind the selection of patients was to create a dataset
which allowed testing of a wide range of imaging variables with a reasonable impact in
terms of statistical significance. At the same time, inclusion of all 228 patients was not

feasible due to time constraints and logistic challenges.

In paper three, the data was substantially based on the same, balanced population as
described in paper two, namely 84 participants of the NorJIA study. Two participants
from the population in paper two did not perform CBCT. The participants underwent

CBCT examination in either the Oral Health Centre of Expertise in Western Norway
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(TKV), Center of Oral Health Services and Research (TkMidt), or Public Dental Health
Service Competence Centre of Northern Norway (TKNN). Exclusion criteria were

suboptimal examinations due to artefacts.

3.2 Collection of imaging data

In paper one, 96 of the 101 patients were examined with a 64-channel head coil in a 1.5
T scanner (Siemens Symphony, Siemens Healthineers, Erlangen, Germany) with a T1-
MPRAGE 3D sequence with slice thickness 1.1 mm, repetition time (TR) 2110 ms,
echo time (TE) 3.93 ms, number of averages (NSA) 1, flip angle 15°, field of view
(FOV) 260 x 280 mm, and image matrix 256 x 240. In 47 of the 96 patients examined in
the 1.5 T scanner, the T1-weighted sequence was performed immediately after injection
of intravenous contrast (0.2 ml/kg body weight of gadoterate meglumine (Dotarem,
Guerbet, France). An axial or coronal T2-weighted sequence was performed in 87
patients with slice thickness 5 mm, TR 3240, TE 86, NSA 2, and matrix 256 x 190.

In five of the 101 patients the examination was performed with a 32-channel head coil
in a 3 T MRI system (Signa HDxt, General Electric Medical Systems, Milwaukee,

USA) with similar examination parameters as in the 1.5 T MRI system.

In paper two, the 86 patients were examined in a 3 T system at all three sites (Skyra,
Siemens Healthineers, Erlangen, Germany) with a 64-channel head coil (32-channel at
St Olav). An extensive MRI protocol was used in all patients, including coronal T1-
weighted, sagittal T1-weighted MPRAGE, sagittal/oblique fat-saturated T2-weighted,
sagittal/oblique fat-saturated T1-weighted, sagittal/oblique proton density-weighted
with closed and open mouth and sagittal/oblique fat-saturated T1-weighted images after
intravenous contrast. A more thorough description of the sequences is presented in
appendix A. The main study protocol included intravenous contrast which was given in
a standardised way in an antecubital vein with injection rate 2 ml/s (Dotarem 279.3
mg/ml, 0.2 ml/kg body weight) followed by 20 ml saline chaser. Demographic and
clinical data was extracted from the NorJIA database, according to the NorJIA study

research protocol.
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In paper three, the 84 patients underwent a CBCT-examination of the TMJ on either a
3D Accuitomo 170, a Promax 3D or a Scanora 3D depending on study site (Table 3).

Table 3. Acquisition parameters of the three CBCT machines used in paper three

CBCT model (number of  kVp mAs Field of view Isotropic voxel

patients = n) (mm) dimension
(mm)

3D Accuitomo 170 85 175 40 x 40 x 40 0.08

(n=30)

Promax 3D (n=29) 90 13.6 200 x 200 x 60 0.40

Scanora 3D (n=25) 90 45 60 x 60 x 60 0.13

3.3 Image reading

In paper one, before image reading, the three observers with special interest in
paediatric musculoskeletal imaging (O. Angenete, T. Augdal and K. Rosendahl) studied
available literature on normal development of the TMJ. Further, published scoring
protocols for presumed, image-based, pathological change of the TMJ were reviewed.
The literature and scoring protocols were thoroughly discussed and differing
interpretations were resolved in consensus. The image reading was then performed on
high-resolution diagnostic viewing screens in consensus between the three radiologists.
To establish identical imaging planes, the high-resolution 3D-datasets were exported to
a post-processing software (SyngoVia, Siemens Healthcare GmbH) and reconstructed in
a standardized sagittal/oblique plane, along the mandible (Figure 5). In addition,

conventional sagittal, transversal, and coronal acquisitions were used as appropriate.

50



SIEMENS.

MM Basic 3D

Figure 5. Post-processing software (SyngoVia) showing reconstruction procedure ensuring
standardized sagittal/oblique presentation of the mandible.

A wide range of imaging features were scored in consensus, first by all three readers,

and then, following a three-month interval, by two readers in consensus (OA and TA).

Morphological features which hopefully can help determine the difference between
normal and pathological development were scored both in the standardized
sagittal/oblique reconstruction, or in the standard presentations in the coronal or
transverse plane. Condylar shape (0-3), anterior beak, condylar inclination (0-2), shape
of the glenoid fossa (0-3), joint space width and disc position were all assessed in the
sagittal/oblique plane. Condylar shape (0-2) was assessed in the coronal plane, while

joint surface irregularities (0-1) was assessed in all available planes (Appendix B).

Image features previously thought to define signs of active arthritis, or lack thereof,
were also scored. Bone marrow oedema was defined as an area of high signal on a fluid-
sensitive sequence with corresponding areas on T1 returning low signal. Assessment of

joint fluid was made in a semiquantitative way on a 0-2 scale, ranging from no fluid to
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more than two mm of fluid in one or two joint compartments. Contrast enhancement
was assessed on a 0-2 scale by judging the area in and around the TMJ as a) without
enhancement, b) with mild enhancement seen directly around the condyle, or as c)

moderate when enhancement was seen exceeding the joint tissue (78).

In paper two, the authors (O. Angenete and T. Augdal) first thoroughly studied
published literature and scoring protocols aimed at defining TMJ pathology as assessed
by MRI. Additional features, thought to represent future markers for JIA pathology,
based on the initial work on paper one, were added to the test protocol. After the
establishment of a final set of imaging features, the readers fine-tuned their
understanding of the definitions of the imaging features. This form of inter-reader
calibration was carried out on five MRI examinations of the paediatric TMJ, during two

1-day meetings and two video conferences.

T. Augdal read all 86 MRI examinations once and O. Angenete read all 86 MRI
examinations twice, at an interval of at least 4 weeks. A total of 25 imaging features
were scored, using high-resolution diagnostic screens in an appropriate environment
(Figures 6 and 7) (Appendix C-F).
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Figure 6 Figure 7

Figure 6. Sagittal/oblique proton-weighted image of the right TMJ of a 15-year-old boy with
enthesitis-related juvenile idiopathic arthritis and disease duration 4 years, showing examples
of imaging features in the osteochondral domain; condylar inclination (white arrow), condylar
shape (black arrow), condylar irregularities (arrowhead), shape of the articular eminence and
glenoid fossa (red line)

Figure 7. Sagittal/oblique T2-weighted fat-saturated image of the right TMJ of a 7-year-old girl
with oligoarthritic juvenile idiopathic arthritis and disease duration 5 years, showing examples

of imaging features in the inflammatory domain. The locations are typical, but not exclusive, for
evaluation of bone marrow oedema (black arrow), synovial thickening (white arrow), and joint

fluid (arrowhead)

In paper three, a similar approach as in paper two was used. Published literature on
interpretation of CBCT-based findings in the paediatric TMJ was scrutinized,
interpreted, and our understanding of the definitions was discussed. A wide set of
imaging features was assembled, including both known, published morphologic
definitions of the TMJ, published scoring systems, and experiences drawn from the
results of papers one and two (Appendix G). The three participating study sites all used
different CBCT machines and associated image viewing software. Hence, potential bias

caused by small differences in the setup of image datasets could occur, which made us
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address and correct these small differences. O. Angenete read all the CBCT datasets
once, XQ. Shi read all the CBCT datasets once and T. Augdal read all the CBCT
datasets twice, after an interval of at least three weeks. At total of 20 categorical
features and five measurements were scored using high-resolution diagnostic screens in

appropriate environment (Figures 8 and 9)

Figure 8 Figure 9

Figure 8. Coronal CBCT-based reconstruction of an 8-year-old girl with persistent
oligoarthritic juvenile idiopathic arthritis and disease duration 6 years, showing examples of
the imaging features surface irregularities (black arrow) scored as absent, condylar shape
(white arrow) scored as convex, and subchondral sclerosis (arrowhead) scored as absent.

Figure 9. Sagittal CBCT-based reconstruction of an 8-year-old girl with persistent
oligoarthritic juvenile idiopathic arthritis and disease duration 6 years, showing measurements
of fossa depth (6.5 mm), fossa length (18.3 mm) and fossa-eminence inclination angle (32.8°)

In all three papers, measurements of continuous variables with digital measuring
technique were standardized by defining the degree of magnification of the images and

definitions of measuring points. Measures were registered with one decimal.
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3.4 Statistical methods

In paper one the association between age, with patients categorized in age groups, and

anterior inclination of the condyle was tested with Pearson chi-square test.

In paper one we used hierarchical multiple regression to explore the influence of gender

and age group on the subjective grading of anterior inclination

In all three papers Cohen’s kappa was used to determine intra-observer and inter-
observer agreement. Cohen’s simple kappa was used for binary variables and Cohen’s

linear, weighted kappa for variables with three categories or more.

In paper three Fleiss™ kappa was used for assessment of inter-observer agreement
between three readers. The results of Cohen’s and Fleiss kappa must be seen in a
clinical setting, but generally a kappa value of < 0 is regarded as poor agreement, 0-0.2
as slight, 0.21-0.4 as fair, 0.41-0.6 as moderate, 0.61-0.8 as substantial, and 0.81-1 as

almost perfect agreement.

In all three papers the intra-observer and inter-observer agreement for continuous
variables was analyzed according to Bland and Altman (109). Bland-Altman plots are
generally interpreted informally and a maximal disagreement of 15% of the mean was
considered clinically acceptable. For evaluation of bias in measurements of continuous

variables two-tailed one-sample t-test was applied.

All statistical analyses were performed in the SPSS software (IBM SPSS Statistics
version 23 or 26). A level of significance of 5% (p<0.05) was considered significant and

all reported p-values are two-tailed.

3.5 Ethics

Research on human beings in general, and children in particular, forces us to make
specific ethical considerations. In “Helseforskningsloven” §18, it is stated that there
must be an insignificant disadvantage or risk associated to participating in a research

project. As no study has been able to prove long-time adverse effects of MRI
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examinations in humans, the examination is considered safe (113). All participation was
voluntarily, and informed consent was obtained. The researchers made sure the children
did not feel obliged to undergo an investigation in order to satisfy parents, caretakers, or
health workers. The child was allowed to stop the investigation at any time, before or
during the uptake. In research on volunteering controls, there is always a risk of
incidental findings, thus, we implemented a system for detecting and handling of such

findings.

Paper one was approved by the Regional Ethics committee; REK nr 2016/257/REK
vest.

Paper two and three were part of the approval from the Regional Ethics Committee for
the NorJIA study; REK nr 2012/542. Written informed consent was given by the
participant for children >16 years and by the parents if the participant was younger than
16 years. Data was collected and stored according to the General Data Protection
Regulation (GDPR).
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4. Summary of results

Paper 1

Normal MRI-based appearances of the temporomandibular joints in children aged
2-18 years

The purpose of the study was to evaluate the reliability of a set of imaging variables for
assessment of the TMJ in children without JIA or known diseases in, or close to the
TMJ. Based on the most precise features and measurements, we aimed to describe the

normal appearance of the TMJ in children and adolescents aged 2-18 years.

A total of 101 head MRI examinations performed at Haukeland University Hospital,
from 2005-2015 were retrospectively reviewed twice to determine intra-observer
consensus agreement. The sample was stratified by age and gender to ensure a balanced

data set.

The study included MRI examinations of 45 girls and 56 boys, mean age 10.7 years (SD
5.3). No significant differences were seen between right or left side, neither between

sexes, hence the results for both sexes were merged, and the right side was presented.

The mean joint space height was 3.8 mm with a 0.2 mm difference between the first and
second measurement. The 95% limit of agreement (LOA) ranged from -1.5 to 1.1 mm.
Mean condylar angle was 20.4° with LOA from -17.4 to 23.2°. The mean fossa angle
was 101.3° with LOA from -21.8 to 19.9°.

The main findings regarding the categorical variables were moderate to substantial
intra-observer consensus levels of agreement for the features anterior condylar
inclination in the sagittal/oblique plane and condylar shape in the coronal plane (Figure
10). The other imaging features showed lower intra-observer consensus agreement,

deeming them unsuited for the MRI-based definition of the normal TMJ.
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Figure 10

Figure 10. Sagittal/oblique reconstruction of high-resolution T1-weighted post-contrast MR
images of an 8-year-old girl without juvenile idiopathic arthritis, undergoing examination
because of headache. The image shows a straight mandibular condyle (arrow).

Some of the pre-defined imaging features such as bone marrow oedema, presence of an
anterior beak and condylar surface irregularities showed very low prevalence, which

was a relevant finding per se, but the low prevalence made kappa calculation unfeasible.

Further, the study showed significantly increasing anterior inclination by age, when the
anterior inclination was subjectively graded from 0-2. Slight condylar flattening, as seen
in the coronal plane was present in 20% of the subjects, but none of the cases were
clearly flattened.

Contrast enhancement of varying degree in the TMJs was seen in 35 of the 36 patients
that were possible to evaluate. Three of the 35 cases were classified with at least

unilateral, moderate enhancement, but mild enhancement was the most common feature.
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Paper 2

MRI in the assessment of TMJ arthritis in children with JIA; Repeatability of a
newly devised scoring system

This study was performed to test the precision of a set of MRI-based image features of
the TMJ in a balanced dataset of children with JIA. The most robust features can then

be used as components in a future scoring system.

The MRIs of 86 children with JIA (51 girls) with median age 13 years (IQR 5) were
read. Median duration of disease at the time of MRI was 4.5 years (IQR 6) and median

age at diagnosis was 6 years (IQR 8).

Continuous measurements of joint fluid, in both the upper and lower joint
compartments showed wide LOA. In the upper compartment the mean measurement
was 0.2 mm (95% LOA -0.6 to 0.4 mm). In the lower compartment mean measurement
was 0.3 mm (95% LOA -1.0 to 0.7 mm).

In the osteochondral domain a total of seven out of twelve imaging features showed
acceptable kappa values. These features, i.e., loss of condylar volume, condylar shape in
the coronal and sagittal plane, and condylar irregularities etc. are variables that are
thought to be indicative of structural deformity and/or growth disturbances due to
arthritis. The results render the imaging features a role in a future scoring system where

their clinical importance can be determined.

In the inflammatory domain, the imaging features generally showed slightly lower
kappa values than in the osteochondral domain. Features for single items such as joint
fluid, synovial enhancement, and bone marrow oedema, but also the composite variable
“overall impression of inflammation” showed acceptable kappa values (Figure 11).
Other items, such as synovial thickening, which is interesting from a pathophysiologic

point-of-view, showed low kappa values (Figure 12).
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Figure 11 Figure 12

Figure 11. Sagittal/oblique T2-weighted fat-saturated image of a 14-year-old girl with
undifferentiated juvenile idiopathic arthritis and disease duration 3 years, showing possible,
synovial thickening, shown as an area of intermediate signal in the joint space (arrow).
Synovial thickness was shown to be an image feature with low kappa value.

Figure 12. Sagittal/oblique T1-weighted fat-saturated image post intravenous contrast of the
left TMJ of a 15-year-old boy with persistent oligoarthritic juvenile idiopathic arthritis and
disease duration 14 years, showing loss of condylar volume (arrowhead). The image also
demonstrates synovial enhancement, grade 2 (arrow). Both imaging features showed acceptable
kappa values.

A set of seven image features in the osteochondral domain and four features in the
inflammatory domain showed agreement levels within and between observers

acceptable for inclusion in a future scoring system of the TMJ in JIA.
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Paper 3

Cone beam computed tomography in the assessment of TMJ deformity in children
with JIA; repeatability of a newly devised scoring system

This study was performed to test the precision of a set of CBCT-based image features of
the TMJ in a balanced dataset of children with JIA. The most robust features can then

be used as components in a future scoring system.

The CBCTs of 84 children with JIA (51 girls) with median age 14 years (IQR 4) were
read. Median duration of disease at the time of CBCT was 6.3 years (IQR 6) and

median age at diagnosis was 6 years (IQR 9).

Initially, assessment of image features was made with the mandibular condyle and the
articular eminence divided in multiple regions and each region was then scored
separately. The results of this regionalized assessment showed poor agreement both for

categorical and continuous variables. Thus, the regionalized assessment was abandoned.

Subsequently, scoring of 19 categorical image features and five continuous
measurements was carried out for each TMJ (Figure 13). Continuous measurements
showed wide 95% LOA where essentially all variables exceeded the pre-defined,

clinically acceptable limit of 15% of the sample mean.

Nine of the tested categorical variables showed acceptable agreement within and
between observers. Based on these results the features overall impression of deformity,
flattening of the condyle and articular eminence/glenoid fossa, reduced condylar
volume, joint surface irregularities, joint surface continuity, and osteoarthritis can thus
be studied further.

61



Figure 13

Figure 13. Sagittal CBCT-based reconstruction of a 13-year-old girl with polyarthritic, RF
negative juvenile idiopathic arthritis and disease duration 11 years, showing mild flattening of
the fossa/eminence (arrow), grade 2 condylar irregularity (arrowhead) and general loss of

volume of the condyle (grade 1)
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5. Discussion

Research on chronic diseases, such as JIA, is constantly developing, addressing aims in
many areas such as diagnostic procedures, treatment options, follow-up regimes, and
consequences of the disease. Before undertaking the work on the papers in this thesis,
we performed a thorough review of published literature on imaging of the TMJ (54).
The experiences drawn from this work, combined with extensive knowledge in study
design in the NorJIA research group, led the way in the idea phase and design phase of
the three papers in this thesis. Designing a diagnostic research study requires amongst
many other things, a defined hypothesis, an adequate study design, correct selection of
study population, the use of adequate techniques and statistical methods and, not least,
the work should be original.

The overall aims of this thesis, as stated in the introduction, was firstly to explore the
appearances of the presumed normal TMJ, in order to create robust tools to differentiate
pathologic joints from normal joints. Secondly, we aimed to explore the usefulness of a
wide range of image features in a population of children with known JIA. Features
addressing morphologic changes were studied on both MRI and CBCT examinations,

while features addressing active inflammation were studied on MRI.

5.1 Methodological considerations

5.1.1 Study design

According to the hypothesis of the study, an adequate study design must be chosen. An
observational study design differs from an experimental study design, where the latter
studies the effect of an intervention. In the observational study, at least in its ideal form,
the subject is not in any way influenced by the observer or the observing procedure.
Observational studies can be examinations of prevalence of disease, health-related
issues such as risk factors for disease, or prevalence of image findings. The
observational study is highly dependent on factors such as the period for data collection,
which patients are included in the study, and which patients are excluded from the

study.
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Observational studies can in some regards be carriers of a lower level of evidence than
the randomized, controlled trial (RCT). The RCT is often seen as gold standard for
evidence-based medicine, being less prone to many forms of bias than other study
designs. The RCT, however, is not suited for research on the precision and accuracy of
diagnostic methods as the latter studies usually do not include any kind of intervention.
Observational studies can be divided into three groups: Cohort studies, case-control
studies, and cross-sectional studies. The cross-sectional study evaluates a defined
population at a given time-point and does not consider change over time in the status of
the study subject. The data in a cross-sectional study can be collected prospectively,
beginning after the formal opening of the data collection. Opposite, the data can be
extracted from previously collected data which would define a retrospective, cross-

sectional study.

Two cohorts were used in this thesis. In paper one, the retrospective cross-sectional
design was used, defining a group of children and adolescents without known disease in
or around the TMJ. The cohort in paper one was balanced in terms of gender and age.
The cohort had an overweight of children being under diagnostic work-up for epilepsy
(49%) compared to other diagnoses (benign brain tumor 12%, and headache 11%).
Applying a very strict way of defining bias, this skewing of the clinical indication for
MRI could represent a selection bias and as such a source of misinterpretation of the
results. However, the current clinical knowledge on the pathophysiology of epilepsy and
the subtle morphologic changes it is associated with, makes the probability of bias less
likely.

One could argue that a prospectively collected material of presumed healthy volunteers
would constitute a more valid representation of the normal TMJ. Concerning the
morphologic features of the TMJ, such as shape, flattening, appearance of the disc and
even bone marrow oedema, the author agrees. Data collection not associated to
hospitalization or other forms of visits in the health care system can reduce inclusion
bias and has been successfully used by others (114). Other kinds of inclusion bias, such
as socioeconomic factors and unintended motives for participating must be addressed in

such a prospective study design as well as funding for the extensive apparatus which is
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necessary to collect the data. Methodologically, such an approach would probably
represent an even more reliable dataset of the normal appearance of the TMJ.

However, the normal standards of synovial perfusion and bone marrow enhancement
would be ethically challenging to study in a cohort of healthy volunteers. The degree of
synovial perfusion and bone marrow enhancement represents two of the cornerstones of
diagnostic imaging in arthritis, therefore the cut-off value between normal and
pathologic perfusion is essential to define. As per today, the visualization of synovial
perfusion and bone marrow enhancement requires injection of intravenous contrast
which, in an MRI examination contains gadolinium. Intravenous contrast with
gadolinium is very well tolerated in a large majority of patients where it is clinically
indicated to use it. In patients with severe renal dysfunction, injection of earlier forms of
gadolinium-containing contrast was associated with the severe adverse reaction of
nephrogenic system fibrosis (115). Further, numerous publications have shown subtle,
but measurable depositions of gadolinium in certain regions of the brain, following
repeated injection of contrast material (116, 117). The clinical consequence of this
deposition of gadolinium is not known, but further research will hopefully shed light on
the important topic (118). From an ethical point-of-view, the potential risks associated
with injection of intravenous gadolinium makes it not acceptable to use in a healthy
cohort. As one of the aims of paper one was to define the synovial distribution of
intravenous contrast material in presumed normal TMJs, a retrospective extraction of
MRI examinations with intravenous contrast performed for other reasons was

considered the most appropriate.

In paper one a sample size of 101 patients was selected. Ideally a power calculation
would have given a somewhat clear indication on what number of patients to include.
Calculation of power, however, assumes some knowledge of the prevalence and
variance of the item under study. It also assumes some amount of a priori knowledge of
a clinically relevant cut-off value (119). Again, one of the aims of the thesis was to
study the unknown prevalence of imaging features in assumed normal TMJs and, if
possible, also define the variance of the findings. These aims, together with the lacking
evidence of a clinically relevant cut-off between normal and pathologic findings makes

a power calculation hard or even impossible to perform. Instead, a pragmatic approach
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was used by defining a time frame where homogeneous MRI acquisitions were
available, including a number of examinations that would represent a balanced dataset

regarding age and gender.

Methodologically, paper two and three are very similar. Both represent cross-sectional
studies with prospective collection of data. In the NorJIA study, we prospectively
invited patients with a JIA diagnosis during the period 2015 to 2020. Diagnosing a child
or adolescent with JIA is a delicate matter, requiring expertise in clinical skills, vast
knowledge on differential diagnoses of other kinds of joint pain, access to laboratory
resources and opportunity to follow-up of patients with borderline symptoms. Thus, in a
prospective study there is a possibility of inclusion bias where children erroneously are
diagnosed with JIA. To reduce the risk for this type of bias the recruitment of patients
was restricted to tertiary, paediatric hospitals staffed with consultant paediatric
rheumatologists working in close collaboration with other, related medical specialties.
Another form of inclusion bias, possibly affecting the study population, is the risk that
patients with more active disease tend to participate in research studies more often than
patients with milder forms of the disease. Preliminary results from the epidemiologic
analysis of the NorJIA population indicate that 63% of the patients accepted the
invitation to participate and a slight overweight of patients with more active disease
cannot be excluded. In a population-based study the possibility of this kind of inclusion
bias could represent a problem that must be addressed. The population under study in
paper two and three is not intended to represent a population-based sample. Rather, the
sample is selected to include a balanced range of pathology, ranging from none to
severe, a balanced proportion of girls and boys, and a balanced range of age groups of
the participants. By ensuring this form of balance, the image features under study can
ideally be tested on all relevant age groups and the full range of pathologic phenotypes
in a dataset that allows for adequate statistical evaluation.

As in paper one, a definition of an adequate sample size based on power calculation was

not performed in paper two and three. The rationale behind this decision was similar to

the one in paper one, based on lacking clinically relevant cut-off values, lacking gold
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standards, and lacking knowledge of the prevalence of the relevant imaging features

under examination.

A diagnostic imaging test has many purposes. One important purpose is to, if possible,
distinguish between normal and pathologic findings. One might then argue that an
image-based classification system based on a cohort of patients with a known disease
does not consider the variability of findings in a population under diagnostic work-up,
yet not diagnosed with the disease. This argument is not invalid, but the aim of this
thesis was not to establish a diagnostic tool for JIA or arthritis in the TMJ, but to define
image features with acceptable level of agreement. Further studies are warranted to
define the clinical relevance of the image features, both in a population with and
without JIA.

5.1.2 Technical aspects of MRI

Choosing MRI sequences for a protocol of clinical examinations on humans is a
complicated task. The task of choosing an MRI protocol for a multicentre study on
children is not less complicated. Not only must a suitable MRI scanner and a suitable
MRI coil be available, thorough considerations such as defining the desired weighting
of the sequences, method of administration of intravenous contrast and standardization
of open-mouth acquisitions also had to be done. In addition, an adequate, child-friendly
environment had to be established all the way from the child entering the imaging
department, staying comfortable in the scanner and lastly, leaving the department with a
feeling of being sound and taken care of. At all three sites a Siemens Skyra 3 Tesla

scanner with a dedicated head coil was used.

MRI protocols is not only the set of parameters usually described in scientific
publications, such as field strength (Tesla), TR, TE, fat-saturation, and slice thickness.
The protocol also includes a breadth of parameters less often presented. Examples of
such parameters are echo-train length, number of averages, phase-encoding direction,
receiver bandwidth, acceleration techniques, interslice gap, and sampling percentage.
These are all factors with a direct impact on the acquisition, affecting both the
possibilities of post-processing and the quality of the images presented to the
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radiologist. The complexity of the setup of an MRI protocol is a problem that must be
addressed when implementing a new method in the MRI department. To reduce the risk
of using slightly different MRI parameters in the different study sites, a final definition
of all the parameters was made on an MRI scanner at Haukeland University Hospital. A
USB-unit containing all MRI parameters was then distributed to the other two study
sites and the information was directly copied on the scanners, respectively. Thus, we
believe that harmonization of the three MRI systems in the study is carried out as far as

reasonably possible.

MRI acquisitions can be obtained in either separate slices (2D) or as a whole volume
(3D) which then can be presented in slices. The 2D acquisition requires the
radiographer to manually define the direction of the slices and the size of the volume to
obtain signal from. Further, the slice thickness, the interslice gap, and the matrix of the
acquisition puts restrictions on the ability to detect small changes in the tissue. As the
TMJ is an anatomically complex joint with numerous asymmetric curvatures in both
soft tissue and joint surfaces the slice direction affects the visualization of small
structures. Similar experiences have been drawn regarding the slice directions in the
sacroiliac joints (120). To minimize the radiographer’s potentially varying impact on
the slice direction, an anatomically based instruction for placing of the sagittal/oblique
slice direction was implemented. We did not aim to quantify the importance of the slice
direction on the visualization of small structures. However, during the work with paper
one, and during data collection of paper two, the importance of correct MRI image
acquisitions became apparent. Newer, faster ways of performing truly isotropic 3D
volume acquisitions could reduce the impact of the radiographer, as the reconstructions
would be adjustable by the radiologist at the PACS station. The technique has been
tested on larger joints such as the knee, with promising results regarding image quality
(121). Whether the technique is useful as a substitution or adjunct to 2D imaging of

small joints, such as the TMJ, remains unknown.

All three study sites used the same type of fat suppression in the MRI protocol. Both the
sagittal/oblique T2-weighted sequence and the sagittal/oblique T1-weighted sequence
after intravenous contrast used a fat-suppression technique dependent on a homogenous

magnetic field. The TMJ is located peripherally in the receiver head coil and it is
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situated close to an interface between tissue and surrounding air. These factors are
known to impede the effectiveness of the fat saturation which can lead to reduced
contrast to noise ratio in the TMJ (122). Using a head coil, it is not easy to overcome
this drawback of the fat saturation technique and it is not unthinkable that this affects
the visualization of bone marrow oedema. A potential way around this challenge could
be quantification of water content by Dixon technique (123), which possibly would be

less affected by local inhomogeneities in the magnetic field.

5.1.3 Technical aspects of CBCT

Being a modality dependent on ionizing radiation, the diagnostic impact of the CBCT
examination has to be weighed against the risk associated with radiation. Children are
more sensitive to radiation than adults, probably due to higher cellular turnover and
longer life expectancy. Epidemiologic studies on radiation-induced risk of cancer in
children are neither easy to conduct, nor to interpret. In a review from 2016, Kutanzi
demonstrate the slightly diverging results of a series of studies ending up with a
conclusion that head CT performed in children most likely is associated with a small
increase in risk for brain cancer (124). As far as we know, epidemiologic studies on the
association between CBCT and cancer risk in children are not published. However,
estimations and projections of risk for cancer induced by dental CBCT are published
(125, 126) based on phantoms and models for risk prediction. These models support the
theory that even the relatively low doses associated with CBCT can be associated with
increased risk for cancer. Thus, the ALARA statement (As Low As Reasonably
Achievable) seems to hold true and before referring a child to CBCT thorough weighing

of the benefits contra the radiation-associated risk must be made.

An unchallenged advantage of CBCT is the exceptional ability to visualize very small,
bony structures, as explained in the introduction. Small irregularities in the joint surface,
both on the condylar side, and on the side of the temporal bone can theoretically
represent subtle, superficial, osseous degradation caused by inflammatory enzymes. If
that finding really represents ongoing inflammation, the treat-to-target paradigm would
recommend systemic, treatment with the goal of stopping, or hopefully reversing the
process. However, as normal standards of age-related CBCT findings are sparse or

69



almost absent, and CBCT examinations of healthy volunteers is ethically challenging,
the radiology report of the CBCT will be associated with some uncertainty, when it
addresses very small irregularities. Hopefully, increasing technical development of MRI
systems to detect very small cortical alterations can bring more knowledge to this topic
(127).

Contrary to CT, the CBCT is relatively sensitive to motion artefacts. The rotation of the
gantry requires the patient to remain still for 10 to 40 seconds, depending on machine
and acquisition parameters. Although suboptimal examinations due to artefacts were
excluded from paper three, we did notice small variations of image quality. As
quantification of image quality in terms of signal-noise ratio or similar types of rating
was not an aim of paper three, the impact of this small variation is not clear. It is not

unlikely that patient motion during acquisition was the cause of the small variation.

Another useful ability of the CBCT is the isotropic dataset, giving the reader the
opportunity to adjust the slice direction to his or her preference. In a setting with
experienced readers, who are comfortable using standardized definitions of slice
directions, the flexibility of the dataset most likely is a benefit. Opposite, we
experienced that even small alterations of the reconstructed slice directions altered the

conspicuity of small lesions such as surface irregularities.

5.1.4. The image readers

Image reading in consensus as done in paper one can be both advantageous and
problematic. In paper one we aimed to define robust image features of the normal TMJ.
As there is no pre-existing age-related image atlas, and data on the normal appearances
of the paediatric TMJ is sparse, we first sought out to unconditionally review, discuss,
calibrate, and harmonize our understanding of the MRI-based image features of the
normal TMJ. Given the paucity of pre-existing data we considered this approach as a
correct first step in establishing new normal references. The approach forced us to
thoroughly discuss pros and cons at every step of the reading procedure. In some

settings the consensus reading has a positive connotation as it implies that the readers
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strive together towards a common goal. The consensus reading however also has
apparent drawbacks. In a clinical setting, in a radiology department, image reading is
almost never performed as consensus reading. The consultant radiologist usually
determines by himself or herself what to write in the radiology report. In most cases
experienced radiologists agree substantially, but there is almost always some variability
and hence a slight disagreement. The consensus reading eliminates the visualization of
this variability. Nevertheless, in an early, preliminary stage of the development of a test,
it can be appropriate to apply the consensus reading procedure to validate the
understanding of the definitions of the test (128).

The validity of the consensus reading can also be hampered if the readers are unequal in
any way, for example radiologic experience, and this inequality affects the consensus
dialogue. In our setting, all three readers are consultant radiologists with long
experience of clinical radiology and a special interest in musculoskeletal radiology. We
therefore believe that a free-speaking, unconstrained dialogue was held under the
consensus reading meetings. However, before applying a diagnostic test in a clinical

setting more thorough examination of the test performance must be made (128).

In papers two and three, each observer performed the image reading alone. In many test
settings the possibility to blind the readers for all relevant information is limited. All the
participating children in papers two and three were diagnosed with JIA and previous
evidence has shown that the TMJ often is affected in JIA. Therefore, it is not unlikely
that the readers had a pre-understanding that there would be pathology present in the
images. This would have constituted a significant methodological problem if the aim
was to differ normal TMJs from pathologic TMJs. As our aim was to establish robust
imaging features, the problem is not affecting the conclusions of the thesis. The same
problem must however be thoroughly addressed in a later phase, when studying the

sensitivity and specificity of the MRI- and CBCT-based image features.

5.1.5 Statistical considerations
Statistical methods are seldom perfect, and the result of a statistical method has to be

seen in the light of its advantages and drawbacks. In all three papers calculations of
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Kappa (Cohen’s or Fleiss”) were contributing heavily to the results. These methods are
not without flaws as described in the section on Materials and Methods. In all three
studies we encountered findings with low prevalence e.g., presence of bone marrow
oedema in paper one, and position of the condyle in paper two. When we found
extremely low Kappa values of a separate image feature, an extra, thorough evaluation
of the distribution of findings was made. In addition, we double-checked the readers

understanding of the definition of the variable.

We have not found guidance on pre-defined cut-off levels for when to refrain from
Kappa calculations because of low prevalence. In some cases, one could consider
dichotomizing categorical variables with three or more grades. That operation usually
leads to less skewing of the distribution of findings. However, dichotomizing must be
done with great care in order not to reduce the clinical importance of the variable. For
example, in paper one, we tested dichotomizing the variable “shape of the glenoid
fossa” from four grades to two, as the dichotomized variant still would be clinically

interesting. In that specific case, the change did not improve the results.

In paper two and three, we strived to collect a dataset which was relatively balanced in
terms of pathology, age, and gender. We believe achieving balance in a dataset
addressing for example blood glucose, body mass index, or smoking status, is more
straight forward than achieving balance in a dataset of up to 25 image features, which
prevalence is close to unknown. By extracting all patients with a radiology report
deviating from “normal” from the NorJIA population, and including a number of
patients that is two to four times larger than other, related studies (129, 130), we assume
that the statistical impact of the calculations should at least be on par. Still, as the entire
data volume of the NorJIA study was not included, it cannot be ruled out that the choice
to include or exclude certain examinations affected the overall prevalence of some
image features. Therefore, the prevalence of the finding and hence the possible skewing

of the prevalence might have affected our calculations of Kappa.

In papers two and three we carried out a set of measurements of different TMJ
structures, both angles and distances. As the participants in the study ranged from

young children to adolescents, we anticipated relatively large differences in
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measurements depending on age. Using Bland Altman difference plots and limits of
agreement give the reader an opportunity to evaluate if the disagreement is clinically
significant or not. The variation of measurements between patients is not lost in the
presentation. Opposite, if the same measurements were evaluated along an agreement-
adjusted ICC scale, this variation would still be present, but would not be presented to

the reader.

Why did we find wide LOA when measuring small distances? There are probably a
series of mechanisms contributing to wide LOA. One contributing factor could be that
the extensive image dataset that MRI and CBCT presents, gives large room for
individual judgment of where to deploy the measuring points. The reader must first
choose the most correct image slice and then the most correct points in that particular
slice. Further, the spatial resolution of MRI is relatively low. There was always a need
to zoom in closely on the TMJ to find the correct measuring points. This enlargement of
the images combined with low spatial resolution commonly made the presentation of
MRI images coarse, consequently leading to challenges in choosing points for
measurements. As per today, it is challenging to find imaging systems and measurement

procedures that might overcome this issue.

The clinical significance of image-based measurements of the TMJ in JIA is unclear,
and evidence demonstrating the importance of measuring the anatomical structures is
lacking. If and when evidence for such measurements is presented, our results could be

used as a tool to guide further development.

During the consensus reading in paper one we could see that some image features
tended to vary according to age group. Condylar shape in the coronal plane and
condylar inclination in the sagittal/oblique plane showed acceptable kappa values and
were thus included in further testing by using chi squared tests. Chi squared tests
showed condylar anterior inclination to be significantly associated with age, but
condylar shape in the coronal plane was not. Hierarchical multiple regression can
demonstrate the influence of additional, independent factors by stepwise addition, and
thus we analyzed if gender was influential on anterior inclination of the condyle, but

with negative results.

73



5.2 Ethical considerations

In paper one, a retrospective collection of data was performed including patients
undergoing clinically indicated MRI of the head. The retrospective approach gives
advantages in terms of cost, time spent on collection, and availability of potentially very
large datasets compared to the prospective approach. It does however also impose a
large responsibility on the researcher to ensure that the data is treated correctly. The use
of image data from patients who did not have the opportunity to decline participation of
the study can be considered controversial. Ethical guidelines can be somewhat
diverging on this topic, partly depending on the purpose and impact of the research that
the data will be used for. Norwegian regional ethic committees have guidelines that
approve the use of such material given that strict restriction on anonymization and data

storage is overheld.

The participants in the NorJIA study were invited to a wide range of examinations,
including CBCT and MRI. As per today, no evidence-based guidelines exist that
confirm a positive effect of the use of advanced imaging in TMJ arthritis in JIA. From
an ethical point-of-view children represent a vulnerable group of our society.
Vulnerable groups can be defined as people with reduced ability to object, with reduced
ability to understand the consequences of their actions, and they are prone to experience
the examination as threatening and unpleasant. The latter can have implications on the
child’s ability to co-operate in a future examination where the clinical importance is
much higher for the specific individual. Amongst other reasons, the Helsinki declaration
(131) states that there must be a «reasonable likelihood that the populations in which the
research is carried out stand to benefit from the results of the research”.

As shown in the section on “Pathology in TMJ” there is evidence indicating that
arthritis in the TMJ can be asymptomatic. There is also evidence showing that early
treatment aiming at reducing or stopping inflammation generally is favourable for the
JIA patient, the so-called treat-to-target paradigm (21), even though the tools for
defining remission are not always clearly defined. This paradigm gives support to the
use of advanced imaging to detect active inflammation even in patients without

symptoms from this particular joint. One could also argue that determining whether
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joint deformity is present, but no active inflammation, could be of beneficial prognostic

value for the patient, in case relapse of clinical symptoms would occur.

Before carrying out research on children, a series of conditions must be fulfilled. A
consent from the child must be obtained if the child is 16 years or older. If the child is
between 12-16 years of age, the parents or caretakers must consent, but the child must
be presented information that is adapted to the age of the child, in order to give the child
a fair understanding of the research protocol. For children under 12 years of age, the
parent or caretaker takes the decision for the child, based on oral and written
information. The child and its caretaker must be able to withdraw from the study at any
point, without fearing consequences or relevant change of treatment. During the
imaging procedures, this kind of withdrawal occurred a few times, especially during the
MR examination. When possible and desirable, the child and caretaker were presented
with the opportunity to re-schedule the MRI. In some cases, the child and caretaker
chose to continue with the other forms of data collection in the NorJIA study, and in a
very small number of cases the child withdrew from the whole study. The withdrawals
did not have any effect on the study population in paper two and three as the dataset was

selected.

Diagnostic imaging is always associated with the risk of incidental findings. The field-
of-view of the MRI examination includes the whole cranium and brain in one sequence,
and parts of the brain, skull base and adjoining soft tissue on several sequences. Thus,
incidental findings must be anticipated, given the size of the study population and the
sensitivity of the imaging modalities. In fact, a small number of arachnoid cysts, benign
parotid lesions and grey matter heterotopia was reported. This requires the researchers
to implement a system for recognizing, reporting, and acting on the incidental findings
in an adequate way (132). The participants of the study are also entitled to be informed
of the potential, incidental findings, and their consequences as far as reasonably
possible before consenting to participation. The primary investigators (O. Angenete, T.
Augdal, XQ. Shi and K. Rosendahl) are clinical radiologists with experience in
interpreting a wide range of paediatric imaging studies, working in an interdisciplinary
environment in close collaboration with other sub-specialists. This framework secured

safe and adequate management of all incidental findings.
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In sum, the ethical drawbacks of exposing children in the NorJIA study to advanced
imaging is considered outweighed by the potential benefit of increased knowledge for
the child and the whole JIA population. The regional ethics committee of Western

Norway supported this view in their decision from 2012.

5.3 Results

5.3.1 Image features of the TMJ in children without JIA

In children and adolescents without JIA we have shown that several of the features and
measurements previously used to define the TMJ are imprecise. Despite active readers
and meticulous deploying of the measuring points, following thorough standardization
of the techniques, we could not confirm reliability of continuous measurements. These
somewhat disappointing results are however not surprising. Others have also shown
wide limits of agreement when measuring small distances (45, 133). Interestingly, we
found very low prevalence of bone marrow oedema in both readings. The low
prevalence made calculation of consensus intraobserver agreement impossible, but as
such the prevalence of the feature is still interesting when comparing a cohort of
children without JIA to a cohort of children with JIA. The feature anterior inclination of
the condyle proved to be robust and could thus confirm the findings from previous
publications (45, 80).

We noted contrast enhancement, mostly of mild degree, in nearly all TMJs in children
without JIA. In her study from 2013, von Kalle described the dynamics of contrast
uptake in and around the TMJ in children examined for other reasons than JIA (78).
Their results are in line with ours, although the methods are somewhat different. Mild

contrast uptake in the TMJ can thus be considered a normal finding.

5.3.2 Image features in the osteochondral domain
We have shown that a range of image features describing osteochondral items probably

can be used to evaluate the appearance of the paediatric TMJ in JIA. The variable
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condylar volume, when scored subjectively on a 0-1 scale on MRI, or on a 0-4 scale on
CBCT, showed acceptable levels of agreement. As far as we know, no testing of
agreement of these subjective variables have previously been published. The use of the
variable has been proposed by Tamimi (134) in CBCT, but without thorough testing of
its precision. Interestingly, the feature shows acceptable performance across the
modalities MRI and CBCT. We speculate that the similarities in the features’
definitions, combined with readers being comfortable with both techniques could
indicate some transferability of the findings between the modalities. If future studies
confirm the reliability of the features in a larger setting, and if the features are deemed
clinically important, the ease with which the feature is used can be an advantage.
Opposite, the development of automated or semiautomated techniques to calculate
condylar volume intuitively seems attractive, in terms of repeatability (135, 136).
However, as promising these techniques may seem, today they still require external
third-party software or advanced, time-consuming procedures making them unsuitable

for daily practice in a radiology department.

How the shape of the mandibular condyle and of the articular eminence and glenoid
fossa is related to disease activity in JIA is unclear. As shown in the introduction,
studies have shown that growth and development of these structures are intricately
related to many factors, such as load and genetic expression. We found that both in the
presumed normal population, and in the JIA population, a non-negligible number of
children presented with shapes deviating from an S-shape in the fossa or a
rounded/ovoid form of the condyle. This is not unexpected, as others have shown a
development with deepening of the fossa by age as well as a slight loss of roundedness
of the condyle (80). We have shown these image features to be robust in a JIA
population. However, hard work remains to find the cut-off between shape alterations

caused by JIA and shape alterations that can be categorized as normal variants.

Irregularities of the joint surfaces is an interesting image feature in many regards.
Again, we have shown that the image feature performs well on both CBCT and MR,
although it should be noted that the MRI preferably should be obtained with an ideal
setup of sequences, not a core setup. On MRI we did not aim to assess irregularities of

the joint surface of the articular eminence and glenoid fossa. On CBCT we found this
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image feature to be reliable and thus it could be fruitful to test the variable also on the
articular eminence and glenoid fossa in the MRI dataset. As the irregularities found in
this region on CBCT mainly were small or very small, one should probably anticipate
difficulties detecting them on MRI, due to the lower resolution. In the population of
children without JIA we found a prevalence of condylar surface irregularities
somewhere between two to five percent. As such, it shows that the radiologist must be
vigilant, not to unequivocally report condylar irregularities as signs of TMJ deformity.
In the CBCT dataset, we also tested the image feature discontinuity of the surface. The
presence of this variable theoretically indicates an aberration in the cortical surface. In
terms of JIA-related pathology, this could be caused by inflammatory enzymes
degrading the joint surface and is therefore a potential early biomarker for disease. It
should be noted though, that the development of the condylar cortex is not finished until
adulthood (137) which again requires the radiologist to be cautious. On MRI we did not
aim to define the precision of the same image feature, and again the lower spatial
resolution of our MRI dataset compared to CBCT probably makes the feature hard to
evaluate. Considering the advances of musculoskeletal MRI in larger joints, focusing on
growth plates, secondary ossifications centres and cartilage imaging (138), one can hope
that the MRI techniques of the TMJ also move forward in the future. As per today
however, the possibilities to examine the different layers of cortical development of the
TMJ by MRI are limited.

5.3.3 Image features in the inflammatory domain

In paper two, a series of findings addressing inflammatory activity were made, with the
findings in paper one as an important foundation. In line with the treat-to-target
paradigm, it is essential to induce remission of inflammation as soon as possible,
hopefully before structural change of the joint occurs. As the TMJ is challenging to
examine clinically, MRI has emerged as an important tool for evaluating inflammation
in the TMJ. Out of 13 MRI-based imaging features previously used for assessment of
inflammation, four were deemed of sufficient precision to be used in a future scoring

system.
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5.3.3.1 Bone marrow oedema

This item with a pathophysiologically elusive content, has for long been of major
importance in MRI-based assessment of inflammation in many parts of the body. On a
0-1 scale, we found relative, but not overwhelming evidence for the precision of this
feature in the mandibular condyle. However, given the assumed importance of the item,
and acceptable precision, it can be studied further. Others have also encountered
problems with precision of this feature, in the paediatric mandibular condyle (129) and

in the paediatric sacroiliac joints (139), supporting our findings.

5.3.3.2 Synovitis

Synovitis is by many seen as the imaging hallmark of arthritis, and it was tested in three
slightly different variants. The image features are dependent on a series of potentially
crucial factors such as serum gadolinium concentration, slice thickness, slice direction,
and the quality of the pre-contrast T1-weighted sequence or fluid-sensitive sequence.
Further, the feature most likely is affected by the timing and the way the data is
collected in k-space (78, 79). To address as many of these factors as possible, the
contrast injection and all sequences used, were highly standardized. We also explored
whether dependence on a pre-contrast T1-weighted fat-saturated sequence or a T2-
weighted fat-saturated sequence affected the agreement, which we cannot see has been
done before. In total, a small advantage in terms of agreement, was seen for the image
feature synovial enhancement, dependent on a pre-contrast T1-weighted fat-saturated
sequence. Interestingly, and possibly because we used a relatively large study
population, we found cases with an unexpected sequence of pathologic change e.g.,
presence of synovial thickening without joint effusion. This violates the logic of the

progressive system (140) and could thus have affected the agreement of the readers.

5.3.3.3 Joint fluid
Joint fluid was scored in four variants, ranging from simple to more complex variants.

As previous publications have shown difficulties in measuring small distances, we set
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out to test a simple, binary image feature lacking all kinds of measurements and we
named it overall impression of pathological joint fluid. The agreement between
observers was not convincing, and as the feature probably does not differentiate well
between mild and severe disease, the future use of the feature is questionable. Similar,
but slightly less agreement was shown for the features regarding the amount of joint
fluid in each joint compartment. Interestingly, and maybe somewhat surprising to the
readers, the semiquantitative feature joint fluid on a 0-2 scale performed well. As shown
in more detail in paper two, this feature is partly dependent on continuous
measurements, which performed poorly as judged in a Bland-Altman plot. Still, the
composite image feature performed well, both within and between observers, making it
a candidate for a future scoring system. The image feature has been mentioned on
several occasions, starting in the consensus scoring system from 2018 (129). In that
study, the authors proposed joint fluid to be assesses on a 0-2 graded scale, based on the
ICC-based results from two other variables scaled from 0-3. The 0-2 graded variable
was never tested though. In subsequent studies on the perceived importance of each
image feature the precision of the 0-2 score was not examined (141). This was also the
case for the study testing the scoring system on radiologists and non-radiologists (142).
However, our results support the recommendation by Tolend from 2018 to use the
variable on a 0-2 scale.

5.3.3.4 Overall impression of inflammation

The composite variable overall impression of inflammation showed moderate levels of
intraobserver and interobserver agreement, making it a candidate for a future scoring
system. The variable is dependent on multiple factors including evaluation of joint fluid,
synovial enhancement, and the reader’s understanding of what constitutes active
inflammation on MRI. The last component is deliberately constructed without
measurements or very strict guidance of the constituents of the term active
inflammation. As noted, it nevertheless performed well. If the feature continues to
perform well in further testing in a clinical setting with multiple readers, it might

represent a tool which is easy to use and understand for both radiologists and clinicians.
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5.3.3.5 Synovial thickness

In their study from 2021, Tolend and co-workers let several experts share their
perceived importance of a range of image features of the TMJ in JIA (141). In the
inflammatory domain, synovial thickness was ranged second most important, next to
the image feature joint enhancement. Considering the physiological background of
synovial thickening and its probably close relation to pathological change and
destruction of the joint, we agree. Nevertheless, none of the image features addressing
synovial thickening did perform convincingly. The reason for this suboptimal level of
agreement is not clear. One might speculate that partial volume averaging of nearby
voxels results in a blurred interface between the intermediate signal returned from the
thickened synovium and the normal synovium. Likewise, the interface between
thickened synovium and joint fluid might be blurred, again affecting the scoring. These
effects were not possible to quantify in this thesis but could probably be explored
further in a larger dataset. The precision of a similar image feature on a 0-3 scale in the
so-called American scoring system (143) has been tested in Tolend’s work from 2018
(129) with an acceptable ICC value. The consensus-based recommendations in the same
publication recommend the use of a 0-2 scaled image feature, based on continuous
measurements. We have not found publications addressing the precision of this,

recommended image feature, tested as a solitary variable.

5.3.4 Recommendations on a future scoring system
Based on the results from previous publications and from the present studies, the
following components are considered precise enough to be included in a future scoring

system:

Osteochondral domain: shape-related features of the condyle and of the articular
eminence/glenoid fossa, reduction of condylar volume, impression of deformity, surface
irregularities, and condylar inclination. The importance of joint surface continuity could

be studied further specifically in CBCT-based imaging.

Inflammatory domain: the MRI-based features bone marrow oedema, synovial

enhancement, joint fluid, and overall impression of inflammation.
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5.4 Clinical implications

As stated in the introduction, it is not easy to correlate clinical examination of the TMJ,
self-reported symptoms from the TMJ, and disease activity in children with JIA. A large
proportion of children with JIA will undergo systemic medical treatment associated
with potential, adverse events, and will have a need for long-term follow-up by an
interdisciplinary team of specialists. A series of publications underscores the importance
of using medical imaging as a tool to assist in the clinical decisions. When the clinician
decides that there is a need for evaluation of soft tissue and osteochondral tissue of the
TMJ in children with JIA, we believe the results of this thesis may be of help. The use
of the scoring systems we present could facilitate understanding between the radiologist
and the clinician, and most importantly, if used by the radiologist, the results can guide

him or her to focus the radiology report on robust imaging features.

Recently, Collin and colleagues found correlations between TMJ symptoms, maximum
mouth opening, and CBCT findings, addressing the postulate that many children with
JIA develop TMJ deformity (144). However, the CBCT findings were reported
according to a system constructed for radiographic techniques (46), underpinning that
there is an urgent need for a specific CBCT-based scoring system, e.g., the one we
propose. It is advisable, and not uncommon for children with JIA and TMJ involvement
to be at least partially managed by specialists in oral health such as orthodontics and
maxillofacial surgeons. These specialists usually have easier access to, and experience
with CBCT as opposed to MRI. In that setting, a robust CBCT-based scoring system
might contribute to a reliable framework in the treatment of children with JIA.

The proposed scoring systems for MRI and CBCT are based on a dataset of 84 to 86
children with JIA, balanced in terms of range of pathology, age, and gender. Can the
results drawn from this thesis be generalized to a broader, unselected JIA population or
even children under diagnostic work-up for JIA? As presented in this thesis, it is
possible the results can be used in a broader, but similar JIA population to guide the
radiologist and paediatric rheumatologist working with children with an established JIA
diagnosis. We would also argue that the methods and the population under study
probably has similarities to a JIA population found in a tertiary, paediatric hospital of

other industrialized, modern countries. We believe these results represent an important
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step forward for research on JIA, in line with the ESPR research strategy (1). However,
we would also strongly recommend further evaluation of the scoring systems addressing

use by multiple readers and in less conform settings.

5.5 Strengths and limitations

Some strengths of the thesis are worth noting. We would argue that the relatively large
numbers of included patients in all three papers enhance the robustness of the results.
The study population in papers two and three includes only children with JIA which
increases the transferability of the results to the general JIA population. Further, efforts
were made to balance the datasets with respect to age, gender, and imaging findings.
Regarding the MRI examinations, thorough standardization was made concerning
machines used, sequences acquired and the image presentation to the readers. In all
three papers considerable effort was made to harmonize the readers understanding of
the imaging features.

The results of this thesis must be seen in the light of its shortcomings and limitations,
some of which have already been problematized in the discussion on methodological
aspects. We acknowledge that our retrospectively collected study population in paper
one does not represent healthy children, as the participants were either hospitalized for
other reasons than JIA or under diagnostic work-up for suspected non-JIA disease. It is
also noteworthy that not even a population of 101 children will display the whole
spectrum of normal variants of the TMJ that probably exists in an unselected, much
larger paediatric population. The CBCT machines used in paper three were from
different manufacturers and did have somewhat different acquisition parameters, which
might have caused unwanted variations in the image dataset although stratified analysis
did not find differences between the machines. The use of Cohen’s kappa has
limitations, as discussed earlier. By presenting the absolute prevalence of each imaging
feature, by each observer and by each reading, it is possible for the reader to relate each
kappa value to the prevalence of each feature. However, partly due to space restrictions

from the publishing journals these full datasets were not published.
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6. Conclusions

In this thesis we aimed to evaluate MRI-based imaging features to identify features

precise enough for the description of normal temporomandibular joints in children

without JIA. We also aimed to evaluate a large set of CBCT-, and MRI-based image

features, including already established measurements and scores, but also novel ones.

The image features were tested in a population of children with JIA, addressing both

intraobserver and interobserver agreement to identify the most precise features.

Based on the results, we conclude that:

In children and adolescents aged 2-18 years without JIA:

Subjective assessment of anterior inclination of the mandibular condyle in the
sagittal/oblique plane is a robust image feature.

Condylar flattening in the coronal plane is a robust image feature.

The mandibular condyle is predominantly straight in the younger age group and
the anterior inclination increases by age.

Mild flattening of the condyle in the coronal plane is a common finding.

Mild contrast enhancement of the TMJ is a normal finding.

Continuous measurements of different parts of the TMJ, previously used to
define normal and pathological findings, are associated with wide limits of

agreement, probably precluding their use in a clinical setting.

In children and adolescents with a known diagnosis of JIA:

From a set of MRI-based image features addressing the osteochondral domain;
condylar shape in the sagittal plane (on a 0-3 scale) and in the coronal plane (on
a 0-2 scale), loss of condylar volume (on a 0-1 scale), condylar irregularities (on
a 0-2 scale), shape of the articular eminence and glenoid fossa (on a 0-2 scale),
disk abnormalities (on a 0-1 scale), and condylar inclination (on a 0-2 scale) can
be used in a future scoring system.

From a set of MRI-based image features addressing the inflammatory domain;
joint fluid in the sagittal plane (on a 0-2 scale), synovial enhancement (on a 0-2
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scale), overall impression of inflammation (on a 0-1 scale), and bone marrow
oedema (on a 0-1 scale) can be used in a future scoring system.

From a set of CBCT-based image features addressing the osteochondral domain;
overall impression of damage, shape of the condyle and articular eminence, and
glenoid fossa in both sagittal and coronal plane, reduction of condylar volume,
joint surface continuity, and irregularities of the joint surfaces can be used in a

future scoring system.
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7. Future perspectives

The results from this thesis hopefully represent a few bricks in the on-going building
project of diagnostics, treatment, and follow-up of children with JIA. However, there
are many remaining bricks to be laid by us or others, to make this building higher and

more robust.

In the process of recruiting volunteers without JIA, we received important information
on how the volunteers experienced the data collection. It turns out that a large majority
of the volunteers promote the altruistic aspect by contributing to the research society
with their time and by giving access to anatomical, image-based information. Similar
experiences have been drawn by Ording Muller’s, Avenarius and Rosendahl’s research
group recruiting healthy children addressing normal standards for whole-body MRI.
When communicating with ethical committees, we are also under the impression that
there is an increasing understanding of the importance of normal reference standards.
Thus, there could be an opportunity to engage in larger, prospective data collection of
MRI-based normal standards of the TMJ in volunteers with no signs of TMJ pathology
or JIA. Given the recent advances in MRI technology it is not unlikely that even an
examination without gadolinium contrast could contribute to our understanding of the

border between the normal and pathological TMJ.

In her publication from 2004, Obuchowski describes the development of a diagnostic
test method in terms of number of cases, number of observers, and assessment of
interobserver agreement (145). Accordingly, the work and results in this thesis represent
the first few steps in a proposed series of steps where the next, logical advancement
would be repeated testing of the scoring systems in a similar or slightly larger cohort.
Preferably, a larger team of observers, between five to 10, should use the scoring
systems and individual scorings of the observers should be analysed. We agree that
performing such an extensive, transparent testing of the systems would give substantial
knowledge of its transferability to a clinical setting. Such a test would also be in line
with the recommended workflow proposed by Thornbury and Fryback, presented in the

introduction.
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Can MRI- and CBCT-based scoring systems of the TMJ in JIA be evaluated in terms of
construct validity? Put in a different way, do the scoring systems measure presence
and/or development of JIA in the TMJ? Previous publications and experiences drawn
from experts on the field certainly point in that direction, but as per today, there is no
golden standard to use as a comparator when evaluating medical imaging of the TMJ in
JIA. This presents an inherent, fundamental challenge when construct validity of MRI
or CBCT of the TMJ in JIA is to be evaluated. Possibly, studies on long-term follow-up
of children with JIA, both symptomatic and asymptomatic, combined with standardized

imaging, could provide further evidence on this topic.

If the results from this work are considered useful by other radiologic and paediatric
rheumatologic institutions, one could consider harmonizing the existing image-based
scoring systems. Important contributions have been made by others i.e., the JAMRIS-
TMJ system and other ongoing initiatives from the ESPR, TMJaw, and OMERACT.
These are contributions that in many ways made this thesis possible. Probably much
could be gained by harmonizing the systems and by finding future ways to fruitful

collaboration.
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8. Errata

Summary in English, fifth section

”In the first paper we used a retrospectively collected dataset including 101 head MRI
examinations, of which 36 included images before and after with intravenous contrast,

performed for other reasons than JIA.”
Is changed to:

”In the first paper we used a retrospectively collected dataset including 101 head MRI
examinations, of which 36 included images before and after intravenous contrast,

performed for other reasons than JIA.”
Page 20, second section:

“Still, systemic treatment of TMJ arthritis is common and not controversial (22)(Stoll

Ped Rheum 2014).”

Is changed to:

“Still, systemic treatment of TM1J arthritis is common and not controversial (22).”
Page 35, fifth section:

“This way of plotting the agreement (or lack thereof) gives the reader an opportunity to

determine if the difference is a clinical setting relevant to him of her.”
Is changed to:

“This way of plotting the agreement (or lack thereof) gives the reader an opportunity to

determine if the difference is important in a clinical setting relevant to him or her.”
Page 38, second section:

“The aim was to evaluate the reliability of established and new measurements for
describing the normal MR-based anatomy of the TMJ, and based on the most robust
measures, to characterize the appearances of the normal TMJ in children and

adolescents.”

89



Is changed to:

“The aim was to evaluate the reliability of established and new measurements for
describing the normal MRI-based anatomy of the TMJ, and based on the most robust
measures, to characterize the appearances of the normal TMJ in children and

adolescents.”

Page 39, second section:

“The study is registered on clinicalttrials.gov with identifier NCT03904459.”
Is changed to:

”The study is registered on clinicaltrials.gov with identifier NCT03904459.”
Page 40, second section:

“At the same, time inclusion of all 228 patients was not feasible due to time constraints

and logistic challenges”
Is changed to:

“At the same time, inclusion of all 228 patients was not feasible due to time constraints

and logistic challenges”
Page 43, third section:

“Assessment of joint fluid was made in a semiquantitative way on a 0-2 scale, ranging

from no fluid to more than two mm of fluid in or two joint compartments”
Is changed to:

“Assessment of joint fluid was made in a semiquantitative way on a 0-2 scale, ranging

from no fluid to more than two mm of fluid in one or two joint compartments”
Page 59, first section:

“In addition, an adequate, child-friendly environment had to be established all the way
from the child entering the imaging department, staying comfortable and in the scanner

and lastly, leaving the department with a feeling of being sound and taken care of.”
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Is changed to:

“In addition, an adequate, child-friendly environment had to be established all the way
from the child entering the imaging department, staying comfortable in the scanner and

lastly, leaving the department with a feeling of being sound and taken care of.
Page 60, second section:

“Using a head coil, it is not easy to overcome this drawback of the fat saturation and
technique and it is not unthinkable that this affects the visualization of bone marrow

oedema”
Is changed to:

“Using a head coil, it is not easy to overcome this drawback of the fat saturation
technique and it is not unthinkable that this affects the visualization of bone marrow

oedema”

Page 66, second section:

“A consent from the child must be obtain if the child is 16 years or older.”
Is changed to:

“A consent from the child must be obtained if the child is 16 years or older.”
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Appendix B. Scoring protocol of paper one

Image feature Plane

Grade

Shape of the condyle Sagittal/oblique

Presence of an anterior beak | Sagittal/oblique

Anterior condylar inclination = Sagittal/oblique

Shape of the glenoid fossa Sagittal/oblique
and articular eminence

0= rounded

1= mildly flattened

2= moderately flattened
3= severely flattened

0= absent
1= present

0= no inclination
1= mild
2= moderate

0= S-shaped

1=slightly flattened or
widened fossa

2= clear widening of the
fossa or flattening of the
eminence

3= J-shaped, extensive

abnormality

Shape of the condyle Coronal 0= rounded
1= mildly flattened
2= moderately to severely
flattened

Condylar surface Coronal 0= absent

irregularities 1= present

Joint space ‘ Sagittal/oblique ‘ mm

Temporal fossa angle Sagittal/oblique degrees

Condylar inclination ‘ Sagittal/oblique ‘ degrees

Joint fluid All available 0= none
1=a fine, hyperintense line
in the upper or lower
compartment or small dots in
an articular recess
2= moderate >2 mm fluid in
one or more of
abovementioned locations

Bone marrow oedema All available 0= absent
1= present
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0= none

1= mild, immediately around
the condyle

2= moderate, exceeding the
joint tissue

Joint enhancement Transverse

Appendix C. Scoring protocol paper 2. Imaging features for scoring of
temporomandibular joints in the osteochondral domain by magnetic resonance

imaging

Image plane Grade 0 Grade 1 Grade 2 Grade 3
Condylar shape Sagittal/oblique  Rounded/ovoid Very subtle Mild flattening; Moderate/severe
anterior involves part of the flattening; involves
flattening surface of the the entire surface
condyle of the condyle, or
loss of height of
the condyle
Condylar shape Coronal T1 Convex Mild/partial Moderately or
throughout flattening severely flattened
throughout
Condylar Sagittal/ Straight Mild anterior Moderate/
inclination oblique inclination significant anterior
inclination
Shape of the Sagittal/ S-shaped Mild to moderate  Severely flattened
articular eminence  oblique widening or fossa-eminence
and glenoid fossa flattening
Loss of condylar All available None Clearly deformed
volume condyle
Condylar Coronal and No irregularities Mild irregularities  Moderate/ severe;

irregularities, core
and ideal protocol,
adapted from
(146)

Condylar
flattening,

adapted from
(129)

Disk abnormalities

sagittal/oblique

Sagittal/oblique

Sagittal/oblique

or deep breaks
of the bony joint
surface

No loss of the
round/slightly
angular shape of
the condyle

None

involving only
part of the
articular surface
of the condyle

Mild; extent of
flattening
involves parts of
the surface of the
condyle

Presence of
flattening,
displacement or
destruction
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presence of deep
breaks in the
subchondral bone
seen in two planes,
orirregularities
involving the entire
articular surface

Moderate/severe;
extent of flattening
involves the entire
surface of the
condyle, or loss of
the height of the
condyle



Appendix D. Scoring protocol paper 2. Imaging features for scoring of
temporomandibular joints in the inflammatory domain by magnetic resonance

imaging

Imaging feature

Definition/image plane

Grading

Overall impression of
inflammation

Overall impression of
pathological joint fluid

Synovial enhancement

Subjective impression of joint
fluid, upper compartment

Subjective impression of joint
fluid, lower compartment

Joint enhancement, adapted from
(129)

Joint fluid, adapted from (129)

All available images

All available images

Signal intensity of the synovium,
based on sagittal/ oblique T1-fs pre
contrast and sagittal/oblique T1-fs
post-contrast images

Sagittal/ oblique T2-fat saturated
images

Sagittal/ oblique T2-fat saturated
images

Signal intensity of the synovium,
capsule and joint fluid higher than
that of muscle on post contrast T1-
fat saturated images

Increased joint fluid with isointense
signaling of joint space compared to
that of cerebrospinal fluid on fluid-

sensitive images
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0=Normal; includes normal synovial
enhancement and a thin line of joint
fluid

1=Muild inflammation; considered
pathological

2=Moderate to severe inflammation

0= Subtle synovial enhancement,
what is believed as normal

1= Mildly increased synovial
enhancement

2= Moderately to severely increased
synovial enhancement (signal
intensity > nearby vessel)

0=No signal
1=A thin line of signal
2=More than a thin line

0=No signal
1=A thin line of signal
2=More than a thin line

0=Normal; high signal intensity
confined to signal perimeter of
normal amount of fluid on
corresponding fluid-sensitive image
1=Muild; high signal intensity focally
exceeding signal perimeter of
physiologic amount of joint fluid on
corresponding fluid-sensitive image
2= Moderate/ severe; high signal
intensity diffusely involving 1 or both
joint compartments

0=Absent; < Imm fluid in recess
1=Small; >1 and <2 mm in recess or
involving entire joint compartment
2=Large; > 2 mm fluid in recess or
involving entire joint compartment



Synovial enhancement

Synovial thickening, adapted
from (129)

Joint enhancement, adapted from
(129)

Subjective impression of synovial
thickening

Bone marrow oedema

Bone marrow enhancement

Sagittal/ oblique T1-fat saturated
images post iv contrast

Sagittal/oblique T2 fat-saturated
images

Sagittal/ oblique T1-fat saturated
images post iv contrast and
sagittal/oblique T2 fat-saturated
images

Sagittal/oblique T2 fat-saturated
images

Coronal T1 images and
sagittal/oblique T2 fat-saturated
images

Sagittal/ oblique T1-fat saturated
images before and post iv contrast
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0=Subtle synovial enhancement
1=Mildly increased synovial
enhancement

2=Moderate to severe synovial
enhancement (signal intensity
>nearby vessel)

0=Absent; no synovium visible
(apparent joint compartment <I mm
width)

1=Mild; >1 and <2 mm thickness at
the point of maximum synovial
thickening,

2=Moderate/severe; >2 mm thickness
at the point of maximum synovial
thickening

0=Normal; high signal intensity
confined to signal perimeter of
normal amount of fluid on
corresponding fluid-sensitive image
1=Mild; high signal intensity focally
exceeding signal perimeter of
physiologic amount of joint fluid on
corresponding fluid-sensitive image
2=Moderate/severe; high signal
intensity diffusely involving 1 or both
joint compartments

0=No thickening
1=Mild thickening
2=Moderate/severe thickening

0=Absent
1=Present

0=No enhancement

1=Subtle enhancement, considered
normal

2=Increased, pathological
enhancement



Appendix E. Scoring protocol paper 2. Progressive scoring system for assessing
inflammation and osseous deformity of temporomandibular joint by magnetic
resonance imaging, adapted from reference (80)

Inflammation Osseous

deformity

Grade 0 No inflammation: Grade 0 Normal shape of temporal bone
No or small amounts of fluid in any and mandibular condyle
recess with <1 mm width. according to age:

No enhancement or enhancement S-shaped articular

confined to physiological joint fluid. eminence/glenoid fossa.
Round condyle (young patient)
Less rounded, more angular
appearing condyle (older
patient)
Smooth subchondral bone
contour

Grade 1 Mild inflammation: Grade 1 Mild flattening of the
Extension of joint enhancement mandibular condyle and/or
exceeds that of physiological joint fluid temporal bone.
but does not involve entire joint
compartment and/or presence of bone
marrow oedema.

Grade 2 Moderate inflammation: Grade 2 Moderate flattening of the
Joint enhancement involves entire joint mandibular condyle and/or
compartment or there is an enhancing temporal bone
joint effusion

Grade 3 Severe inflammation: Grade 3 Severe flattening of the
Detectable synovial thickening in mandibular condyle with loss of
addition to increased joint height, and/or completely flat
enhancement or effusion. temporal bone, and/or presence

of small erosions/irregularities

Grade 4 Joint space filled with and enlarged by ~ Grade 4 “Destruction” of

pannus

temporomandibular joint by
large erosions, fragmentation of
the mandibular condyle, intra-
articular ossification or bone
apposition on mandibular
condyle or temporal bone.
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Appendix F. Scoring protocol paper 2. Grading of position of the mandibular
condyle and disc displacement

Position of the condyle in the
glenoid fossa

Disc displacement

Grade 0
Grade 1
Grade 2
Grade 3
Grade 4
Grade 5
Grade 6

Neutral
Anterior
Posterior
Medial
Lateral
Superior

Inferior

Grade 0
Grade 1
Grade 2
Grade 3
Grade 4
Grade 5

None
Anterior
Posterior
Lateral
Medial

Disc cannot be defined
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Appendix G. Scoring protocol paper 3

CBCT SCORING OF TMJs. Nor-JIA

Study number/ID: “Fadselsnummer” Examination date: Institution:
1= Bergen
Surname: Accessionnumber: 2= Trondheim
3= Tromsg

NOTES ON SCORING
1. If in doubt, be conservative.
2. Standardised environment (diagnostic screens w/adequate settings, ambient light etc).
3. Two sets per scoring session: Set B (variable names end with “B”), with the ramus-based alternative
assessment plane, is to be scored appr. 3 weeks after set A to avoid recall bias.
4. Second session (TA only) to take place appr. 3 weeks after the first session.

CORRECTED ASSESSMENT PLANES

IA. CONDYLE-BASED (condyle-based sagittal plane)
In an axial plane through the centre of the condyle, the sagittal plane is defined by a line perpendicular to the
long axis of the condyle. No further adjustments.

B. RAMUS-BASED (sagittal-oblique)

In the axial plane, the sagittal plane is defined by a line through the centre of the condyle and the coronoid
process. In the coronal plane the sagittal plane is approximated to the (assumed) longitudinal axis of the
condyle.

SCORING OF THE TEMPORAL JOINT COMPONENT

CONTOUR OF THE GLENOID FOSSA AND THE POSTERIOR PART OF THE TUBERCULUM
ARTICULARE

T1. Continuity of the surface (condyle-based)

Defined as the integrity of the surface itself. Note that an irregularity as scored in 1b can be either continuous
or discontinuous.

0 = continuous

1 = discontinuous

2 = not applicable (due to sclerotic underlying bone)

'T2-4. Surface irregularity (both planes)

Defined as an irregularity that is more distinct and demarcated than changes of shape.
Scored for the:

T2. medial third

T3. central third

T4. lateral third

as:

IAnd scored as:

0 = none (smooth)

1 = single depression/lesion
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2 = mild (involving only part of the articular surface, including multiple depressions/lesions)
3 = moderate/severe (involving the entire articular surface, or presence of deep brakes in the subchondral
bone seen in two planes)

T5-7. SHAPE OF THE POSTERIOR PART OF THE TUBERCULUM ARTICULARE IN THE
SAGITTAL PLANE (BOTH PLANES)

Defined as a (flattening) change from the expected appearance. Scored for the:

T5. medial third

T6. central third

T7. lateral third

as:

0 = none (convex as expected, incl. a less prominent convexity in the medial third)

1 = mild (straight)

2 = moderate/severe (incl. concave)

'T8-10. DIMENSIONS OF THE GLENOID FOSSA (BOTH PLANES)
'To be measured in mm (one decimal) in the sagittal plane at the medial border of the postglenoid process.

The following points are identified for measurements

IA: The postglenoid process/sutura postglenoidalis

B: The point of intersection between the anterior-posterior and
cranio-caudal diameter.

C: The most inferior/caudal point of the posterior part of the
tuberculum articulare/articular eminence.

D: The most superior/cranial point of the mandibular fossa
(perpendicular to the ap-diameter).

T8. Anterior-posterior diameter, A to C.
T9. Cranio-caudal diameter (height). B to D, drawn perpendicular to 3a.
T10. Posterior part of the fossa. A to B.

T11. FOSSA/ TUBERCLE INCLINATION (BOTH PLANES)
The fossa/tubercle inclination angle in degrees (one decimal). Defined by the angle between the fossa AP-
diameter line and the slope of the tubercle given as a straight line between C and D. I.e. the angle A-C-D.

T12-14. Secondary osteoartrosis (condyle-based plane)

T12. Subchondral pseudocyst (all planes):
0 = absent
1 = present

'T13. Subchondral sclerosis (all planes):
0 = absent
1 = present

T14. Osteophyte (all planes):
0 = absent
1 = present
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SCORING OF THE MANDIBULAR JOINT COMPONENT
CONTOUR OF THE MANDIBULAR CONDYLE (BOTH PLANES)

M1. Continuity of the surface (condyle-based plane)

Defined as the integrity of the surface itself. Note that an irregularity as scored in 1b can be
either continuous or discontinuous.

0 = continuous

1 = discontinuous

M2-6. Surface irregularity (both planes)
Defined as an irregularity that is more distinct and demarcated than changes of shape.

Scored for the regions:

IM2. anterior

M3. posterior

M4. medial

M5. lateral @
M6. central

as:

IAnd scored as:

0 = none (smooth)

1 = single depression/lesion

2 = mild (involving only part of the articular surface, including multiple
depressions/lesions)

3 = moderate/severe (involving the entire articular surface, or presence of deep brakes in
the subchondral bone seen in two planes)

M?7. Joint surface cortex visibility (condyle-based plane)

Defined as a thin high-density lining of the joint surface of the condyle. Assessed in areas
not affected by discontinuity or surface irregularity.

0 = invisible

1 = thin line

2 = line thicker than expected

MS8-12. SHAPE OF THE MANDIBULAR CONDYLE (BOTH PLANES)

Defined as a (flattening) change from the expected appearance: In the sagittal-oblique
plane rounded to oval; in the coronal plane oval and convex throughout.

Scored for each of the regions

MS8. anterior

M9. posterior

M10. medial

M11. lateral

M12. central

as:
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0 = no flattening
1 = mild flattening (straight)
2 = moderate/severe (incl. concave)

M13. GENERAL LOSS OF VOLUME AS DEFINED BY TAMIMI (CONDYLE-BASED
PLANE)

Defined as a general loss of volume of the condyle. The condyle is here defined cranial to
the ‘maximum anterior/ posterior/medial/lateral heights of contour” (as defined by
Tamimi). These “heights” are the points of maximum convexity when the condyle and
neck is viewed in the sagittal and coronal plane, respectively. The posterior is assumed to
be inferior to the anterior and they are all assumed to coincide with the change of cortex
thickness between the mandibular neck and the condyle. The four points define the
‘equator’.

Scored as:

0 =no loss of volume/height

1 = mild loss of volume/height (clearly above ‘equator’-level)

2 = moderate loss of volume/height (does not cross ‘equator’-level)

3 = severe loss of volume/height (‘equator’-level or lower, yet still fan shape in coronal
view)

4 = cylinder shape in coronal view

M14-16. MAXIMUM DIMENSIONS OF THE CONDYLE IN THE AXIAL VIEW (APPR.
MID-SECTION) (CONDYLE-BASED PLANE)
M14. Maximum anterior-posterior diameter measured in millimeters (one decimal).
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M15. Maximum mesio-lateral diameter in millimeters (one decimal).
M16. Ratio (computer based calculation)

M17-19. secondary osteoartrosis (condyle-based plane)

M17. Subchondral pseudocyst (all views):
0 = absent
1 = present

M18. Subchondral sclerosis (all planes):
0 = absent
1 = present

M19. Osteophyte (all planes):
0 = absent
1 = present
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SCORING OF THE TEMPORAL-MANDIBULAR COUPLING (RAMUS-
BASED PLANE)

C1. Overall position of the condyle in the temporal fossa

Defined as the position of the majority of the mandibular condyle in the mandibular fossa
and scored as:

0 = neutral

1 = anterior

2 = posterior

3 = medial
4 = lateral

5 = superior
6 = inferior

C2. Bone apposition
0 = absent
1 = present

C3. Ankylosis

0 = absent

1 = fibrous ankylosis
2 = bony ankylosis

OTHER FINDINGS

O1. Joint mice (all planes): defined as intraarticular loose bodies, and scored as:
0 = absent
1 = present

2. Heterotopic calcification (all planes):
0 = absent

1 = present

03. Comments:
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CBCT SCORING OF TMJs. Nor-JIA

Study number/ID: [“Fedselsnummer” [Examination date: [Institution:

1= Bergen

Surname: Accessionnumber: 2= Trondheim

3= Tromso

NOTES ON SCORING

=

If in doubt, be conservative.

2. If the variable cannot be assessed due to f.i. abysmal image quality or insufficient
field of view it is to be graded “999”, i.e. “missing”.

3. Standardised environment (diagnostic screens w/adequate settings, ambient light
etc).

4. Two sets per scoring session: Set B (variable names end with “B”), with the ramus-

based alternative assessment plane, is to be scored appr. 3 weeks after set A to

avoid recall bias.

XS and OA to score variables as noted in text. TA to score all variables.

6. Second session (TA only) to take place appr. 3 weeks after the first session.

o1

CORRECTED ASSESSMENT PLANES

A. CONDYLE-BASED (condyle-based sagittal plane)

In an axial plane through the centre of the condyle, the sagittal plane is defined by a line
perpendicular to the long axis of the condyle. No further adjustments.

B. RAMUS-BASED (sagittal-oblique)

In the axial plane, the sagittal plane is defined by a line through the centre of the condyle
and the coronoid process. In the coronal plane the sagittal plane is approximated to the
(assumed) longitudinal axis of the condyle.

IMAGE QUALITY
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OPTIONAL COMMENTARY FIELD

SCORING OF THE TEMPORAL JOINT COMPONENT

CONTOUR OF THE GLENOID FOSSA AND THE POSTERIOR PART OF THE
TUBERCULUM ARTICULARE

T31. Surface irregularity (ramus-based)

Defined as an irregularity that is more distinct and demarcated than changes of shape and
scored as:

0 = none (smooth)

1 = mild (involving only part of the articular surface, including multiple
depressions/lesions)

2 = moderate/severe (involving the entire articular surface, or presence of deep brakes in
the subchondral bone seen in two planes)

T32. SHAPE OF THE POSTERIOR PART OF THE TUBERCULUM ARTICULARE IN
THE SAGITTAL VIEW (RAMUS-BASED)

Defined as a (flattening) change from the expected appearance and scored as:

0 = s-shaped

1 = slight to moderate widening or flattening

2 = severely flattened fossa-eminence

T. DIMENSIONS OF THE GLENOID FOSSA

T33. Fossa height Kellenberger (mm. one decimal)
(ramus-based):

Plane: (...) 2-mm-thick slices in the sagittal-oblique
planes aligned perpendicular to the long axis of the
respective mandibular condyle (...).

Our modification: Same image as var. T8-T11.
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«(..) The depth of the glenoid fossa was measured from the apex of the articular eminence
to a horizontal line through the upper border of the external auditory canal and the
deepest point of the fossa (Figure 1B) (...).»

FOSSA / TUBERCLE INCLINATION

T34. Inclination angle Kellenberger (one decimal) (ramus-based):

«(...) A fossa-eminence inclination angle between the horizontal line and a line from the
deepest point of the glenoid fossa to the apex of the articular eminence was constructed
(Figure 1B) (...).

T35-37. secondary osteoartrhritis (condyle-based plane)

T35. Subchondral pseudocyst - cyst appearance, more than a variation of trabecular
bone (all views):

0 = absent

1 = present

T36. Subchondral sclerosis (all views):
Defined as a thickening of the cortical bone and unequivocal involvement of the
subchondral bone. Scored as:

0 = none
1 = thickened cortical bone (more than what may be explained by normal variation and
technical quality)

2 = subchondral sclerosis)

T37. Osteophyte (all views):
0 = absent
1 = present
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SCORING OF THE MANDIBULAR JOINT COMPONENT

CONTOUR OF THE MANDIBULAR CONDYLE (BOTH PLANES)

M31. Surface irregularity (ramus-based)

Defined as an irregularity that is more distinct and demarcated than changes of shape and
scored as:

0 = none (smooth)

1 = mild (involving only part of the articular surface, including multiple
depressions/lesions)

2 = moderate/severe (involving the entire articular surface, or presence of deep brakes in
the subchondral bone seen in two planes)

SHAPE OF THE MANDIBULAR CONDYLE (RAMUS-BASED)

Defined as a (flattening) change from the expected appearance: In the coronal view oval
and convex throughout; in the sagittal-oblique view rounded to oval.

M33. Flattening/changed shape of the condyle coronal view (ramus-based plane):
0 = absent, i.e. convex throughout

1 = slight or partial flattening

2 = moderately or severely flattened, or flattened througout

M34. Flattening/changed shape of the condyle sagittal view (ramus-based plane):
0 = absent, i.e. rounded/ovoid

1 = very subtle anterior flattening
2 = mild flattening, involving part of the surface of the condyle

3 = moderate/severe involving entire surface or loss of height
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M35. LENGTH OF THE CONDYLE (RAMUS-
BASED)

\CondProc

\

AP

(A
As outlined by Markic et al 2015, the length in
mm (one decimal) from the top of the condyle
to the lowest point of the incisura mandibulae
(/mandibular notch), parallell to the ‘tangent’.

Tangent: Posterior margin condyle + lowermost
point of ramus in our FOV.

M36-8. secondary osteoartrosis (condyle-based)

M36. Subchondral pseudocyst - cyst appearance, clearly more than a variation of
trabecular bone (all views):

0 = absent

1 = present

M37. Subchondral sclerosis (all views):

Defined as a thickening of the cortical bone and unequivocal involvement of the
subchondral bone. Scored as:

0 = none
1 = thickened cortical bone (more than what may be explained by normal variation and
technical quality)

2 = subchondral sclerosis)

M38. Osteophyte (all views):
0 = absent
1 = present
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SCORING OF THE TEMPORAL-MANDIBULAR COUPLING (RAMUS-
BASED PLANE)

OTHER FINDINGS

03. Comments:

O4. OVERALL IMPRESSION OF CHANGES TM]

0 = none

1 = minimal (for example minor irregularity or minor change of shape)
2 = mild

3 = moderate/severe
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11. Papers
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Abstract

Background Knowledge of normal appearances of the temporomandibular joint (TMJ) is paramount when assessing the joint for
disease in juvenile idiopathic arthritis. Reliable features defining normal TMJs in children are limited.

Objective To establish reliable normal standards for the TMJ at magnetic resonance imaging (MRI).

Materials and methods We included children and young adults aged 2—18 years undergoing a head MRI for reasons not believed
to affect the TMJs. We assessed TMJ anatomy and contrast enhancement using a high-resolution 3-D T1-weighted sequence. We
noted joint fluid and bone marrow oedema based on a T2-weighted sequence. Three experienced radiologists read all examina-
tions twice in consensus and defined intraobserver consensus agreement.

Results We evaluated the TMJs in 101 children and young adults (45 female), mean age 10.7 years (range 2—18 years). The
intraobserver consensus agreement for the assessment of anterior condylar inclination in the sagittal/oblique plane was moderate
to good (Cohen k=0.7 for the right side). Cohen « for intraobserver consensus agreement for condylar shape in the coronal plane
on a 0-2 scale was 0.4 for the right and 0.6 for the left. Intraobserver agreement for measurement of joint space height and
assessment of bone marrow oedema was poor. There was a statistically significant increase in anterior inclination by age in
the sagittal plane on a 0-2 scale (P<0.0001). Eighty percent of the condyles showed a rounded shape in the coronal
plane while 20% showed mild flattening. Thirty-five of 36 right TMJs showed contrast enhancement (mild enhancement
in 32 joints, moderate in 3 joints).

Conclusion Subjective assessment of the anterior condylar inclination in the sagittal/oblique plane and condylar flattening in the
coronal plane can be considered precise features for describing TMJ anatomy in healthy children. There is an increasing anterior
inclination by age. Mild contrast enhancement of the TMJs should be considered a normal finding.

Keywords Bonemarrow - Child - Contrastenhancement - Joint fluid - Juvenileidiopathic arthritis - Magnetic resonance imaging -
Observer variability
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Introduction

Involvement of the temporomandibular joint (TMJ) has been
reported in a high percentage of children with juvenile idio-
pathic arthritis, ranging 17-93% depending on study design,
juvenile idiopathic arthritis categories, diagnostic method and
criteria used [1—4]. Left untreated, TMJ arthritis can lead to
growth disturbances or destruction, which can result in
orofacial deformity [3, 5]. Because clinical and laboratory
findings are often insufficient to detect and monitor TMJ dis-
ease [1, 6-8], focus has been directed to imaging studies
[7-9]. During the last decade, MRI has emerged as the method
of choice for evaluating TMJ disease [10—-12]. However
knowledge on the normal MRI-based appearances of TMJs
during childhood is limited. Although the normal anatomy of
TMJs has been addressed by several authors, the studies are
heterogeneous with respect to numbers, age, ethnicity, imag-
ing methods, imaging planes and measurements used [13—18].
Some studies are based on CT [13, 15, 18, 19], some on
cadavers including children aged 3—6 years [15], and others
on silicone impressions from cadavers to assess morphology
[15, 16]. Important contributions on MRI-based appearances
of healthy individuals have been published [14, 17]; however
morphologic features are only briefly described and one study
excluded individuals with presumed pathological changes
such as synovial enhancement and mandibular changes, lead-
ing to selection bias [17]. Moreover, recent studies have ad-
dressed the utility of MRI in diagnosing active TMJ disease in
children with juvenile idiopathic arthritis because findings
suggestive of inflammation have been reported in healthy chil-
dren without juvenile idiopathic arthritis [14, 17, 20, 21].
Some of the studies evaluated contrast enhancement [14,
21-23] and others bone marrow oedema-like changes [14,
17, 20]. In their study on 46 children who had a total of 100
contrast-enhanced MRIs of the brain, von Kalle and co-
workers [21] also discussed the complexity of contrast en-
hancement, underpinning the importance of correct measure-
ments and timing of the post-contrast images.

Our aim was to evaluate the reliability of established and
new measurements for describing the normal MR-based anat-
omy of the temporomandibular joints in children and adoles-
cents aged 218 years, and, based on the most robust mea-
sures, to characterize the appearances for the normal TMJ.

Materials and methods

In this retrospective cross-sectional study, we included chil-
dren and young adults aged 2—18 years who had a head MRI
during the period 2005-2015 at Haukeland University
Hospital. The examinations were performed for reasons other
than juvenile idiopathic arthritis or diseases known to involve
the TMIJs. The patients were identified by record review and
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were included if MRI was performed on a 1.5- or a 3-T MR
machine, using a dedicated head coil and including the fol-
lowing sequences: high-resolution 3-D T1-weighted sequence
(T1 MP-RAGE) with or without intravenous contrast agent
and a fluid-sensitive sequence (T2-weighted sequence with
or without fat suppression).

Patients were excluded from the study if they had systemic
inflammatory diseases including juvenile idiopathic arthritis,
tumors affecting the brain or head, hydrocephalus, syndromes
involving cerebral malformations or skeletal dysplasia, sub-
optimal MRI images and MRI examinations showing other
pathologies involving or in close proximity to the TMIJs.
Benign lesions such as arachnoid cysts and small white-
matter cysts were not considered as exclusion criteria.
Furthermore, indications such as follow-up after treatment
of intracranial infection, intracranial haemorrhage and throm-
bosis were included. To ensure a balanced dataset, the sample
was stratified by age and gender.

The study was approved by the regional ethics committee
(2016/257/REK vest). No MRI examinations were performed
for the purpose of this study alone.

Imaging sequences

Ninety-six of the 101 MRI examinations were performed on a
1.5-T scanner (Symphony Vision; Siemens Healthcare,
Erlangen, Germany), using a 64-channel head coil. All 96
had a sagittal high-resolution (3-D) T1-weighted sequence
with slice thickness 1.1 mm, repetition time (TR)/echo time
(TE) = 2,110/3.93 ms, number of signal averages (NSA) 1,
flip angle 15° and matrix 256 x 240. In 47/96 patients the T1
sequence was performed after injection of intravenous gado-
linium (0.2 mL/kg body weight of gadoterate meglumine
[Dotarem, Guerbet, France]); 36 of these 47 also had pre-
contrast T1-weighted images. In 87/101 patients, a T2-
weighted turbo spin-echo sequence in axial or coronal plane
with slice thickness 5 mm, TR/TE 3,240/86 ms, NSA 2 and
matrix 256 x 190 was performed.

Five of the MRI examinations were performed using a 3-T
MRI scanner (Signa HDxt; GE Medical Systems, Milwaukee,
WI) with a 32-channel head coil. A sagittal high-resolution (3-
D) T1-weighted sequence with slice thickness 1 mm, TR/TE
7.816/2.952 ms, NSA 1 and matrix 256 x 192, and a T2-
weighted spin-echo sequence with slice thickness 3 mm,
TR/TE 4,700/99 ms, NSA 1.5 and matrix 416 x 416 were
performed. The examinations were performed in a closed-
mouth position.

Imaging analysis
All 3-D MRI scans were exported to a post-processing pro-

gram (SyngoVia; Siemens Healthcare) to ensure identical im-
aging planes. Based on the high-resolution T1-weighted
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Fig. 1 Sagittal/oblique reconstruction of high-resolution T1-weighted
MR images in a 16-year-old girl with no evidence of juvenile idiopathic
arthritis, undergoing follow-up after sinus venous thrombosis. Image
demonstrates a straight condyle and measurement of the joint space
height (/ine). The joint space was measured between the top of the
condyle and the deepest part of the glenoid fossa

images, a new stack of T1-weighted images was reconstructed
in the sagittal/oblique plane, aligned along the mandible (1-
mm slice thickness, 1-mm increments) for assessment of the
following features: (a) condylar shape (O=rounded, 1=mildly
flattened, 2=moderately flattened or 3=severely flattened); (b)
presence of an anterior, condylar beak [13] (no/yes); (c) ante-
rior condylar inclination (O=no inclination, 1=mild, 2=moder-
ate); (d) shape of glenoid fossa eminence (O=normal S-
shape, l=slightly flattened or widened fossa eminence,
2=clear widening of the fossa or flattening of the emi-
nence, 3=extensive abnormality) [24]; (e) measurements
of the joint space, temporal fossa angle and condylar
inclination (Figs. 1 and 2).

From the T1-weighted coronal plane, the following
features were registered: (a) shape of the condyle
(O=rounded, 1=mildly flattened, 2=moderate to severely
flattened); and (b) presence of condylar surface irregular-
ities (no/yes; Figs. 3 and 4). We assessed the following
features based on T2-weighted images: (a) amount of joint
fluid at a 0-2 scale (O=none, 1=a mild amount, defined as
a fine, hyperintense line in the upper or lower joint com-
partment or as small dots in an articular recess, and 2=a
moderate amount, defined as >2 mm fluid in one or more
of the of abovementioned locations; Fig. 5); and (b) pres-
ence of bone marrow oedema (no/yes). Bone marrow

Fig. 2 Sagittal/oblique reconstruction of high-resolution T1-weighted
MR images in a 17-year-old girl with no evidence of juvenile idiopathic
arthritis, undergoing neurologic workup. Image shows the temporal fossa
angle (straight arrow) as defined by a line between the deepest point of
the fossa and the top of the articular eminence and a line from the deepest
part of the fossa parallel to the tympanic part of the temporal bone. The
inclination angle (curved arrow) is defined by a line parallel to the
anterior part of the mandibular condyle and a line parallel to the
posterior cortex of the mandibular ramus

oedema was defined as a lesion within the trabecular bone
with ill-defined margins and signal characteristics consis-
tent with increased water content, returning high signal on
T2-weighted and low signal on T1-weighted images. We
used T1-weighted sequences with intravenous gadolinium
contrast agent in the transverse plane to score the degree
of enhancement on a 0-2 scale (O=none, 1=mild, 2=mod-
erate), as compared to pre-contrast images. The degree of
contrast enhancement was scored as mild when seen im-
mediately around the condyle, or as moderate when seen
exceeding the joint tissue [21].

On axial T1-weighted images without intravenous gadolin-
ium we scrutinized the joint tissue for hyperintense areas that
could confound the assessment of post-contrast enhancement
(yes/no). The examinations were read twice, using high-
resolution diagnostic screens (Agfa PACS for the first reading
and Sectra PACS for the second reading). In the first session,
all images were read by three radiologists in consensus
(O.W.A., T.AA. and K.R., with 9, 10 and 25 years of experi-
ence in paediatric musculoskeletal imaging, respectively).
During this first session, the readers thoroughly discussed all
findings for calibration issues. After an interval of 3 months,
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Fig. 3 Coronal reconstruction of high-resolution T1-weighted post-
contrast MR images in an 18-year-old man with no evidence of juvenile
idiopathic arthritis. Image demonstrates rounded, smooth condyles
bilaterally (arrows). The condyles were scored as rounded, given their
upward convex contour

Fig. 4 Coronal reconstruction of high-resolution T1-weighted post-contrast
MR images in an 8-year-old girl undergoing MRI because of a headache,
with no evidence of juvenile idiopathic arthritis. Image shows mildly
flattened, smooth condyles (arrows). The condyles were scored to be
mildly flattened when the upward convexity was between rounded and
entirely flat

@ Springer

Fig. 5 Coronal T2-weighted turbo spin echo MR image in a 17-year-old
boy undergoing brain workup because of disease in other parts of the
body, with no evidence of juvenile idiopathic arthritis. Image shows
mild amounts of joint fluid (arrows) defined by fine hyperintense lines
within the joint compartment

two of the radiologists (O.W.A. and T.A.A. in consensus) re-
read all examinations to assess intraobserver agreement.
Anatomical features that could not be precisely assessed were
not used in the description of normal anatomy.

Statistics

Continuous data are presented as means (+ standard deviation
[SD]), ordinal data as medians (ranges) and dichotomous data
as proportions. Intraobserver consensus agreement for the as-
sessment of condylar and fossa eminence shape was per-
formed using a simple Cohen k coefficient [25]. A k score
of <0.2 is considered poor, 0.21-0.40 fair, 0.41-0.60 moder-
ate, 0.61-0.80 good and 0.81-1.00 very good. We analyzed
differences in measurements by establishing 95% limits of
agreement (termed repeatability coefficient when used for re-
peat measurements) as per Bland and Altman [26]. Bland—
Altman plots are generally interpreted informally, and a clin-
ically acceptable agreement was set at 15%. We grouped the
patients and adolescents into six age groups (2-5, 6-9, 1013,
14-16 and 17-18 years of age). We used chi-squared tests to
examine possible associations between age and anterior con-
dylar inclination in the sagittal/oblique plane and condylar
flattening in the coronal plane. Moreover, we used hierarchical
multiple regression to assess the utility of age in predicting the
anterior condylar inclination, after controlling for the influ-
ence of gender. A significance level of 0.05 was decided a
priori and all the reported P-values are two-tailed. Statistical
analyses were performed using SPSS Statistics, version 23
(IBM, Armonk, NY).
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Table 1 Clinical indications for
performing head MRI in 101
children and young adults (45

Clinical indication

Number of children
(females in parentheses)

females) in the study, ages 2—

18 years Epilepsy 49 (21
Benign brain tumour 12 (5)
Headache 11 (11)
Intracranial infection, follow-up 7(1)
Intracranial haemorrhage or thrombosis, follow-up 6(3)
Psychiatric workup 3(0)
Brain workup related to disease in other part of the body 3 (1)
Nausea 2()
Others 8(2)
Results A scoring system consisting of three categories resulted in

We evaluated TMJs in 101 children and young adults ages 2—
18 years (45 females) with a mean age of 10.7 (SD=5.3) years.
Indications for the examinations are presented in Table 1.
There were no differences according to gender or side for
any of the variables; thus we report the results for both genders
merged, right side.

Intraobserver agreement

The mean right joint space height was 3.8 mm, with a mean
difference of 0.2 mm between the first and second readings
(95% limits of agreement —1.5 to 1.1 mm). The mean right
condylar angle was 20.4°, with a mean difference of 5.5°
between the first and second readings (95% limits of agree-
ment —17.4° to 23.2°). The mean right fossa angle was 101.3°,
with a mean difference of 0.7° between the first and second
readings (95% limits of agreement —21.8° to 19.9°).

Fig. 6 Sagittal/oblique reconstruction of high-resolution T1-weighted
post-contrast MR images in a 2-year-old boy undergoing follow-up
after sinus venous thrombosis, with no evidence of juvenile idiopathic
arthritis. Image shows clear flattening of the eminence (arrow) as
proposed by Arvidsson et al. [24]

moderate to good intraobserver consensus agreement for the
assessment of anterior condylar inclination in the sagittal/
oblique plane, with a  value of 0.7 (95% confidence interval
[CI] 0.6-0.8) for the right side. The intraobserver consensus
agreement for condylar shape in the coronal plane on a 0-2
scale was 0.4 (95% CI 0.2-0.6) for the right side, and 0.6
(95% C1 0.4-0.8) for the left side. The assessment of condylar
flattening and shape of the glenoid fossa-eminence in the
sagittal/oblique plane (Figs. 6 and 7), right side, showed fair
levels of consensus agreement on a 0-3 scale, with k values of
0.3 (95% C1 0.2-0.4) and 0.2 (95% CI 0.1-0.3), respectively.
Dichotomizing the variables did not improve the results.

The agreement for assessment of an anterior condylar beak,
condylar surface irregularities, bone marrow oedema and joint
fluid could not be adequately tested because of a severely
skewed distribution of the findings (Fig. 8).

Fig. 7 Sagittal/oblique reconstruction of high-resolution T1-weighted
post-contrast MR images in an 8-year-old boy undergoing MRI because
of headache, with no evidence of juvenile idiopathic arthritis. Image
shows an S-shape fossa/eminence (arrow) as proposed by Arvidsson
etal. [24]
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Fig. 8 The distribution of
findings for a set of variables as
judged by the three observers
(consensus) during the first
reading session. As a result of
skewed datasets, kappa statistics
could not be applied

Joint fluid, left side

I Present
B Not present

Joint fluid, right side
Bone marrow oedema, left side

Bone marrow oedema, right side

Condylar surface irregularities, left side

Condylar surface irregularities, right side

Anterior condylar beak, left side

Anterior condylar beak, right side

Normal anatomy

On a 0-2 scale, assessed in the sagittal/oblique plane 34 (34%)
of 101 right condyles were straight, while 47 (47%) showed
mild anterior inclination and 20 (20%) showed moderate an-
terior inclination (Table 2). There was a statistically significant
increase in inclination by age (P<0.0001), with 78% of the
condyles in the 2-5 years age group showing straight con-
dyles and none of the condyles in the group aged 17—
18. None of the condyles in the 2—-5 years group showed
moderate anterior inclination in comparison to 45% and
40% of the condyles in the 14-16 and 17-18 years
groups, respectively. Hierarchical multiple regression did
not add to the results.

Subjective classification of the shape of the mandib-
ular condyle in the coronal plane showed that 81 (80%)
of the condyles were rounded, 20 (20%) were slightly
flattened and none was clearly flattened (Table 2). The
presence and degree of flattening was not associated
with age (P=0.94).

Thirty-five of 36 right TMJs showed contrast enhance-
ment, of which 32 were judged to be mild and 3 moderate

0 25 50 75 100
Proportion of findings (%)

(Table 3). There was no association between the presence
and degree of enhancement and age (P=0.44). Bilateral
mild enhancement was shown in 29 of the 36 patients
(81%) and bilateral moderate enhancement in 2. In two
patients there was moderate synovial enhancement in one
TMJ and mild enhancement in the other TMJ while in two
patients only mild unilateral enhancement was seen. The
indications for MR imaging in the patients with moderate
enhancement did not differ from indications for the other
patients (headache, white-matter cyst, epilepsy and follow-
up after thrombosis or intracranial haemorrhage).

Discussion

In a cohort of children and young adults examined for reasons
other than TMJ disease, we identified two imaging features of
sufficient precision to describe parts of the anatomy, namely
ordinal classification of anterior condylar inclination in the
sagittal/oblique plane and flattening of the condyle in the cor-
onal plane. Several other features and measures commonly
used to describe TMJ anatomy, such as the condylar and

Table 2 Temporomandibular joint (TMJ) anatomy on MRI in 101 children and young adults ages 2—18 years (45 females)

Age groups (years)
Characteristics* 2-5 (n=23) 6-9 (n=20) 10-13 (n=16) 14-16 (n=29) 17-18 (n=13) P-value®
Anterior condylar inclination® <0.0001
Straight 18 8 4 0
Mild 5 12 16 5
Moderate 0 0 3 9 8
Condylar flattening, coronal plane® 0.94
Rounded 19 17 13 22 10
Slightly flattened 4 3 3 7 3
Clearly flattened 0 0 0 0 0

?Right TMIJs, based on the first reading. Only robust measures have been included

® Pearson chi-square test
¢ Based on subjective assessment
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Table 3 Enhancement of the right
temporomandibular joint (TMJ)

Age groups (years)

in 36 patients® with no evidence

of TMIJ disease by age group, 2-5 69 10-13 14-16 17-18 P-value®
based on immediate post-contrast (n=3) (n=4) (n=5) (n=17) (n=T7)
T1-weighted images as compared
to pre-contrast T1-weighted Contrast enhancement 0.44
images, first reading No enhancement 0 0 0 1 0

Mild enhancement 2 3 4 16 7

Moderate enhancement 1 1 1 0 0

#One MR examination was excluded because of artefacts

® Pearson chi-square test

glenoid fossa eminence shapes in the sagittal/oblique plane,
performed poorly. One might argue that 0—3-scale scoring
systems, ranging from a rounded to a severely flattened con-
dyle or from a normal S-shape to an extensively abnormal
glenoid fossa eminence, can be applied on pathological joints
only (Fig. 6). However collapsing score categories 1-3 into
one category did not change the results even though one-
third was categorized as flattened by at least one of the two
observers. The same was true for the glenoid fossa emi-
nence, suggesting that a subjective assessment is hampered
with difficulties.

Continuous measurements of the joint space height, fossa
eminence and anterior condylar inclination angles also per-
formed poorly, with values unacceptable for clinical purposes.
The latter findings are disappointing, given the thorough
standardisation work performed prior to the first reading ses-
sion. Similar results have, however, been reported by others
[27]. In a CT-based study of 420 TMJs in 210 children without
juvenile idiopathic arthritis, Karlo and co-workers [13] found
relatively poor interobserver agreement for measurements of
condylar size, with 95% limits of agreement at about 30-50%
of the mean condylar width and length. As for condylar
anteversion, the mean angle was 27°, with 95% limits of
agreement being 60—100% of the mean anteversion angle,
indicating methodological difficulties with measuring small
structures and angles. Opposite, they found very good agree-
ment for the assessment of anterior condylar inclination on a
0-2 scale, with a k of 0.67, which is similar to the
intraobserver consensus agreement found in our MR-based
study. Those authors did not examine interobserver variability
of condylar flattening.

In a study by Weiss et al. [7] including 32 patients with
juvenile idiopathic arthritis, interobserver agreement was
assessed in 8 of 32 patients. For any findings of disease, the
k coefficient was 1.0 but for specific findings the k was lower,
including effusion (k=0.38) and synovial thickening (k=0.33).
In sum, although studies addressing the repeatability of features
and measurements used for describing normal TMJ anatomy
are sparse, assessment of anterior condylar inclination in the
sagittal/oblique plane on a 0-2 scale seems to be sufficiently

precise. Based on our results, we would add a second feature,
namely condylar flattening on a 0-2 scale on coronal images.

In the present study, all except for 2 of 36 examinations
showed bilateral contrast enhancement of the TMJs. The pre-
cision of assessing contrast enhancement of the TMJs in
healthy children has been addressed in a few studies [21,
22]. In a study of 100 contrast-enhanced MRIs in 46 children
without juvenile idiopathic arthritis, von Kalle and co-workers
[21] reported relatively poor interobserver agreement for the
assessment of dynamic enhancement. Two experienced radi-
ologists independently drew regions of interest for analysis of
signal-intensity curves. Similar results were obtained when
the same observer did repeat measurements of 20 cases.
Because of their wide limits of agreement, they combined
the findings of both observers for description of TMJ enhance-
ment in children without juvenile idiopathic arthritis [21]. In
another paper, Ma and co-workers [22] reported on 67 chil-
dren with juvenile idiopathic arthritis and 24 children without
juvenile idiopathic arthritis, focusing on contrast enhancement
in both synovial tissue and in the mandibular condyle.
Although the authors performed subjective assessment of the
degree of enhancement, they did not report on the precision of
their findings [22]. Quantitative assessment was also per-
formed by two radiologists independently drawing regions
of interest for calculation of two different types of signal-
intensity ratios. Repeatability of these ratios was assessed with
intraclass correlation in the juvenile idiopathic arthritis cohort,
showing interobserver values of 0.93-0.98 and intraobserver
values of 0.97-0.98 [22]. They did not report separately on
repeatability in the healthy cohort.

We found that the condylar inclination in the sagittal/
oblique plane increased by age, and that 60% of children
younger than 10 years had straight condyles while the major-
ity of those aged 17-18 years had marked anterior inclination.
In the CT-based study by Karlo et al. [13] including 210 chil-
dren without juvenile idiopathic arthritis, the authors de-
scribed three condylar shapes based on a sagittal view: a
smooth round shape most frequently seen in children ages
0-5 years, and an intermediate type with development of an
anterior beak, together with an anterior flattening of the
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condyle, were primarily observed in children older than
10 years. Our findings support those of Karlo and colleagues,
demonstrating an association between age and increasing an-
terior inclination. Although the assessment of condylar flat-
tening on sagittal view performed poorly in our study, some
condyles were definitely judged to be flattened on both assess-
ments, offering support for the findings by Karlo et al.

In our study, one of five condyles was slightly flattened
in the coronal plane. In contrast, Tzaribachev and col-
leagues [17] found none with condylar flattening in 96
children aged 3-13 years without juvenile idiopathic ar-
thritis. This discrepancy might be explained in part by the
fact that we used a high-resolution T1 sequence recon-
structed along the mandible while Tzaribachev and col-
leagues used a 3-mm coronal T2-weighted sequence. In
the present study some condyles were judged to have an
irregular surface when based on the sagittal/oblique view;
however the finding could not be confirmed on the coro-
nal view. Moreover, the repeatability of that study was
poor, leaving the credibility of this finding in question.
In their study of children with no evidence of juvenile
idiopathic arthritis, Tzaribachev and colleagues did not
observe any condylar erosions, defined as abnormal irreg-
ularity of the osseous cortex or loss of normal mushroom-
like shape of the mandibular condyle [17].

We found that some condyles had features suggestive of
bone marrow oedema, but again the precision of this finding
was poor for estimating rates. Other authors have shown sim-
ilar results: Kottke et al. [14] reported mild oedema-like bone
marrow in 10% of TMJs while Tzaribachev and co-workers
[17] found no TMJs with bone marrow oedema in a study on
96 non-rheumatic children.

Joint fluid, as assessed on axial and coronal images, was
seen in 6 and 10 of 202 TMJs based on the first and second
readings; however, similar to bone marrow oedema-like
change, the precision of this finding was poor. Kottke et al.
[14], in their study of 27 children without juvenile idiopathic
arthritis, reported on small amounts of intra-articular fluid in
31% when based on axial T2-weighted images without fat
saturation and in 83% on sagittal-oblique T2-weighted images
with fat saturation, appearing as fine lines in the upper or
lower joint compartment or as small dots in an articular recess.
Taken together, the results are diverging, probably reflecting
the increased conspicuity of joint fluid in TMJ in the sagittal-
oblique plane, which probably would be the preferred plane
for joint fluid assessment in the TMJ. Tzaribachev et al. [17],
also using axial and coronal images, found small amounts of
joint fluid in 3 of 96 children and as such the results are
consistent with our study.

In a few previous studies [1, 8, 12], any degree of
contrast enhancement of the joint tissue was considered
suggestive of active inflammatory disease. In the present
study, mild or even moderate enhancement of the joint
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tissue was seen in all but one of the patients who had
contrast agent administered intravenously. Although
most of the post-contrast images were obtained immedi-
ately after contrast injection, one might speculate that
the more pronounced enhancement was a result of de-
layed images, with diffusion of contrast agent into the
joint space.

Our findings are in accordance with those of Kottke and co-
workers [14], showing that 79% of the TMJs enhanced. Their
findings were based on subjective and objective assessment of
T1-weighted fat-saturated images taken immediately after
contrast administration, as compared to pre-contrast T1-
weighted images in 27 children aged 1-16 years without any
known TMJ disease. Our results are also supported by two
other recent publications. In 46 children without TMJ disease
von Kalle and colleagues [21] showed 73% (£2 S.D=23-123)
mean increase in signal intensity in synovial tissue while Ma
and co-workers [22] showed 66% 95% CI 0.40-0.92 mean
increase in 24 children without rheumatologic disease.

There are some limitations to this study. The retrospective
nature of our study might have influenced the results.
However, we scrutinized the referrals and the reports of the
included children for information that might be associated
with TMJ pathology. Further, exact details on the timing of
post-contrast images were unavailable, although most post-
contrast series were performed immediately after contrast in-
jection. According to a recent study, timing of post-contrast
images has a significant impact on the degree of enhancement
[21]. Although we cannot entirely rule out that contrast en-
hancement of joint tissue is related to the underlying disease or
treatment of the children, the wide spectrum of indications for
MRI in the included cohort makes this somewhat unlikely.
Mild contrast enhancement of joint tissue should therefore
be considered a normal finding. All of the examinations
were performed with a 32- or 64-channel head coil. One
might argue that a dedicated surface coil would have
added to image quality regarding both spatial resolution
and signal-to-noise ratio. Finally, most of the T2-weighted
sequences were performed with 5-mm slice thickness,
which could lead to an underestimation of the amount of
bone marrow oedema and joint fluid because of volume
averaging.

Conclusion

We have identified two robust features to describe parts of the
TMJ anatomy as assessed on MRI in children without evi-
dence of TMJ disease, namely a subjective assessment of an-
terior inclination in the sagittal/oblique plane and condylar
flattening in the coronal plane. The shape of the mandibular
condyle is straight in the younger age group, with an increas-
ing anterior inclination according to age. Mild flattening of the
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condyle, shown in the coronal plane, is a common finding and
not necessarily indicative of chronic inflammatory disease.
Mild contrast enhancement of the TMJs should be considered
a normal finding.
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Original Investigation

MRI in the Assessment of TMJ-
Arthritis in Children with JIA;
Repeatability of a Newly Devised
Scoring System

Oskar W. Angenete, MD, Thomas A. Augdal, MD, Marite Rygg, MD, PhD, Karen Rosendahl, MD, PhD

Rationale and Objectives: The temporomandibular joint (TMJ) is commonly involved in children with juvenile idiopathic arthritis. The diag-
nosis and evaluation of the disease progression is dependent on medical imaging. The precision of this imaging is under debate. Several
scoring systems have been proposed but transparent testing of the precision of the constituents of the scoring systems is lacking. The
present study aims to test the precision of 25 imaging features based on magnetic resonance imaging (MRI).

Materials and Methods: Clinical data and imaging were obtained from the Norwegian juvenile idiopathic arthritis study, The NorJIA study.
Twenty-five imaging features of the TMJ in MRI datasets from 86 study participants were evaluated by two experienced radiologists for
inter- and intraobserver agreement. Agreement of ordinal variables was measured with Cohens linear or weighted Kappa as appropriate.
Agreement of continuous measurements was assessed with 95% limit of agreement according to Bland-Altman.

» »

Results: In the osteochondral domain, the ordinal imaging variables “loss of condylar volume,” “condylar shape,” “condylar irregularities,”
“shape of the eminence/fossa,” “disk abnormalities,” and “condylar inclination” showed inter- and intraobserver agreement above Kappa
0.5. In the inflammatory domain, the ordinal imaging variables “joint fluid,” “overall impression of inflammation,” “synovial enhancement”
and “bone marrow oedema” showed inter- and intraobserver agreement above Kappa 0.5. Continuous measurements performed poorly
with wide limits of agreement.

Conclusion: A precise MRI-based scoring system for assessment of TMJ in JIA is proposed consisting of seven variables in the osteo-

chondral domain and four variables in the inflammatory domain. Further testing of the clinical validity of the variables is needed.

Key Words: arthritis; juvenile; observer variation; scoring system; precision.
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INTRODUCTION

uvenile idiopathic arthritis (JIA) is a chronic rheumatic

disease of unknown origin, with an onset before the

age of 16 and a reported incidence of 15 (7-23) per
100,000 children/year in the Nordic countries (1). In patients
with JIA, the temporomandibular joint (TM]J) is affected in
39-78% (2-5) depending on definitions used for involvement,
disease duration, and on the methods used for ascertainment.
On imaging, TM] arthritis is characterized by synovial inflam-
mation, bone marrow- and soft tissue oedema and joint effu-
sion, subsequently followed by destructive changes of
cartilage and bone. Left untreated, or in treatment-resistant
cases, arthritis of the TMJ can lead to facial asymmetry, orofa-
cial pain and reduced quality of life (6-10).

The diagnosis of TMJ involvement in JIA is based on clini-
cal findings, magnetic resonance imaging (MRI), cone beam
computed tomography (CBCT) or a combination of these
(11-15). The accuracy of clinical findings and clinical



ANGENETE ET AL

Academic Radiology, Vol I, No HH, lH 2021

monitoring of the disease course, both active inflammation
and permanent damage, is under debate (16,17) and much
effort has been made during the past years to establish a valid,
MRI-based imaging protocol and classification system. How-
ever, methodological difficulties, including lack of references
for normal findings, low image resolution and imprecise scor-
ing systems have led to both over- and underreporting of
signs of pathology (18,19). For example, Stoll and colleagues,
in a study of 35 patients with JIA and 122 controls without
JIA, demonstrated a significant overlap between the two
groups with respect to MR findings thought to be suggestive
of active disease (20).

In 2013, Koos et al (21) proposed a classification system
addressing both structural changes and inflammation, applica-
ble on JIA-related findings in the TMJ for both MRI and
CBCT. The authors reported that the system was not ham-
pered with significant intra- or inter-reader differences but did
not present any data to confirm their statement. Vaid and col-
leagues (22) proposed an MRI-based scoring system based on
20 patients, classifying changes into acute or chronic (structural
damage). The grading system included measurements of small,
intraarticular components under 3 mm in size, however, the
precision of these measurements was not presented. The over-
all interobserver agreement for acute and chronic changes,
based on composite variables, was moderate to good, with
weighted kappa values of 0.51 and 0.68, respectively.

In 2015, a third MRI-based scoring system was published
by Kellenberger and co-authors (13). The system is progres-
sive on a 0-4 scale and divided into an inflammatory domain
and a deformity domain. The system is in part built on the
experiences drawn from the publications by Koos and Vaid,
but in the publication from 2015, a full scale, adequate test of
intra- and interobserver agreement is lacking. In 2018, Tol-
end et al proposed an MRI-based scoring system (23)
founded on the experiences drawn from the systems pub-
lished by Koos, Vaid and Kellenberger. The system was
developed by a multi-institutional consensus process finally
proposing eight imaging items including both the inflamma-
tory and osteochondral damage domains. Each item was
assigned either a binary, ordinal grade (0-1) or a 3-graded,
ordinal grade (0-2). The grades of each, individual item were
then added, resulting in a total score. The authors performed
a reliability exercise of the system in 21 selected cases and
chose to measure reliability along an intra-class correlation
scale (ICC). However, measuring agreement of ordinal varia-
bles with ICC is debatable (24). Furthermore, the selection of
patients and low number of patients (n = 21) leaves unan-
swered questions on the transferability of the results to the
JIA population.

In 2018, Kellenberger published a pictorial essay on JIA-
related, temporomandibular changes on MRI (14). This pub-
lication presents a thorough explanation of the scoring sys-
tems already proposed by Tolend and Kellenberger, both
through written explanations and through a wide range of
MRI examples. Used as a common ground-reference this
publication might help reduce interobserver variability.

To date, however, no MRI-based scoring system of the
TM]J is proven precise and valid. We therefore aimed to
examine the precision of MRI-based measurements and
scores used to describe anatomy, structural damage and
inflammation of the TMJ in a large cohort of children and
adolescents with JIA. Next, to indicate markers holding suffi-
cient precision to be included in a future scoring system for
active arthritis and structural deformity.

MATERIAL AND METHODS
Patients

The participants in this study constitute a subset of 86 chil-
dren and adolescents selected from a prospective, longitudinal
observational study addressing TMJ involvement in children
with JIA (n = 228), the Norwegian JIA Study (NorJIA),
NCT number NCT03904459 in www.clinicaltrials.gov. Par-
ticipants in the NorJIA study were recruited from three ter-
tiary pediatric university hospitals (Haukeland University
hospital, Bergen, St Olav University hospital, Trondheim
and University hospital of North Norway, Tromse). Inclu-
sion criteria were a diagnosis of JIA according to the ILAR
criteria (25) performed by experienced pediatric rheumatolo-
gists, and age between 4 and 16 years at inclusion. According
to the study protocol, all of the included participants in the
NorJIAstudy were referred to MRI of the TM]J, regardless of
clinical symptoms from the TM]J. In cases of clinical TMJ
symptoms, and when an MRI was judged to be of specific
clinical importance, sedation was used for the younger chil-
dren. For this particular sub-study, we included MRIs per-
formed between March 2015 and May 2018. Exclusion
criteria for this study were suboptimal examinations due to
artefacts and the use of braces.

To test the scoring system regarding skeletal development
and varied pathology, an a priori, balanced selection of
patients from the NortJIA cohort was made, based on the
radiology report and patient age. The selection consisted of
approximately 33% participants with moderate/severe find-
ings, 33% participants with mild findings and 33% participants
with subtle or no findings.

Imaging

All MRI examinations were performed on a 3 Tesla system
(Skyra, Siemens healthineers, Erlangen, Germany), using a
64-channel head coil (32-channel at St Olav). An extensive
protocol, including nine sequences was performed to allow
for comparisons of different sequences, either alone or in
combination, in the assessment of pathology. The MRI pro-
tocol takes into account the recommendations given by
Miller (26) and Kellenberger (27), including sagittal T1-
weighted MPRAGE, sagittal/oblique proton  density-
weighted, sagittal/oblique fat-saturated T2-weighted, sagit-
tal/oblique fat-saturated T1-weighted, coronal T1-weighted
and coronal T1-weighted two-point Dixon sequences.
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Following intravenous gadolinium contrast injection, a
dynamic coronal sequence, a sagittal/oblique fat-saturated
T1-weighted sequence and a sagittal/oblique proton density-
weighted sequence (open mouth) were performed. Intrave-
nous gadolinium contrast was injected in a standardized way
in an antecubital vein (Dotarem 279,3 mg/ml, 0,2 ml/kg
body weight, 2 ml/s with 20 ml saline chaser). A detailed
protocol description is provided in Appendix A.

Image Review

For the present study, the following seven sequences were
used; coronal T1-weighted, sagittal T1-weighted MPRAGE,
sagittal/oblique fat-saturated T2-weighted, sagittal/oblique
fat-saturated T1-weighted, sagittal/oblique proton density-
weighted with closed and open mouth and sagittal/oblique
fat-saturated T1-weighted after intravenous contrast. The
images were assessed independently by two consultant radiol-
ogists, twice (at an interval of at least 4 weeks) by O.A.
(12 years of experience) and once by T.A.A. (13 years of
experience), without any additional information available.
Before scoring was performed, previous publications on scor-
ing protocols and imaging atlas were thoroughly studied
(14,21-23). The readers calibrated their interpretation of the
chosen scoring protocol during two 1-day meetings and 2
video conferences, followed by consensus scoring of five
TMJ MR examinations from a cohort of children with JIA,
not included in the present study.

Five imaging markers describing anatomical features, seven
describing structural changes (damage) and 13 markers
describing inflammation were analyzed for the right and for
the left TMJ, separately (Appendix B, C, D and E). To
explore the usefulness of an extended MRI protocol, assess-
ment of condylar irregularities was made, first on a minimal
(core) set of sequences and second, on an extended (ideal) set
of sequences, as suggested by Miller et al (26).

Statistical Analysis

Continuous data were presented as means (£SD), ordinal
data as medians (ranges) and dichotomous data as propor-
tions. Intra- and interobserver agreement were analyzed
using a simple or a weighted (linear) Cohen’s Kappa coef-
ficient with 95% confidence interval. A kappa score of
<0.2 was considered poor, 0.21-0.40 fair, 0.41-0.60 mod-
erate, 0.61-0.80 good and 0.81-1.00 very good. Absolute
agreement was reported as proportions. Differences in
measurements were analyzed using 95% limits of agree-
ment (termed repeatability coefficient, when used for
repeat measurements) as per Bland-Altman. Bland-Altman
plots are generally interpreted informally, and a clinically
acceptable agreement was set at 15%. A significance level
of 0.05 was decided a priori and all the reported p values
are two-tailed. Statistical analyses were performed using
IBM SPSS Statistics, version 26.

Ethics

The NorJIA study was approved by the Regional Ethics
Committee; REK nr 2012/542. Informed consents were
given by the children if >16 years, and by the parents if the
child were <16 years. Data was collected and stored accord-
ing to the General Data Protection Regulation.

RESULTS

One set of MRIs from a total of 86 children (51 females) with
JIA, median age 13 years (IQR 5), were included. Median
age at diagnosis was 6 years (IQR 8) and the median duration
of disease at the time of MRI imaging was 4,5 years (IQR 6)
(Table 1). The distribution of findings for each of the 25
MR I-features assessed are shown in Figure 1 and 2 (right side
first reading).

Osteochondral Domain

Assessment of loss of condylar volume on a 0-1 scale, condy-
lar shape/flattening in the sagittal (0-3 and 0-2 scale) and in
the coronal plane (0-2 scale), condylar irregularities on a 0-2
scale (both based on a core and an ideal protocol), disk abnor-
malities on a 0-1 scale and the shape of the articular eminence
and glenoid fossa on a 0-2 scale showed good to very good
agreement for the same reader, with kappa values of 0.67-
0.80 (Table 2) (Fig 3). The inter-reader agreement was also
good to very good except for condylar irregularities (both the
ideal and the core protocols) and shape of the articular emi-
nence and glenoid fossa, showing moderate agreement with
kappa values of 0.57, 0.47 and 0.55, respectively (Table 2)
(Figs 4a—b and Figure 5a—b).

Assessment of condylar inclination on a 0-2 scale showed
good intra- and interobserver agreement, with kappa values

0f 0.74 and 0.61.

TABLE 1. Characteristics of the 86 Children with a Known
Diagnosis of Juvenile Idiopathic Arthritis (JIA), Included in
the Current Study

Characteristics Values
Girls, n (%) 51 (59%)
Age at MRI examination, median years (IQR) 13,0 (5)
Age at JIA diagnosis, median years (IQR) 6,0 (8)
Disease duration, median years (IQR) 4,5 (6)
JIA categories

Systemic 3 (3%)
Oligoarticular persistent 25 (29%)
Oligoarticular extended 8 (9%)
Polyarticular RF negative 27 (31%)
Psoriatic arthritis 3 (3%)
Enthesitis-related arthritis 11 (13%)
Undifferentiated arthritis 9 (10%)

ILAR, International League of Association for Rheumatology; IQR,
interquartile range (25th-75th percentile); JIA, juvenile idiopathic
arthritis; MRI, Magnetic resonance imaging; RF, Rheumatoid factor.
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TABLE 2. MRI-scoring of the TMJs - osteochondral domain. Cohen’s kappa values and proportion of absolute, interobserver
agreement for TMJ imaging variables defining osteochondral damage in a cohort of 86 patients (51 girls) with JIA, right TMJ. Sim-
ple kappa for dichotomized variables and linear, weighted kappa for variables with 3 or more grades. Scoring systems are detailed
below.

Interobserver absolute
agreement (%)

Interobserver
kappa value (95% ClI)

Imaging feature Intraobserver kappa

value (95% Cl)

Loss of condylar volume (0-1)' 0.79 (0.63-0.94) 0.78 (0.62-0.94) 77/84 (92%)
Condylar shape in sagittal plane (0-3)° 0.72 (0.60-0.83) 0.68 (0.58-0.79) 58/85 (68%)
Condylar flattening in sagittal plane, (0-2)° 0.68 (0.54-0.82) 0.66 (0.54-0.79) 65/85 (76%)
Progressive system, osseous deformity (0-4)* 0.73 (0.61-0.85) 0.66 (0.54-0.79) 52/73 (71%)
Condylar shape in coronal plane (0-2)° 0.80 (0.67-0.92) 0.62 (0.47-0.78) 65/83 (78%)
Disk abnormalities (0-1)° 0.74 (0.58-0.90) 0.61 (0.41-0.81) 72/83 (87%)
Condylar inclination (0-2)” 0.74 (0.61-0.87) 0.61 (0.48-0.74) 59/84 (70%)
Condylar irregularities, ideal protocol (0-2)° 0.67 (0.49-0.85) 0.57 (0.39-0.74) 62/79 (78%)
Shape of the articular eminence and glenoid fossa (0-2)° 0.76 (0.62-0.90) 0.55 (0.37-0.74) 64/85 (75%)
Condylar irregularities, core protocol (0-2)'° 0.69 (0.49-0.88) 0.47 (0.27-0.68) 61/79 (77 %)
Position of the condyle (0-6)"" 0.31 (0.02-0.59) 0.20 (-0.09-0.50) 66/84 (79%)

Disk position, closed mouth (0-5)'2 0.34 (0.02-0.67) 0.17 (0.00-0.34) 66/81 (81%)

Abbreviations: JIA juvenile idiopathic arthritis; MRI, magnetic resonance imaging; TMJ, temporomandibular joint;

1 0=none, 1=present

2 O=rounded/ovoid, 1=subtle anterior flattening, 2=mild flattening, involves part of the surface of the condyle, 3= moderate/severe flattening
involves the entire surface of the condyle, or loss of height of the condyle

3 0=Absent; round/slightly angular shape of the condyle, 1=Mild, extent of flattening involves part of the surface of the condyle. 2=Moderate/
severe, extent of flattening involves the entire surface of the condyle, or loss of height of the condyle. According to reference 23

4 0=Normal shape of temporal bone and mandibular condyle according to age: S-shaped articular eminence/glenoid fossa. Round condyle
(young patient). Less rounded, more angular appearing condyle (older patient). Smooth subchondral bone contour, 1=Mild flattening of the
mandibular condyle and/or temporal bone. 2=Moderate flattening of the mandibular condyle and/or temporal bone. 3=Severe flattening of the
mandibular condyle with loss of height, and/or completely flat temporal bone, and/or presence of small erosions/irregularities. 4= “Destruction”
of temporomandibular joint by large erosions, fragmentation of the mandibular condyle, intra-articular ossification or bone apposition on man-
dibular condyle or temporal bone. According to reference 13

5 0=Convex throughout, 1=mild/partial flattening, 2=moderately or severely flattened throughout

6 O=absent, 1=present

7 0=Straight, 1=mild anterior inclination, 2=moderate/significant anterior inclination

8 Based on coronal T1, Sagittal/oblique T2fs, Sagittal/oblique T1fs, Sagittal/oblique PD and Sagittal/oblique T1-fs with Gd; O=none, 1=mild
(involving only part of the articular surface of the condyle), 2=moderate/severe (presence of deep breaks in the subchondral bone seen in two
planes, or irregularities involving the entire articular surface)

9 0=S-shaped, 1= mild to moderate widening or flattening, 2= severely flattened fossa-eminence

10 Based on coronal T1, Sagittal/oblique T2fs, Sagittal/oblique T1-fs with Gd; 0=none, 1=mild (involving only part of the articular surface of
the condyle), 2=moderate/severe (presence of deep breaks in the subchondral bone seen in two planes, or irregularities involving the entire
articular surface). Right side excluded due to skewed distribution of findings.

11 Overall position of the condyle in the temporal fossa; O=neutral, 1=anterior, 2=posterior, 3=medial, 4=lateral, 5=superior, 6=inferior

12 0=none, 1=displaced anteriorly, 2=displaced posteriorly, 3=displaced laterally, 4=displaced medially, 5=Not applicable, discus cannot be
defined

Assessment of the position of the condyle on a 0-6-point
location scale showed fair agreement for the same reader and
poor inter-reader agreement (Table 2).

As for disk position on a 0-5 scale, with the mouth closed,
there was a fair intra-reader and a poor inter-reader agree-
ment (Table 2).

Inflammatory Domain

Joint fluid: The intra-observer agreement for assessment of
joint fluid on a 0-2 scale was good, both for the whole joint,
and for the lower compartment, with kappa values of 0.74
and 0.69, respectively, while the agreement for upper

compartment was moderate (kappa 0.51) (Table 3) (Fig 0).
Agreement between observers was good for the whole joint,
moderate for the upper and poor for the lower compartment
(Table 3). Assessment of pathological fluid on a 0-1 scale per-
formed well for the same observer, and moderately between
observers.

Synovial inflammation/enhancement/thickening: There was
moderate agreement for grading overall impression of inflam-
mation on a 0-2 scale, with a kappa value of 0.59 for the
same reader and 0.57 between readers (Table 3).

Assessing synovial enhancement on a 0-2 scale showed
good to moderate agreement, with kappa values of 0.68 for
the same reader and 0.54 between readers (Fig 7). Similar, the
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agreement for grading inflammation on a 0-4 scale according

to the progressive system as suggested by Kellenberger (13)
was good to moderate, with kappa values of 0.61 for the
same reader and 0.45 between readers. The agreement for
assessment of synovial thickening on a 0-2 scale and joint
enhancement on a 0-2 scale, as suggested by Tolend (23),
was moderate with kappa values of 0.43-0.44 both between
readers and for the same reader. Subjective impression of
thickened synovium was assessed with moderate agreement
for the same reader and fair agreement between readers
(Kappa 0.23).

Bone marrow oedema/enhancement: Assessment of bone mar-
row oedema on a 0-1 scale showed fair to moderate agree-
ment, with kappa values of 0.35 for the same reader and 0.54
between readers.

The analysis of agreement of the variable bone marrow
enhancement on a 0-2 scale was hampered by severely

Figure 3. Coronal T1 weighted image of a 12-year-old boy
with oligoarthritic JIA and disease duration 11 years, showing
loss of volume of the right condyle (arrow).

Figure 4a. Sagittal/oblique T1 weighted image with fat satura-
tion after intravenous contrast of a 15-year-old boy with polyar-
thritic, rheumatoid factor (RF) negative JIA, and disease
duration 4 years, showing grade 2 condylar irregularity (arrow-
head).

skewed distribution in one of the readings. Therefore, kappa
analysis could not be performed. The variable showed a high
proportion of absolute agreement (89%).

Direct measurements of joint fluid: The mean measurement of
joint fluid in the upper compartment was 0.2 mm (median
0.1), with 95% limits of agreement of -0.6 to 0.4 mm
between readers. The mean measurement of joint fluid in the
lower compartment was 0.3 mm (median 0.1) with 95% lim-
its of agreement of -1.0 to 0.7 mm between readers.

Based on the presented results a scoring system consisting
of the following, precise imaging features could be considered
(Table 4).

DISCUSSION

Of 25 commonly used MRI-based markers for TM]J changes
in children with JIA, 13 showed sufficient precision, of which



Academic Radiology, Vol I, No H N, lH 2021

MRI IN THE ASSESSMENT OF TMJ-ARTHRITIS

11 were judged the more relevant to be included in a robust
scoring system; seven within the osteochondral domain and
four within the inflammatory domain (Table 4). An addi-
tional six markers performed well for the same reader, indi-
cating that these be used with caution. Interestingly, several
of the commonly used markers performed poorly, in

Figure 4b. Sagittal/oblique T1 weighted image with fat satura-
tion after intravenous contrast of a 15-year-old girl with enthesi-
tis-related JIA and disease duration 14 years, showing grade 1
condylar irregularity (arrowhead).

particular assessment of synovial thickness and joint enhance-
ment, as well as measurements of joint fluid.

Osteochondral Domain

In the present study, the most precise MRI marker suggestive
of osteochondral damage was condylar volume on a 0-1 scale;

Figure 5a. Sagittal/oblique PD weighted image of a 15-year-
old girl with undifferentiated JIA and disease duration 13 years,
showing severely flattened articular eminence/ glenoid fossa
(grade 2) (white arrow).



ANGENETE ET AL

Academic Radiology, Vol I, No HH, lH 2021

0 being within normal and 1 representing a clearly deformed
condyle in the sagittal and/or coronal views, a feature not
seen in children without JIA (14,19,28).

Likewise, assessment of osseous deformity as suggested by
Tolend and Kellenberger using a progressive scoring system
performed well, however, this grading system is based on a

sequence of pathological changes, starting with a mildly flat-
tened mandibular condyle and/or temporal bone (grade 1),
followed by moderate flattening of the same structures (grade
2). Grade 3 is characterized by severe flattening of the man-
dibular condyle with loss of height, and/or completely flat
temporal bone, and/or presence of small erosions/irregulari-
ties while grade 4 is defined as destruction of the temporo-
mandibular joint by large erosions, fragmentation of the
mandibular condyle, intra-articular ossification or bone appo-
sition on mandibular condyle or temporal bone (13).

We have previously shown that a mildly flattened condyle
is seen in around 20% of children without JIA, and as such
represents a normal variation rather than early destructive
change (19). Moreover, we experienced that both condylar
irregularities and erosions may be present before severe con-
dylar flattening, thus biasing a progressive system.

To overcome the abovementioned challenges, we suggest
that the different markers are scored separately, and summa-
rized. More specifically, that the most precise markers, such
as loss of condylar volume, condylar shape and irregularities,
and shape of articular eminence and glenoid fossa are used to
construct a total damage score. Ideally, each of these

Figure 5b. Sagittal/oblique PD weighted image of a 12-year-
old girl with polyarthritic, rheumatoid factor (RF) negative JIA
and disease duration 10 years, showing mild to moderate wid-
ening or flattening of the articular eminence and glenoid fossa
(grade 1) (white arrowhead).

components should be weighted, for example by using
CBCT scores that are more fine-meshed in the osteochondral
domain.

Several authors have explored the importance and inci-
dence of disk abnormalities in TMJ (29-32), however, with-
out addressing the precision of findings. We have now
shown that assessing the disk as either normal or pathological
represents a precise variable.
of the

showed good intra- and interobserver agreement. Previous

Subjective  assessment condylar inclination
studies have shown that the condylar inclination is sym-

metrical, and that it normally increases with age
(14,19,28). Thus, the finding of asymmetric condylar
inclination in a child with JIA could indicate growth dis-

turbances secondary to the disease.

Inflammation

Four markers within the inflammation domain were consid-
ered of sufficient precision, both within and between readers,
to be included in a future scoring system, namely joint fluid
on a 0-2 scale, overall impression of inflammation on a 0-2
scale, synovial enhancement on a 0-2 scale and bone marrow
oedema on a 0-1 scale (Table 4).

As for evaluation of joint fluid, the hybrid assessment with
both continuous measurements and semi-qualitative evalua-
tion suggested by Tolend (23) performed well in contrast to
the subjective grading of the upper and lower compartments
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TABLE 3. MRI-scoring of the TMJs - inflammatory domain. Cohen’s kappa values and proportion of absolute, interobserver agree-
ment for variables describing TMJ-inflammation in 86 patients (51 girls) with JIA, right TMJs. Simple kappa for dichotomized varia-
bles and linear, weighted kappa for variables with 3 or more grades. Scoring systems are detailed below.

MRI-feature Intraobserver Kappa Interobserver Kappa Interobserver proportion

value (95% ClI) value (95% ClI) absolute agreement

Joint fluid

Joint fluid (0-2)'

Subjective impression of joint fluid, upper compartment (0-2)?
Subjective impression of joint fluid, lower compartment (0-2)*
Overall impression of pathological joint fluid (0-1)*

Synovial inflammation/enhancement/thickening
Overall impression of inflammation (0-2)°

Synovial enhancement (0-2)°

Inflammation, progressive system (0-4)”

Synovial thickening (0-2)°

Joint enhancement (0-2)°

Subjective impression of synovial thickening (0-2)'°
Bone marrow oedema/enhancement

Bone marrow oedema (0-1)""

Bone marrow enhancement (0-2)'?

0.74 (0.55-0.93)
0.51 (0.29-0.73)
0.69 (0.53-0.85)
0.71 (0.50-0.91)

0.59 (0.41-0.76)
0.68 (0.52-0.83)
0.61 (0.43-0.79)
0.44 (0.22-0.65)
0.43 (0.23-0.62)

0.51 (0.32-0.70)

0.35 (0.18-0.51)
0.85 (0.64-1.00)

0.71 (0.48-0.95)
0.40 (0.20-0.59)
0.29 (0.14-0.44)
0.40 (0.14-0.66)

0.57 (0.43-0.72)
0.54 (0.40-0.69)
0.45 (0.31-0.60)
0.44 (0.22-0.66)
0.44 (0.25-0.62)

0.23 (0.08-0.38)

0.54 (0.28-0.80)
n/a

76/81 (94%)
60/81 (74%)
41/81 (51%)
68/82 (83%)

59/79 (75%)
53/78 (68%)
49/74 (66%)
63/78 (81%)
58/78 (74%)
46/78 (59%)

76/85 (89%)
62/70 (89%)

Abbreviations: JIA juvenile idiopathic arthritis; MRI, magnetic resonance imaging; TMJ, temporomandibular joint.

1 O=absent; <1 mm fluid in joint recess, 1=small; >1 mm and <2 mm fluid in recess or involving entire joint compartment, 2=large; >2 mm
fluid in recess or involving entire joint compartment. Adapted from reference 23

2 0=no joint fluid, 1=a thin line of fluid, 2=more than a thin line of fluid

3 0=no joint fluid, 1=a thin line of fluid, 2=more than a thin line of fluid

4 0=no, 1=yes

5 0=normal, includes normal synovial enhancement and a thin line of joint fluid, 1=mild inflammation, considered pathological, 2=moderate/
severe inflammation

6 O=subtle synovial enhancement, 1=mildly increased synovial enhancement, 2=moderately to severe synovial enhancement (signal intensity
> nearby vessel)

7 0= no inflammation: No or small amounts of joint fluid in any recess, with < 1 mm width. No enhancement or enhancement confined to
physiological joint fluid. 1= mild inflammation: Extension of joint enhancement exceeds that of physiological joint fluid but does not involve
entire joint compartment and/or presence of bone marrow oedema. 2= moderate inflammation: Joint enhancement involves entire joint com-
partment or there is an enhancing joint effusion, 3= severe inflammation: Detectable synovial thickening in addition to increased joint enhance-
ment or effusion, 4= joint space filled with and enlarged by pannus. Adapted from reference 13

8 O=absent; no synovium visible (apparent joint compartment <1 mm width), 1=mild; >1 and <2 mm thickness at the point of maximum
synovial thickening, 2=Moderate/severe; >2 mm thickness at the point of maximum synovial thickening. Adapted from reference 23

9 0=normal; high signal intensity confined to signal perimeter of normal amount of fluid on corresponding fluid-sensitive image, 1=mild; high
signal intensity focally exceeding signal perimeter of physiologic amount of joint fluid on corresponding fluid-sensitive image, 2=moderate/
severe; high signal intensity diffusely involving 1 or both joint compartments. Adapted from reference 23

10 0=no thickening, 1=mild thickening, 2=moderate/severe thickening

11 O=absent, 1=present

12 0=No enhancement, 1=subtle enhancement, what is considered normal, 2=increased, pathological enhancement

separately. However, direct continuous measurement of joint
fluid turned out to be rather inaccurate, with significant varia-
tion between observers. These results are in line with others
(33,34), reflecting difficulties in measuring small distances. To
overcome the challenges associated with continuous meas-
urements, we tested the subjective variable “overall impres-
sion of joint fluid,” although with disappointing results
between readers. In conclusion, the mechanisms providing
high precision to the variable “joint fluid” are not fully
understood, but probably depends on a thorough under-
standing of the normal appearances of fluid in the recesses
and joint compartments.

The variable “overall impression of inflammation 0-2”
depends explicitly on the subjective understanding of normal,
age-related and physiologic findings in the TMJ. At the same
time the variable demands the reader to define, from his/her
own understanding, the difference between normal findings
and inflammation. Like the binary variables “overall impres-
sion of pathological joint fluid” and “loss of condylar vol-
ume” this type of variables has not been tested in other
publications. This study shows that the variable as such is pre-
cise enough to be studied further.

Opposite to the marker synovial enhancement, which was
based on pre and post T1-fat suppressed images only,
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Figure 6. Sagittal/oblique T2 weighted image with fat satura-
tion of a 15-year-old boy with persistent oligoarthritic JIA and
disease duration 4 years, showing large amount of joint fluid
(grade 2) in the right temporomandibular joint.

assessment of joint enhancement, as suggested by Tolend et al their 0-2 score, mild inflammation is defined as high signal
(23), is based on both fluid-sensitive images as well as post-  intensity focally exceeding signal perimeter of physiologic
contrast T1-weighted fat-suppressed images. According to amount of joint fluid on corresponding fluid-sensitive image

Figure 7. Sagittal/oblique T1 weighted image with fat satura-
tion after intravenous contrast of a 6-year-old girl with polyar-
thritic JIA and disease duration 4 years, showing moderate to
severe synovial enhancement (grade 2) (white arrow).

10
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TABLE 4. Proposed Scoring System for MRI-Based Evalua-
tion of Osteochondral Damage and Inflammatory Change in
the Pediatric Temporomandibular Joint in Children with
Juvenile Idiopathic Arthritis (JIA)

MRI Imaging Feature Imaging Plane  Grading
Osteochondral domain

Loss of condylar volume All available 0-1
Condylar shape Sagittal/oblique 0-3
Condylar shape Coronal 0-2

Condylar irregularities, All available 0-2
ideal protocol

Shape of the eminence/fossa

Disk abnormalities

Condylar inclination

Inflammatory domain

Joint fluid Sagittal/oblique 0-2

Overall impression of inflammation  All available 0-2

Synovial enhancement Sagittal/oblique 0-2

Bone marrow oedema All available 0-1

Sagittal/oblique 0-2
Sagittal/oblique 0-1
Sagittal/oblique 0-2

JIA, juvenile idiopathic arthritis; MRI, magnetic resonance imaging;
TMJ, temporomandibular joint.

while moderate to severe inflammation is characterized by
high signal intensity diffusely involving one or both joint
compartments. We observed numerous cases showing subtle,
focal, synovial contrast enhancement on T1-weighted fat-
suppressed images, with no fluid seen on T2-weighted
images, i.e., a grade 0 according to the synovial enhancement
score and a grade 1 according to the joint enhancement score.
Thus, it seems that combining pre-gadolinium fluid-sensitive
images with post-gadolinium fat-suppressed T1-weighted
images tends to overestimate pathology, possibly accentuated
by slightly different imaging parameters on T1- and T2-
weighted images. These difficulties are reflected in the
slightly lower agreement between readers for the joint
enhancement score as compared to the synovial enhancement
score.

We found acceptable agreement between readers for the
assessment of condylar bone marrow oedema. In adults with
rheumatoid arthritis of the wrist, the precision of this variable
is addressed in numerous publications (35-37) with results
supporting the findings in our study. However, the precision
in these studies is measured as a sum of scores along an ICC-
scale so the transferability of the results to the mandibles of a
pediatric population is questionable. In their study on MRI
and CBCT Koos and colleagues report “no relevant interob-
server differences” which per se supports our findings, even
though their statement could be more elaborated (21). In
2014, Vaid studied the composite variable including contrast
enhancement, joint fluid, synovial thickening and bone mar-
row oedema with a weighted kappa of 0.51. The complexity
of their composite variable makes it hard to say if their results
support or contradict our findings (22). Lastly, Tolend tested
both a binary and a 4-graded version of the variable bone
marrow oedema with ICC-results that do not support our

findings (sSICC 0.01 and 0.06, avICC 0.61 and 0.57). Still,
bone marrow oedema is considered an important marker, as
oedema/osteitis is believed to represent relevant pathology in
rheumatology. Taken together, we suggest the variable
should be part of a future scoring system.

As for the progressive inflammation score, this is based on a
fixed sequence of changes, like that described for the osteo-
chondral domain. We experienced, in a small number of
TMJs, that this sequence was violated, in that subtle synovial
thickening was present without synovial enhancement or
joint effusion. Thus, according to the progressive system,
these joints should be scored as a grade 3 inflammation. Seen
together with the difficulties in defining synovial thickening
this represents a bias in the progressive system. As in the
osteochondral domain, we suggest that each variable be
scored separately, and subsequently summarized.

Similar to bone marrow oedema, the variable “bone mar-
row enhancement” aims to describe an important and closely
related part of the rheumatologic pathology, namely osteitis
and increased perfusion of the intraosseous part of the con-
dyle. However, we noted that virtually all condyles demon-
strated some degree of enhancement, also when compared to
the mandibular ramus, which corresponds to a grade 1 in the
binary system as proposed by Tolend. The 3-graded system
proposed in this study shows a slight differentiation between
assumed normal and pathological enhancement with a high
proportion of absolute agreement, although kappa analysis
could not be performed due to skewed distribution of the
findings. We note that Tolend and co-workers do not pres-
ent data on the repeatability of the binary variant of this vari-
able. The assumed importance of the pathological process, in
combination with the paucity of data on the precision of the
variable makes it an interesting topic for further research, but
as per today it should not be included in a robust scoring sys-
tem.

Except for the inflammation score in the progressive sys-
tem, all these scores are relatively crude, however, previous
studies have demonstrated difficulties in establishing reliable,
fine-meshed imaging markers for the inflammatory domain
23).

In general, we found that the intra-observer agreement was
better than agreement between observers, despite thorough
calibration and the use of a reference atlas. This is not unex-
pected and similar results has been shown in numerous earlier
publications. Still, we assume that this finding underscores
the importance of performing clinical, JIA-related radiology
reporting in a small environment of subspecialists with a spe-
cial interest in JIA.

Limitations and Strengths

We acknowledge that our study has shortcomings. First, the use
of Cohens Kappa has limitations especially in analysis of datasets
with skewed distribution (38,39). To compensate for this, we
chose to both present the proportion of absolute agreement and
the distribution of findings for each variable. We assume this to
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APPENDIX B. Imaging Features for Scoring of Temporomandibular Joints in the Osteochondral Domain by Magnetic Resonance

Imaging
Image Plane Grade 0 Grade 1 Grade 2 Grade 3
Condylar shape Sagittal/oblique Rounded/ovoid Very subtle anterior  Mild flattening; Moderate/severe
flattening involves part of flattening;
the surface of the involves the entire
condyle surface of the
condyle, or loss
of height of the
condyle
Condylar shape Coronal T1 Convex throughout  Mild/partial Moderately or
flattening severely flattened
throughout
Condylar Sagittal/ oblique Straight Mild anterior Moderate/ signifi-
inclination inclination cant anterior
inclination
Shape of the articu-  Sagittal/ oblique S-shaped Mild to moderate Severely flattened
lar eminence and widening or fossa-eminence
glenoid fossa flattening
Loss of condylar All available None Clearly deformed
volume condyle

Condylar irregulari-  Coronal and sagit- No irregularities or

ties, core and tal/oblique deep breaks of
ideal protocol®° the bony joint
surface

Condylar Sagittal/oblique No loss of the
flattening® round/slightly
angular shape of
the condyle
Disk abnormalities Sagittal/oblique None

Mild irregularities
involving only
part of the articu-
lar surface of the
condyle

Mild; extent of flat-
tening involves

Moderate/ severe;
presence of deep

breaks in the sub-

chondral bone
seen in two
planes, or irregu-
larities involving

the entire articular

surface
Moderate/severe;
extent of flatten-

parts of the sur- ing involves the
face of the entire surface of
condyle the condyle, or

Presence of flatten-
ing, displacement
or destruction

loss of the height
of the condyle

2 Core protocol based on coronal T1, sagittal/oblique T2-fat suppressed, sagittal/ oblique contrast enhanced fat-suppressed T1-weighted

images. Adapted from reference 26.

® |deal protocol based on the same images as Core protocol + sagittal/oblique T1 fat-suppressed and sagittal/ oblique proton density

weighted images. Adapted from reference 26.
¢ Adapted from reference 23.

be a more correct and transparent way of presenting the data
than other statistical models which would introduce other sour-
ces of error. Next, the study was performed with two readers
only, aiming to examine the potential of a scoring system given
optimal conditions, rather than assessing its performance in a
clinical setting. And lastly, the distribution of findings for some
of the variables under investigation was skewed, thus hindering
statistical analysis to be performed. The strengths of our study
include the high numbers, the meticulous standardization of
scoring systems and measurements, and the construction of an
atlas for optimizing precision.

CONCLUSION

We propose a robust scoring system for the assessment of
TM]J involvement in children with JIA including four varia-
bles in the inflammatory domain and seven variables in the
osteochondral domain. Further studies on clinical validity of
these markers are needed.
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APPENDIX C. Imaging Features for Scoring of Temporomandibular Joints in the Inflammatory Domain by Magnetic Resonance

Imaging

Imaging Feature

Definition/Image Plane

Grading

Overall impression of
inflammation

Overall impression of patho-
logical joint fluid
Synovial enhancement

Subjective impression of joint
fluid, upper compartment

Subjective impression of joint
fluid, lower compartment

Joint enhancement®

Joint fluid®

Synovial enhancement

Synovial thickening®

Joint enhancement®

14

All available images

All available images

Signal intensity of the synovium, based on
sagittal/ oblique T1-fs pre contrast and sag-
ittal/oblique T1-fs post-contrast images

Sagittal/ oblique T2-fat saturated images

Sagittal/ oblique T2-fat saturated images

Signal intensity of the synovium, capsule and
joint fluid higher than that of muscle on post
contrast T1-fat saturated images

Increased joint fluid with isointense signaling
of joint space compared to that of cerebro-
spinal fluid on fluid-sensitive images

Sagittal/ oblique T1-fat saturated images post
iv contrast

Sagittal/oblique T2 fat-saturated images

Sagittal/ oblique T1-fat saturated images post
iv contrast and sagittal/oblique T2 fat-satu-
rated images

0=Normal; includes normal synovial enhance-
ment and a thin line of joint fluid

1=Mild inflammation; considered pathological

2=Moderate to severe inflammation

0=No

1=Yes

0= Subtle synovial enhancement, what is
believed as normal

1= Mildly increased synovial enhancement

2= Moderately to severely increased synovial
enhancement (signal intensity > nearby
vessel)

0=No signal

1=A thin line of signal

2=More than a thin line

0=No signal

1=A thin line of signal

2=More than a thin line

0=Normal; high signal intensity confined to
signal perimeter of normal amount of fluid on
corresponding fluid-sensitive image

1=Muild; high signal intensity focally exceeding
signal perimeter of physiologic amount of
joint fluid on corresponding fluid-sensitive
image

2= Moderate/ severe; high signal intensity dif-
fusely involving 1 or both joint
compartments

0=Absent; <1mm fluid in recess

1=Small; >1 and <2 mm in recess or involving
entire joint compartment

2=Large; >2 mm fluid in recess or involving
entire joint compartment

0=Subtle synovial enhancement

1=Mildly increased synovial enhancement

2=Moderate to severe synovial enhancement
(signal intensity >nearby vessel)

0=Absent; no synovium visible (apparent joint
compartment <1 mm width)

1=Mild; >1 and <2 mm thickness at the point
of maximum synovial thickening,

2=Moderate/severe; >2 mm thickness at the
point of maximum synovial thickening

0=Normal; high signal intensity confined to
signal perimeter of normal amount of fluid on
corresponding fluid-sensitive image

1=Mild; high signal intensity focally exceeding
signal perimeter of physiologic amount of
joint fluid on corresponding fluid-sensitive
image

2=Moderate/severe; high signal intensity dif-
fusely involving 1 or both joint
compartments

(continued)
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APPENDIX C. (Continued)

Imaging Feature

Definition/Image Plane

Grading

Subjective impression of

synovial thickening

Bone marrow oedema

Bone marrow enhancement

saturated images

before and post iv contrast

Sagittal/oblique T2 fat-saturated images

Coronal T1 images and sagittal/oblique T2 fat-

Sagittal/ oblique T1-fat saturated images

0=No thickening

1=Mild thickening

2=Moderate/severe thickening

0=Absent

1=Present

0=No enhancement

1=Subtle enhancement, considered normal
2=Increased, pathological enhancement

@ Adapted from reference 23.

APPENDIX D. Progressive Scoring System for A

Magnetic Resonance Imaging®

ing Inflan

ion and Osseous Deformity of Temporomandibular Joint by

Inflammation Osseous Deformity
Grade 0 No inflammation: Grade 0 Normal shape of temporal bone and mandibu-
No or small amounts of fluid in any recess with lar condyle according to age:
<1 mm width. S-shaped articular eminence/glenoid fossa.
No enhancement or enhancement confined to Round condyle (young patient)
physiological joint fluid. Less rounded, more angular appearing con-
dyle (older patient)
Smooth subchondral bone contour
Grade 1 Mild inflammation: Grade 1 Mild flattening of the mandibular condyle and/
Extension of joint enhancement exceeds that or temporal bone.
of physiological joint fluid but does not
involve entire joint compartment and/or
presence of bone marrow oedema.
Grade 2 Moderate inflammation: Grade 2 Moderate flattening of the mandibular condyle
Joint enhancement involves entire joint com- and/or temporal bone
partment or there is an enhancing joint
effusion
Grade 3 Severe inflammation: Grade 3 Severe flattening of the mandibular condyle
Detectable synovial thickening in addition to with loss of height, and/or completely flat
increased joint enhancement or effusion. temporal bone, and/or presence of small
erosions/irregularities
Grade 4 Joint space filled with and enlarged by pannus  Grade 4 “Destruction” of temporomandibular joint by

large erosions, fragmentation of the mandib-
ular condyle, intra-articular ossification or
bone apposition on mandibular condyle or
temporal bone.

@ Adapted from reference 14.

APPENDIX E. Grading of Position of the Mandibular Condyle and Disc Displacement

Position of the Condyle in the
Glenoid Fossa

Disc Displacement

Grade 0 Neutral
Grade 1 Anterior
Grade 2 Posterior
Grade 3 Medial
Grade 4 Lateral
Grade 5 Superior
Grade 6 Inferior

Grade 0 None

Grade 1 Anterior

Grade 2 Posterior

Grade 3 Lateral

Grade 4 Medial

Grade 5 Disc cannot be defined
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