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1.2 Scientific environment and work leading up to this thesis

The research work presented in this thesis was funded by Health North, Tromsg/NO, and was
carried out from 2019 to 2023 at the Department of Radiology, University Hospital of North
Norway (UNN), in collaboration with the Department of Radiology at Bambino Gesu
Children’s Hospital (BGCH) in Rome and the Division of Radiology and Nuclear Medicine
at Oslo University Hospital (OUS).

The thesis is in part based on previous experiences in, and data from two multicentre projects.
The first, named the Health-e-Child (HeC) Project, was founded on the collaboration of four
large European paediatric centres (Great Ormond Street Hospital, London/United Kingdom,
Hopital Necker-Enfants malades, Paris/France, Gaslini Hospital, Genoa/ltaly and Bambino
Gesu Children’s Hospital (BGCH), Rome/Italy) from 2006 onwards. One of the aims of the
HeC Project was to devise accurate imaging tools for both active and chronic changes in
children with juvenile idiopathic arthritis (JIA) with the final goal to improve the patients’
long-term outcome. For this purpose, a child-specific Magnetic Resonance Imaging (MRI)
scoring system for all pathological MRI features (synovitis, tenosynovitis, BMO, bone
erosions) for wrist, and a radiographic scoring system for hips involvement in patients with
JIA was established and validated by the HeC Radiology group, in which I have been involved
since 2008 (1-5).

The second multicentre project included 196 healthy, asymptomatic children and adolescents,
examined at UNN/Tromsg or at OUS/Oslo during 2018-2020, aiming at characterising bone
marrow changes during growth as seen on whole-body MRI (WBMRI). Hitherto, a scoring
system for bone marrow appearances during childhood has been established and validated (6),
followed by two papers describing bone marrow appearances of the normal axial and
appendicular system (7, 8) and a study comparing T2 Dixon water-only and STIR sequences
for the assessment of high signal bone marrow change (9). In short, significant bone marrow
changes were found in healthy children and adolescents, which, in a clinical setting, might
have been mistaken for pathology.

The current thesis further elaborates on the findings from the abovementioned multicentre
projects. In addition, it adds data from a large study collecting data from BGCH and
Haukeland University Hospital (HUS), Bergen Norway, to expand our knowledge on the use
of MRI in children with musculoskeletal disorders in general, and with rheumatological

diseases in particular.
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1.4 Abbreviations

BGCH Bambino Gesu Children’s Hospital
BMO Bone marrow oedema

CCD Caput-collum-diaphyseal angle
CNO Chronic nonbacterial osteomyelitis
CRMO Chronic recurrent multifocal osteomyelitis
CRP C-reactive protein

DWI Diffusion-Weighted Images

ERA Enthesitis-related arthritis

ESR Erythrocyte Sedimentation Rate
FOV Field-of-view

FS Fat saturated

GOSH Great Omond Street Hospital

GRE Gradient Echo

HeC Health-e-Child

HUS Haukeland University Hospital
IBD Inflammatory Bowel Disease

ICC Intraclass Correlation Coefficient
IGG Istituto Giannina Gaslini

IR Inversion Recovery

ILAR International League of Associations for Rheumatology
JIA Juvenile Idiopathic Arthritis

LCH Langerhans Cell Histiocytosis
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ms Millisecond

MSK Musculoskeletal

oM Osteomyelitis

OMERACT Outcome Measures in Rheumatology Clinical Trials
ous Oslo University Hospital

MRI Magnetic Resonance Imaging

PACS Picture Archiving and Communication Systems
RIS Radiology Information System

SAPHO Synovitis, Acne, Pustulosis, Hyperostosis, and Osteomyelitis
SD Standard deviation

SpA Spondyloarthropathy

STIR Short Time Inversion Recovery

T Tesla (field strength)

Tl Longitudinal Relaxation Time

T2 Transverse Relaxation Time

T2-fs T2-weighted Fat suppressed

TE Time to Echo

TR Repetition Time

TSE Turbo Spin Echo

UNN University Hospital of North Norway

us Ultrasound

WBMRI Whole-body MRI

1.5 Abstract

Background

Inflammatory diseases of the musculoskeletal (MSK) system are relatively prevalent in
children and adolescents. Early diagnosis and instigation of treatment play an important role
for long-term outcome. As clinical assessment of disease activity is challenging, magnetic
resonance imaging (MRI) has become increasingly used to guide treatment. However,

validated, child specific MRI tools for monitoring disease are sparse.

Aims

The overall aim of the work presented in this thesis was to provide knowledge for better
diagnostics and management of children and adolescents with inflammatory MSK-disorders,
with a focus on juvenile idiopathic arthritis (JIA) and chronic nonbacterial osteomyelitis
(CNO), by addressing different aspects of MR-imaging. More specifically, we aimed to
examine clinical, laboratory and WBMRI findings in patients with chronic non-bacterial
osteomyelitis, to establish and validate a MR-scoring system for the assessment of active and

chronic hip-changes in patients with juvenile idiopathic arthritis and to explore whether or not
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a T2 Dixon fat-only sequence might replace a T1 TSE sequence as part of a WBMRI, and

thus reduce scan time.

Material and methods

The work in this thesis is based on three different cohorts; one cohort including 75 children
and adolescents with a known diagnosis of CNO, of whom most had a whole-body MRI as
part of the diagnostic work-up; one cohort including 60 children, adolescents and young adults
with a known diagnosis of JIA of whom all had a targeted MRI-examination of the hips and
one cohort of 196 healthy children and adolescents who underwent a whole-body MRI for

research purposes only.

Results

Results showed that nearly 80% of the children with CNO presented with pain, with or without
swelling or fever, amongst whom nearly one fourth (22.6%) presented with isolated low back
pain or pain around the sacroiliac joints. On whole-body MRI, a median number of 6 involved
sites (range 1-27) was found. The long bones of the lower limbs were affected in nearly 80%,
whereof the femur was the most common. Of lesions located in the long tubular bones, the
proximal and distal metaphysis were involved in at least one bone in around half of the
patients. Spinal involvement was often multifocal. Inflammatory markers, which were raised
in 46/75 (61.3%) children, significantly predicted the number of sites (=0.250, P=0.045).
Neither age (B=0.186, P=0.132) nor gender (p=0.103, P=0.387) nor disease duration
(B=0.025, P=0.841) predicted the number of involved bone sites at a statistically significant

level.

Moreover, we have devised and validated a set of MRI markers for hip involvement in
children and adolescents with JIA. Among active changes, there was good intra- and
interobserver agreement for grading overall inflammation (kappa values 0.6-0.7). Synovial
enhancement showed a good intraobserver agreement (kappa values 0.7-0.8), while the
interobserver agreement was moderate (kappa values 0.4-0.5). Regarding acetabular erosions
on a 0-3 scale, both intra— and interobserver agreement was good, with kappa values of 0.6-

0.7 for intra- and 0.6 for interobserver agreement). Direct measurements were imprecise.

In a large cohort of healthy children and adolescents, nearly 93% of the bone marrow areas

with high signal identified on T2 Dixon water-only images returned low-signal on both T2
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Dixon fat-only and T1-w images. <2% did not return low signal on either of the two
sequences, with an absolute agreement of 94.6%. The agreement between the two sequences
was fair to good, with an average kappa value of 0.4, but higher in older children and for
“major findings”, i.e. areas which in a clinical setting might have been mistaken for pathology.
Conversely, the majority of the discordant findings were classified as “minor”. These are
important observations that support the use of T2 Dixon fat-only images as an alternative to
an additional T1-w sequence for assessment of bone marrow lesions on whole-body MRI in

children.

Conclusions

This study demonstrates the distribution of clinical, laboratory and MRI-findings in a large
cohort of children and adolescents with CNO. Interestingly, elevation of inflammatory
markers significantly predicted the number of skeletal sites involved as identified on MRI.
Moreover, MRl is a reliable method for the assessment and grading of active and chronic hip-
change in patients with JIA. Finally, T2 Dixon fat-only might replace a T1-w sequence on

whole-body MRI for bone marrow assessment in children, thus reducing scan time.
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2. Background

2.1 General introduction

Juvenile idiopathic arthritis (JIA) and chronic nonbacterial osteomyelitis (CNO) are relatively
common musculoskeletal (MSK) diseases in children characterized by chronic inflammation.
JIA is the most prevalent rheumatological disease in children (10) and represents the major
cause of acquired disability in the paediatric population. There is increasing evidence that
many, if not most children with JIA will have chronic disease with ongoing activity into
adulthood (11, 12). Moreover, recent research suggests that an early diagnosis with a prompt
instigation of therapy may be associated with slower progression of joint damage and higher
rates of remission (13, 14). As for CNO, the diagnosis is probably more prevalent than
previously thought, and its treatment depends on disease severity and which bones it affects
(15-17). The abovementioned highlights the need for sensitive and accurate disease markers,
both for JIA and CNO, as many of the existing, based on clinical, laboratory and conventional
imaging are imprecise and inaccurate.

Of the different imaging techniques, ultrasound (US) and MRI have become the most
frequently applied modalities for diagnosing and monitoring inflammatory MSK-disorders in
children. None of the methods use ionising radiation, with US emerging as a useful technique
used bedside, as a supplement to the clinical examination, and MRI being used as a problem-
solver when clinical examination and US are equivocal. Interpreting MR examinations of the
skeletal system can be challenging, though, due to changes in the appearances of shape,
structure and bone marrow during skeletal maturation. Establishing imaging references across
age in order to confidently differentiate particularly imaging findings in early disease from
normal findings, 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 (18).

This thesis will focus on two of the above-mentioned issues, namely the use of multicentre
design to enhance robustness of the results and development of a MRI-based classification
system for hip-involvement in children with JIA. In addition, technical aspects and findings
of whole-body MRI will be addressed. As for technical aspects, it is well known that MRI
examinations can be intimidating and distressing for children, particularly those who suffer
from anxiety. Longer scan duration increases the likelihood of children feeling apprehensive,

claustrophobic, or restless during the procedure. Furthermore, rheumatological diseases often
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require frequent follow-ups to monitor disease activity and progression. Therefore,
optimization of MRI protocols and particularly reduction of scan time are important to

minimise children’s discomfort.

2.2 Magnetic resonance imaging (MRI)

MRI is an imaging modality allowing for accurate, three-dimensional visualisation of
anatomical structures involved in bone and joint inflammation, with imaging appearances
basically depending on the inherent molecular structure of the tissues. The patient is placed in
a large, static magnetic field, often 1.5 or 3 Tesla (T), and radiofrequency waves are used to
induce signals from different body tissues, such as bone marrow, cartilage, fluid and tendons.
These signals are then registered by coils that are placed around the patients. By adjusting
timing and length of the different radiofrequency waves, images with different weighting of
the inherent tissue contrasts are produced. Based on the timing properties of the acquisition,
the produced image can be grouped into T1-weighted (T1-w), T2-weighted (T2-w) or proton-
density-weighted (PD) images. MRI sequences can also be grouped according to the type of
sequence, such as spin echo (SE), inversion recovery (IR) or gradient echo (GRE), for
instance. For most standard sequences used in children, sufficient signal is acquired in around
3-4 minutes, thus, if the child cooperates, a typical MR scan, which is composed of 4-6
sequences, can take up to 25-30 minutes, including the time for patient positioning. Children
under the age of five or subjects that cannot lie still need sedation, because movement during
scanning gives artefacts in the images. Contraindications for an MRI-scan include some, but
not all metal implants, leads, and electrical devices due to the strong magnetic field and
radiofrequency pulses, as well as known claustrophobia. Moreover, MRI is relatively costly,
and is unavailable for routine use in some countries.

In the following, | will describe in more detail some concepts behind MRI pulse sequences

used in this thesis.

T1 weighted (T1-w) imaging sequences

A T1-w imaging sequence is one of the basic sequences on MRI, and can be obtained using
spin echo (SE), fast/turbo-SE or gradient echo (GRE). It shows the differences in the T1
relaxation times of tissues. A tissue's T1-time reflects the time for the protons’ spins to realign
with the main magnetic field (Bo). T1 weighted sequences tend to have short TE and TR time.
While fat rapidly reorients its longitudinal magnetization with BO, resulting in bright pixels

on a T1-w image, water undergoes a significantly slower longitudinal magnetization
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realignment following an RF pulse, leading to diminished transverse magnetization after an
RF pulse, therefore water generates low signal pixels and appears dark.

Among the main advantages of T1-w sequences are the anatomical detail and the contrast
between fat and other types of tissues, while the main disadvantages are the lower sensitivity
to pathology and the limited soft tissue contrast. Most pathological conditions such as oedema
and inflammation may not be as conspicuous on T1-w images as compared to other sequences
such as T2-w. As for the soft tissue contrast, while T1-w images are excellent in distinguishing
between some types of tissues, they may not provide as much contrast between soft tissues as

T2-w images.

T2 weighted (T2-w) imaging sequences

T2-w sequences are widely used in diagnostic radiology, and play an important role in most
examination protocols. One of the advantages of a T2-w sequence is its ability to provide high
contrast between different soft tissues. In these images, fluid and oedematous tissues appear
bright, making them particularly useful to identify pathologies like tumours, infections and
inflammatory conditions. T2-w sequences are also valuable for assessing the integrity of
ligaments and tendons. The drawback is that the sequence requires relatively long TE and TR
times, resulting in longer scan times as compared to T1-w sequences. Therefore, T2-w images
are more susceptible to motion artefacts, which can degrade image quality. Prolonged scan
times can also be a challenge for patients, especially those who struggle to remain still during
the procedure. Together with Short-T1 inversion recovery (STIR) images, fat-suppressed T2-
w images are the most commonly used water-sensitive sequences. When this sequence is used
with shorter echo times (TE) and therefore less T2 weighting, it is called proton density PD-
w. In PD-w sequence the image contrast is caused by differences in proton density more than
the magnetic characteristics of the tissue as in T1 and T2 weighting: tissues with few protons

have low signal intensity, while tissues with many protons have high signal intensity.

Short-TI Inversion Recovery (STIR)

A STIR sequence is an inversion recovery (IR) sequence designed to suppress the signal from
fat, allowing for good visualisation of abnormalities in soft tissues and fluid-filled structures.
STIR nullifies the signal from fat by using a very short inversion time, and is useful in MSK
imaging to highlight areas of oedema, tumours or inflammation.

STIR images are characterised by the bright signal from fluids, such as cerebrospinal fluid or

joint effusion, and their dark signal from fat, which makes them useful to diagnose conditions

16



like bone marrow disorders, nerve root compression and joint diseases. Radiologists often use
a STIR sequence when a high degree of contrast between pathology and tissue, without the
interference of fat signal is required. The sequence is relatively immune to variations in field
homogeneity and can be applied in proximity to metallic objects and over a large field-of-
view. This allows for improved detection and characterization of abnormalities especially
when imaging extremities. The signal suppression is not specific to fat; any material with a
short T1 (e.g. melanin, methemoglobin, mucus) will be nullified. Therefore, STIR cannot be
used after gadolinium administration to show contrast enhancement, which represents a
limitation for T1-w STIR.

Gradient Echo (GRE)

GRE sequences represent an alternative approach to obtain different MR-weightings. It differs
from spin echo (SE) sequences in two key aspects. First, GRE is produced by a single
radiofrequency (RF) pulse while SE is produced by pairs of RF pulses. Second, GRE can use
flip angles below 90°, commonly varying over a range of 10 to 80 degrees. In contrast to SE
and IR SE sequences, GRE sequences exhibit greater versatility. The basic sequence can be
modified by adding dephasing or rephasing gradients at the end of the sequence. In a basic
GRE sequence, the choice of flip angle plays a crucial role in determining the type of contrast
weighting in the resulting images. Larger flip angles give more T1 weighting of the image,
while smaller flip angles are often used for more T2, or in gradient echo imaging T2*
weighting, to the images. T2 and T2* weighting focus on highlighting differences in the
transverse relaxation times (T2 and T2*) of tissues. These weightings are useful to accentuate
differences in tissue properties, such as water content and mobility, and can be valuable to
detect abnormalities like lesions or oedema. T2* is a parameter that helps characterise the
decay of the MRI signal due to various factors, including magnetic susceptibility differences
in tissues and the presence of paramagnetic materials.

In MRI, when a strong magnetic field is applied to the body, the hydrogen protons in different
tissues align with this magnetic field. When a radiofrequency pulse is applied, these protons
temporarily flip their spins and create a detectable signal. However, after the pulse is turned
off, the protons gradually lose coherence and return to their original alignment with the
magnetic field. The time it takes to this loss of coherence is described with the T2* curve and
T2* time.

T2* can vary more than T2 between different tissues and substances in the body. For example,

tissues with iron deposits or other magnetic materials may have a shorter T2* because these
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materials cause faster signal decay. By measuring T2* and how it changes in different regions
of the body, MRI can provide valuable information about tissue composition and properties.
GRE sequences have several advantages, of which the following are the two most important.
First, due to the low flip angle excitation and the consequent faster recovery of longitudinal
magnetization which allows shorter TR/TE, GRE sequences are typically faster than some
other MRI sequences like SE-sequences; this makes them well suited to image dynamic
processes or to reduce scan time in patients who may struggle lying still for a long time.
Second, GRE are sensitive to T1 relaxation, which means they are good at highlighting
differences in tissue relaxation times; this makes GRE sequences useful for creating images
with good anatomical contrast and contrast between fat and other tissues. GRE sequences may
also have some limitations, such as susceptibility artefacts in the presence of metal or air,

which can degrade image quality.

Dixon technique
The Dixon, or chemical shift-based water-fat separation technique exploits the chemical shift
between protons of water and fat to decompose the signal from these two tissues in the same

voxel and generates a set of four images per acquisition: in-phase (similar to standard T2-w

images), out-of-phase, water-only (WO) (equivalent to fat- suppressed images) and fat-only
(FO) (Figure 1) (19-21).

Figure 1. Knee MRI of a healthy 14-year-old boy. T2 Dixon sequence with all four image

reconstructions (a. in phase, b. out of phase, c. fat-only, d. water-only).

Advantages of Dixon sequences are the uniform and robust fat suppression compared to other
fat suppression techniques such as chemical shift-selective fat saturation (CHESS), and
relatively higher SNR than STIR. On the other hand, the main disadvantage of Dixon

sequence is represented by fat-water swapping artefact which is due to the presence of
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chemical shift misregistration of water and fat, and results in images were fat signal in certain
areas is depicted as water and vice versa.

Dixon T2-w images are increasingly being used for the evaluation of the MSK system in
adults (22-24). Conversely, the use of the Dixon sequence in the study of MSK diseases in
children is still relatively uncommon. A recent study from our group showed a high
concordance between STIR and T2 Dixon water-only in the detection of high signal intensity
areas in bone marrow on whole-body MRI in healthy subjects (9).

Regarding the fat-only images, several studies on adults have been carried out to demonstrate
its potential to replace the T1-w Turbo Spin Echo (TSE) sequences in patients with suspected
vertebral bone metastases (25) or low back pain and/or lumbar radiculopathy (26, 27). On the
other hand, comparative studies between T2-Dixon fat-only and T1-w Turbo Spin Echo

sequences aimed at replacing this latter for bone marrow pathology are lacking in children.

2.3 MRI in inflammatory MSK disease in children

MRI has a high sensitivity for the detection of early manifestations of inflammatory MSK
disease that are not clinically or radiographically evident, before irreversible cartilage
destruction and bony erosions occur (28). Furthermore, MRI is the most suitable technique
for the detection of bone marrow oedema (BMO) (29) and for the assessment of bone erosions
and progression of joint damage (30). In the following | will address the main imaging
characteristics of different tissues involved in the two inflammatory MSK diseases addressed
in this thesis, namely JIA and CNO.

2.3.1 Soft tissues on MRI

With MRI, soft tissues such as the synovium, joint capsule, tendons and surrounding
musculature can be depicted. The synovium is composed of a thin inner cell layer, the intima,
and a subintima containing a network of vessels (31). In the early phase of inflammation, the
increased perfusion and vascular permeability, with subsequent aggregating inflammatory
cells, can be visualised with MRI and is especially conspicuous on gadolinium enhanced, T1-
w fat saturated images (32). Another marker of arthritis is joint effusion. Normally, all joints
hold a small amount of fluid, however, in arthritis, the amount increases. On MRI, a joint
effusion is depicted as homogenous high signal on T2-w sequences, and corresponding low
signal on T1-w images. Notably, timing of the post-contrast sequence is important for

synovial detection since gadolinium leaks into the joint fluid in 5-10 minutes; therefore, after
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this short period of time, it becomes difficult to distinguish between synovium and joint
effusion, especially in cases of severe inflammation (33, 34).

Tendons, consisting of collagen (mostly type I collagen) and elastin embedded in a
proteoglycan-water matrix, appear dark on both T1- and T2-w images. The tendon sheath is
thin and barely visible unless there is a pathological swelling. Tenosynovitis is identified as
increased fluid inside the tendon sheath, synovial sheath thickening with or without increased
vascularity potentially extending into the tendon sheath and subcutaneous oedema around the

tendon.

2.3.2 Osteochondral tissues on MRI

On MRI, cortical bone appears dark on all sequences due to lack of hydrogen protons.
Traditionally, T1-w SE sequences were used to detect bone erosions. As suggested by the
Outcome Measures in Rheumatology Clinical Trials (OMERACT) group in adults (35-37),
erosions can be seen as sharply marginated bone lesions with correct juxta-articular
localization and low signal intensity on T1-w images in at least 2 planes, with a cortical break
seen in at least 1 plane. Recently, a so-called black bone sequence, using short TEs and TRs
as well as an optimal flip angle to minimise soft-tissue contrast and enhance the bone-soft-
tissue boundary has been developed (38-40). We have little experience with this particular
sequence, and have previously used, and validated T1-w SE sequence to identify bone
erosions and depressions in children with JIA and wrists involvement (4).

The joint surface is covered by athin rim of articular cartilage, best visualised on PD-w images
(41, 42). The addition of a cartilage sequence to the MRI protocol has been previously
recommended by the OMERACT MRI in JIA working group and the Health-e-Child Group
as a way to differentiate true erosions from bony depressions, assuming that the latter are
covered with cartilage while the erosions are not (43).

Bone marrow is made of hematopoietic, active “red” marrow, which is composed by 40% of
water content, 40% of fat content and approximately 20% of proteins, and inactive, fatty
“yellow” marrow, which is characterised by a higher proportion of fat (80%) and a lower
percentage of water and protein (15% and 5% respectively) (44). The distribution of red and
yellow marrow changes over time in response to normal development. At birth, the marrow
is completely hematopoietic. During maturation, cellular red bone marrow is replaced by fatty
marrow, and the remaining red marrow undergoes changes. Conversion from red to yellow
marrow begins in the first year of life, and continues until around 25 years of age when the

adult configuration is reached (45) following a predictable sequence within the body and

20



individual bones. In the long bones, the conversion first occurs in the epiphyses and then
proceeds from diaphysis to metaphysis. At approximately 25 years of age, the red marrow is
present only in the axial skeleton and in the proximal metaphysis of femora and humeri. In
addition, during growth there is a continuous ossification process at the zones of provisional
calcification, where cartilage is transformed into bone. Moreover, the skeleton in children is
softer and more vascular than in adults (46).

The bone marrow response to inflammation consists in bone oedema which merely represents
increased water content compared to the surrounding tissue. BMO is bright on T2-w images
and is even more conspicuous on fat saturated and IR sequences (STIR, TIRM). On T1-w
images, it appears as hypointense areas, which enhance after contrast administration.

Due to the exclusive fat composition of bone marrow, in adults the interpretation of bone
oedema is rather straightforward on MR-images, as fat appears bright on T1-w images and is
dark on T2-w fat saturated images. Conversely, in children the presence of hematopoietic
marrow introduces diagnostic challenges, as it in large appears bright on T2-w sequences,
similar to BMO. In addition, bright areas in the bone marrow suggestive of bone oedema in
patients with musculoskeletal inflammatory disease have been found in the skeleton of healthy
children too. In this regard, we have previously shown that more than half of healthy children
aged 5-16 years have focal bone-marrow-oedema-like changes in the hand skeleton (47) and
in the appendicular and in the axial skeleton (7, 8). Other authors have shown similar findings
to the feet (48) and pelvis (49).

2.3.3 Whole body MRI

Whole-body MRI (WBMRI) has emerged over the last 20 years as a new promising imaging
tool that allows a wide coverage assessment of both the skeleton and soft tissues with high
spatial resolution in a single scanning session. The technique consists of a combination of
high-spatial-resolution images obtained in limited body parts by bringing each segment of the
body to the magnet isocenter by successive or continuous table motion. Consecutive stacks of
sections with high-spatial-resolution are achieved on 20-50-cm fields of view and then
merged using reconstruction software (50, 51).

Over the last decades the technique has gained importance in the field of oncology, and
particularly in cancer predisposition syndromes, Langerhans cell histiocytosis (LCH),
lymphoma, sarcomas, and neuroblastoma (52-54). The addition of diffusion-w sequences
(DWI) allows for functional evaluation of neoplastic lesions, which is helpful in the

assessment of viable tumour and response to treatment after neoadjuvant or adjuvant therapy.
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In recent years, thanks to the combination of fast sequences, rapid table movement and the
exquisite sensitivity of WBMRI to bone marrow changes, the indications for WBMRI have
been progressively extended to the assessment of severity and extent of rheumatological and
multifocal disorders affecting the musculoskeletal system, the latter being more frequently
encountered in children and adolescents as compared to adults, such as CNO,
dermatomyositis, and more recently JIA (55, 56). The main advantage of whole-body MRI is
the simultaneous evaluation of the entire body as compared to conventional MRI, most often
assessing one joint at the time. The technique is particularly useful to monitor treatment effect
during follow-up (57).

WBMRI can be performed on both 1.5 T and 3 T scanners, but 1.5 T may be preferred when
patients have non-removable metallic prostheses. An advantage of 3T scanners is seen in
higher signal-to-noise (SNR), but the lower homogeneity of the static field can increase the
water fat misregistration, leading to an increased risk of ‘phase-wrapping’ in Dixon scans
(58).

A WBMRI protocol may vary according to the clinical question and the specific information
needed by the healthcare provider, however protocols in adults generally consist of
morphological T1- and T2-w sequences along with DWI (59). For children, a recent
systematic review showed that no consensus has been reached on whole-body MRI-
sequences, scan plans or parameters although most used coronal Short Time Inversion
Recovery (STIR) with or without T1-w images (60).

2.3.4 Need for MRI scan time reduction

The increasing use of MRI and WBMRI has revolutionised the assessment of musculoskeletal
inflammatory diseases in children, providing a comprehensive and non-invasive approach to
diagnosis and follow-up of these conditions.

WBMRI, which allows for an MRI of the entire body in a single imaging session (61), ideally
should include few sequences (at best only one) and few planes (at best only one) to shorten
the examination time. However, at present, due to lack of validation and standardisation, most
radiologists prefer to use a set of different sequences in fear of missing out important
information.

The optimisation of paediatric protocols in general, and the reduction of scan time in particular
are important issues for a set of reasons. Despite using different distraction techniques such
as movie watching, an MR-examination can be intimidating and uncomfortable for children,

especially for the younger ones. Moreover, longer scan times increase the chances of children
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becoming anxious, claustrophobic or restless during the procedure. The chronic nature of both
JIA and CNO warrants numerous follow-ups throughout childhood. A short and efficient MR-
examination can reduce anxiety and may help the child to better tolerate both MRI scans and
other medical procedures, contributing to a better overall patient experience.

MRI scans require patients to remain still for an extended period to obtain clear and detailed
images. Children may find it challenging to lay still for a long period, which may cause motion
artefacts. Examination time shortening reduces the likelihood of motion artefacts leading
radiologists to obtain high-quality images and to improve diagnostic accuracy.

Moreover, prolonged MRI scans often necessitate sedation for paediatric patients to ensure
they remain still throughout the procedure. Sedation carries inherent risks (62, 63) and can be
avoided or minimised by optimising MRI protocols and reducing the acquisition times;
therefore, reducing the need for sedation can improve patient safety and reduce healthcare
costs. Last but not least, faster MRI exams can help reduce waiting times for paediatric
patients by enabling more scans to be performed in a day, thereby decreasing the backlog and
shortening the wait for diagnosis or treatment planning. This can ultimately increase the
efficiency of the radiology department, benefiting both patients and healthcare providers.
Paper 3 was carried out with the aim of achieving a reduction in scan time without losing

diagnostic accuracy.

2.4 Common inflammatory MSK diseases in children
2.4.1 Chronic nonbacterial osteomyelitis (CNO)

CNO is an autoinflammatory non-infectious musculoskeletal disorder occurring primarily in
childhood and adolescence, and more often in girls, first described by Giedion in 1972 (64).
The disease covers a wide clinical spectrum, with mild and self-limited monofocal lesions at
one end, and recurrent episodes of multifocal, sterile osteomyelitis known as chronic recurrent
multifocal osteomyelitis (CRMO) at the other end (65).

CNO is characterised by unifocal or multifocal pain, more frequent at night, and swelling. It
primarily affects the metaphysis of long bones with symmetrical involvement, although
lesions can occur in almost every bone (66-68). Affection of tissues other than bone, such as
skin, eyes, gastrointestinal tract and lungs, has been described (69). CNO often has a
protracted course with numerous exacerbations and relapses at new and old sites (70-72). It

mainly occurs in children and adolescents, with a peak of onset at 7-12 years.
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The term SAPHO (Synovitis, Acne, Pustulosis, Hyperostosis, and Osteomyelitis) is frequently
used by adult rheumatologists when discussing CNO (73). However, SAPHO should only be
used for patients presenting with cutaneous features, including acne and pustulosis (65).

The annual incidence of CNO is estimated at 0.4 per 100,000 children. However, awareness
of the disease has been raised. Recent studies have shown that CNO is more frequent than
previously reported (15, 74, 75) and may represent one of the most prevalent
autoinflammatory diseases in childhood. In a previous study (15) CNO was almost as common
as bacterial osteomyelitis (OM). Particularly, children with acute or subacute nonrecurrent
CNO are frequently misclassified as bacterial OM, without identification of causative
pathogens. This is of special interest, since a correct and timely diagnosis is essential for long-
term outcomes in both disorders.

Despite intensive scientific efforts, the exact physiopathology of CNO remains unclear.
However, in the past few years it has been shown that altered cytokine and chemokine
expression in innate immune cells have been involved in CNO/CRMO pathophysiology. It
has been demonstrated that monocytes from patients with CRMO fail to express IL-10,
resulting in an imbalance between pro- (IL-6, TNF-a) and anti-inflammatory cytokines (IL-
10) (76, 77).

Treatment strategies for children with CNO vary widely. Nonsteroidal anti-inflammatory
drugs (NSAIDs) are commonly used as a first-line treatment, while second-line therapies
include glucocorticoids, methotrexate, sulfasalazine, tumour necrosis factor (TNF)-o
inhibitors and bisphosphonates (78).

There is no confirmatory diagnostic test for CNO. Currently, the diagnosis of CNO may be
given after the exclusion of other diseases such as blood diseases, histiocytosis, acute bacterial
osteomyelitis, bone tumours or fibrous dysplasia, and in some cases is challenging (17).
Histological examination of bone biopsies reveals acute and chronic inflammatory and
reparative bone features like hyperostosis, without the recognition of any infectious agent.
The diagnosis of CNO may be delayed, frequently up to years, due to the nonspecific and
sometimes discrete clinical findings, slow symptom onset and relatively normal laboratory
tests. This might lead to overtreatment, especially with antibiotics, bone biopsies sometimes
repeated, and excessive exposure to ionising radiation.

Imaging is key for the diagnosis of CNO. In the presence of nonspecific bone pain, the first
imaging modality is radiography. A focal lesion, lytic, sclerotic or mixed can be observed
depending on the age and evolution of the lesion; hyperostosis and periosteal reaction can be

present, although less frequently found (17). However, in the early stages of the disease, bony
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changes can be very discrete and difficult to detect radiographically. Often the patient
undergoes several x-ray examinations over time before the diagnosis of CNO is suggested.
Computed tomography (CT) can visualise small bone lesions, however its role in the diagnosis
of CNO is limited. Novel developments such as photon counting CT-techniques have not yet
been validated in children, but have the potential for high resolution bone imaging at a
considerably lower radiation dose. 99 m-technetium bone scintigraphy has no place in
imaging CNO.

MRI, on the other hand, has proven helpful in the assessment of CNO, both with respect to
lesion detection and pattern of involvement (17, 79). On T2-w sequences, the typical CNO
lesion appears as a hyperintense geographic area in the metaphysis of the long bones or in the
spine, pelvis, clavicle and/or sternum. On T1-w images, the lesion most often has a mixed
signal intensity, depending on the amount of sclerosis. On diffusion weighted images (DWI)
the apparent diffusion coefficient (ADC) values are significantly higher in CNO lesions as
compared to reference locations (80). In sum, none of the MR-changes are pathognomonic
for CNO, and the findings must be interpreted together with the history, clinical and laboratory
findings.

As targeted MRI underestimates the number and characteristic distribution patterns (81), a
WBMRI is now widely used to assess the rest of the skeleton for additional lesions (16, 82-
84). WBMRI can also be performed as a screening test during the initial clinical assessment,
whenever CNO is a likely differential diagnosis.

Performing WBMRI in the early stages of the disease is helpful, not only for a prompt
detection of bone marrow involvement suggesting the diagnosis, but also because the presence
of multiple bone lesions at typical sites on imaging might reduce the need for a biopsy. Some
authors suggest that a bone biopsy should be reserved for cases where clinical or radiological
findings are inconclusive or multifocality cannot be detected (79).

To date, there is a paucity of studies exploring a potential association between clinical and/or
laboratory findings and MRI-features in patients with CNO. In a study on 178 patients with
CNO (85) the authors reported that patients who presented with a multifocal form at baseline
clinical assessment had higher CPR values as compared to those presenting with a mono-focal
form. Subgrouping the patients into three phenotypes, including a “severe form” with raised
inflammatory markers and a high prevalence of clinical multifocality/rare involvement of the
clavicle, the authors found that the severe form had a poorer prognosis. This indicates that the

number of symptomatic sites at baseline represents a prognostic marker, emphasising the
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importance of identifying multifocality on WBMRI at an early stage for prompt instigation of

treatment. Paper 1 was performed to make a contribution to fill this knowledge gap.
2.4.2 Juvenile idiopathic arthritis (JIA)

JIA is a broad term that describes a clinically heterogeneous group of arthritides of unknown
cause with an onset before 16 years of age typically lasting for more than six months (86).
For several years the classification system proposed by the International League Against
Rheumatism (ILAR) has been accepted worldwide (87), however it has been recently shown
that some JIA categories still include heterogeneous conditions (88, 89). Therefore, a new
evidence-based classification system has been proposed (90).

The primary abnormality of JIA is the presence of persistent synovial inflammation of joints
and tendon sheaths. Disease remission is actually the treatment goal for all children with JIA
(91). Hence, early diagnosis is essential as it enables prompt initiation of pharmacological
treatment which has the potential to reduce chronic long-term disability and consequently a
poor and undesirable quality of life for the patient (92). Although the majority of children
with JIA have ongoing disease into adulthood, it has been suggested that there is a “window
of opportunity” during the early, subclinical stage, where prompt instigation of treatment
might delay progression and induce remission (13, 14). It has been demonstrated that a rapid
onset of treatment with anti-TNFa drugs significantly reduces inflammation, and may even
lead to complete remission of cervical spine arthritis, thus preventing serious chronic/late
changes (93). However, despite therapeutically advancements having reduced the morbidity,
the observed long term side effects are concerning (94). Both over and under pharmacological
treatment should be avoided, thus therapy should be adjusted according to treatment response.
Unfortunately, clinical assessment of deep-lying joints such as the hips, even when performed
by experienced rheumatologists, is difficult. According to the literature, hip-involvement in
children with JIA is seen in up to 50% of the patients (95) and is considered a predictor of
severe course disease. The majority of children with active hip disease develop irreversible
changes within 5 years of diagnosis (96) and approximately 26-44% require a total hip
replacement within the first 10 years of disease onset (11).Thus, imaging plays an essential
role in assessment of hip-pathology.

Conventional radiography, in addition to exposure to ionising radiation, has a lower sensitivity
and specificity as compared to ultrasound or MRI for the detection of disease activity and
early destructive changes. However, radiography is still useful, particularly for the exclusion

of differential diagnosis and for assessment of secondary growth disturbances.

26



Ultrasound (US) is often the initial imaging technique for the evaluation of joint inflammation,
in particular for the detection of synovitis, tenosynovitis and enthesitis but also to guide intra-
articular injections. However, US is less helpful for the examination of deep-lying joints and
for the assessment of inflammatory osteitis and BMO.

MRI is the gold standard imaging modality for diagnosing JIA thanks to the multiplanar
capabilities, excellent detail and soft tissue contrast and the absence of ionising radiation. It
is able to depict features of the active inflammatory as well as the chronic changes. As for the
active changes, it may detect synovial enhancement/thickening, joint effusion, tenosynovitis
and BMO. Particularly, it is the most effective tool available for the detection of active

synovial inflammation. Contrast-enhanced MRI can reliably differentiate the active

destructive hypervascular pannus from the inactive fibrotic pannus and joint effusion (97)
(Figure 2).

Figure 2. MRI of the ankle in a 13-year-old girl with a known diagnosis of JIA. A post-contrast
fat saturated T1-w GRE sequence shows synovial thickening with increased enhancement

(long arrows) which can be can easily differentiated from effusion (short arrows).

As for chronic changes, MRI can identify damage to cartilage, erosions and bone deformity.

All joints can be assessed, including the complex or deep-seated joints that cannot easily be
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evaluated on clinical examination or on US, such as the cervical spine, sacro-iliac and
temporomandibular joints (TMJ) and hips.

In 2015 the European Society of Musculoskeletal Radiology (ESSR) Arthritis Subcommittee
published their own set of recommendations on the standards of the use of MRI in the
diagnosis of musculoskeletal rheumatic diseases, including JIA (98). These recommendations
have been updated in 2020 by the ESSR and the European Society of Paediatric Radiology
(ESPR) musculoskeletal imaging taskforce (99). The role of MRI is even more essential
during follow-up for the assessment of disease progression.

Another key point in the management of patients with JIA is the definition of clinical
remission and inactive disease, both of which currently are based on subjective symptoms and
clinical assessment alone. Particularly, it is of utmost importance to understand whether
clinical remission truly reflects the absence of synovial inflammation and whether the
presence of focal contrast enhancement is a predictor of relapse and consequently of future
chronic damage. In a recent study on 90 patients with clinically inactive JIA, it was
demonstrated that subclinical synovitis detected on MRI is present in a large proportion of
patients, being the best predictor of disease relapse and joint deterioration, with potential
implications for patients' management of the disease (100). As for bone marrow changes, in
adults it has been shown that BMO seen on MRI is predictive of erosive damage and poor
outcome. Conversely, the prognostic value of bone marrow changes in children is still under
investigation.

For all the above-mentioned issues it is of utmost importance to have repeatable and accurate
child-specific imaging tools to monitor both active and chronic JIA-related joint changes to
aid in clinical decision-making (99) and to prevent chronic damage (92, 101).

Many international efforts have been made during the past years to establish valid, MRI1-based
imaging protocols and child-specific semiquantitative scoring systems for the assessment of
the JIA pathological features for different joints. However, methodological difficulties, and
particularly lack of references for normal findings and imprecise scoring systems have led to
both over- and underreporting of signs of pathology. A child-specific MRI scoring system for
the knee named Juvenile Arthritis MRI Scoring (JAMRIS) was published in 2013 (102). As
for the wrist, the development of a scoring system was initially based on the OMERACT
Rheumatoid Arthritis MRI scoring system (RAMRIS) for adults (103). Malattia and
colleagues developed the first paediatric targeted MRI scoring system in 2011 (104),
comprising synovitis, BMO and bone erosions derived from RAMRIS. In the following years,

the Radiology Health-e-Child group published a revised version of the three individual items
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and added a fourth item: tenosynovitis (1-4). Very recently, a scoring system for the
assessment of TMJ involvement in children with JIA including four variables in the
inflammatory domain and seven variables in the osteochondral domain has been proposed
(105).

As for hips, in adults with rheumatoid arthritis several validated scoring systems exist,
including the Hip Inflammation Magnetic Resonance Imaging Scoring System (HIMRISS)
and Hip Osteoarthritis MRI Scoring System (HOAMS) (106, 107). For children, however,
although several scoring systems have been proposed (28, 108-111), no child- and hip-specific
scoring systems including both inflammatory and chronic changes have been validated (99).
In one study including 79 children with hip involvement, of whom 22 had confirmed JIA, the
inter- and intra-observer agreement of several selected parameters were addressed using a
simplified MR-based scoring system on a 0—1 scale (109). The most reliable features were the
presence of joint effusion, BMO and the subjective assessment of synovium. The study
reported significant differences across parameters in the intra-observer reliability and a poor
to moderate interobserver reliability for most parameters, however, it was limited to the active
inflammatory domain. Moreover, as underlined by the authors, most children with JIA did not
have a confirmed inflammatory disease, further weakening the robustness of the study. Other
authors have compared MRI and clinical or laboratory findings in small datasets, thus without
testing the precision of the MRI markers applied (28, 108, 110, 111). More recently, two
papers addressing non-enhanced MRI in the diagnosis of hip changes in JIA were published -
one retrospective observational study including 97 children with clinically suspected hip JIA
(29) and one study on whole-body MRI for the quantification of a total inflammatory joint
score (112). However, again, repeatability studies of the suggested scores were not performed.
From these premises comes the need to establish a specific and robust MRI-based scoring
system for active and chronic JIA changes of the hip in children to be used for monitoring
treatment effect in daily practice as well as measuring outcomes in clinical trials. Paper 2 was

designed to accomplish this purpose.
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3. Aims and hypothesis

The overall aim of the work presented in this thesis was to provide knowledge for better
diagnostics and management of children and adolescents with inflammatory MSK-disorders,

with a focus on JIA and CNO, by addressing different aspects of MR-imaging.
The specific study aims and hypotheses are as follows:

1. To examine patient characteristics, clinical presentation and pattern of involvement in
children with a known diagnosis of CNO, with a special focus on MRI findings, combining

clinical, laboratory and imaging data (paper 1).

Hypothesis: Pain is a common presenting symptom in children with CNO; most have
multifocal disease; the metaphysis of the long bones are most often affected and there is no
correlation between the number of high-intensity-signal areas within the bone marrow on MRI

and laboratory findings.

2. To devise and validate a child-specific MRI scoring system for changes of the hip joint in
patients with a known diagnosis of JIA, in order to define the most precise MRI-markers for

active and permanent change (paper 2).

Hypothesis: MR is a reliable method for assessment of active and permanent change of the
hip joint in patients with JIA.

3. To compare T2 Dixon fat-only and TSE T1-weighted sequences in the assessment of bone

marrow high signal areas seen on T2 Dixon water-only in healthy children and adolescents

(paper 3).
Hypothesis: There are no significant differences in the appearances of bone marrow between

the two sequences under investigation, thus, T1 TSE can be replaced by T2 Dixon fat-only

as part of a WBMRI examination in children and adolescents.
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4. Materials and methods

4.1 Populations and data collection

The work in this thesis is based on three different cohorts; one cohort of children suffering
from CNO, one with JIA, and a healthy cohort of children and adolescents examined for

research purposes only.

4.1.1 CNO cohort
For paper 1, which is a retrospective bicentric study, we included 75 consecutive children
and adolescents with a diagnosis of CNO seen at Ospedale Pediatrico Bambino Gesu
(OPBG), Rome, or Haukeland University Hospital (HUS), Bergen, during 2012-2018.
The criteria for CNO were mono- or multifocal inflammatory bone lesions, duration of
symptoms >6 weeks, and exclusion of infections and malignancy (68, 113). We used the
established normal ranges for laboratory data as follows: C-reactive protein (CRP) <0.5
mg/dL and erythrocyte sedimentation rate (ESR) <15 mm/h. In addition, we categorised
inflammation severity (based on blood markers, ESR and CRP) as mild when at least one
marker was raised but not >100, or moderate when at least one marker was >100. To
secure the diagnosis in equivocal cases, a biopsy was performed. Data on age, sex, age
of symptom onset, age at diagnosis, duration, clinical symptoms, laboratory and
radiologic findings at diagnosis and follow-up was obtained from the clinical journal
systems and the radiology information system (RIS) and picture archiving and
communication systems (PACS) at the two institutions, while demographic, clinical and
laboratory data along with histological findings, when available, were retrieved from the

medical records.

4.1.2 JIA cohort
For paper 2 we included 60 children and adolescents aged 6-18 years with a known
diagnosis of JIA according to the International League of Associations for Rheumatology
(ILAR) classification criteria (87), of whom 37 were examined at OPBG and 23 at
Istituto Giannina Gaslini (IGG). All patients had confirmed or suspected JIA-related hip
involvement, and were included regardless of the severity and activity level of their
condition and of current or previous medical treatments. All patients underwent MRI

without the need for sedation.
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4.1.3 Healthy cohort

For paper 3, 196 healthy children and adolescents aged 6-19 years during 2018-2020
were examined (78 at the Department of Radiology of Oslo University Hospital and 118
at the University Hospital North-Norway in Tromsg) as part of a larger national
multicentre study (6-9). The participants were divided into 4 groups according to age (n
= 47 for group 1, n =52 for group 2, n = 47 for group 3, n = 50 for group 4). The subjects
were recruited via mail, announcements on social media or direct invitation. None of the
participants had contraindications to MRI, a history of cancer, current infection, chronic
or systemic disease, metabolic or musculoskeletal disorder, or a symptomatic trauma
within the past four weeks. No musculoskeletal symptoms were reported within 18
months after the first examination. All children and adolescents underwent a whole-body

1.5 T MRI performed for research purposes only. In no case was sedation needed.

4.2 Image protocols

Paper 1

All MRIs were performed on a 1.5 Tesla (T) Siemens MRI system. At OPBG an Aera
and at HUS an Avanto machine was used (Siemens, Erlangen, Germany). The whole-
body MRI included a STIR sequence (repetition time/echo time/inversion time
[TR/TE/TI] 5,000/58/160 milliseconds (ms) and flip angle 147°; and a sagittal STIR
sequence of the spine and feet, with additional T1-w images (TR/TE 400/7 ms) turbo
spin-echo (TSE) in equivocal cases. Typical scan time for the whole-body MRI was
35-45 minutes.

Paper 2

All MRI examinations were performed on a 1.5-tesla (T) MRI system (Achieva Intera;

Philips Medical Systems, Best, The Netherlands), using a body coil. The field-of-view

(FOV) included the whole pelvis to allow visualisation of both hips. The children were

imaged supine with the legs straight and the feet in a neutral position.

The following sequences were acquired:

- Three-dimensional (3-D) T1-w TSE sequence with repetition time/echo time (TR/
TE) 600/10 ms, acquired and reconstructed voxel size of 1 x 1 x 1 mm, number of

signal averages 2, acquisition time about 5 min;
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T2-w TSE fat-saturated (FS) sequence with TR/ TE 4,400/70 ms, voxel size 0.55
x 0.69 x 3 mm, base resolution 218, section thickness/gap 3/0.3 mm, number of
signal averages 1, acquisition time about 4 min;

3-D spoiled gradient echo (GRE) FS sequence with TR/ TE 40/7 ms, flip angle
(FA) 25°, voxel size 1x1x1 mm, acquisition time about 4 min, acquired
immediately (“early”) and approximately 5 min (“late”) after manual injection of
0.2 mL/kg of gadoteric acid 0.5 mmol/m (Dotarem; Guerbet, Roissy, France)
through a 21-gauge (G) cannula inserted into an arm vein, followed by a flush of
10 mL saline.

All sequences were acquired in the coronal plane. The mean scan time, including

the time for positioning and injection, was approximately 25 min.

Paper 3

The whole-body MRIs were performed during free breathing, using phased array
surface coils and a 1.5 T MRI scanner (Philips medical systems, Best the
Netherlands, Intera model release 2.3 (n = 118) or Magnetom Siemens Aera,
software ellc (n = 78)). Coronal T2-w Dixon and T1-w sequences were acquired
from the skull-base to toes in 3-5 steps. The scan parameters including scan time

are shown in table 1.

Slice Readout Acquired Scan
Sequence TR TE NSA  thickness band width voxel size time
(ms) (ms) (mm) (Hz per pixel) (mm) (min)
Coronal T1-w TSE 450 5.1 1 35 391 0.9%0.9x3.5 1:48
Coronal T2-w Dixon fat-only 5156 100 1 35 293 0.9x0.9x3.5 3:16
STIR 3500 80 1 3.5 312 0.9x0.9x3.5 3:16
Slice Readout Acquired Scan
Sequence TR TE NSA  thickness band width voxel size time
(ms) (ms) (mm) (Hz per pixel) (mm) (min)
Coronal T1-w TSE 467 7.6 1 35 303 0.9%x0.9x3.5  1:30-2:00
Coronal T2-w Dixon fat-only 5640 109 1 3.5 521 0.9x0.9x3.5  2:30-3:00|

Table 1. Basic MRI parameters for the whole-body 1.5 T MRI. T2-w Dixon, T1-w
TSE and STIR sequences (for Philips scanner in the upper table, for Siemens in the
lower). TSE = Turbo Spin Echo, TR = Repetition Time, TE = Time to Echo, NSA
= Number of Signal Averages.

During the examination the child could either listen to music or watch a movie,

and total scan time was approximately 30—45 minutes.
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4.3 Image reading

Paper 1

All MRIs performed at the time of diagnosis were retrieved, and analysed by one of
three radiologists with 3, 12 and 30 years of experience in paediatric radiology,
respectively. Prior to the analysis, several calibration sessions were performed. The
following features were registered: the bone(s) involved and the segment affected
(epiphysis, metaphysis or diaphysis); and whether or not there was a periosteal
reaction, growth plate involvement, vertebral compression or soft-tissue
inflammation. BMO and soft-tissue inflammation were defined as increased signal
intensity (as compared to the remainder of the bone, or to the contralateral side) on

fluid-sensitive sequences, and scored on a 0-1 scale.

Paper 2

All hip MRIs were scored independently for active and chronic changes, growth
abnormalities and secondary post-inflammatory changes by two sets of radiologists
(Appendix 1). The first set scored the same MR images twice at an interval of 3 weeks.
In this set, the scoring was performed in consensus by one paediatric radiologist (L. T.d
H., with 14 years of experience) and one of two additional paediatric radiologists
(P.L.D.P., with 9 years of experience, or P.d A., with 5 years of experience) at BGCH.
The second set included one paediatric radiologist (S.C.S., with 7 years of experience)
at Great Ormond Street Hospital (GOSH), London, who scored all the MRI images
once, independently. All radiologists were blinded to disease duration, clinical
symptoms and findings, JIA subtype and prior imaging.

Prior to scoring, we conducted three calibration sessions lasting 2 days each, using 30
MRI cases not included for analysis in this study to ensure standard terminologies and
definitions could be agreed upon. We devised an imaging atlas with relevant examples
of each variable and grade as a reference to help maintain a consistent standard of

scoring across all readers (Appendix 2).

Inflammatory changes
Based on the pre- and late post-contrast 3D GRE and the coronal T2-w FS images,

we scored:
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1. Synovial enhancement intensity (using different scoring scales) and synovial
thickening (measured both subjectively and objectively);

2. Presence of effusion;

3. Degree of overall synovial inflammation including thickening and enhancement
intensity;

4. Degree of overall inflammation (Figure 3), adding effusion to the degree of overall

synovial inflammation;

Figure 3. Coronal three-dimensional (3D) fat-saturated T1-w GRE sequence (a) and
coronal T2-w FS MRI image (b) in a 15- year-old boy with JIA, showing a moderate

(grade 2) overall degree of inflammation.

5. BMO, which was defined as an area of high signal intensity on T2-W FS images
with corresponding low signal intensity on T1-W images and was assessed in the
femoral head based on the proportion of bone involved (volume), in the acetabulum

(measured subjectively) and in the femoral neck as absent or present (0/1).

Structural joint damage
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Structural joint damage was evaluated on the 3-D TSE T1-W images, using fluid-
sensitive and post-contrast images when appropriate. The following features were

evaluated and scored:

Erosion (defined as a bony depression seen on at least two planes) in the femoral head
based on the proportion of head volume involved, in the femoral neck and in the

acetabulum as absent or present (0/1). Active erosions (defined as an erosion filled

with enhancing pannus) were scored in the femoral head (Figure 4).

Figure 4. Coronal MR-images in an 18-year-old female with JIA. a) post-contrast 3-
D gradient echo with fat saturation showing an erosion filled with enhancing pannus
(arrow) and b) T1-W TSE image showing a large erosion in the lateral aspect of the

femoral head (arrow).

Flattening of the femoral head was assessed in the coronal plane (mid-section)
compared to what is expected for age, first subjectively and thereafter using a Mose
circle. Bone cysts were described as sharply delineated, enhancing lesions with high
signal on fluid-sensitive sequences and were scored as absent/present in three locations

(femoral head, neck and acetabulum).

Cartilage damage

36



Based on 3-D GRE T1-W sequences, we assessed the joint cartilage width superiorly
(mid-weight-bearing area), first judging it subjectively to be normal, mildly,
moderately or severely narrowed and then taking measurements in millimetres. We
also evaluated and scored cartilage in terms of signal abnormalities and morphological
changes, as well as symmetry (right versus left joint space width). Based on the coronal
T1-W sequences, we measured femoral neck width (in mm), femoral head/neck length
(in mm), caput—collum—diaphyseal (CCD) angle and trochanteric femoral head
distance (in mm). We also evaluated whether the physis was patent; the presence of
coxa magna, coxa brevis or protrusio acetabuli; and the presence of fovea enlargement.
Finally, we evaluated the presence of osteophytes and sclerosis on both coronal T1-W

and fluid-sensitive FS sequences.

Paper 3

We employed a whole-body MRI child-specific scoring system for bone marrow
assessment recently devised and validated using coronal T2 Dixon water-only images
(6). According to this scoring system, signal intensity was graded on a 0-2 scale, where
0 = absent, 1 = mildly increased, and 2 = moderate increased up to fluid-like signal
and extension on a 1-4 scale, where most bones were divided into predefined
anatomical areas, 1 = very small lesion (<5%), 2 = involvement of up to 1/3 of the
anatomical area, 3 = involvement of up to 2/3 of the anatomical area, 4 = involvement
of up to the entire anatomical area. Based on intensity and extension, all the focal high
signal intensity areas were scored and classified as “major” or “minor” findings, except
for the hands, where only intensity was recorded (table 2). High signal intensity areas
with a speckled appearance (defined as two or more roundish/punctuated high signals,
size 2-5 mm) in the epi-, meta-, or diaphysis of the long tubular bones were excluded
from the analysis.

For the present study the whole body was arbitrarily divided into 117 anatomical
areas.

All the bone marrow high signal areas on T2 Dixon water-only were identified and
scored in consensus by two radiologists with 20 and 6 years of experience in paediatric
musculoskeletal imaging respectively, according to the abovementioned scoring
system. The presence or absence of corresponding low signal was then evaluated
initially on fat-only T2 Dixon images and, to avoid recall bias, on T1-w TSE images

after at least 3 weeks in a blinded fashion by the same radiologists.
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Signal intensity on a 0-2 scale / extension on a 0-4 scale

Major MRI findings -Signal intensity 1 and extension 3-4 or
-Signal intensity 2 and extension 2-4
Minor MRI findings -Signal intensity 1 and extension < 3, or

-Signal intensity 2 and extension < 2

Table 2. Subclassification of MRI-findings into minor or major on water-only Dixon
T2W images, based on signal intensity on a 0-2 scale and signal extension on a 0-4

scale.

When high signal areas on T2-Dixon water-only images were not visible as low signal
areas on either T1-w or T2 Dixon fat-only sequences, the images were also evaluated
on T2 Dixon out-of-phase as visible or not for confirmation of T2-Dixon water-only
signal as a true finding. Areas flawed by image artefacts or by too low SNR for image
analysis were registered and excluded from further analysis. In the event of
discrepancies, the consensus was achieved by discussion. All evaluations were
performed under identical conditions (on a high-resolution Sectra viewing system -
IDS7 PACS - and optimised light settings).

For this study no children under the age of 6 years were included hence the results

cannot necessarily be extrapolated to children under this age.

4.4  Statistical analysis

Paper 1

Differences between genders were examined using t- tests or Fisher exact/Chi-squared
tests as appropriate. Multiple linear regression analysis was used to test whether rise
in inflammatory markers (ESR/CRP), time to diagnosis, age or gender significantly

predicted the total number of bony sites involved at diagnosis.

Paper 2

Intra- and interobserver agreement were analysed using a simple or a weighted (linear)
Cohen’s kappa coefficient with 95% confidence interval. A kappa value of < 0 was
considered poor, 0-0.20 slight, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80
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substantial (good) and 0.81-1.00 almost perfect (very good) (114). Differences in
measurements were analysed using 95% limits of agreement (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% (115).

Paper 3

To examine for differences according to age using Chi-Squared tests, subjects were
divided into four age groups (1 = < 9 years, 2 = 9-11 years, 3 = 12-14 years, 4 = 15—
19). The agreement between T2 Dixon fat-only and T1 in the detection of low-signal
areas was analysed using kappa statistics (with 95% CI) and percentage absolute

agreement. Kappa values were interpreted as for paper 2 (114).

For all three papers, statistical analyses were performed using Predictive Analytics
Software (SPSS) version 25-28 (IBM, Armonk, NY). All tests were two-sided and

statistical significance was set at p<0.05.

4.5 Ethical approvals

When including children and adolescents in research, particular ethical concerns arise.
The Helsinki Declaration emphasises the importance of voluntary participation in
research ("World Medical Association Declaration of Helsinki: ethical principles for
medical research involving human subjects,” 2013). For inclusion of patients/ subjects
to paper 1 addressing CNO, the Institutional Research Ethics Committee at OPBG
approved the study. For patients residing in Bergen, the study was approved by the
Norwegian Regional Ethics Committee (REK; no 28756). For paper 2, ethical
approval was given by the Institutional Research Ethics Committees at OPBG or IGG,

respectively.

As for the healthy Norwegian children and adolescents (paper 3), the study was
approved by the Regional Ethics Committee, REK; no 2016/1696. Written informed
consent was obtained from each participant (when > 16 years of age) or a caregiver

(when < 16 years of age) according to national guidelines.
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5. Main results

5.1 Paper 1

Chronic nonbacterial osteomyelitis — clinical and magnetic resonance imaging features

In paper 1, we studied patient characteristics, clinical presentation and MRI pattern of
involvement in 75 children and adolescents (26 boys) with a known diagnosis of CNO. Mean
age was 10.5 years (range 1-17 years) at time of diagnosis, while the median time from disease
onset to diagnosis was 4 months (range 1.5-72.0 months).

We found that 59/75 (78.7%) of the children presented with pain, with or without swelling or
fever; amongst whom 17 presented with isolated low back pain or pain around the sacroiliac
joints (table 3).

Boys (n=26) Girls (n=49) P-value® Total (n='.v'5)b
Age at diagnosis, year, mean (SD) 10.4 (3.3) 10.5 (3.1) 0.832 10.5(3.2)
Age at onset, years, mean (SD) 9534 10.0 (3.0) 0.534 9.8 (3.1)
Symptoms at presentation, number (%)

Body pain 19 40 0.393 59(78.7)
Localized pain® 9 10 19(25.3)
Low back pain 3 14 17 (22.7)
Multifocal pain 5 5 10 (13.3)
Localized pain and swelling 1 11 12 (16.0)
Localized pain and fever (>38°C) 1 1(1.3)

Fever only 2 4(5.3)

Swelling only 1 3 (4.0)

Limp 3 5 8 (10.7)

Elevated inflammatory blood makers’, number (%) 13 33 0.209 46 (61.3)
Mild 10 20 30 (40.0)
Moderate 3 13 16 (21.3)

Increased white blood count (WBC) 0 1 1(1.3)

“Differences between genders were examined using ¢-tests or chi-square tests as appropriate; 2-sided P-values are given; P<0.05 is significant
®One boy age 4 months presented with agitation, crying

¢ Other than low back pain

d Erythrocyte sedimentation rate and C-reactive protein

SD standard deviation

Table 3. Age and symptoms for 75 children (26 boys) diagnosed to have chronic nonbacterial
osteomyelitis (CNO) based on history and clinical, laboratory and imaging findings, with an
additional biopsy in 54 children (72%).
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A biopsy of the most prominent bone lesion on imaging, performed in 54/75 children (72.0%),
showed features consistent with subacute/chronic osteomyelitis in 27, nonspecific changes in
17 and were inconclusive in the remaining 10.

Of the 75 MRIs performed at baseline, 68 were whole-body MRIs while 7 were targeted
MRIs. On whole-body MRI, a median number of 6 involved sites (range 1-27) was found,
whilst only five children (6.7%) had unifocal disease. The long bones of the lower limbs were
affected in 58/75 (77.3%), of which the most common were femur in 46 (61.3%) children and
tibia in 48 (64.0%) (figure 5). The pelvis was involved in 29 (38.7%), the long bones of the
upper limbs in 20 (26.7%) and the spine in 20 (26.7%). Spinal involvement was often
multifocal (61%) and thoracic spine was the most frequently affected (70% of cases) (figure

6). Sacro-iliac involvement was found in eight children (10.7%), of which seven were females.
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Figure 5. Whole-body MRI in a 10 old female with CNO (confirmed on histology).
Coronal T2-W STIR sequence showing high signal intensity areas around the knee and

ankle joints (arrows), consistent with CNO lesions.
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Figure 6. A sagittal T2-w STIR of the spine in a 8-year-old girl with CNO showing diffuse
high signal and height reduction of the 6th thoracic vertebral body (long arrow) and more

limited high signal with endplate irregularity of the 9th thoracic vertebral body (short arrow).

Of lesions located in the long tubular bones, the proximal and distal metaphysis were involved
in at least one bone in 43 and 37 children, respectively, while corresponding figures for the
proximal and distal epiphysis were 19 and 26 children, respectively. At least one diaphyseal
lesion was found in 27 children, in all cases located in the long bones of the lower limbs. A

periosteal reaction was seen in four patients.

Inflammatory markers, which were raised in 46/75 (61.3%) children, significantly predicted
the number of involved sites (f=0.250, P=0.045). Neither age (p=0.186, P=0.132) nor gender
(B=0.103, P=0.387) nor disease duration (f=0.025, P=0.841) predicted the number of involved
bone sites significantly. No statistically significant differences according to gender were seen
in the number of bone alterations except for the fibula, prevalent in males, and for the spine,

prevalent in females (p = 0.01 and p = 0.03 respectively).
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5.2 Paper 2

A novel magnetic resonance imaging scoring system for active and chronic changes in

children and adolescents with juvenile idiopathic arthritis of the hip

This study was undertaken to test the intra- and interobserver agreement of several MRI
markers for active and chronic hip changes in children and young adults with JIA and to
examine the precision of measurements commonly used for the assessment of growth
abnormalities. 60 consecutive JIA patients (35 female) with confirmed or suspected hip
involvement were included in the study. Of these, 23 had oligoarticular JIA (18 oligoarticular-
extended and 5 oligoarticular-persistent), 17 had the polyarticular JIA subtype, 8 had
enthesitis-related arthritis, 10 systemic JIA, 1 psoriatic JIA and 1 undifferentiated JIA. The
mean disease duration at the time of the MRI was 8.6 years (range 0.2-18 years).

For active change, there was good intra- and interobserver agreement (with a kappa value of
0.7 and 0.6, respectively) for grading overall impression of inflammation on a 0-3 scale
(effusion included). Grading overall impression of inflammation, omitting effusion,
performed well for the intraobserver kappa of 0.7-0.8 while the interobserver kappa was 0.4.
Synovial enhancement on a 0-2 scale showed a good intraobserver agreement (kappa 0.7—
0.8), while the interobserver agreement was moderate (kappa 0.4-0.5). The intraobserver
agreement for subjective evaluation of synovial thickening was good to very good (kappa of
0.8-0.9) while the interobserver agreement was moderate (0.4-0.5).

There was a good intra- and interobserver agreement for grading erosions in the acetabulum
on a 0-3 scale, with kappa values of 0.6-0.7 and 0.6, respectively.

Regarding the grading of femoral head erosions, the intraobserver agreement was substantial
(kappa values of 0.7-0.8), while the interobserver agreement was moderate (kappa 0.4-0.5).
There was an excellent intraobserver agreement for grading active erosions of the femoral
head, with kappa values of 0.9 and the interobserver agreement was good with a kappa of 0.6.
Measurements of joint space width, caput—collum—diaphyseal angle, femoral neck—head

length, femoral width and trochanteric distance were imprecise.

5.3 Paper 3

Whole-body MRI in children and adolescents: can T2-weighted Dixon fat-only images replace

standard T1-weighted images in the assessment of bone marrow?
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This study was performed to compare T2 Dixon fat-only and T1-w images for the assessment of
high signal areas seen on T2 Dixon water-only images in order to shorten scan time of the whole-
body MRI examination.

Areas with increased bone marrow signal on T2 Dixon water-only images were scored using a
novel, validated whole-body MRI scoring system and classified into “major” or “minor” findings
according to size and intensity. The areas were assessed for corresponding low signal on T2
Dixon fat-only images and on a T1-w sequence.

196 whole-body MRI from healthy children and adolescents (95 males) aged 6 to 19 years were
included. Among 22.932 body-regions evaluated on T2-Dixon water-only images, 1290 high
signal areas were identified of which 20 were excluded due to suboptimal T2 Dixon fat-only
images and 20 due to suboptimal T1-w images, leaving a total of 1250 high signal areas to be
examined.

730/1250 high signal areas were of mildly increased signal intensity while 520/1250 were
moderately increased. The majority of high signal areas were seen in the lower limbs (n=564),
pelvis (n=269) or in the upper limbs (n=287). 48 areas were found in the mandibles/spine and 82
in the thoracic cage.

1159/1250 (92.7%) high signal areas had corresponding low signal on both the T2 Dixon fat-
only and T1 images while 24/1250 (12 major) (1.9%) showed no low-signal on either of the
sequences (kappa value 0.39 (0.28-0.51), absolute agreement 94.6%). All 24 high signal areas
with no corresponding low signal on either of the sequences were visible on the out-of-phase
images. The agreement between the two sequences differed between age groups (p<0.001), with
a kappa value of 0.10 (-0.12-0.3) for those under 9 years, 0.31 (0.06-0.56) for those 9-11 years,
0.51 (0.34-0.69) for those 12-14 years and 0.42 (0.18-0.66) for those 15-19 years.

67 high signal areas (5.4%) showed no concordance between T1-w and T2 Dixon fat-only
images. Of these, 49 returned low signal on T2 Dixon fat-only images alone, and 18 on T1-w
images alone (3.9% and 1.5% of the total, respectively).

The agreement between T2 Dixon fat-only and T1-w images was better for “major” findings as
compared to “minor” findings, with kappa values of 0.69 and 0.29 respectively. When evaluating
intensity alone, the agreement between T2 Dixon fat-only and T1 was similar for both mildly
and moderately increased signal intensity.

As for locations, the agreement ranged between 0.51 for lower limbs and -0.01 for the pelvis.
Discordance between the two sequences was frequently found in the humeri and in the

ischiopubic/para-acetabular region.
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6. Discussion

6.1 Study design

Paper 1

The first study was a retrospective, bicentric, cross-sectional study, well suited to describe the
distribution of bone marrow findings on MRI in a large cohort of children with CNO. The
retrospective nature of the study implies that the data were collected from the PACS-systems
and clinical notes at the respective departments; bicentric in that patients were recruited from
two different centres (BGCH in Rome and HUS in Bergen) and cross-sectional in that we
collected data for all patients at time of diagnosis/baseline.

The retrospective and bicentric nature of this study have the following advantages: 1) the cost-
effectiveness, being less expensive and quicker to conduct compared to prospective studies
since it used existing data; 2) the inclusion of a large number of participants, which can
enhance statistical robustness and 3) less ethical concerns since it did not require additional
collection of data. On the other hand, the retrospective design have some challenges, being 1)
limited data control as researchers must rely on existing data, which may lack important
information or be subject to inaccuracies and missing data; 2) temporal ambiguity as it can be
challenging to establish causality and the temporal sequence of events in retrospective studies
as data were collected after the fact and 3) selection bias, in this particular study implying that
patients not having CNO could have been included. As for the latter, although 21 of the 75
(28%) patients included had no biopsy performed, all met the diagnostic criteria for CNO.
Although seven patients, all with a confirmatory biopsy, did not have a whole-body MRI at
baseline, they were included in the analysis of distribution of MR-findings. This might have
led to an underestimation, although small, of MR-based lesions. The correlation between
laboratory markers and sites of involvement on imaging was performed on the 68 cases with
whole-body MRI. Another methodological issue is whether or not our cohort can be
considered population-based. True population-based studies should include all cases within a
pre-defined geographical area, and the number of cases should then be analysed in light of the
total, age-matched population in the same area. In our study the cohort of children and
adolescents with CNO comes from one of two paediatric centres, Rome and Bergen. Both
centres are the only units within a particular geographical area that deal with this patient group,
thus, we believe the results to be representative also for other areas, although it does not fulfil

the strict criteria for a population-based study.
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Paper 2

Paper 2 is a prospective study, including a group of children and adolescents with a known
diagnosis of JIA and hip involvement from two different centres (BGCH and IGG). The
prospective design has the main advantage of control with data collection which ensures that
data are collected consistently and accurately, enhancing the reliability and validity of the
findings.

Prospective studies have some disadvantages, the main being: 1) attrition, when participants
drop out, making it difficult to maintain a representative sample, affecting the generalizability
of the findings; 2) follow-up, requiring extended periods, which may not be always feasible;
3) ethical considerations as in some cases participants are exposed to risks or interventions.
However, in this study we analysed a single hip MRI from each patient and follow-up was not
planned, thus drop-out was not a problem. Moreover, no participant was exposed to risks or
interventions as the MRI was part of each patient's diagnostic procedure. Prior to the
assessment, a scoring system was established and piloted. An imaging atlas was devised,
showing typical examples of each variable and grades as a reference to facilitate a consistent
standard of scoring across readers.

In this study, addressing an objective assessment of hip-changes, both in the inflammatory
and the destructive domain, methodological issues included the nature of the dataset and the
scoring method. As for the dataset, we included consecutive children, adolescents and young
adults with a diagnosis of JIA and confirmed or suspected hip involvement, of any disease
severity and activity level, over a 2-years period, irrespective of current or previous medical
treatments in order to achieve a balanced dataset, allowing for all grades of the scoring system
to be tested.

Regarding the evaluation of MRI-based scoring systems’ precision, our research group has
extensive experience (1-4). Experiences from these repeatability exercises were shared and
discussed, and criteria for different grades and scores employed in the current study were

agreed on and tested prior to the actual scoring process.

Paper 3
The third cohort included 196 healthy children and adolescents between 6 and 19 years of age
who underwent a whole-body MRI for research purposes only during 2018-2020, as detailed

in the paper. The participants can be considered “healthy” since none of them reported any
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musculoskeletal symptoms during the enrolment and within 18 months after the first
examination.

Methodological issues include the nature of the dataset used. To obtain a balanced dataset
with respect to sex and age, stratified sampling was performed. Stratification is the process of
dividing members of the population into homogeneous subgroups before sampling.

The initial dataset included 1290 high signal areas, however 40 of these were excluded due to
suboptimal T2 Dixon fat-only images or T1-w images, resulting in 1250 high signal areas for
analysis. These 40 excluded areas were predominantly found in the upper limbs, which are
more susceptible to motion artefacts. Nonetheless, we believe that omitting these areas

introduced only a minor bias which did not notably affect the study outcomes.

6.2 Technical aspects of MRI

Setting up an MRI protocol includes choosing MR-machine, sequences and coil. In addition,
technical parameters for each of the sequences, beyond field strength, TR, TE, fat saturation
and slice thickness, have to be determined and standardised between centres to obtain
comparable images, particularly for research purposes; amongst these, for instance 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, and can affect both the possibilities of post-processing and the quality of
the images presented to the radiologist.

In paper 1, although all the examinations were performed on a 1.5 T magnet (Siemens) using
similar sequences, the retrospective nature of the study did not allow for a detailed
standardisation of the sequences. Moreover, in equivocal cases, additional TSE T1-w
sequences were performed which may have led to a higher detection rate in children with a
higher number of MR-series.

In paper 2 all patients were examined with a Philips 1.5 T MRI system using the same
protocol, coil (body coil), position (supine with straight legs and feet in neutral position) and
field of view (which included the entire pelvis to allow visualisation of both hips). These data
were prospectively sampled and a uniform protocol was agreed upon between the participating
centres to ensure the homogeneity of the MRI images.

The protocol was standardised for the sequences employed as well as for the timing of post-
contrast images. Despite the increasing use of MRI in arthritis, there is no consensus on the

exact timing for post-gadolinium images. The suggested interval between contrast
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administration and image acquisition is within 5 minutes (116), which is approximately what
we did employ. The rationale behind early post-contrast images is that, if acquisition is
delayed too long, contrast washout from the synovium into the joint fluid obscures the borders
between the synovium and an effusion, as was demonstrated in two studies of patients with
rheumatoid arthritis (117, 118). For paper 2, however, timing of the post-contrast images was
not an issue, as the aim of this study was to device a scoring system rather than describing
MRI findings in a cohort of JIA patients.

In paper 3 we compared two different MRI sequences that were part of the same examination.
Examinations were performed on two different sites with two 1.5T machines from different
vendors. The scan protocols used were carefully adjusted to be as similar as possible, although

small differences, such as differences in artefacts and SNR remained.

6.3 Statistical considerations

The statistical analysis used in this thesis are as described in the different papers. In the

following I will elaborate on some important issues.

Precision and reproducibility

Precision of diagnostic methods can be measured in several ways and along different scales.
For instance, along a scale of intraobserver agreement when the same observer measures twice
at a certain interval to avoid recall bias (repeatability), or when two observers in a blinded
fashion measure the same measurement (reproducibility). The variability of the measurements
reflects the degree of precision. In other words, intraobserver variability refers to the
consistency of measurements or observations made by the same person or observer at different
times. It assesses how reliable an individual's measurements or judgments are when they
perform the same task repeatedly. Interobserver variability pertains to the consistency of
measurements or observations when different individuals or observers perform the same task
or make judgments on the same subjects or samples. It assesses how well different observers
agree on their findings, indicating the degree of objectivity and consistency in the observations
or measurements. In both cases, low variability indicates a high level of precision, meaning
that the results or observations can be trusted to be consistent and reliable when the study is
repeated or when different observers are involved. High variability, on the other hand,
suggests that there may be inconsistencies or uncertainties in the data, which can impact the
reliability and validity of the study's results. Consistent training and standardisation of

observers can reduce both intra and inter-observer variability.

49



In general, different statistical methods are used to analyse precision or agreement of
continuous and categorical variables, respectively. For qualitative (categorical) data we used
a simple or a weighted (linear) Cohen’s kappa coefficient, with 95% confidence intervals (CIs)
to evaluate the degree of intra- and interobserver agreement (papers 2 and 3). A simple kappa
coefficient was used for dichotomous categorical variables, while weighting, taking the degree
of disagreement into account, was used for three or more categories, as detailed in papers 2
and 3. The kappa coefficient is a commonly used method to assess agreement beyond chance
(119) with values ranging between -1 (perfect disagreement) and +1 (perfect agreement). If
there is a skewed distribution of the number of observations in each category, a situation with
high observed absolute agreement but low kappa value can occur; the so-called “kappa
paradox”. Opposite, asymmetrically, unbalanced marginal totals might lead to a high kappa
(120). This problem was addressed by Gwet (121) who developed a model for assessing
agreement regardless of prevalence. The method might have some strengths as compared to
Cohen's kappa, but it is not as thoroughly tested and known as its predecessors and was not
used in this thesis. Given the above-mentioned caveats, we presented the distribution of MRI
scores for the various features assessed in paper 2, and added contingency tables and the
percentage of absolute agreement in paper 3.

As for the evaluation of the concordance of continuous variables, agreement within and
between observers was assessed using 95% limits of agreement (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%
(115).

In the literature, intraclass correlation coefficient (ICC) is often used to assess the agreement
between or within observers. However, ICC only measures the strength of an association
without giving information on agreement (122). Correlation does not take into account, for
instance, systematic bias between two observers, and consequently, even a high correlation

between two observers does not guarantee a clinically acceptable agreement (115).

Calibration of measurements and scores

Detailed definitions and appropriate calibration and standardisation of scores are crucial when
assessing agreement between observers. In paper 1, the MRIs were analysed by at least one
of three experienced paediatric radiologists. Prior to the MRI assessment, two of these

researchers had standardised their scoring techniques through several studies (1-5) and were
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thus sufficiently calibrated. The third researcher was trained by LTdH through assessment and
discussion of 20 cases, not included in the present study.

For paper 2, three two-days calibration sessions were performed to ensure standard
terminology and definitions, using 30 hip MRIs not included in the present study. Moreover,
an imaging atlas showing examples of each grade of the MRI features assessed was devised
and used during the scoring process (Appendix 2).

As for paper 3, scoring of the images was done by two radiologists in consensus. Although
this method has been criticised for introducing potential bias of semi consensus and neglecting
the individual variability within scoring systems, it is widely used (123). Notably, it has been
demonstrated that an additional reader can improve the reproducibility of MRI interpretation

compared to one expert alone, even when the second is moderately experienced (124).

6.4 Ethical considerations

Research involving children requires careful ethical considerations (125, 126). Children, as a
vulnerable population, warrant special protection and respect in research to ensure their
wellbeing and rights are upheld. There are some issues in research on children, in particular
concerning informed consent, the protection of privacy and confidentiality, the assessment of
risks and benefits, the psychosocial impact and the use of age-appropriate communication.
Regarding informed consent, it must be taken into account that children may lack the capacity
to fully understand the research purpose, risks and benefits and are not legally capable of
providing consent on their own. Therefore, parental or guardian consent is mandatory while
also considering the child’s assent, depending on their age and maturity level.

It is also essential to protect the privacy and confidentiality of children who participate in
research. Therefore, researchers must establish robust measures to safeguard sensitive
information and ensure that data cannot be traced back to individual participants. In our
studies, data security was handled according to the existing regulations.

Moreover, researchers must carefully assess the potential risks and benefits associated with
children’s participation. Balancing the pursuit of knowledge with the well-being of children
is crucial to avoid exposing them to unnecessary harm. Participation in research can have
psychosocial effects on children, including stress, anxiety, or feelings of vulnerability.

Researchers must be sensitive to these potential impacts and take steps to mitigate them.
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Furthermore, communication with children must be age-adequate, including appropriate
information sheets according to age, ensuring that research information is presented in a way
they can understand. A clear and simple language to convey complex concepts should be used.
Additional considerations should be taken into account when healthy children are involved in
scientific research. Particularly, it is essential to justify the necessity of recruiting this specific
population. Researchers must demonstrate that the research question cannot be adequately
addressed including children already within the medical care system due to different
diagnosis, adult participants or other methods, and that the potential benefits of the research
are significant.

Furthermore, it is important to ensure that participation of healthy children does not interfere
with their education, social development or overall well-being. Researchers should closely
monitor the children’s well-being throughout the study. Any adverse effects or unanticipated
consequences should be promptly addressed and the study may need to be modified or stopped
if children's safety or well-being is at risk.

Last but not least, independent ethics review boards or committees play an important role in
assessing and approving research involving children. These boards evaluate the ethical aspects
of the research ensuring that it adheres to established guidelines and principles. In our studies,
none of the above ethical issues violated the Norwegian law ‘Helseforskningsloven’ §18 that
regulates medical research stating that in all medical research the disadvantage or risk from
participation in a research project must be insignificant.

Moreover, our research, when applicable, also took into account §18b, which requires that the
participation of all subjects must be voluntary and that informed consent must be obtained,
and 8§18c, which states that the research should be beneficial for the research ‘object’ itself or
for other individuals with similar age-specific illness or disease. Special attention was given
as not to cause any distress to the young volunteer subjects included in paper 3. Written
information was given to all participants (Appendix 3). The MRI unit was shown to children
and adolescents before undergoing the examination and all were informed about the
possibility of leaving the study at any time. One of the responsible researchers was always
present during the scan to ensure the well-being of all participants. Of note is that a few
incidental MRI findings were seen in some of the children, who were subsequently referred

to the appropriate Specialist outpatient Clinic, according to the a priori protocol.
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6.5 Discussion of results

Results presented in this thesis show that nearly one fourth of children with CNO presented
with isolated back pain, that the most commonly affected sites were the femur, tibia and pelvis
and that increased inflammatory markers seem to predict the number of MRI sites involved.
Moreover, MRI is a reliable method for grading of active and chronic change in children and
adolescents with JIA-related hip involvement. Finally, the study showed that T2 Dixon fat

only can replace a TSE T1-w sequence in the assessment of bone marrow findings.

Paper 1

Paper 1 describes the clinical and laboratory, as well as the MRI findings, in a large cohort of
children and adolescents with a diagnosis of CNO. Most had multifocal disease, with up to
27 involved sites on MRI, with a median of six.

It is well known that there is a discrepancy between the number of painful sites at clinical
examination and the number of bone marrow changes seen on MRI/whole-body MRI (81,
85). Particularly, in the study from Wipff et al including 178 patients with CNO, mean age at
diagnosis 10.9 years (85), the authors found that nearly 70% of the patients presented with
multifocal disease based on clinical examination, rising to 93% when based on MRI findings,
suggesting that the clinical evaluation underestimates the “true” bone involvement. We found
a similar discrepancy in our study, as only ten (13.5%) patients reported on multifocal bone
pain, while a whole total of 69 (93.3%) had multifocal bone marrow signal alterations on
MRI, the number of sites varying between two and 27 with a median number of six (figure
7).
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Figure 7. Graph shows number of sites based on the initial whole-body MRI examination in
67 of the 75 children with chronic CNO.

In a retrospective study by Andronikou et al on 37 children with CNO diagnosed on whole-
body MRI, 8.6 lesions per patient were reported, with 89% of the patients having multifocal
disease (81). The authors noticed two patterns, namely a tibio-appendicular multifocal pattern,
i.e. a multifocal appendicular lesion with predominantly tibial involvement, and a clavicular-
spinal pauci-focal pattern, i.e. a primarily clavicular group with a paucity of other lesions
predominating in the spine.

In our study, we were not able to identify specific patterns in distribution except for the fact
that 57% of patients with involvement of the clavicle had concomitant involvement of the
tibia. Statistical pattern recognition analysis might have added to the results; however, the
sample size was too small. Interestingly, we found that elevation of inflammatory markers
significantly predicted the number of sites (=0.250, P=0.045) as identified on MRI; this

result indicates that the number of MR-positive sites might mirror the severity of
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inflammation. Given future studies confirm these findings, this finding might support an early
WBMRI to guide treatment. However, the cross-sectional design of the current study did not
allow for association analysis between the number of MRI-sites at presentation and long-term
outcomes.

In our study, the observed female/male ratio of 2:1 was in line with that reported by others,
both for CNO and for other autoimmune diseases such as juvenile dermatomyositis and
juvenile idiopathic arthritis reflecting that sex hormones might play a role in autoimmunity
(127).

The lower limb was the most commonly involved site, a finding that compares well with that
of others (17, 128). Particularly, Falip et al reported that in 90% of cases the lesions in long
bones were centred at the metaphysis, of which 55% had an associated oedematous epiphyseal
reaction. In a study of 53 WBMRIs of children and adolescents, von Kalle et al found, in 75%
of patients, the combinations of at least one metaphyseal lesion in a lower limb and an
additional lesion in the clavicle, sternum, pelvis or spine. The reason for this particular
predilection site is still unknown, however. Similar to previous studies (17, 79, 129) we found
periosteal reaction, non-aggressive type, in four patients only, all of whom reported focal pain.
In our study, bone pain, although nonspecific, was the most common presenting symptom,
reported by nearly 80% of the patients. Nearly one fourth of the children suffered low back
pain. In contrast to others, the time from onset of symptoms to diagnosis was relatively short,
with a median of four months, reflecting an increased awareness of the disease amongst
paediatricians. The proximal metaphysis was involved in at least one bone in 43/75 (57.3%)
and the distal metaphysis in 37/75 (49.3%), an observation also reported by others (17, 65,
68, 130).

In our study, the diaphysis was involved in more than a third of the patients, all within the
lower limbs. This figure is somewhat higher than reported by others (68). This discrepancy
may reflect a true difference, or it may be caused by methodological differences. Future
studies might clarify.

Spinal involvement has been reported in 2-43% of cases, depending on study design, method
of ascertainment and definition of changes (82, 131). In their study of 31 patients, Falip et al
speculate that the wide variation might reflect underdiagnosis of spinal involvement (17).
Others have obviously already taken this possibility into account, by adding a sagittal STIR
sequence to the WBMRI protocol in cases where vertebral and/or sacral involvement is
suspected (17, 128).
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In spine involvement, the thoracic part is most frequently affected (Hospach 60%; Falip et al.
75%) (17, 132) often involving non-contiguous vertebrae without crossing the disc. The latter
finding allows for differentiation between CNO and infectious spondylodiscitis. Typical MRI
findings are abnormal bone marrow signal intensity and endplate irregularity (82), however
vertebral compression fractures with consequent kyphosis are not uncommon (133). Thus,
early detection of spinal involvement is crucial since vertebral fractures have important
implications on patient outcome (134). In particular, vertebra plana is of utmost importance
for optimising treatment and further management, as the vertebral deformity most unlikely
responds to current medication (130, 135).

In our cohort, 27% of patients had spine involvement as shown on MRI (134, 136). We can
consider this incidence reliable as the readings were taken by 3 experienced radiologists and
sagittal scans were performed in all patients. The involvement was often multifocal, the
thoracic spine being the most frequently affected. Three patients presented with vertebral
compression with mild kyphosis. No cases of scoliosis, a seldom reported finding (137) was
found. We found that more than 10% of the patients had involvement of the sacroiliac joint
on MRI. This finding, in line with previous studies (138, 139) supports the hypothesis that
CNO might represent an unusual form of spondyloarthropathy (SpA). Particularly, in a
multicentre study on 41 children with CNO and SAPHO syndrome the authors reported that
osteomyelitis in the pelvic region was significantly associated with other features of juvenile
spondylarthritis, such as inflammatory bowel disease (IBD) and an increased prevalence of
the HLA-B27. The authors indicated that CNO can be considered an atypical SpA since the
sacroiliac involvement tended to be unilateral, there was no familiar background and the
anterior thoracic spine was often involved. An overlap between imaging findings of enthesitis-
related arthritis (ERA) subtype of JIA and CNO has also been reported (140).

In sum, our findings in CNO patients shed some light over this intriguing, autoimmune
disease, although important imaging-related questions remain. In particular, this study is not
able to answer if clinically “silent” MRI-lesions represent true CNO-related pathology as
suggested by some authors (70, 75) or if they merely reflect normal, growth-related changes.
This second hypothesis is supported by recent work from our research group showing that a
high proportion of healthy children and adolescents have one or more high signal changes
within bone marrow (7, 8). However, based on the fact that elevation of inflammatory markers
significantly predicted the number of sites as identified on MRI, we speculate that the majority
of high signal, asymptomatic areas in this particular patient group might represent true

disease. Future studies might help clarify this issue, though.
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Paper 2

Paper 2 represents a first step toward establishing a valid MRI scoring system for JIA- related
hip changes. The precision of different measurements and scoring systems used in radiology
is essential for their clinical validity, thus for their usefulness in a clinical setting. Unlike
previous studies (table 4) (28, 29, 108-112) we included a relatively large number of patients,
and assessed multiple parameters (isolated and in combination) for both acute and chronic

pathologies in children with hip-JIA. In addition, we examined the precision of MRI-based

measurements for secondary growth abnormalities.

Previous studies

N of patients

Study characteristics

Argyropoulou MI et al 2002 28 JIA Symplified scoring (six-point scoring

system)

No intra and inter-reader agreement
Nistala K et al (2007) 34 JIA Retrospective

Only inter-observer agreement
Porter-Young FM et al (2018) | 79 suspected JIA (22 with Retrospective

JIA)

Only active features
Moderate agreement between observers

Kirkhus E et al (2011)

59 with non-specific arthritis
(27 with JTA)

No hip-specific scoring
Different MRI sequences used

Abd El-Azeem Ml et al (2012)

30 JIA

Symplified scoring (seven-point scoring
system)
No intra and inter-reader agreement

Ostrowska M et al (2021)

97 (suspected JIA)

No contrast
Severe chronic damage only in 3 patients

Panwar et al (2021)

Initial consensus-driven phase

No contrast

towards developing a scoring | WBMRI scoring system
system Only synovial and entheseal
inflammation
Tanturri de Horatio et al 60 JIA Prospective

(2022)

Bicentric study

Intra and inter-reader agreement
Both active and chronic features
Balanced dataset

Table 4. MRI scoring systems proposed for hips in children with JIA.

Amongst the examined parameters for active disease, the overall degree of inflammation on
a 0-3 scale performed best, with good intra- as well as interobserver agreement. Less
favourable was the agreement for synovial enhancement on a 0-2 scale and synovial
thickening with subjective assessment on a 0-3 scale, separately scored, where, despite a very

good intraobserver agreement, the agreement between observers was only moderate.
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As for structural bone damage, we found an excellent agreement for assessing active erosions
on a 0-1 scale, both within and between observers. The high reliability of this parameter is
particularly important since it reflects disease activity within chronic change, which is
important information for further therapeutic steps. The assessment of acetabular erosions was
also precise, as was the assessment of femoral head and neck erosions for the same reader.
Interestingly, grading of synovial enhancement on a 0—1 scale performed poorer than grading
on a 0-2 or 0-3 scale. Indeed, the discrimination between normal and discrete pathology is a
key issue. This is particularly true for the evaluation of patients with JIA in clinical remission
where the presence of mild synovial thickening might be suggestive of relapse with important
clinical implications, requiring prompt intervention. In fact, the lack of a precise cut-off
between physiological and pathological features is still a diagnostic challenge that might lead
to both overdiagnosis with unnecessary treatment, and underdiagnosis with an increased risk
of structural damage and poorer long-term outcome. This underscores the need for more
prospective studies establishing reference standards across ages.

As already stated, another challenge is timing of post-contrast images which has proven to

strongly influence the degree of synovial enhancement in studies on wrists and knees (figure
8) (33, 141).

Figure 8. Coronal post-contrast fat-saturated 3D gradient echo MR images of the wrist in a
14-year-old girl with JIA. a) Mildly abnormal synovial enhancement of the mid-carpal joints
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and of the 4th carpo-metacarpal joint (arrows) is seen in the early post-contrast image. b)
Image taken 10 min after contrast administration shows moderate to severely abnormal

enhancement in the same joints (short arrows).

The suggested interval is within 5 min after the contrast injection (116) which is the
approximate interval we have used in our study. Thus, a standardised protocol with a fixed
interval between the administration of intravenous contrast medium and image acquisition is
crucial for follow-up of known pathology, and also for clinical trials across institutions.
Regarding BMO, despite the good intraobserver agreement, the interobserver agreement was
fair and not in line with a previous study on wrist MRI (1). We speculate that the size and
shape of the scored volumes may have played a role since carpal bones are significantly
smaller than hips, thus fewer slices are included for assessment.

Among the markers for structural damage, the agreement for assessing lesions to the cartilage
was poor. This may in part be due to the fact that the articular cartilage covering the acetabular
and femoral head is very thin, thus hampering the differentiation between partial- and full-
thickness lesions. The poor results for direct measurements such as the CCD, femoral neck—
head length, femoral width and trochanteric distance were expected and in line with a

previous study (5).

Paper 3

In recent years, there has been a growing interest to examine the potential of T2-Dixon fat-
only images to replace a separate T1-w sequence in adult musculoskeletal imaging (25-27).
For children, this is the first study comparing these sequences for bone marrow assessment
on WBMRI.

The high absolute agreement between T2 Dixon fat-only and T1-w (94.6%) found in our
study, varying from 93.3% in 12-14-year-olds to 95.4% in 15-19-year-olds, indicates that
these two sequences might be used interchangeably between patients, although the same
sequence should be preferred for follow-ups. The fair to moderate agreement, with kappa
values ranging from 0.10 in children under 9 years of age to 0.51 in 12-14-year-olds, reflects
limitations to the kappa statistics itself, rather than poor agreement. As previously mentioned,
this statistical phenomenon termed the kappa paradox is caused by an imbalance in case
distribution, as was the case in our analysis.

Interestingly, the two sequences under investigation showed discordant findings in 67 out of
1250 high signal areas (5.4%), of which 49 (3.9%) returned low signal on T2 Dixon fat-only
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images alone versus 18 (1.5%) on T1-w images alone. This implies that low-intensity areas
are more conspicuous on T2 Dixon fat-only images as compared to T1-w images, thus
favouring T2 Dixon fat-only over T1.

Moreover, omitting the T1-w coronal sequence might reduce examination time by
approximately 7-9 minutes, depending on the number of stacks required, and this is also in
favour of T2 Dixon fat-only. This time improvement is particularly significant in children
where the last few minutes are less tolerated and consequently the final sequences are most
prone to motion artefacts.

Further, we experienced that T2 Dixon allowed for better definition of some low-signal areas

as compared to T1 (figure 9), probably due to subtle movements of the child between the two

scans, whilst water-only and fat-only images are acquired in the same sequence.

Figure 9. Right proximal humerus in a 14-year-old, healthy boy. a) Area of increased signal
on T2 Dixon water-only (arrow). b) On T2 Dixon fat-only reconstruction a well delineated
corresponding low signal area is seen (arrow). c) On the T1-w image there is a lower signal

as well, but less demarcated than that seen on the fat-only Dixon image (arrow).

Finally, the Dixon sequence also includes out-of-phase images, which have proven helpful
for the assessment of several musculoskeletal diseases, including oncological (142) and
rheumatological conditions (143, 144). Also in our study, the out-of-phase images were able
to confirm the true presence of high signal changes in a few cases where these areas were not

detectable on either the fat-only or the T1-w sequence.
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Given the statistical limitations as outlined above, the agreement for assessment of low-signal
changes between Dixon fat-only images and T1-w images was high for “major findings”
while the agreement for minor findings was fair. When evaluating intensity alone, the
agreement between the two sequences was quite similar between areas with mild and
moderately increased signal intensity, indicating that the extension of a lesion plays a role for
the perception of findings.

As for location, the best agreement between T2-Dixon fat-only and T1-w images was found
in the lower extremities which are frequently affected in CNO. Conversely, as for the pelvic
locations, we found a number of discordances. However, independently of the sequence used,
areas close to the triradiate cartilage were challenging, as they are known to contain a higher
content of red bone marrow in the immature skeleton resulting in lower signal on both T2-
Dixon fat-only and T1; therefore, it can be difficult to decide if the signal originates from the
bone marrow or from the physiological cartilage.

Notably, agreement between the two sequences was higher for the older children as compared
to the younger. Again, the abovementioned limitations to the kappa statistics might play a
role. On the other hand, the immature skeleton contains a higher amount of red marrow which
appears lower in intensity than yellow marrow on both T2 Dixon fat-only and T1 images. We
noticed that bone marrow areas with low signal on both sequences tended to have a lower
“background” signal intensity on T2 Dixon fat-only images as compared to T1 in several of
the youngest children, predominantly in the axial skeleton. It is well known that the process
of marrow conversion in the appendicular skeleton progresses more rapidly and to a greater
extent than in the axial skeleton, thus challenging the interpretation of the T2 Dixon fat-only

images in the younger age group.

One might argue that focal “major” T2-w bone marrow hyperintensities on WBMRI with
corresponding low signal on T2 Dixon fat-only and T1-w images are non-specific. However,
the clinical significance of the T2-w Dixon water-only high signal areas was beyond the scope
of our study, which was only to test the concordance between the Dixon fat-only and the T1.
Furthermore, one might say that our study was limited since it was carried out on healthy
children and adolescents. On the other hand, high signal areas on water-only images and
particularly major findings found in healthy children can be quite similar to clinically silent
lesions in subjects with multifocal MSK pathology such as CNO (7, 8); therefore, we are led

to infer that our results are valid in subjects with true bone marrow pathology.
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A previous study carried out by our group on the same healthy population showed a
substantial concordance between STIR and T2 Dixon water-only sequences in assessment of
high signal bone marrow changes (9). In sum, and based on previous and present results, we
might infer that both STIR and T1-w sequences, commonly employed in a WBMRI, could be
reliably replaced by a single T2 Dixon sequence, thereby shortening the overall examination
time. An additional sagittal STIR sequence might be beneficial in cases with suspected

vertebral involvement, though.

6.6 Clinical implications

In children with CNO, elevation of inflammatory markers significantly predicted the number
of skeletal sites involved as identified on MRI, supporting an early WBMRI to guide

treatment.

For the assessment of JIA-related hip-changes, a standardised MRI and a thorough disease
score can help monitor treatment. In particular, the total inflammation score at a 0 to 3 scale,
provides a quick, precise marker for disease activity, which represents important information
for the clinicians in their daily practice. Further, the MR-based score might be used in future

clinical trials across institutions.

Last but not least, a WBMRI protocol in children may safely be shortened as compared to
today’s practice. This is essential for children, with a potential to reduce patient stress and

improve image quality.

6.7 Future perspectives

One of the main challenges of imaging musculoskeletal inflammatory diseases in children
still remains, namely to distinguish between bone marrow signal changes due to normal
growth and changes due to pathological processes. For this purpose, a worldwide database,
holding information on laboratory, clinical and imaging data on patients with CNO as well as
on healthy children and adolescents might prove helpful. Collaborative research with

rheumatologists will ensure the relevance and applicability of the findings, facilitating the
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development of guidelines for the management of CNO based on real-world models of disease
involvement.

Moreover, advanced imaging techniques, such as DWI and ADC values, might help
distinguish between different causes of restricted diffusion in the skeleton, and in this way
increase the specificity of MRI findings.

Regarding JIA, the identification of a few biomarkers that can predict outcomes will help
personalization of treatment plans based on the likelihood of disease progression or remission.
Artificial intelligence and machine learning algorithms will be developed to analyse and
classify bone marrow pathology, simplifying the diagnostic process and reducing the
subjectivity of interpretations. Training Al models with large sets of bone marrow images,
annotated with expert assessments, might improve the accuracy of the model in detecting and
classifying pathology. Al tools might support clinicians by providing rapid and objective
assessments of bone marrow findings, potentially reducing the need for invasive biopsies in
ambiguous cases.

By increasing diagnostic specificity, identifying disease patterns in CNO, finding prognostic
markers in JIA and developing Al tools, both undertreatment and overtreatment might be

minimised, substantially improving patient care and outcomes in inflammatory bone disease.

6.8 Strengths and limitations

Paper 1

Strengths

The main strengths of study 1 are the large number of children who underwent WBMRI and the
combination of imaging, clinical and laboratory data (including histology when available) to

investigate clinical-radiological associations.

Limitation

Currently, there is no agreement on a standardised evaluation tool on the scoring of lesions in
CNO. We did not score the extent and intensity of BMO. Being a key finding in CNO, it is
reasonable to believe that the extent/degree of BMO might be of value, assuming that we will

be able to distinguish between true inflammatory change and changes caused by normal growth.

Paper 2
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Strengths

Study 2 boasts several notable strengths. Firstly, it includes a large sample size covering a wide
spectrum of pathological changes within both the inflammatory and the bone damage domain.
Second, the rigorous calibration sessions prior to the scoring preceded with a pilot study and
establishment of an MRI-atlas enhance the study’s reliability and accuracy. Furthermore, the

study employs a state-of-the-art protocol.

Limitations
Subjective nature of any scoring system with differences in measurements and inherent biases

caused by different radiologists’ experience and understanding of the factors required to score.

Paper 3

Strengths

The main strengths of study 3 are the high number of volunteers included, stratified by age and
sex; the high number of examined areas, the use of a validated scoring system for high signal
areas, the wide range of signal intensity in the high signal lesions and the blinded design. The
inclusion of two different centres using different vendors but similar MRI protocols and scan

resolution strengthens the applicability of the results.

Limitations

First, the whole-body MRIs were performed on 1.5 T machines. One might speculate thata3 T
magnet would provide higher agreement between the two sequences due to better image
resolution and/or higher SNR. However, previous studies (26, 27) have shown that the sequences
perform equally well at 1.5 T and 3 T. Second, the results of this study are valid for the
sequences used and could change if different resolutions or imaging parameters were applied.
Finally, the study was performed on healthy children and adolescents only. However, we believe
that including children with for instance CNO-related lesions, which tend to be larger and more
conspicuous than high signal areas seen in healthy children, might have increased the overall

agreement between the two sequences.
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7. Conclusions

This thesis demonstrates the distribution of clinical, laboratory and MRI-findings in a large
cohort of children and adolescents with CNO. Interestingly, elevation of inflammatory
markers significantly predicted the number of skeletal sites involved as identified on MRI,

indicating that this number represents a marker for disease activity.

MRI is a reliable method for the assessment of active inflammation of the hip in children with
JIA. Several markers isolated and in combination are robust enough to be included in a future
simplified MRI scoring system, of which the most precise is the overall degree of
inflammation, including effusion. As for permanent changes, the most reliable markers are

the acetabular erosions and the active erosions of the femoral head.
T2 Dixon fat-only images can replace the T1-w TSE sequence in the assessment of bone

marrow high signal areas on WBMRI in children and adolescents, with an advantageous

reduction in scan time.
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Abstract

Background Chronic nonbacterial osteomyelitis (CNO) is a rare autoinflammatory bone disorder. Little information exists on the
use of imaging techniques in CNO.

Materials and methods We retrospectively reviewed clinical and MRI findings in children diagnosed with CNO between 2012 and
2018. Criteria for CNO included unifocal or multifocal inflammatory bone lesions, symptom duration >6 weeks and exclusion of
infections and malignancy. All children had an MRI (1.5 tesla) performed at the time of diagnosis; 68 of these examinations were
whole-body MRIs including coronal short tau inversion recovery sequences, with additional sequences in equivocal cases.

Results We included 75 children (26 boys, or 34.7%), with mean age 10.5 years (range 0—17 years) at diagnosis. Median time
from disease onset to diagnosis was 4 months (range 1.5—72.0 months). Fifty-nine of the 75 (78.7%) children presented with pain,
with or without swelling or fever, and 17 (22.7%) presented with back pain alone. Inflammatory markers were raised in 46/75
(61.3%) children. Fifty-four of 75 (72%) had a bone biopsy. Whole-body MRI revealed a median number of 6 involved sites
(range 1-27). Five children (6.7%) had unifocal disease. The most commonly affected bones were femur in 46 (61.3%) children,
tibia in 48 (64.0%), pelvis in 29 (38.7%) and spine in 20 (26.7%). Except for involvement of the fibula and spine, no statistically
significant differences were seen according to gender.

Conclusion Nearly one-fourth of the children presented with isolated back pain, particularly girls. The most common sites of disease
were the femur, tibia and pelvic bones. Increased inflammatory markers seem to predict the number of MRI sites involved.

Keywords Bones - Children - Chronic nonbacterial osteomyelitis (CNO) - Inflammation - Magnetic resonance imaging - Scoring
system - Whole body

Introduction

Chronic nonbacterial osteomyelitis (CNO) is an inflammatory,
non-infectious disorder of the musculoskeletal system covering a
wide clinical spectrum, with asymptomatic involvement of a
single site at the one end and episodes of chronic recurrent mul-
tifocal osteomyelitis (CRMO) at the other end [1-4]. It is char-
acterized by localized pain — often at night — and swelling, and
primarily affects the metaphyses of long bones, although lesions
can occur in any part of the skeleton [5—7]. Affection of tissues
other than bone, such as skin, eyes, gastrointestinal tract and
lungs, has been described [8]. CNO has a protracted course with
numerous exacerbations and relapses at new and old sites. It
primarily occurs in children and adolescents, with a peak of onset
at 7-12 years and a reported incidence of 0.4-10.0/100,000 [1, 9,
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10]. The true incidence is, however, thought to be higher because
the findings are nonspecific. Although children with CNO
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frequently have mild to moderately increased levels of inflam-
matory markers, no findings — be they biochemical or imaging-
based — are diagnostic for the disease. Currently, CNO is a
diagnosis of exclusion, based on imaging or through histological
examination of bone biopsies, which reveal acute and chronic
inflammatory as well as reparative bone features like hyperosto-
sis, without an infectious agent [11, 12].

Treatment strategies for children with CNO vary widely
[13, 14]. Nonsteroidal anti-inflammatory drugs (NSAIDs)
are commonly used as a first-line treatment, while second-
line therapies include glucocorticoids, methotrexate,
sulfasalazine, tumor necrosis factor (TNF)-« inhibitors and
bisphosphonates [1, 7]. Although MRI, including whole-
body examination, is widely used to diagnose and monitor
CNO, little information exists on the use of imaging tech-
niques, and standardized and validated assessment systems
are lacking. Moreover, normal population-based standards
for the MR appearances of the pediatric skeleton across age
groups are nearly non-existent. Therefore, we combined clin-
ical, laboratory (including histology when available) and im-
aging data from a large number of children with CNO to
examine the patient characteristics, clinical presentation and
pattern of involvement, with a special focus on MRI findings.

Materials and methods

This multicenter retrospective study included children re-
siding in Rome or Bergen with a diagnosis of CNO. We
obtained data on age, gender, age of symptom onset, age
at diagnosis, duration, clinical symptoms, laboratory and
radiologic findings at diagnosis and follow-up of patients
ages 0—18 years from the clinical journal systems and the
radiology information system (RIS) and picture archiving
and communication system (PACS) at Ospedale
Pediatrico Bambino Gesu Hospital (OPBG), Rome, and
Haukeland University Hospital (HUS), Bergen, respec-
tively. The institutional board at OPBG approved the
study.

Patients

We included all children with mono- or multifocal inflam-
matory lesions diagnosed as CNO at the two participating
pediatric centers during the period 2012-2018. The
criteria for CNO were mono- or multifocal inflammatory
bone lesions, duration of symptoms >6 weeks, and exclu-
sion of infections and malignancy [7]. Demographic, clin-
ical and laboratory data and histological findings, when
available, were collected from the medical records.
Normal ranges used for laboratory data were as follows:
C-reactive protein (CRP)<0.5 mg/dL, erythrocyte sedi-
mentation rate (ESR)<15 mm/h. In addition, we grouped

inflammation (based on blood markers, ESR and CRP) as
mild when at least one marker was raised but not >100, or
moderate when at least one marker was >100.

Imaging

All MRIs performed at the time of diagnosis were re-analyzed
by three of the authors (P.d'A., L.T.d.H. and K.R., with 3, 12
and 30 years of experience in paediatric radiology, respectively)
(Fig. 1). We scored the following features: the bone(s) involved
(noting epiphyseal, metaphyseal or diaphyseal location in the
long bones), periosteal reaction, growth plate involvement, ver-
tebral compression and the presence of soft-tissue inflammation
(Figs. 2, 3, 4, 5, 6 and 7). Bone marrow edema and soft-tissue
inflammation were defined as increased signal intensity (as
compared to the remainder of the bone, or to the contralateral
side) on water-sensitive sequences. All MRIs were performed
on a 1.5-tesla (T) Siemens MRI system — at OPBG an Aera
and at HUS an Avanto machine was used (Siemens, Erlangen,
Germany). The whole-body MRI included a coronal short tau
inversion recovery (STIR) sequence (repetition time/echo
time/inversion time [TR/TE/TI] 5,000/58/160 ms and flip angle
147°; and a sagittal STIR sequence of the spine and feet, with
additional T1-weighted images (TR/TE 400/7 ms) in equivocal
cases. Typical duration of examination for the whole-body MRI
was 35-45 min.

Statistical analysis

Descriptive statistics were reported as mean (with standard devi-
ations) and percentages or median (ranges). Differences between
genders, as have been reported by others, were examined using #-
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Fig. 2 Chronic nonbacterial osteomyelitis in a 14-year-old boy. Whole-
body coronal T2-W short tau inversion recovery images (left to right:
anterior to posterior, repetition time/echo time = 5,000/58 ms) show
high signal of both proximal ulnae, left hand, both lower legs and
calcanei (arrows). Note normal signal from the proximal femurs

tests or Fisher exact/chi-square tests as appropriate. Multiple lin-
ear regression analysis was used to test whether rise in inflam-
matory markers (ESR/CRP), time to diagnosis, age or gender
significantly predicted the total number of bony sites involved
at diagnosis. Statistical analyses were performed using SPSS
version 25 (IBM, Armonk, NY). All tests were two-sided and
statistical significance was set to P<0.05.

Results

We included 75 children (26 boys, 34.7%) with a mean
age of 10.5 years (standard deviation [SD] 3.2 years,
range 0—17 years) at diagnosis. One child was younger
than 2 years at time of diagnosis. The median time of
symptom onset to diagnosis was 4 months (range 1.5 to
72.0 months). Fifty-nine of the 75 children (78.7%) pre-
sented with pain, with or without swelling or fever
(Table 1). Seventeen children (22.7%) presented with
isolated low back pain (spine or sacroiliac joints).
Arthritis was seen in one child, who had ankle

@ Springer

Fig. 3 Chronic nonbacterial osteomyelitis in a 13-year-old boy. a, b
Sagittal T2-W short tau inversion recovery MR image (repetition
time/echo time [TR/TE] 5,000/58 ms) (a) and T1-W MR image (TR/TE
400/7 ms) (b) of the spine show signal change and vertebral compression
of the 7th thoracic vertebrae (solid arrow) and signal changes of the 6th
cervical vertebrae (dashed arrow)

involvement. Cutaneous involvement, such as psoriasis,
lupus erythematosus, papular lesions or pustulosis, was
seen in 8 children (10.7%). Inflammatory markers were
increased in 46/75 (61.3%) (Table 1). A biopsy of the
most prominent bone lesion on imaging was performed
in 54/75 children (72.0%); biopsies showed features
consistent with subacute/chronic osteomyelitis in 27
and nonspecific changes in 17, and were inconclusive
in the remaining 10. Five children (6.7%) presented
with single-site involvement (two lower bones, one hu-
merus, one spine and one mandible); all except one
underwent bone biopsy.

Magnetic resonance imaging was performed at baseline in all
children; 68 had a whole-body MRI, revealing a median number
of 6 sites (range 1-27) (Fig. 1). The long bones in the lower limbs
were affected in 58/75 (77.3%) of the cases, the pelvis in 29/75
(38.7%), the spine in 20/75 (26.7%) and the long bones of the
upper limbs in 20/75 (26.7%). Except for the fibula and spine, no
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Fig. 4 Chronic nonbacterial
osteomyelitis with sacroiliac joint
involvement in four children aged
10-15 years. Coronal T2-W short
tau inversion recovery MR
images (repetition time/echo time
= 5,000/58 ms). a Bone marrow
edema at the sacral side,
bilaterally (arrows) in an 11-year-
old girl. b Bone marrow edema
at the left iliac side (arrow) in a
9-year-old girl. ¢ High signal in
the right joint space arrows,
with surrounding bone marrow
edema at the iliac and sacral
sides in an 8-year-old girl. d
Bone marrow edema at the
sacral sides, bilaterally in a
15-year-old girl (arrows)

statistically significant differences in involvement were seen ac-
cording to gender (Table 2). A periosteal reaction was seen in
four children, all of whom presented with focal pain, while soft-
tissue involvement was seen in eight children.

Among the 68 children who had whole-body MRI, 82
epiphyseal, 80 metaphyseal and 5 physeal lesions were found
in the long tubular bones. All physeal lesions were associated
with metaphyseal or epiphyseal involvement. Twenty-seven

Fig. 5 Chronic nonbacterial osteomyelitis in a 7-year-old girl. Coronal
T2-W short tau inversion recovery MR image (repetition time/echo time
= 5,000/58 ms) shows involvement of the right sacroiliac joint (high
signal in the joint space with surrounding bone marrow edema), the
right ischial bone (white arrow) and the left femoral metaphysis/
apophysis (black arrow). Note the subtle high signal of the right
femoral metaphysis, within normal variation

children had diaphyseal lesions, all of which were located in
the long bones of the lower extremities. Three of these 27
children had additional periosteal and soft-tissue reaction.
Involvement of the epiphysis, metaphysis and diaphysis of
the long tubular bones, by gender, is presented in Table 3.
We used multiple linear regression analysis to test whether
rise in inflammatory markers (ESR/CRP), time to diagnosis,
age or gender significantly predicted the total number of bony
sites involved at diagnosis. Preliminary analysis did not reveal
any violation of the assumptions of normality, linearity,
multicolinearity or homoscedasticity. The results of the

Fig. 6 Chronic nonbacterial osteomyelitis in a 9-year-old girl. Coronal
T2-W short tau inversion recovery MR image (repetition time/echo time
= 5,000/58 ms) of both ankles shows involvement of the left metaphysis,
growth plate and epiphysis. The right side is normal
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Fig. 7 Chronic nonbacterial osteomyelitis in an 8-year-old boy. Coronal
T2-W short tau inversion recovery MR image (repetition time/echo time
= 5,000/58 ms) of the knees/legs shows involvement of the right tibial
metaphysis and diaphysis, and the right epiphysis (arrow). The findings
were confirmed on T1-weighted images

regression indicated that the four predictors explained only
11.2% of the variance (R?=0.11, F (1.692), P=0.14).
Elevation of inflammatory markers significantly predicted

Table 1

the number of sites ($=0.250, P=0.045). Neither age
(3=0.186, P=0.132) nor gender ($3=0.103, P=0.387) nor dis-
ease duration (3=0.025, P=0.841) predicted the number of
involved bone sites significantly.

Discussion

We have shown, in a large two-center cohort of children and
adolescents diagnosed with CNO, that bony pain, with or
without swelling, was the most common presenting symptom,
that two-thirds were girls and that the femur, tibia and pelvis
were most often involved. On whole-body MRI, epiphyses
and metaphyses appeared to be equally involved. In contrast
to previous reports, median time from time of onset to diag-
nosis was relatively low, with a median of 4 months, reflecting
an increased awareness of the diagnosis during the last few
years [7, 15]. Nearly one-fourth of the children presented with
low back pain, particularly girls, with MR features exhibiting
those of vertebral bone marrow edema. Age at presentation
and gender distribution confirmed previous reports [7, 15].
The number of sites, both with and without symptoms at
presentation, as demonstrated on the initial whole-body MRI
varied between 1 and 27, with a median of 6. Whether the
asymptomatic sites are true so-called silent lesions or subclin-
ical disease, as suggested by others [1, 15], or merely reflect

Age and symptoms for 75 children (26 boys) diagnosed to have chronic nonbacterial osteomyelitis (CNO) based on history and clinical,

laboratory and imaging findings, with an additional biopsy in 54 children (72%)

Boys (n=26) Girls (n=49) P-value® Total (n=75)°
Age at diagnosis, year, mean (SD) 10.4 (3.3) 10.5 (3.1) 0.832 10.5 (3.2)
Age at onset, years, mean (SD) 9.53.4) 10.0 (3.0) 0.534 9.8 (3.1)
Symptoms at presentation, number (%)

Body pain 19 40 0.393 59 (78.7)
Localized pain® 9 10 19 (25.3)
Low back pain 3 14 17 (22.7)
Multifocal pain 5 5 10 (13.3)
Localized pain and swelling 1 11 12 (16.0)
Localized pain and fever (>38°C) 1 1(1.3)

Fever only 2 4(5.3)

Swelling only 1 3(4.0)

Limp 3 8 (10.7)

Elevated inflammatory blood makersd, number (%) 13 33 0.209 46 (61.3)
Mild 10 20 30 (40.0)
Moderate 13 16 (21.3)

Increased white blood count (WBC) 1 1(1.3)

* Differences between genders were examined using #-tests or chi-square tests as appropriate; 2-sided P-values are given; P<0.05 is significant

" One boy age 4 months presented with agitation, crying
¢ Other than low back pain

4 Erythrocyte sedimentation rate and C-reactive protein
SD standard deviation
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Table 2 Number of children with bone changes at different sites
consistent with inflammatory change as diagnosed on whole-body MRI
at presentation (7 of the 75 children did not have a complete whole-body
MRI)

Boys Girls P-value® Total (%)
(n=26) (n=49) (n=75)
Lower limbs
Femur 19 27 0.128 46 (61.3)
Tibia 18 30 0.492 48 (64.0)
Fibula 12 9 0.011 21 (28.0)
Feet 13 16 0.142 29 (38.7)
Upper limbs
Humerus 4 11 0.467 15 (20.0)
Radius 3 0.929 9 (12.0)
Ulna 2 3 0.795 5(6.7)
Hands 0 0.134 4(5.3)
Spine 3 17 0.031 20 (26.7)
Sacrum 6 12 0.892 18 (24.0)
Sacroiliac joints 1 7 0.163 8 (10.7)
Pelvis 8 21 0.306 29 (38.7)
Ileum 4 15 0.149 19 (25.3)
Sternum 4 10 0.595 14 (18.7)
Scapula 2 6 0.543 8 (10.7)
Clavicle 3 11 0.248 14 (18.7)
Mandible 3 5 0.859 8 (10.7)
Ribs 3 1 0.081 4(53)

* Differences between genders were examined using chi-square tests; 2-
sided P-values are given; P<0.05 is significant (bold values)

signal changes during normal bone growth remains unclear.
From previous work we know that more than half of healthy
children ages 5-16 years have bone-marrow-edema-like
changes in the hand skeleton [16, 17]. Others have shown
similar findings to the feet [18] and pelvis [19]. Further studies
with a meticulous focus on the association between MRI find-
ings and clinical symptoms are warranted to clarify the signif-
icance of asymptomatic MRI findings.

Table 3 Number of children with epiphyseal, metaphyseal or
diaphyseal involvement of at least one of the long bones, in 75 children
with chronic nonbacterial osteomyelitis (7 of the 75 children did not have
a complete whole-body MRI)

Males Females  P-value® Total (%)

(n=26) (n=49) (n=75)
Distal epiphysis 11 15 0.189 26 (34.7)
Proximal epiphysis 12 7 0.027 19 (25.3)
Diaphysis 12 15 0.131 27 (36.0)
Distal metaphysis 13 24 0.938 37 (49.3)
Proximal metaphysis 16 27 0.799 43 (57.3)

* Differences between genders were examined using chi-square tests; 2-
sided P-values are given; P<0.05 is significant (bold values)

In a large registry study from 2018 including 486 chil-
dren with CRMO from 19 countries, mean age 9.9 years,
MRI revealed 4.1 sites per patient, as compared to 6 in
our case series [7]. The relatively low number of whole-
body MRI in their study, i.e. <30% of the patients, might
explain part of the difference because whole-body MRI
most likely introduces false-positive findings, or lesions.
Population differences might also have played a role.
Another study, by Andronikou et al. [20], which included
37 people with CRMO, reported on 8.6 lesions per patient
based on whole-body MRI, with 89% of patients having
multifocal disease. They noticed two patterns, namely a
multifocal predominantly tibial involvement and pauci-
focal clavicular and spinal disease. In our series we were
not able to identify specific patterns in distribution.

The number of radiologic lesions has been used as a
marker of disease activity in the context of the Pediatric
CNO (PedCNO) score [21]. In addition to the number of
radiologic lesions, the PedCNO includes ESR, severity of
disease as judged by the physician, severity of the disease
estimated by child or parent, and the Childhood Health
Assessment Questionnaire (CHAQ) score. Zhao and col-
leagues [22] further described the characteristics of CNO
lesions based on MRI findings using a grading system to
score the severity of bone edema and soft-tissue inflam-
mation as well as the presence of periosteal reaction, hy-
perostosis, growth plate damage and vertebral compres-
sion. Applying this scoring tool to a retrospective cohort
of 18 people with CNO, the authors reported a significant
decrease in the number of non-vertebral lesions and the
maximum severity of bone edema in the group receiving
aggressive treatment [14, 22]. They noted, however, that
it remains unclear which MRI characteristics can be reli-
ably assessed and to which degree they are sensitive to
change. Moreover, it is not known how the MRI findings
relate to other clinical assessment tools. In our large case
series of 75 children with CNO, only 4 had a periosteal
reaction, 3 related to diaphyseal involvement and 1 in a
rib. Thus, periosteal reaction is probably too rare to be
used as prognostic support, as are soft-tissue and physeal
involvement. As for the extent and intensity of bone mar-
row edema, we did not score this in particular. However,
being a key finding in CNO, it is reasonable to believe
that the extent/degree of bone edema might be of value,
assuming that we will be able to distinguish between true
inflammatory change and changes caused by normal
growth. Currently, there is no agreement on a standard-
ized evaluation tool [14].

In our series, elevation of the inflammatory markers
significantly predicted the number of MRI sites, suggest-
ing that the number of MRI sites represents a marker for
disease activity.
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There are several limitations to our study, including its
retrospective design and the lack of whole-body MRI in seven
of the patients. Moreover, image quality is suboptimal for
assessing physeal lesions and periosteal reaction, thus these
features might be underestimated. The possibility of artifacts,
particularly for borderline structures such as the sternum and
ribs, is also a potential bias. The strengths of the study were
the large number of children with whole-body MRI and the
meticulous image analysis.

Conclusion

Nearly one-fourth of children with CNO, particularly girls,
presented with isolated back pain only. The most common
sites of disease were the femur, tibia and pelvic bones.
Elevation of inflammatory markers seems to predict the num-
ber of MRI sites of disease.
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Abstract

Background Hip involvement predicts severe disease in juvenile idiopathic arthritis (JIA) and is accurately assessed by MRI.
However, a child-specific hip MRI scoring system has not been validated.

Objective To test the intra- and interobserver agreement of several MRI markers for active and chronic hip changes in children and
young adults with JIA and to examine the precision of measurements commonly used for the assessment of growth abnormalities.
Materials and methods Hip MRIs from 60 consecutive children, adolescents and young adults with JIA were scored inde-
pendently by two sets of radiologists. One set scored the same MRIs twice. Features of active and chronic changes, growth
abnormalities and secondary post-inflammatory changes were scored. We used kappa statistics to analyze inter- and intrao-
bserver agreement for categorical variables and a Bland—Altman approach to test the precision of continuous variables.
Results Among active changes, there was good intra- and interobserver agreement for grading overall inflammation (kappa
0.6-0.7). Synovial enhancement showed a good intraobserver agreement (kappa 0.7-0.8), while the interobserver agreement
was moderate (kappa 0.4-0.5).

Regarding acetabular erosions on a 03 scale, the intraobserver agreement was 0.6 for the right hip and 0.7 for the left hip,
while the interobserver agreement was 0.6 for both hips. Measurements of joint space width, caput—collum—diaphyseal angle,
femoral neck—head length, femoral width and trochanteric distance were imprecise.

Conclusion We identified a set of MRI markers for active and chronic changes in JIA and suggest that the more robust mark-
ers be included in future studies addressing clinical validity and long-term patient outcomes.

Keywords Adolescents - Children - Hip - Inflammation - Joint damage - Juvenile idiopathic arthritis - Magnetic resonance

imaging - Scoring system - Young adults
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Introduction

Juvenile idiopathic arthritis (JIA) is the most common
chronic rheumatologic disease in children [1]. It comprises
a group of clinically heterogeneous arthritides of unknown
origin that develop before the age of 16 years and per-
sist for at least 6 weeks. The disease is characterized by a
chronic inflammatory process of the synovium and periar-
ticular tissue that can lead to structural damage and growth
abnormalities. The incidence of JIA varies from 1.6 to 23
in 100,000, with a prevalence of 3.8—-400 in 100,000 [2].

Hip involvement is common in children with JIA,
occurring in approximately 20-50% of cases [3] and is
considered a predictor of severe disease, carrying a high
risk of disability. Typically, both hips are affected, but
unilateral involvement is occasionally seen. The majority
of children with active hip disease develop irreversible
changes within 5 years of diagnosis [4] and approximately
26-44% require a total hip replacement within the first
10 years of disease onset [5].

Early detection and targeted treatment of active disease
is essential to improve long-term outcomes [6]. Although
most children with JIA have ongoing disease into adult-
hood, it has been suggested that there is a “window of
opportunity” during the early, subclinical stage, where
prompt instigation of treatment might delay progression
and induce remission [7, 8]. Unfortunately, clinical assess-
ment of the hips, even when performed by experienced
rheumatologists, is difficult because the hip joint is deep-
lying and not easy to palpate. There is thus a need for
accurate diagnostic tools to depict both active and chronic
JIA-related joint changes, as has been highlighted in sev-
eral studies [6, 9].

For adults with rheumatoid arthritis, several validated
scoring systems for hip involvement exist, including the
Hip Inflammation Magnetic Resonance Imaging Scoring
System (HIMRISS) and Hip Osteoarthritis MRI Scor-
ing System (HOAMS) [10, 11]. For children, however,
although several scoring systems have been proposed
[12-16], no child- and hip-specific scoring system includ-
ing both inflammatory and permanent changes has been
validated [17]. In one study including 79 children with
hip involvement, of whom 22 had confirmed JIA, the inter-
and intraobserver agreement of several selected parameters
were addressed using a simplified MR-based scoring sys-
tem on a 0-1 scale [14]. The most reliable features were
the presence of joint effusion, bone marrow edema and
the subjective assessment of synovium [14]. The study
reported significant differences across parameters in the
intraobserver reliability and a poor-moderate interob-
server reliability for most parameters [14]. However, the
study was limited to the active inflammatory domain.

Moreover, as underlined by the authors, most children with
JIA did not have a confirmed inflammatory disease, further
weakening the robustness of the study [14]. Other authors
have compared MRI and clinical or laboratory findings in
small datasets, thus without testing the precision of the
MRI markers applied [12, 13, 15, 16].

More recently, two papers addressing non-enhanced MRI
in the diagnosis of hip changes in JIA were published — one
retrospective observational study including 97 children with
clinically suspected hip JIA [18] and one study on whole-
body MRI for the quantification of a total inflammatory joint
score [19]. However, again, repeatability studies of the sug-
gested scores were not performed.

Our study is a first step toward establishing a robust MRI-
based scoring system for active and chronic JIA changes of
the hip to be used for monitoring treatment effect in daily
practice as well as measuring outcomes in clinical trials. We
tested the intra- and interobserver agreement of a set of MRI
markers for active and chronic hip changes and examined
the precision of measurements commonly used for assessing
growth abnormalities.

Materials and methods

This study is part of a large longitudinal multicenter pro-
ject (Health-e-Child) aimed to establish imaging-based
scoring systems for children and adolescents with JIA with
wrist or hip involvement. Leading pediatric musculoskel-
etal radiologists and clinical rheumatologists at four cent-
ers — Bambino Gesu Children’s Hospital (OPBG), Rome;
Giannina Gaslini Institute (IGG), Genoa; Hopital Necker
Enfant Malades (HNEM), Paris; and Great Ormond Street
Hospital (GOSH), London — were involved in devising an
MRI-based scoring system for JIA. The present project was
approved by the institutional research ethics committee at
OPBG and IGG. Written informed consent was obtained
from all the patients or their caregivers. For the purpose of
this particular study, we included 60 consecutive children,
adolescents and young adults over a 2-year interval with a
diagnosis of JIA and confirmed or suspected hip involve-
ment (37 studied at OPBG and 23 at IGG) according to the
International League of Associations for Rheumatology
(ILAR) classification [20]. Children and adolescents of any
disease severity and activity level were included, irrespec-
tive of current or previous medical treatments. All patients
underwent MRI without sedation.

Magnetic resonance imaging protocol

All MRI examinations were performed on a 1.5-tesla (T)
MRI system (Achieva Intera; Philips Medical Systems,
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Best, The Netherlands), using a body coil. The field-of-view
included the whole pelvis to allow visualization of both hips.
The children were imaged supine with the legs straight and
the feet in a neutral position.

The following sequences were acquired:

e Three-dimensional (3-D) T1-weighted turbo spin-echo
(TSE) sequence with repetition time/echo time (TR/
TE) 600/10 ms, acquired and reconstructed voxel size of
1x1x1 mm, number of signal averages 2, acquisition
time about 5 min;

e T2-weighted TSE fat-saturated (FS) sequence with TR/
TE 4,400/70 ms, voxel size 0.55x0.69 X3 mm, base
resolution 218, section thickness/gap 3/0.3 mm, number
of signal averages 1, acquisition time about 4 min;

e 3-D spoiled gradient echo (GRE) FS sequence with TR/
TE 40/7 ms, flip angle (FA) 25°, voxel size 1 X 1 X 1 mm,
acquisition time about 4 min, acquired immediately
(“early”) and approximately 5 min (“late”) after manual
injection of 0.2 mL/kg of gadoteric acid 0.5 mmol/m
(Dotarem; Guerbet, Roissy, France) through a 21-gauge
(G) cannula inserted into an arm vein, followed by a flush
of 10 mL saline.

All sequences were acquired in the coronal plane. The
mean imaging time, including the time for positioning and
injection, was approximately 25 min.

Scoring
Prior to scoring, we conducted three calibration sessions last-

ing 2 days each, using 30 MRI cases not included for analysis
in this study to ensure standard terminologies and definitions

could be agreed upon. We used an imaging atlas with relevant
examples of each variable and grade as a reference to help
maintain a consistent standard of scoring across all readers
(see Online Supplementary Material 1 for the scoring system
and Online Supplementary Material 2 for imaging atlas).

All hip MRIs were scored by two sets of radiologists. The
first set scored the same MR images twice (the second time
after a wash-out period of 3 weeks). In this set, the scoring
was performed in consensus by one pediatric radiologist
(L.T.dH., with 14 years of experience) and one of two addi-
tional pediatric radiologists (P.L.D.P., with 9 years of expe-
rience, or P.dA., with 5 years of experience) at OPBG. The
second set included one pediatric radiologist (S.C.S., with
7 years of experience) at GOSH, who scored all the MRI
images once independently. All radiologists were blinded to
disease duration, clinical symptoms and findings, JIA sub-
type and prior imaging.

Inflammatory changes

Based on the pre- and late post-contrast 3-D GRE and the
coronal T2-W FS images, we scored:

1. Synovial enhancement intensity (using different scoring
scales, Fig. 1) and synovial thickening (measured both
subjectively and objectively);

2. Presence of effusion;

3. Degree of overall synovial inflammation including thick-
ening and enhancement intensity;

4. Degree of overall inflammation (Fig. 2), adding effusion
to the degree of overall synovial inflammation;

5. Bone marrow edema, which was defined as an area of high
signal intensity on T2-W FS images with corresponding

Fig.1 Degree of post-contrast synovial enhancement of the left-hip
MRISs in three children with juvenile idiopathic arthritis (JIA), dem-
onstrated on coronal three-dimensional (3-D) gradient echo MRI
sequences with fat saturation. a No visible synovial enhancement
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(score 0) in a 17-year-old boy. b Mildly increased enhancement
(arrows) (score 1) in a 16-year-old girl. ¢ Severely increased enhance-
ment (arrows) (score 2) in a 15-year-old boy
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Fig.2 Overall degree of inflammation in right-hip MRIs in four pairs of images from four children with juvenile idiopathic arthritis (JIA) across
different levels of severity. All images are demonstrated using coronal post-contrast three-dimensional (3-D) gradient echo with fat saturation (a,
¢, e, g) and coronal fat-saturated T2-weighted turbo spin-echo (b, d, f, h) MRI sequences. a, b No inflammation (score 0) in a 12-year-old boy.
¢, d Mild synovial thickening with moderate increase in post-contrast enhancement (long arrows) and sliver of effusion (short arrows) (score
1) in a 16-year-old girl. e, f Moderate synovial thickening with moderately increased post-contrast enhancement (long arrows) and mild effu-
sion (short arrows) (score 2) in a 15-year-old boy. g, h Severe synovial thickening and increased post-contrast enhancement, more evident at the
medial aspect of the joint (long arrows), with mild/moderate effusion (short arrows) (score 3) in a 17-year-old girl
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low signal intensity on T1-W images and was assessed in
the femoral head based on the proportion of bone involved
(volume) (Fig. 3), in the acetabulum (measured subjec-
tively) and in the femoral neck as absent or present (0/1).

Structural joint damage

Structural joint damage was evaluated on the 3-D TSE T1-W
images, using fluid-sensitive and post-contrast images when
appropriate. The following features were evaluated and
scored:

1. Erosion (defined as a bony depression seen on at least
two planes) in the femoral head based on the proportion
of head volume involved, in the femoral neck as absent
or present (0/1) and in the acetabulum (Fig. 4). Active
erosions (defined as an erosion filled with enhancing
pannus) were scored in the femoral head (Fig. 5).

2. Flattening of the femoral head was assessed in the coro-
nal plane (mid-section) compared to what is expected
for age, first subjectively and thereafter using a Mose
circle. Bone cysts were described as sharply delineated,
enhancing lesions with high signal on fluid-sensitive
sequences and were scored as absent/present in three
locations (femoral head, neck and acetabulum).

Cartilage damage

Based on 3-D GRE T1-W sequences, we assessed the joint
cartilage width superiorly (mid-weight-bearing area), first
judging it subjectively to be normal, mildly, moderately or
severely narrowed and then taking measurements in mil-
limeters. We also evaluated and scored cartilage in terms of
signal abnormalities and morphological changes, as well as
symmetry (right versus left joint space width). Based on the
coronal T1-W sequences, we measured femoral neck width
(in mm), femoral head/neck length (in mm), caput—col-
lum—diaphyseal (CCD) angle and trochanteric femoral head
distance (in mm). We also evaluated whether the physis was
patent; the presence of coxa magna, coxa brevis or protrusio
acetabuli; and the presence of fovea enlargement. Finally, we
evaluated the presence of osteophytes and sclerosis on both
coronal T1-W and fluid-sensitive FS sequences.

Statistical analysis
Continuous data are presented as means (+ standard devia-

tion [SD]), ordinal data as medians (ranges) and dichotomous
data as proportions. We analyzed intra- and interobserver
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agreement using a simple or a weighted (linear) Cohen kappa
coefficient 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 [21]. We ana-
lyzed differences in measurements 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 accept-
able agreement was set at 15% [22]. 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 27 (IBM, Armonk, NY).

Results

We included 60 MRIs from 60 children and young adults
with JTA (35 female) and confirmed or suspected hip involve-
ment, with a mean age 14.9 years (range 5.5-20 years). Of
these, 23 had oligoarticular JIA (18 oligoarticular-extended
and 5 oligoarticular-persistent), 17 had the polyarticular JIA
subtype, 8 had enthesitis-related arthritis, 10 systemic JIA,
1 psoriatic JIA and 1 undifferentiated JIA. The mean dis-
ease duration at the time of the MRI was 8.6 years (range
0.2—-18 years). The distribution of changes seen for the right
hip is shown in Fig. 6.

Table 1 shows the agreement within and between readers
for the assessment and grading of inflammatory and struc-
tural JIA changes as examined on MRI for right and left
hips, separately.

Inflammatory domain

There was a good intra- and interobserver agreement (with
a kappa value of 0.7 and 0.6, respectively) for grading over-
all impression of inflammation on a 0-3 scale (effusion
included). Similarly, grading overall impression of inflam-
mation, omitting effusion, performed well, with an intrao-
bserver kappa of 0.7-0.8 and an interobserver kappa of 0.4
(Table 1).

Grading synovial enhancement performed best on a 0-2
scale, with a good intraobserver and a moderate interobserver
agreement (kappa of 0.7-0.8 and 0.4-0.5, respectively). The
intraobserver agreement for subjective evaluation of syno-
vial thickening was good to very good (kappa of 0.8-0.9)
while the interobserver agreement was moderate (0.4-0.5)
(Table 1).

There was good intraobserver agreement for grading
effusion with kappas of 0.6—0.7, while the interobserver
agreement for the same variable was fair (kappa 0.3-0.4).
Regarding bone marrow edema, the intraobserver agreement
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Fig.3 Femoral head bone marrow edema demonstrated on MRI of the
left hip in four pairs of images from four children with juvenile idiopathic
arthritis (JIA) across different severity levels. Bone marrow edema was
defined as hypointense areas on T1-W sequences with corresponding
hyperintense areas on fat-saturated T2-W sequences in the bone marrow.
All images are demonstrated using coronal three-dimensional (3-D)
T1-weighted turbo spin-echo (a, ¢, e, g) and fat-saturated T2-weighted

turbo spin echo (b, d, f, h) MRI sequences. a, b No visible bone marrow
edema (score 0) in a 13-year-old boy. ¢, d Two focal areas of bone
marrow edema (less than 33% of the bone volume, arrows) (score 1) in
a 11-year-old girl. e, g Large area of bone marrow edema (between 33
and 66% of the bone volume, arrows) (score 2) in a 14-year-old girl. g,
h Widespread bone marrow edema (almost 100% of the bone volume)
(score 3) in a 15-year-old boy
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Fig.4 Erosions demonstrated
on MRI at the left acetabulum
as shown on coronal three-
dimensional (3-D) T1-weighted
turbo spin-echo sequences in
patients with juvenile idiopathic
arthritis (JIA). a No visible
acetabular erosions (score 0) in
a 20-year-old woman. b Some
erosions on the superior aspect
of the acetabulum (<33% of
the surface, arrows) (score 1) in
a 18-year-old man. ¢ Multiple
acetabular erosions (between
34% and 66% of the surface,
arrows) (score 2) in a 13-year-
old boy. d Erosive changes of
the whole acetabular surface
(arrows) (score 3) in a 19-year-
old woman with complete
destruction of the femoral head
(arrows)

Fig.5 Left-hip MRI of active
erosion in an 18-year-old
woman with juvenile idiopathic
arthritis (JIA). a, b Coro-

nal three-dimensional (3-D)
T1-weighted turbo spin-echo (a)
and post-contrast 3-D gradient
echo with fat saturation (b).
These images show an active
erosion (erosion filled with
enhancing pannus) (arrows)

was good, with a kappa value 0.7 for all locations bilaterally
(femoral epiphysis, acetabulum and femoral neck); however,
the interobserver kappa values were poor, ranging between

0.2 and 0.4 (Table 1).

@ Springer

Structural damage domain

There was a good intra- and interobserver agreement for grad-
ing erosions in the acetabulum on a 0-3 scale, with kappa
values of 0.6-0.7 and 0.6, respectively. Regarding the grading
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Fig.6 Distribution of MRI scores for the various features assessed in 60 children through young adults with juvenile idiopathic arthritis (JIA) in
this study (right hip, observer 1, second reading). The x-axis shows the number of examined hips

of femoral head erosions, the intraobserver agreement was
highly satisfactory (kappa values of 0.7-0.8), while the inter-
observer agreememt was moderate (kappa 0.4—0.5) (Table 1).

There was an excellent intraobserver agreement for
grading active erosions of the femoral head, with kappa
values of 0.9 and the interobserver agreement was good
with a kappa of 0.6. The kappa values for the femoral
head flattening with or without the use of a Mose circle
performed well for the same observer (kappa value of 0.7
for the right hip and 0.6 for the left hip), while agreement
was significantly lower between observers (0.3-0.4).

There was only one cyst in the femoral neck, thus we
could not estimate a kappa value.

The agreement for bone cyst on the femoral head and
acetabulum, enlarged fovea, sclerosis and osteophytes is
listed in Table 1.

Measurement of joint space width evaluated in millim-
eters performed poorly, with wide 95% limits of agreement
(LOA) ranging from —1.6 to 2.0 mm for the intraobserver
and from —2.7 to 3.3 mm for the interobserver values, cor-
responding to 129% and 214% of the mean value, respec-
tively (Table 2). Kappa values for the subjective assessment
of joint cartilage width on a 0-3 scale were good, ranging
from 0.6 to 0.7 for the same observer, while the interob-
server agreement was poor, with a kappa value of 0.2. The

agreement for signal abnormalities/morphological changes
on a 0—4 scale was fair (kappa values of 0.3-0.4) (Table 1).

Markers for the assessment of growth

Measurements of the CCD, femoral head—neck length, femo-
ral neck width and trochanteric femoral head distance were
imprecise, with a wide 95% LOA (Table 2).

Discussion

This study is part of a larger project to establish MRI mark-
ers for active and chronic disease in children, adolescents
and young adults with JIA with hip involvement. In this
substudy we tested numerous markers (isolated and in com-
bination) to identify those that are sufficiently robust to be
included in a future MRI scoring system. The study is novel
in that it provides the precision of various MR imaging
biomarkers for both inflammatory and chronic changes in
children and adolescents with JIA-related hip involvement.
One previous paper addressed the accuracy of a simplified
MR score for assessing active changes, reporting a variable
intraobserver agreement across both observers and param-
eters, ranging from poor to excellent, while the interobserver
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Table 1 Test-retest analysis of features used to describe inflammatory and chronic changes on MRI in 60 children through young adults (35
females) ages 6-20 years with juvenile idiopathic arthritis and hip involvement

Type of damage Right hip Left hip
Intra-reader kappa Inter-reader Intra-reader Inter-reader
(95% CI) kappa (95% CI) kappa (95% CI) kappa
95% CI)
Inflammatory domain
Synovial enhancement (0-3) 0.7 (0.6-0.9) 0.3 (0.2-0.4) 0.7 (0.5-0.8) 0.4 (0.2-0.5)
Synovial enhancement (0-2) 0.8 (0.6-0.9) 0.4 (0.2-0.6) 0.7 (0.5-0.8) 0.5 (0.3-0.7)
Synovial enhancement (0-1) 0.7 (0.4-1.0) 0.2 (-0.1-0.5) 0.5 (0.0-0.9) 0.1 (-0.2-0.5)
Synovial thickening subjective (0-3) 0.9 (0.8-1.0) 0.5 (0.3-0.7) 0.8 (0.6-0.9) 0.4 (0.2-0.6)
Effusion (0-4) 0.6 (0.4-0.8) 0.4 (0.2-0.6) 0.7 (0.5-0.8) 0.3 (0.2-0.4)
Overall synovial inflammation (0-3) 0.8 (0.6-1.0) 0.4 (0.2-0.6) 0.7 (0.5-0.9) 0.4 (0.3-0.6)
Overall degree of inflammation, including 0.7 (0.5-0.9) 0.6 (0.4-0.7) 0.7 (0.5-0.9) 0.6 (0.4-0.7)
effusion (0-3)
Bone marrow edema
Femoral epiphysis (0-2) 0.7 (0.5-0.9) 0.4 (0.1-0.6) 0.7 (0.5-0.9) 0.3 (0.1-0.6)
Acetabulum (0-1) 0.7 (0.6-0.9) 0.2 (0.0-0.4) 0.7 (0.5-0.9) 0.3 (0.1-0.4)
Femoral neck (0-1) 0.7 (0.5-0.9) 0.3 (0.0-0.5) 0.7 (0.6-0.9) 0.3 (0.0-0.5)
Structural bone damage domain
Erosion
Femoral head (0-3) 0.7 (0.5-0.9) 0.4 (0.2-0.6) 0.8 (0.6-0.9) 0.5 (0.3-0.7)
Femoral neck (0-1) 0.8 (0.5-1.0) 0.2 (0.1-0.6) 0.7 (0.5-0.9) 0.1 (0.1-0.4)
Acetabulum (0-3) 0.6 (0.4-0.8) 0.6 (0.4-0.8) 0.7 (0.5-0.8) 0.6 (0.4-0.8)
Acetabulum (0-2) 0.6 (0.4-1.0) 0.3 (0.1-0.5) 0.7 (0.5-0.8) 0.4 (0.2-0.6)
Active erosion femoral head (0-1) 0.9 (0.8-1.0) 0.6 (0.3-0.9) 0.9 (0.7-1.0) 0.6 (0.4-0.9)
Flattening of the femoral head® (0—4) 0.7 (0.5-0.9) 0.4 (0.2-0.6) 0.6 (0.4-0.8) 0.3 (0.1-0.5)
Flattening femoral head Mose® (0-4) 0.7 (0.5-0.9) 0.3 (0.1-0.5) 0.6 (0.4-0.8) 0.3 (0.1-0.5)
Bone cyst (0-1)
Femoral head 0.9 (0.6-1.0) 0.7 (0.4-1.0) 0.8 (0.6-1.0) 0.7 (0.5-1.0)
Acetabulum 0.8 (0.5-1.0) 0.3 (0.0-0.7) 0.8 (0.5-1.0) 0.6 (0.3-0.9)
Enlarged fovea (0-2) 0.7 (0.6-0.9) —-0.1 (0.2-0.1) 0.8 (0.6-0.9) 0.1 (0.1-0.2)
Sclerosis (0-1) 0.8 (0.6-0.9) 0.1(0.1-0.2) 0.8 (0.7-1.0) 0.1 (0.0-0.2)
Osteophytes (0-1) 0.9 (0.8-1.0) 0.0 (0.0-0.2) 0.9 (0.8-1.0) 0.2 (0.0-0.4)
Joint space width (0-3) 0.7 (0.6-0.9) 0.2 (0.0-0.4) 0.6 (0.5-0.8) 0.2 (0.1-0.4)
Cartilage changes (0-4) 0.4 (0.3-0.6) 0.3(0.1-0.4) 0.4 (0.2-0.6) 0.3 (0.1-0.4)

CI confidence interval

“Flattening of femoral head as assessed subjectively

PFlattening of femoral head as assessed using a Mose circle

Table 2 Test-retest analysis of features used in evaluation of growth changes on MRI in 60 children with juvenile idiopathic arthritis and hip

involvement (right hip)

Markers for assessment of growth OBS 1

Intraobserver (OBS1)
(1% vs. 2" measurement)

OBS 2 Interobserver

(OBS 1 vs. OBS 2)

1 mean (SD) 2" mean (SD) Mean diff. (SD) 95% LOA Mean (SD) Mean diff. (SD) 95% LOA
Femoral neck width, mm 29.0 (14.9) 25.0(4.2) 4.4 (14.6) -24.8t033.6 28.2(8.4) 3.8(7.5) -11.2t0 18.8
Femoral head/neck length, mm 72.3 (19.6) 76.3 (13.6) 3.1(14.4) -257t031.9 264 (54) 3.8(7.5) -11.2t0 18.8
CCD angle, degrees 132.0 (7.5) 131.1 (8.6) 0.5 (6.8) —13.1to 14.1 132.9(5.5) 1.5(8.3) -15.1t0 18.1
TFHD, mm 18.4 (5.8) 18.3(5.9) 0.1 (2.8) -5.5t05.7 22.6 (11.0) 0.1(2.8) -3.5t05.7
Joint space width, mm 2.8 (1.3) 3.0 (1.5) 0.2 (0.9) -1.6t02.0 3.3(1.3) 0.3 (1.5) -27t03.3

CCD caput—collum—-diaphyseal angle, diff. difference, LOA limits of agreement, OBS observer, SD standard deviation, TFHD trochanteric—femo-

ral head distance
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agreement was consistently moderate for effusion and mar-
row edema and less satisfactory for other parameters [14].

We have identified a set of MRI markers for hip involve-
ment in children and adolescents with JIA. The more precise
inflammatory markers include overall degree of inflamma-
tion on a 0-3 scale, synovial enhancement on a 0-2 scale
and active erosions on a 0—1 scale, while assessment of bone
marrow edema performed well for the same-observer only.
For structural bone damage, grading of femoral head and
acetabular erosions performed well. Direct measurements
were imprecise.

Surprisingly, our study showed that grading of synovial
enhancement on a 0—1 scale performed poorer than grading
based on 0-2 and 0-3 scales. This is most likely a result of
the difficulties in setting a precise cut-off between physio-
logical synovial enhancement and mildly increased enhance-
ment suggestive of synovial inflammation. In contrast to the
study by Porter-Young et al. [14], in our population very few
cases were scored as non-enhancing, thus yielding a skewed
dataset for the kappa analysis. Indeed, the lack of a precise
cut-off is a diagnostic challenge in that it can lead to both
overdiagnosis with unnecessary treatment, and underdiag-
nosis with an increased risk of structural damage and poorer
long-term outcome. This underscores the need for prospec-
tive studies establishing reference standards across ages.

Another challenge in grading synovial enhancement is
timing of the post-contrast images. Previous studies have
shown that timing strongly influences the degree of synovial
enhancement in the assessment of both wrists [23] and knees
[24]. Despite the increasing use of MRI in arthritis, there is
no consensus on the exact timing for post-contrast images,
the suggested interval being within 5 min [25]. The rationale
behind early post-contrast images is that, if acquisition is
delayed too long, contrast washout from the synovium into
the joint fluid obscures the borders between synovium and
an effusion, as was demonstrated in two studies of patients
with rheumatoid arthritis [26, 27]. Thus, a standardized pro-
tocol is crucial for follow-up of known pathology, and also
for clinical trials across institutions. In the present study, we
acquired post-contrast sequences approximately 5 min after
the contrast injection.

Regarding bone marrow edema, despite good intraobserver
agreement, the interobserver agreement was disappointing
and not in line with a previous study on wrist MRI [28]. We
speculate that the size and shape of the scored volumes might
play a role because carpal bones are significantly smaller than
hips, thus fewer slices are included for assessment.

We have possible explanations for the unsatisfactory inter-
observer agreement for some of the other features. Among the
structural damage markers, we believe that the agreement for
cartilage lesions was poor for two main reasons. First, the ace-
tabular and femoral layer of articular cartilage is very thin in
the hip joint and it is extremely difficult to reliably distinguish

between partial- and full-thickness lesions. Second, in the
growing child the cartilage becomes thinner with time, thus
it is challenging to differentiate the physiological thickness
reduction caused by growth from the presence of pathological
erosions. Future studies comparing our data with the MRI data
obtained from healthy children could help elucidate this matter.
Moreover, osteophytes were present only in few patients, and
this might have affected the suboptimal results.

Last, further calibrations could improve the inter-reader
reliability. The poor results for direct measurements as the
CCD, femoral neck—head length, femoral width and tro-
chanteric distance were expected and in line with previous
studies [29].

Of note is the excellent agreement for assessing active
erosions, both within and between observers. Moreover, the
assessment of acetabular erosions was precise, as was the
assessment of femoral head and neck erosions for the same
reader. Whether MRI might replace conventional radio-
graphs, however, remains to be addressed.

Our study has some limitations. First, there is the subjec-
tive nature of any MRI scoring system, with differences in
measurements and inherent biases caused by different radiol-
ogists’ experience and understanding of the factors required
to score, although we tried to alleviate this with calibration
sessions and the use of an imaging atlas. Moreover, some of
the features evaluated in our scoring system were extremely
rare (i.e. cyst on femoral neck, coxa brevis), thus it was not
possible to assess the agreement for those variables.

The strengths of the study are large sample size covering
a wide spectrum of pathological changes, within both the
inflammatory and the bone damage domains. Furthermore,
we used state-of-the-art MRI protocols across two centers,
both including intravenous contrast agent, and our scan
parameters were selected to provide the best images within
areasonably short scan time. Last, we performed meticulous
calibration sessions prior to the scoring sessions, preceded
by a pilot study and an atlas, to ensure that readers could
interpret imaging findings in a consistent manner.

In a next paper we plan to complete the validation process
of the present MRI scoring system by testing its clinical
validity and responsiveness to change, aiming to present a
final MRI scoring system to be used as a primary outcome
measure in clinical trials with the purpose of evaluating the
efficacy of novel antirheumatic drugs for JIA similar to that
already established for rheumatoid arthritis (RA) in adults
[30-33]. Once obtained, this scoring system might be use-
fully employed in several settings in JIA patients. Particu-
larly, it could be used prior to therapy to identify children
who need more aggressive treatment and during the phar-
macological treatment to monitor its efficacy and to assess
more accurately their remission status. Moreover, it has been
recently reported that persistent synovitis on hip MRI in
children with JIA in clinical remission predicts disease flare
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[34]. Therefore, our scoring system could be extremely help-
ful in children in clinical remission where the depiction of a
silent synovitis on MRI might allow prompt treatment with
a possible considerable improvement of disease progression.

Conclusion

This work is a first step toward establishing a valid MRI
scoring system for JIA-related hip changes. Several of the
MRI markers for both active and chronic changes showed a
high reproducibility, the most interesting being the overall
synovial inflammation and the evaluation of active erosions.
We suggest that the more robust variables be used in future
studies assessing clinical validity, responsiveness to change
and long-term patient outcomes.
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Objective: When performing whole-body MRI for bone marrow assessment in children, optimizing scan time is
crucial.

The aim was to compare T2 Dixon fat-only and TSE T1-weighted sequences in the assessment of bone marrow
high signal areas seen on T2 Dixon water-only in healthy children and adolescents.

Materials and methods: Whole-body MRIs from 196 healthy children and adolescents aged 6 to 19 years (mean
12.0) were obtained including T2 TSE Dixon and T1 TSE-weighted images. Areas with increased signal on T2
Dixon water-only images were scored using a novel, validated scoring system and classified into “minor” or
“major” findings according to size and intensity, where “major” referred to changes easily being misdiagnosed as
pathology in a clinical setting. Areas were assessed for low signal on T2 Dixon fat-only images and, after at least
three weeks to avoid recall bias, on the T1-weighted sequence by two experienced pediatric radiologists.
Results: 1250 high signal areas were evaluated on T2 Dixon water-only images. In 1159/1250 (92.7%) low signal
was seen on both T2 Dixon fat-only and T1-weighted sequences while in 24 (1.9%) it was not present on either
sequence, with an absolute agreement of 94.6%. Discordant findings were found in 67 areas, of which in 18
(1.5%) low signal was visible on T1-weighted images alone and in 49 (3.9%) on T2 Dixon fat-only alone. The
overall kappa value between the two sequences was 0.39. The agreement was higher for major as compared to
minor findings (kappa values of 0.69 and 0.29, respectively) and higher for the older age groups.

Conclusion: T2 Dixon fat-only can replace T1-weighted sequence on whole-body MRI for bone marrow assessment
in children over the age of nine, thus reducing scan time.

1. Introduction

Whole-body MRI has become an important imaging method for the
evaluation of bone marrow, enabling detection and in part character-
ization of a variety of both malignant and non-malignant diseases in
adults as well as in children [1-5]. The examination is relatively time
consuming, depending on the number and type of sequences performed,
and by the anatomy included. Since some children, particularly the
youngest, struggle to lie still for the entire exam duration, either because

of their age or their medical condition or both, optimizing scan time is
important to reduce anxiety in the child and achieve examination of
good quality, less affected by motion artifacts. This is especially true for
children who undergo frequent follow-ups to monitor the disease
progression.

To date, standardized and validated whole-body MRI protocols in
children and adolescents are lacking. In a recent systematic review, a
significant variation as to body coverage, sequences and technical set-
tings used was found [6]; among the fat-suppressed fluid-sensitive

Abbreviations: STIR, short inversion time inversion recovery; CHESS, chemical shift-selective fat saturation; SNR, signal-to-noise ratio; TSE, Turbo Spin Echo.
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sequences, the majority used a short time inversion recovery (STIR)
often followed by a coronal T1-weighted sequence. Only one study [7]
mentioned the T2-weighted Dixon. This sequence, as opposed to STIR,
generates a set of four image reconstructions in a single acquisition: in-
phase (equivalent to standard non-fat-suppressed images) and out-of-
phase, fat-only (for fat quantification) and water-only (equivalent to
fat-suppressed) (Fig. 1) [8].

In adult musculoskeletal imaging, Dixon T2-weighted water-only
images are increasingly being used to provide fat-suppressed, fluid
sensitive images [8-10]. The chemical shift based, water-fat separation
is a robust fat suppression technique compared to alternative fat-
suppression such as chemical shift-selective fat saturation (CHESS)
and has a relatively higher signal-to-noise ratio (SNR) compared to STIR
[11]. Further, the generation of fat-only images in the same acquisition
has fueled an interest in the potential of T2 Dixon to replace T1-
weighted Turbo Spin Echo (TSE) images for the assessment of bone
marrow involvement in adults [12-16].

As for children and adolescents, to the best of our knowledge, no
study exists comparing T2 Dixon fat-only and T1-weighted TSE images.
The two sequences are fundamentally different. While T1-weighted TSE
images are composed of signals from fat due to its low T1-value, the
images also contain some signal from water-containing tissues.
Conversely, fat-only Dixon images are reconstructed from the T2-
weighted out-of-phase and in-phase images, without residual water
signal. In theory, this might influence the appearance of water con-
taining red bone marrow compared to yellow bone marrow across age
groups.

In two previous studies we have demonstrated that healthy children
have a wide range of signal intensity in the bone marrow on whole-body
MRI [17,18]. In the present study we aimed to compare the signal on T2
Dixon fat-only and T1-weighted TSE sequences in areas where high
signal was seen on T2 Dixon water-only in a cohort of healthy children
and adolescents undergoing whole-body MRI. This will indicate if the
use of T2 Dixon sequence can replace T1-weighted TSE images in a
whole-body protocol, hence reduce scan time.

2. Methods
2.1. Study population

The present study is part of a prospective study performed during
2018-2020, including 196 healthy children and adolescents aged 6-19
years [17-20]. All had a whole-body 1.5 T MRI performed for research
purposes only, at the Department of Radiology of Oslo University Hos-
pital or University Hospital Northern-Norway. The participants were
recruited via mail, announcements on social media or direct invitation,
and included if there were no contraindications to MRI, a history of
cancer, current infection, chronic or systemic disease, metabolic or
musculoskeletal disorder, or a symptomatic trauma within the past four
weeks. None of the participating individuals reported disease or
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symptoms from the musculoskeletal system when contacted within 18
months after the first examination.

For this sub-study we included baseline whole-body MRIs from all
196 individuals. The demographic details on the healthy pediatric
cohort compared to the general population are reported in Table 1.

The study was approved by the Regional Ethics Committee (REK; no
2016/1696), and written informed consent was obtained from each
participant and/or a caregiver according to national guidelines.

2.2. Whole-body MRI acquisition

The whole-body MRIs were performed during free breathing, using
phased array surface coils and a 1.5 T MRI scanner (Philips medical
systems, Best the Netherlands, Intera model release 2.3 (n = 118) or
Magnetom Siemens Aera, software ellc (n = 78)). Coronal T2-weighted
Dixon and T1-weighted sequences were acquired from the skull-base to
toes in 3-5 steps. In 77/118 children and adolescents studied with the
Philips scanner the STIR sequence was also performed. The scan pa-
rameters including scan time are shown in Table 2.

During the examination the child could either listen to music or
watch a movie, and total scan time was approximately 30-45 min.

Table 1
Demographic details on the healthy pediatric cohort compared to the general
population.

Variables Study subjects, n Data from Statistics

=196 Norway*

78 (39.8%) /118 -
(60.2%)

Oslo University Hospital / University
Hospital North Norway, n (%)
101 (51.5%)

Female, n (%) 374,152 (48.8%)

Age, years (range)Group 1 12.0 (6.0 - 18.9) (6.0-15.0)
(n = 47)Group 2 <9
(n = 52)Group 3 9-11
(n = 47)Group 4 12-14
(n =50) 15-19
Median BMI, kg/m2 (range) 18 (13-30) 18 ()

Sports-activity at least once a week, n 167 (85%) (84% — 89%)

(%)

" Statistics Norway, Helseforhold, levekarsundersgkelsen. Statistisk Sen-

tralbyra, statistikkbanken. https://www.ssb.no/statbank/table/06658.
Accessed 24. May 2021.
** https://www.ssb.no/a/barnogunge/2020/tabeller/befolkning/bef0000.html. Age 6-17. Accessed

01. May 2022.

Fig. 1. Knee MRI of a healthy 12 year-old boy. T2 Dixon sequence with all four image reconstructions (a. in phase, b. out of phase, c. fat-only, d. water-only).
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Table 2

European Journal of Radiology 166 (2023) 110968

Basic MRI parameters for the whole-body 1.5 T MRI. T2-weighted Dixon, T1-weighted TSE and STIR sequences (for Philips scanner in the upper table, for Siemens in
the lower). TSE = Turbo Spin Echo, TR = Repetition Time, TE = Time to Echo, NSA = Number of Signal Averages.

Sequence TR (ms) TE (ms) NSA Slice thickness (mm) Readout band width (Hz per pixel) Acquired voxel size (mm) Scan time (min)
Coronal T1-w TSE 450 5.1 1 3.5 391 0.9x0.9x3.5 1:48

Coronal T2-w Dixon fat-only 5156 100 1 3.5 293 0.9x0.9x3.5 3:16

STIR 3500 80 1 3.5 312 0.9x0.9x3.5 3:16

Sequence TR (ms) TE (ms) NSA Slice thickness (mm) Readout band width (Hz per pixel) Acquired voxel size (mm) Scan time (min)
Coronal T1-w TSE 467 7.6 1 3.5 303 0.9x0.9x3.5 1:30-2:00
Coronal T2-w Dixon fat-only 5640 109 1 3.5 521 0.9x0.9x3.5 2:30-3:00

2.3. Image analysis

For the current study we employed a whole-body MRI child-specific
scoring system for bone marrow assessment recently devised and vali-
dated using coronal T2 Dixon water-only images [20]. According to this
scoring system, signal intensity was graded on a 0-2 scale, where 0 =
absent, 1 = mildly increased, and 2 = moderate increased up to fluid-
like signal and extension on a 1-4 scale, where 1 = very small lesion
(<5%), 2 = involvement of up to 1/3 of the entire bone length, 3 =
involvement of up to 2/3 of the entire bone length, 4 = involvement of
up to the entire bone length. Based on intensity and extension, all the
focal high signal intensity areas were scored and classified as “major” or
“minor” findings, except for the hands, where only intensity was
recorded (Table 3) [17,18]. High signal intensity areas with a speckled
appearance (defined as two or more roundish/punctuated high signals,
size 2-5 mm) in the epi-, meta-, or diaphysis of the long tubular bones
were excluded from the analysis.

For the present study the whole body was arbitrarily divided into 117
anatomical areas.

Bone marrow high signal areas on T2 Dixon water-only were iden-
tified and scored in consensus by two radiologists with 20 and 6 years of
experience in pediatric musculoskeletal imaging respectively, according
to the abovementioned scoring system. In the event of discrepancies, the
consensus was achieved by discussion.

The presence of corresponding low-signal was then assessed (absent/
present) on T2 Dixon fat-only images and, in a blinded fashion after at
least 3 weeks to avoid recall bias, on T1-weighted TSE images by the
same radiologists. All readings were performed on a high-resolution
Sectra viewing system (IDS7 PACS) and optimized room-light settings.

When high signal areas on T2-Dixon water-only images were not
visible as low signal areas on either T1-weighted or T2 Dixon fat-only
sequences, the images were also evaluated on T2 Dixon out-of-phase
as visible or not for confirmation of T2-Dixon water-only signal as a
true finding. Areas flawed by image artifacts or by too low SNR for
image analysis were registered and excluded from further analysis.

2.4. Statistical analysis

Descriptive statistics were reported as numbers with percentages,
means with standard deviations or medians with IQRs, where appro-
priate. To examine for differences according to age using Chi-Square
tests, subjects were divided into four age groups (1 = < 9 years, 2 =
9-11 years, 3 = 12-14 years, 4 = 15-19). The agreement between T2

Table 3

Subclassification of MRI-findings into minor or major on T2 Dixon water-only
images, based on signal intensity on a 0-2 scale and signal extension on a 0-4
scale.

Signal intensity on a 0-2 scale/extension on a 0—4 scale

Major MRI findings Signal intensity 1 and extension 3-4 or

Signal intensity 2 and extension 2-4
Minor MRI findings Signal intensity 1 and extension < 3 or
Signal intensity 2 and extension < 2

Dixon fat-only and T1 in the detection of low-signal areas was analyzed
using kappa statistics (with 95% CI) and percentage absolute agreement.
A kappa score of < 0.2 is considered poor, 0.21-0.40 fair, 0.41-0.60
moderate, 0.61-0.80 good and 0.81-1.00 very good [21]. All statistical
analyses were performed using Predictive Analytics Software (SPSS)
version 28 (IBM, Armonk, NY), and a p-value < 0.05 was considered
statistically significant.

3. Results

196 whole-body examinations from healthy children and adolescents
(95 males) from 6 to 19 years of age with a mean of 12.0 years (SD 3.6
years) were included. Each group by age consisted of 47-52 individuals
(Table 1). A total of 22.932 body-regions (117 anatomical areas for each
patient) were evaluated on T2-Dixon water-only images. 1290 high
signal areas were identified, of which 20 were excluded due to subop-
timal T2 Dixon fat-only images and 20 due to suboptimal T1-w images,
leaving a total of 1250 high signal areas (642 male, 608 female,
p=<0.001, Fisher’s exact) for the present study.

Among these 1250 high signal areas, 730 were of mildly increased
signal intensity while 520 were moderately increased. The majority of
high signal areas were seen in the lower limbs (n = 564), pelvis (n =
269) or upper limbs (n = 287). 48 areas were found in the mandibles/
spine and 82 in the thoracic cage. The overall kappa value was 0.39
(0.28-0.51) (Table 4).

1191/1250 high signal areas could be classified according to in-
tensity/extension as major or minor findings (355 and 836 respectively).
59 areas were located in the hands.

Of the 1250 high signal areas identified on T2-Dixon water-only,
1159 (92.7%) had corresponding low signal on both the T2 Dixon fat-
only and T1 images (Figs. 2 and 3) while 24 (12 major) (1.9%)
showed no low-signal on either of the sequences with an absolute
agreement of 94.6% (Table 5).

All 24 high signal areas with no corresponding low signal on either of
the sequences were visible on the out-of-phase images (Figs. 4 and 5).
Their location is given in graphic e-only Table 6. The agreement be-
tween the two sequences differed between the age groups (p < 0.001)
(Table 7). Excluding children under 9 years of age in the analysis gave a
kappa value of 0.44 (0.31-0.56).

67 high signal areas (5.4%) showed no concordance between T1
weighted and T2 Dixon fat-only images. Of these, 49 returned low signal
on T2 Dixon fat-only images alone, and 18 on T1-weighted images alone
(3.9% and 1.5% of the total, respectively) (Table 5).

The agreement between T2 Dixon fat-only and T1-weighted images
was better for “major” findings as compared to “minor” findings, with
kappa values of 0.69 (0.51-0.87) and 0.29 (0.15-0.42), respectively.
When evaluating intensity alone, the agreement between T2 Dixon fat-
only and T1 was similar for both mildly and moderately increased
signal intensity, with kappa values of 0.38 (0.25-0.51) and 0.39
(0.17-0.61), respectively.

As for locations, the agreement ranged between 0.51 (0.35-0.68) for
lower limbs and —0.01 (-0.03-0.00) for the pelvis (Table 4). Discordance
between the two sequences was frequently found in the humeri (12/67
cases, 18%) (Fig. 6) and in the ischiopubic/para-acetabular region (7/67
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Table 4
The appearances of high signal areas in the bone marrow on whole-body MRI T2 Dixon fat-only and on T1-weighted TSE sequences, by localization.
Visibility
. Total -
T1-w TSE only T2 Dixon fat-only Both None Kappa value (95%CI)
Localization 0.39
-mandibles/spine 1 6 38 3 48 (0.04-0.74)
-thoracic cage 1 1 79 1 82 0.49 (-0.12-1.0)
-upper extremities 6 15 261 5 287 0.29 (0.06-0.51)
-pelvis 2 9 258 0 269 —0.01 (-0.03-0.00)
-lower extremities 8 18 523 15 564 0.51 (0.35-0.68)
Total 18 49 1159 24 1250 0.39 (0.28-0.51)

Fig. 2. 14-year-old girl with an oval, high intensity area in the tibia diaphysis as shown on a) T2 Dixon water-only image (arrow) b) T2 Dixon fat-only reconstruction,

contrasted against yellow bone marrow (arrow) and c) T1-weighted image (arrow).

Fig. 3. Detail of the pelvis from a whole-body
MRI in an 8-year-old girl, showing a) T2
Dixon water-only image with several high in-
tensity areas in the right periacetabular region
(arrow), and in the left periacetabular region
(thin arrow, arrowhead). b) A T2 Dixon fat-only
reconstruction illustrates the low signal in-
tensity of red marrow in the axial skeleton, as
compared to the appendicular skeleton. The
high signal areas appear darker as well, albeit
with little contrast to background (arrows and
arrowhead). ¢) The axial skeleton on the cor-
responding T1-weighted image has more signal
than the fat-only Dixon reconstruction; the

detected areas have corresponding low signal (arrow and arrowhead), however the area in the left periacetabular region has only a slightly reduced signal (thin

arrow).

Table 5

Agreement between T2 Dixon fat-only and T1-weighted TSE sequences in 1250
high signal areas previously identified on T2 Dixon water-only images from 196
healthy children and adolescents.

T1-weighted TSE

No low signal Low signal Total
T2 Dixon No signal 24 (1.9%) 18 (1.5%) 42 (3.4%)
fat-only Low signal 49 (3.9%) 1159 (92.7%) 1208 (96.6%)
Total 73 (5.8 %) 1177 (94.2 %) 1250

areas, 10%).
4. Discussion

In this cohort of healthy children and adolescents, nearly 93% of the

bone marrow areas with high signal identified on T2 Dixon water-only
images returned low-signal on both T2 Dixon fat-only and T1-
weighted images. <2% did not return low signal on either of the two
sequences, with an absolute agreement of 94.6%. The kappa was fair to
good with an average of 0.39. This value was not unexpected and does
not affect the reliability of the results. In fact kappa value may be un-
satisfactory when there is a considerable imbalance in the class distri-
bution and in our study the marginal distribution is highly unbalanced
since most areas were hypointense in T2-DSE FO and T1-w TSE and only
a few were not.

Kappa value was higher in older children and for “major findings”, i.
e. areas which in a clinical setting might have been mistaken for pa-
thology. Conversely, the majority of the discordant findings were clas-
sified as “minor”. These are important observations supporting the use
of T2 Dixon fat-only images as an alternative to T1-weighted images for
assessment of bone marrow lesions on whole-body MRI in children over
the age of nine.
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Fig. 4. MPR reconstructions of the right and left forefoot in a 13-year-old boy. a) Increased signal in the right first metatarsal on T2 Dixon water-only image (arrow).
Neither T2 Dixon fat-only image (b) nor T1-weighted image (c) show corresponding low signal (arrows). d) The out-of-phase Dixon image depicts a reduction of
signal in the right first metatarsal bone compared to the left side, confirming the increased water content (arrowhead).

Fig. 5. Whole-body MRI in a 17-year-old adolescent. Details from the pubic bones, showing a) symmetrical high signal on T2 Dixon water-only images (arrows). b)
On the T2 Dixon fat-only image the signal is difficult to evaluate and appears as not reduced (arrows). ¢) The pubic bones have homogeneous, not decreased signal on
the T1 weighted image (arrows). d) On the in-phase (upper image) there is increased signal in the pubic bones (arrowheads), on the out-of-phase (lower image) there
is patchy reduced signal in the same areas confirming the mixed water and fat content.

Table 6

Location of the 24 high signal areas on T2 Dixon water-only with no corresponding low signal on T2 Dixon fat-only and TSE T1.

W Talus right

@

B Scapula left

Count

I’

"

Minor lesion Major lesion

Bl Vetatars | right
B Vetatars | left
B Metatars Il left

Location

W Distal femur epiphysis right
M Distal tibia metaphysis right
M Distal tibia metaphysis left

Il Calcaneus right

W Thoracic spine anterior
M Lumbar spine anterior

12
10
Proximal humerus epiphysis
.right Pipny
0

@ Proximal humerus epiphysis left
[JProximal radius epiphysis left
M Distal radius epiphysis left

Table 7

Agreement between T1-weighted TSE and T2 Dixon fat-only sequence in areas with high signal on T2 Dixon water-only sequences according to different age groups.

T1-weighted only

T2 Dixon fat-only Both None

Total
Kappa value (95%CI)

Age group, years <9 4 10
9-11 7 9
12-14 2 20

B 15-19 5 10

Total 18 49

239 1 254
319 4 339
295 13 330
306 6 327
1159 24 1250

0.10 (-0.12-0.3)
0.31 (0.06-0.56)
0.51 (0.34-0.69)
0.42 (0.18-0.66)
0.39 (0.28-0.51)

When evaluating intensity alone, the agreement between the two
sequences was quite similar for mild and moderately increased signal
intensity, suggesting that the extension of a lesion is an important factor
for the perception of findings.

In some of the cases showing low signal on both the T2 Dixon fat-only
and the T1-weighted images, we experienced that the low signal was
easier to recognize on the T2 Dixon fat-only images as compared to the

T1-weighted images (Fig. 7). We speculate that this in part might be due
to subtle movements of the child between T2 Dixon and T1-weighted
scans, whilst water-only and fat-only images are acquired in the same
sequence. Moreover, although fat-only images may occasionally lack the
anatomical conspicuity of T1-weighted images, the poorer conspicuity
might be overcome by the non-fat-suppressed in-phase images.
Regarding the 2% of high signal areas where low signal was absent
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Fig. 6. Detail of the proximal humerus from a whole-body MRI in a 16 year-old girl. a) increased signal from the medial part of the proximal humerus diaphysis on
the water-only Dixon reconstruction (arrow) b) low signal in the same location on the fat-only reconstruction (arrow) c) the T1 image does not show a decreased

signal in the corresponding area (arrow).

e

Fig. 7. Right proximal humerus in a 14-year-old boy, showing a) an area of increased signal on T2 Dixon water-only (arrow). b) T2 Dixon fat-only reconstruction
shows a well delineated corresponding low signal area (arrow). ¢) The T1-weighted image displays a lower signal as well, but less well demarcated than the fat-only

Dixon image (arrow).

on either of the two sequences, this might be due to residual amounts of
fat signal in areas with increased water content as compared to the
surrounding bone marrow. Interestingly, all these areas were visible on
the out-of-phase images, confirming their true presence (Figs. 4 and 5).
Out-of-phase images have proven helpful for the assessment of several
musculoskeletal diseases, including neoplastic marrow lesions [22].
Two recent studies on patients with active and/or chronic sacroiliitis
showed that the T2 Dixon out-of-phase images followed by the fat-only
images were superior to the T1-weighted images in the detection of
periarticular fat deposition [23,24].

As for locations, the best agreement between T2-Dixon fat-only and
T1-weighted images was found for the lower extremities, which are most
frequently affected in both inflammatory and infectious disorders in
children and adolescents [25,26]. Discordance between the two se-
quences was most often seen in the proximal humeri and in the
ischiopubic/para-acetabular regions. A possible explanation might be
that the proximal humeri are more prone to movements from breathing,
and are often further away from the coil, which can significantly
degrade image quality. As for the pelvis, we hypothesize that areas close
to the triradiate cartilage are challenging, as it can be difficult to define
if the signal originates from the bone marrow or from the physiological
cartilage. Both areas are known to contain a higher content of red bone
marrow in the immature skeleton, resulting in lower signal on both
sequences.

It must be remembered that the bone marrow is composed of a
combination of hematopoietic red marrow and fatty yellow marrow, and

that its composition changes throughout life in response to normal
maturation (red to yellow conversion) and stress (yellow to red con-
version) [4,27,28]. On T1-weighted imaging, increased signal reflects
increased fat content and hence conversion from red marrow to yellow
marrow. The overall T1 signal from red marrow is considerably lower as
compared to fatty marrow, but typically higher than that from adjacent
skeletal muscle [29]. Notably, in our cohort of healthy individuals we
found several examples of areas with lower T1 signal compared to
skeletal muscles (Fig. 8), a finding which has been previously reported to
represent an infiltrative process in 35 out of 36 cases [30].

The agreement between the two sequences was higher amongst the
older age groups as compared to children under 9 years of age. Amongst
the cases with corresponding low signal on both sequences, we noticed
that in several of our youngest children the signal intensity of the axial
skeleton was in general lower on T2 Dixon fat-only than on T1 (Fig. 3).
These findings are not unexpected as the amount of red marrow is higher
in early childhood and marrow conversion in the appendicular skeleton
occurs much more rapidly and to a greater degree than in the axial
skeleton, challenging the interpretation of the T2 Dixon fat-only images
in this age group.

In a previous paper we found a high agreement between STIR and T2
Dixon water-only sequences in the assessment of high signal marrow
changes [19]. Based on this and present results, we would argue that
STIR and anatomic T1-w sequences, often used for a whole-body MRI,
might be both replaced by a single T2 Dixon sequence, reducing the total
scan time, with a small caveat for those under the age of nine. The
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Fig. 8. 17-year-old adolescent with a) an area of irregularly increased signal on T2 Dixon water-only on the manubrium of the sternum (arrow) and corresponding
low signal on both b) T2 Dixon fat-only (arrow) and c) T1-weighted image (arrow). The signal on the T1-weighted image is even lower than skeletal muscle.

effective time reduction could be of between 7 and 9 min depending on
the number of stacks needed. This gain in time is not insignificant for a
child since in paediatric patients the final minutes are less tolerated, thus
the last sequences are those mostly affected by movement artefacts.

In recent years there has been a growing interest in the use of T2-
Dixon fat-only in adult musculoskeletal imaging. Several studies have
shown its potential to replace T1 images. In a retrospective study on 121
whole spine MRIs for suspected vertebral bone metastases, Maeder et al
[12] concluded that T2-Dixon fat-only and water-only imaging provide
diagnostic performance similar to that of the combination of morpho-
logic sequences (T1 and T2 Dixon water-only). Evaluating the diagnostic
performance of an MRI protocol including only sagittal T2-Dixon fat-
only and water-only images as an alternative to a standard protocol in
114 adults with low back pain, Yang et al [13] reached the same con-
clusions. Thus, the authors suggest a shortened MRI protocol including a
T2-Dixon sequence without an additional T1-weighted sequence, in this
clinical setting. Also, Zanchi et al [14] retrospectively reviewing 50
lumbar spine MRI examinations, concluded that in subjects with non-
specific low back pain and/or lumbar radiculopathy a simplified pro-
tocol of spine MRI in the sagittal plane with a T2-Dixon sequence pro-
vides the same information as a standard protocol including T1-
weighted, T2-weighted, and fat-suppressed T2-weighted sequences.

To the best of our knowledge, this is the first paper examining the
agreement between T2 Dixon fat-only and T1-weighted images as part of
a whole-body MRI protocol in children and adolescents. The main
strengths of our study are the high number of children and adolescents
balanced by age, the high number of examined areas, the use of a vali-
dated scoring system for high signal areas, the wide range of signal in-
tensity in the high signal lesions and the blinded design. The inclusion of
two different centers using different vendors but similar MRI protocols
and scan resolution strengthens the applicability of the results.

We acknowledge, however, some limitations. Firstly, the investiga-
tion was carried out on healthy children and adolescents only. However,
the high proportion of “major findings” which, in a clinical setting could
be mistaken for pathology, suggests that our results could be valid also
for pathological processes. Secondly, the whole-body MRIs were per-
formed on 1.5 T magnets. One might speculate that a 3 T magnet would
provide higher agreement between the two sequences due to better
image resolution. However, previous studies [13,14] have shown that
the sequences perform equally well at 1.5 T and 3 T. Lastly, the results of
this study are valid for the sequences used and could change if different
resolutions or imaging parameters were applied.

In conclusion, the agreement between T2 Dixon fat-only and T1-
weighted sequences in the assessment of bone marrow high signal
areas in healthy children and adolescents indicates that a T1-weighted
sequence can be replaced by T2 Dixon fat-only images in children
older than 9 years. The scan time reduction resulting from the use of T2
Dixon sequence alone could have several advantages, in particular the

reduction of exam-related stress in children and the achievement of
good quality examinations, less affected by motion artefacts.
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