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bDMARDs: biologic disease-modifying antirheumatic drugs   
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CEMRI: Contrast-enhanced MRI  
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NSAIDs: Non-steroidal anti-inflammatory drugs 
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PDUS: Power Doppler Ultrasound 

PE: Peak Enhancement 

PEI: Peak Enhancement Intensity 

qDESS: Quantitative Double Echo Steady State  

RA: Rheumatoid Arthritis  
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TI: Inversion time 

TNF: tumour necrosis factor  
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UCAs: Ultrasound contrast agents 
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SUMMARY 

Background 

Juvenile idiopathic arthritis (JIA) is the most common chronic inflammatory arthropathy 

of childhood, with knee synovitis representing the leading source of morbidity in 

polyarticular and oligoarticular subtypes. Although contrast-enhanced magnetic 

resonance imaging (CEMRI) is the accepted imaging reference standard, its reliance on 

intravenous gadolinium poses significant concerns in children requiring long-term 

monitoring. This thesis evaluates gadolinium-free advanced imaging modalities against 

CEMRI, with the clinical rationale of optimising the imaging pathway to reduce 

gadolinium exposure, without compromising diagnostic accuracy. 

Main Aim 

To evaluate the diagnostic accuracy of contrast-enhanced ultrasound (CEUS) and fluid-

attenuated inversion recovery with fat suppression (FLAIR-FS) in detecting and grading 

knee synovial inflammation, compared against the current reference standard used in 

routine clinical practice, CEMRI. 

Methods 

Studies were conducted at a school and a single tertiary paediatric centre, encompassing 

ultrasound with Doppler modalities including Microvascular/Micro Doppler Imaging 

(MD), CEUS, unenhanced FLAIR-FS MRI, and CEMRI, alongside subjective 0–3 

synovial grading scales and quantitative perfusion analysis. Healthy volunteer cohorts 

served as normative comparators. Intra- and interobserver reliability for 0-3 grading 

scales was determined using linear weighted kappa coefficients. Interobserver 

reproducibility was assessed using intraclass correlation coefficients and Bland-Altman 

limits of agreement in continuous measurements, and diagnostic accuracy was evaluated 

using receiver operating characteristic (ROC) curve analysis. 

Results 

CEUS demonstrated the highest sensitivity among all the evaluated modalities and 

techniques for grading active knee synovitis. Unenhanced FLAIR-FS achieved near-
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perfect agreement with CEMRI. Both modalities independently detected subclinical 

synovitis in clinically inactive joints, highlighting the limited discriminative performance 

of clinical assessment at the lower end of the inflammation spectrum. Normative 

ultrasound data further revealed significant synovial thickening in clinically unaffected 

knees of oligoarticular JIA patients compared to healthy group. Subjective 0–3 grading 

scales proved highly reliable and reproducible for routine clinical use, whilst conventional 

Doppler demonstrated high specificity but significant sensitivity loss in low-grade 

inflammation. Quantitative perfusion analysis yielded high intraclass correlation 

coefficients; however, Bland-Altman analysis revealed substantial absolute interobserver 

variance. 

Discussion/Conclusions 

CEUS and unenhanced FLAIR-FS emerge as the most clinically promising modalities for 

gadolinium-sparing assessment of paediatric JIA synovitis. CEUS offers a sedation-free 

approach and FLAIR-FS demonstrates a robust agreement with CEMRI, both with 

demonstrated capacity to detect subclinical disease beyond clinical evaluation alone. The 

sensitivity limitations of conventional Doppler in detecting low-grade synovial 

inflammation provide the rationale for more advanced techniques such as microvascular 

Doppler imaging; however, even microvascular Doppler falls short compared with 

CEUS, which despite being a more complex procedure, demonstrated superior sensitivity 

for knee synovitis. While quantitative perfusion analysis shows potential, current 

interobserver variance indicates that perfusion metrics do not yet achieve the precision 

required for reliable longitudinal therapeutic monitoring. Robust grading frameworks and 

rigorous reliability methodology are essential for safe long-term follow-up, and the 

transition toward high-sensitivity, gadolinium-free imaging pipelines represents a 

meaningful advancement in the management of children with chronic inflammatory 

arthritis. 

Keywords: juvenile idiopathic arthritis, synovitis, contrast-enhanced ultrasound, FLAIR-

FS, magnetic resonance imaging, contrast-enhanced magnetic resonance imaging,  

gadolinium, paediatric imaging, diagnostic accuracy, interobserver reliability 
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RESUMO 

Introdução 

A artrite idiopática juvenil (AIJ) é a artropatia inflamatória crónica mais comum em idade 

pediátrica, sendo a sinovite do joelho a principal fonte de morbilidade nas formas 

poliarticular e oligoarticular. Embora a ressonância magnética com contraste (CEMRI) 

seja o padrão de referência aceite, a necessidade de gadolínio intravenoso levanta 

preocupações significativas em crianças sujeitas a monitorização a longo prazo. Esta tese 

avalia modalidades imagiológicas avançadas sem gadolínio comparativamente à CEMRI, 

com o racional clínico de otimizar a abordagem imagiológica para reduzir a exposição ao 

gadolínio, sem comprometer a acuidade diagnóstica. 

Objetivo Principal  

Avaliar a acuidade diagnóstica da ecografia com contraste (CEUS) e da sequência sem 

contraste fluid attenuated inversion recovery com supressão de gordura (FLAIR-FS) na 

deteção e classificação da inflamação sinovial do joelho, comparativamente ao padrão de 

referência utilizado na prática clínica corrente, a CEMRI. 

Métodos 

Os estudos foram realizados numa escola e num centro pediátrico terciário de referência, 

englobando ecografia com Doppler incluindo Doppler Microvascular/Micro (MD), 

CEUS, sequência sem contraste FLAIR-FS e CEMRI, bem como escalas subjetivas de 

gradação sinovial de 0 a 3 e análise quantitativa de perfusão. Coortes de voluntários 

saudáveis serviram como comparadores normativos. A fiabilidade intra- e 

interobservador das escalas de gradação de 0-3 foi determinada através de coeficientes 

kappa ponderados linearmente. A reprodutibilidade interobservador foi avaliada através 

de coeficientes de correlação intraclasse e limites de concordância de Bland-Altman, e a 

acuidade diagnóstica mediante análise de curvas ROC (receiver operating characteristic).  

Resultados 

A CEUS demonstrou a maior sensibilidade entre todas as modalidades e técnicas 

avaliadas na gradação da sinovite ativa do joelho. A sequência sem contraste FLAIR-FS 
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atingiu uma concordância quase perfeita com a CEMRI. Ambas as modalidades 

detetaram de forma independente sinovite subclínica em articulações clinicamente 

inativas, evidenciando o desempenho discriminativo limitado da avaliação clínica isolada 

nos estadios mais ligeiros do espectro inflamatório. Os dados normativos de ecografia 

revelaram ainda um espessamento sinovial significativo nos joelhos clinicamente não 

afetados de doentes com AIJ oligoarticular comparativamente aos saudáveis. As escalas 

de gradação subjetiva de 0 a 3 revelaram-se altamente fiáveis e reprodutíveis para uso 

clínico de rotina, enquanto o Doppler convencional demonstrou elevada especificidade, 

mas uma perda de sensibilidade significativa na inflamação de baixo grau. A análise 

quantitativa de perfusão obteve coeficientes de correlação intraclasse elevados; contudo, 

a análise de Bland-Altman revelou uma variância interobservador absoluta substancial.  

Discussão/Conclusões 

A CEUS e a sequência sem contraste FLAIR-FS emergem como as modalidades 

clinicamente mais promissoras para a avaliação poupadora de gadolínio na sinovite 

pediátrica na AIJ. A CEUS oferece uma abordagem sem sedação e a sequência FLAIR-

FS demonstra uma concordância robusta com a CEMRI. Ambas as modalidades 

demonstraram capacidade para detetar doença subclínica, para além do alcance da 

avaliação clínica isolada. As limitações de sensibilidade do Doppler convencional na 

deteção de inflamação sinovial de baixo grau fundamentam o recurso a técnicas mais 

avançadas, como o Doppler microvascular. No entanto, mesmo o Doppler microvascular 

fica aquém quando comparado com a CEUS, que apesar de ser um procedimento mais 

complexo, demonstrou uma sensibilidade superior na deteção de sinovite do joelho. 

Embora a análise quantitativa de perfusão demonstre potencial, a variância 

interobservador atual indica que as métricas de perfusão não atingem ainda a precisão 

necessária para uma monitorização terapêutica longitudinal fiável. Modelos de 

classificação robustos e uma metodologia de fiabilidade rigorosa são essenciais para um 

seguimento longitudinal seguro, sendo a transição para protocolos imagiológicos de alta 

sensibilidade sem gadolínio um avanço significativo no seguimento de crianças com 

artrite inflamatória crónica. 

Palavras-chave: artrite idiopática juvenil, sinovite, ecografia com contraste, FLAIR-FS, 

ressonância magnética, ressonância magnética com contraste, gadolínio, imagiologia 

pediátrica, acuidade diagnóstica, reprodutibilidade interobservador 
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INTRODUCTION 

 

Juvenile idiopathic arthritis (JIA) is a heterogeneous group of diseases encompassing all 

forms of chronic arthritis of unknown origin with an onset before 16 years of age, lasting 

for at least six weeks [1]. The reported prevalence ranges from 16 to 150 per 100,000 

children, with a pooled global estimate of 20.5 per 100,000, and an overall female-to-

male predominance of roughly 3:1, although this ratio varies significantly across the 

distinct clinical International League of Associations for Rheumatology (ILAR) subtypes 

[2, 3]. The disease is characterised by chronic synovial inflammation, which carries a 

substantial risk of developing progressive joint destruction, cartilage loss, and long-term 

disability [2, 4]. Although modern therapeutic strategies have drastically reduced overall 

morbidity, many affected children still face debilitating periods of active disease, chronic 

pain, and reduced mobility, which frequently persist into adulthood [2, 3, 5]. 

 

A. Pathology, Diagnosis, and Treatment 

The underlying pathology of JIA is driven by immune-mediated proliferation of the 

synovium. This chronic synovitis is characterised by hypervascularity, infiltration of 

inflammatory cells (such as T-lymphocytes, B-cells, and macrophages), and the 

formation of a thickened, destructive pannus [3, 4]. Left untreated, this inflamed synovial 

tissue invades neighbouring articular cartilage and subchondral bone. In paediatric 

populations, this inflammatory process also directly alters skeletal maturation, potentially 

causing accelerated epiphyseal growth, premature growth plate closure, and limb-length 

discrepancies. 

Diagnosing JIA remains fundamentally clinical, requiring the careful exclusion of other 

causes of paediatric arthritis, such as infectious, traumatic, neoplastic, or reactive 

aetiologies. The clinical diagnosis relies on identifying objective signs of joint 

inflammation, including swelling, restricted range of motion, warmth, and pain. However, 

detecting low-grade or subclinical synovitis through physical examination alone is 

difficult, particularly in deep-seated joints like the hip or behind thick paediatric joint 

capsules and physiological fat pads. 
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Over the past two decades, the treatment paradigm for JIA has shifted from purely 

symptomatic management to an aggressive, "treat-to-target" approach aimed at achieving 

prompt, complete clinical remission [2, 5]. Management typically begins with non-

steroidal anti-inflammatory drugs (NSAIDs) and intra-articular corticosteroid injections 

for localised disease. For progressive or polyarticular involvement, conventional 

synthetic disease-modifying antirheumatic drugs (csDMARDs), primarily methotrexate, 

are widely utilised [6]. The prognosis has been further improved by biologic DMARDs 

(bDMARDs), such as tumour necrosis factor (TNF) inhibitors, interleukin-1 (IL-1), and 

interleukin-6 (IL-6) antagonists [4-6]. These targeted therapies successfully halt structural 

joint damage in a large proportion of patients, but their effective use depends entirely on 

early detection, accurate grading of active inflammation, and rigorous longitudinal 

monitoring [3, 5, 7]. 

 

B. Imaging in JIA 

Traditionally, conventional radiographs have been the cornerstone for the diagnosis and 

follow-up of JIA. However, this modality is inherently limited by its inability to visualise 

soft tissue structures directly. Radiographs only capture the late, irreversible structural 

consequences of chronic inflammation, such as joint space narrowing, subchondral 

erosions, and growth disturbances, while remaining blind to early, active synovitis. Given 

that the therapeutic window for preventing permanent joint damage occurs long before 

radiographic changes manifest, cross-sectional imaging modalities have become 

indispensable in modern paediatric rheumatology.  

 

B.1. Ultrasound in JIA 

Ultrasound (US) has emerged as a first-line imaging modality in the routine management 

of JIA [8]. In paediatric radiology, US offers several unique practical advantages over 

magnetic resonance imaging (MRI): it is widely accessible, cost-effective, allows for real-

time dynamic examination, and eliminates the need for patient sedation in younger 

children [9, 10]. Furthermore, US enables simultaneous screening of multiple joints 

during a single clinical encounter, which is highly valuable given the oligoarticular or 

polyarticular nature of JIA [11]. In the assessment of paediatric joints, high-resolution 
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grey-scale (B-mode) ultrasound is sensitive for detecting morphological changes such as 

joint effusion, synovial hypertrophy, and tenosynovitis [10, 11]. However, for the  

detection and grading of active inflammation, additional Doppler examination is required 

[11, 12].  Although conventional colour Doppler (CD) and Power Doppler (PD) provide 

high specificity when a signal is present [13], they often lack the sensitivity required to 

detect the low-velocity microvascular blood flow in mild synovitis. [14]. This limitation 

is particularly pronounced in children, where conventional Doppler often struggles to 

detect the slow, low-velocity microvascular blood flow characteristic of early or mild 

subclinical synovitis [15, 16]. Consequently, optimizing non-invasive vascular imaging 

remains a critical clinical priority. 

 

B.2. Magnetic Resonance Imaging in JIA 

MRI is widely established as the gold standard imaging modality for evaluating joint 

inflammation in JIA [9, 17, 18]. Unlike conventional radiography, MRI provides 

exquisite soft tissue contrast and multiplanar imaging capabilities, allowing for the direct 

visualisation and objective quantification of both early, reversible inflammatory changes 

and late, structural joint damage [9, 18]. The hallmark features of active JIA, specifically 

synovial hypertrophy, joint effusion, and bone marrow oedema (BMO), can be detected 

on MRI long before they manifest on conventional radiographs or physical examination 

[9, 19]. In standard clinical protocols, a comprehensive evaluation of the paediatric joint 

relies on a combination of unenhanced (non-contrast) and contrast-enhanced sequences 

[18, 20]. Fluid-sensitive sequences with fat suppression, such as T2-weighted or Short 

Tau Inversion Recovery (STIR) images, are highly sensitive for detecting joint effusions 

and hyperintense BMO [18, 21]. However, on these standard unenhanced sequences, 

distinguishing between active, inflamed synovial tissue and simple, non-inflammatory 

joint fluid remains a diagnostic challenge, as both structures appear hyperintense [9, 21, 

22]. 

To overcome this limitation, conventional protocols mandate the use of contrast-

enhanced MRI (CEMRI) using intravenous gadolinium-based contrast agents (GBCAs) 

[18, 23]. Active, hypervascularised synovium demonstrates rapid, intense contrast 

enhancement, allowing radiologists to clearly differentiate the thickened synovial lining 

from the non-enhancing adjacent joint fluid [9, 24]. Consequently, CEMRI has long been 
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considered the standard for diagnosing synovitis, determining disease activity, and 

monitoring therapeutic response in JIA [18, 19]. Despite its diagnostic superiority, 

however, the routine reliance on intravenous contrast administration faces growing 

challenges in modern paediatric radiology [25]. 

 

There is clear clinical imperative to reduce the use of GBCAs in children. This concern 

has intensified following substantial evidence of gadolinium deposition within the brain 

and other tissues after repeated CEMRI, supported by histological findings in rodent 

models and necropsy studies in both adults and children [26]. Consequently, 

contemporary literature emphasises the distinct physiological characteristics of paediatric 

patients and underscores the need for highly restrictive GBCA administration. A 

systematic review and meta-analysis by Yu et al. [27] confirmed a significant increase in 

dentate nucleus T1 signal intensity correlated with cumulative GBCA exposure in 

children. The clinical significance of this deposition remains uncertain, but Radiologists 

should carefully assess the necessity of using GBCAs to enhance diagnostic accuracy and 

prioritise the use of more stable macrocyclic ionic GBCAs [26, 28]. The European 

Medicines Agency (EMA) [29] has advocated for minimizing GBCA exposure in 

children requiring serial imaging, directly driving clinical and research interest toward 

non-contrast alternatives such as diffusion-weighted imaging (DWI), fluid attenuated 

inversion recovery with fat suppression (FLAIR-FS), double inversion recovery (DIR), 

and quantitative double echo steady state (qDESS). 

 

B2.1. The implementation and limitations of Musculoskeletal DWI. 

Early paediatric investigations into contrast-free synovial imaging with DWI were 

initiated by Neubauer et al. [30], reporting promising results with restricted diffusion 

identified in 12 out of 15 patients presenting with active synovitis. Subsequent studies 

built upon this groundwork. Barendregt et al. [31] demonstrated the utility of DWI in 

differentiating hyperplastic synovium from effusion, while Sauer et al. [32] highlighted 

the persistent difficulty in reliably differentiating non-inflamed knee joints from mild 

synovial inflammation using unenhanced diffusion metrics. 
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Further supporting the quantitative validity of the sequence, Barendregt et al. [33] showed 

that DWI-derived apparent diffusion coefficient (ADC) values had comparable 

performance to dynamic contrast-enhanced MRI (DCEMRI) in significantly 

differentiating MRI-active JIA patients from those with inactive disease. Later, in 2020, 

Barendregt et al. [23] analysed a cohort of 45 JIA patients, reporting that DWI achieved 

a sensitivity of 92% and a specificity of 78% for detecting knee synovial inflammation 

when compared directly against standard CEMRI. 

Despite these strong diagnostic metrics, DWI possesses major inherent limitations in 

clinical practice. First, it suffers from a significantly higher inter-reader variability 

compared to post-contrast T1-weighted sequences [34]. Second, its most critical 

disadvantage is an intrinsic deficit in spatial resolution and anatomical detail. Because 

DWI operates fundamentally as a functional sequence rather than a structural one, it 

struggles to delineate the fine, millimetre scale margins of the synovium. This lack of 

anatomical fidelity represents a severe drawback in the musculoskeletal field, where 

isolating subtle synovial tissue boundaries from surrounding fat and fluid is paramount. 

To overcome these morphological limitations, high-resolution, unenhanced structural 

sequences have been actively developed over time. 

 

B2.2. Evolution of High-Resolution Non-Contrast Sequences 

Methodologically, FLAIR-FS addresses these spatial resolution limits by nulling freely 

mobile joint fluid through inversion recovery preparation while concurrently suppressing 

fat spectrally, rendering inflamed synovium highly conspicuous without exogenous 

contrast [35]. Performance is highly optimised at 3 Tesla using parameters modified from 

classic neuroimaging protocols [36], utilizing a lower echo time (our protocol echo time 

(TE) = 87 milliseconds (ms)), an inversion time (TI) of 2200 ms [35, 36], and a reduced 

flip angle (our protocol 150°). 

The exploration of these high-resolution unenhanced protocols was introduced in adults 

by Jahng et al. in 2011 [37] who identified the utility of DIR sequence. Subsequently, 

Yoo et al. in 2017 [35] conducted a retrospective adult study on 33 patients evaluating 

peripatellar synovitis across five anatomical sites. They reported a high overall diagnostic 

accuracy for FLAIR-FS (92.1%–93.9% at the site level; 90.9% at the patient level), 

though sensitivity for Hoffa synovitis remained moderate (78.9%–87.5%) and specificity 
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was low (47.1%–64.3%). Notably, reader agreement on FLAIR-FS mirrored contrast-

enhanced T1-weighted imaging, achieving a weighted kappa of 0.72–0.79 for synovitis 

assessment and an intraclass correlation coefficient (ICC) of 0.95. More recently, 

Feuerriegel et al. [38] evaluated 55 adults with suspected knee synovitis using a deep 

learning-accelerated FLAIR sequence, demonstrating no statistically significant 

difference in synovitis scores compared to post-contrast T1 turbo spin-echo FS images 

(10.69 ± 8.83 vs. 10.74 ± 10.32, respectively; p = 0.521). 

In paediatric cohorts, comparative structural data remain scarce. Milks et al. [39] reported 

a sensitivity between 79-84% and a specificity of 83-94% for FLAIR-FS compared to 

CEMRI in 39 paediatric patients, though their sample was highly heterogeneous. In a 

study of 35 patients with JIA under 21 years of age, Handa et al. [40] evaluated 

unenhanced sagittal/axial T2-weighted fat-saturated and proton density-weighted 

Sampling Perfection with Application-optimised Contrasts using different flip angle 

Evolution (SPACE) sequences using the Juvenile Arthritis MRI Scoring (JAMRIS) 

system. While intra-observer reliability was moderate-to-high, the global inter-observer 

reliability for these unenhanced sequences was low, contrasting with the moderate 

reliability achieved on post-contrast images.  

Alternative non-contrast structural sequences include DIR and qDESS. Verkuil et al. [41] 

published the first paediatric JIA study utilizing DIR in 26 patients (50% with active knee 

arthritis). While the median visual analogue scale confidence score to depict the synovium 

was lower for DIR than for CEMRI (88 vs. 100 out of 100), maximal synovial thickness 

on DIR was significantly greater in children with active knee arthritis (2.4 mm [IQR 2.1–

3.1]) than in those without (1.4 mm [IQR: 1.0–1.6]) (p < 0.001). The inter-reader ICC 

was 0.87 for DIR and 0.90 for CEMRI. This Amsterdam-based research group represents 

the dominant international cohort publishing on DWI, DIR, and related unenhanced JIA 

techniques. Conversely, qDESS has not yet been validated in paediatric populations. In 

adult knee osteoarthritis (n=31), de Vries et al. [42] demonstrated that qDESS 

systematically underestimated synovitis severity, yielding lower mean sum scores than 

CEMRI (5.16 ± 3.75 vs. 7.13 ± 4.66), with an absolute agreement ICC of 0.84. The wider 

adoption of qDESS is restricted by its technical sophistication; hybrid image 

reconstruction via diffusion-gradient weighting is non-standard across vendor platforms, 

and the resulting image contrast is unfamiliar to most clinical radiologists. Furthermore, 
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its theoretical advantage of simultaneous T2 mapping of cartilage remains logistically 

difficult to implement in routine practice. 

Synthesizing these modalities, a landmark adult review by Thoenen et al. in 2022 [43] 

compared DIR, FLAIR-FS, and qDESS against CEMRI, demonstrating strong to very 

strong correlations for all three sequences, with FLAIR-FS providing the highest intra-

rater agreement. However, they summarised an important systematic bias: DIR tends to 

overestimate synovitis, whereas FLAIR-FS and qDESS tend to underestimate it. Guided 

by these technical capabilities and hardware compatibility across our institutional 

scanners, we selected FLAIR-FS as the primary non-contrast sequence for our protocol. 

 

C. The Clinical Imperative and Rationale for Paediatric CEUS 

 

Concurrently, there is a strong international trend expanding the indications for CEUS in 

paediatrics [44-46]. However, historical reluctance has persisted within the JIA 

musculoskeletal field, particularly due to the sensitivity reported for microvascular 

Doppler technologies. While Ntoulia et al. [47] reviewed musculoskeletal CEUS in 

children, confirming its clinical feasibility and superior sensitivity over conventional 

Doppler for capturing synovial hyperaemia, the question of why it has not been widely 

integrated into routine JIA synovitis monitoring remained unanswered. Indeed, only a 

single, early-generation paediatric study from 2001 [48] exists, which evaluated contrast-

enhanced colour Doppler in 22 JIA patients and 5 controls with promising initial results. 

To find a robust biological rationale for CEUS, we must look to the adult rheumatoid 

arthritis (RA) literature. Klauser et al. [49] established that CEUS significantly improves 

the differentiation of active synovitis from inactive intra-articular thickening. While 

conventional US and Power Doppler (PDUS) could differentiate active from inactive 

thickening in only 60.1% (68/113) of joints, CEUS enabled definitive differentiation in 

97.3% (110/113) of joints (p < 0.0001), while significantly improving the thickness 

measurement of  active synovitis (p = 0.008). Furthermore, a recent systematic review of 

23 adult studies [50] encompassing 1,117 joints concluded that CEUS detects 

significantly more microvascularisation than standard PDUS in active RA, yielding a 

relative detection ratio of 1.49. Similarly, Song et al. in 2008 [51] compared knee 

osteoarthritis patients against six healthy adult controls, concluding that CEUS was more 

sensitive for detecting superior recess synovitis (95%) than either CEMRI (82%) or 
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Power Doppler (63%). However, neither of these high-sensitivity adult studies evaluated 

inter-observer reliability. While these adult data provide a powerful biological rationale 

for extrapolating CEUS to paediatrics, JIA subtype-specific validation and reliability 

testing remained a critical missing prerequisite. 

Any proposal to introduce CEUS as an alternative or complementary imaging method in 

clinical practice must be accompanied by a real assessment of its safety profile. This is 

particularly relevant in the paediatric setting, where the justification for administering any 

exogenous contrast agent, whether iodinated, gadolinium-based, or microbubble-based, 

must be grounded in a clear understanding of the associated risks and benefits, and must 

be weighed against the risks of the imaging modality it seeks to replace or supplement. 

In this context, it is important to recognise that no contrast agent is entirely without risk. 

Intravenous contrast administration, regardless of the agent used, carries a probability of 

adverse reactions, ranging from mild and self-limiting to, in rare cases, severe and life-

threatening. The relevant clinical and ethical question is therefore not whether CEUS is 

risk-free, but whether its risk profile is acceptable relative to the diagnostic benefit it 

provides and, critically, relative to the alternatives. In paediatric imaging, the comparators 

typically include contrast-enhanced CT, which exposes children to ionising radiation and 

carries a higher rate of hypersensitivity reactions, with acute allergic-like reactions to 

low-osmolality nonionic iodinated contrast material documented in 0.18% of paediatric 

administrations, of which 15% were severe [52]. CEMRI often requires general 

anaesthesia or sedation in younger children, involves gadolinium retention concerns, and 

is associated with its own, though low, rate of adverse events. Compared to other contrast 

agents that are routinely used in paediatric radiology, such as iodinated contrast agents or 

gadolinium, second-generation ultrasound contrast agents (UCAs) have a very low 

incidence of adverse events, particularly serious adverse events [53]. 

Against this background, the available evidence consistently positions CEUS with 

SonoVue® (sulfur hexafluoride microbubbles, Bracco, Milan) as the safest of the 

available contrast-enhanced imaging options. Definity® and Optison® are two 

ultrasound contrast agents approved by the FDA in the United States, different from 

SonoVue® which is the agent used in Europe, approved by the European Medicines 

Agency (EMA). The ACR Manual on Contrast Media 2026 [54] affirms that ultrasound 

contrast agents carry an adverse event rate similar to or less than modern CT and MRI 
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contrast agents. A large retrospective study of over 78,000 doses of Definity® and 

Optison® found a severe reaction rate of only 0.01% with no deaths [55], while a study 

of SonoVue® across 23,188 subjects documented only two serious adverse events. Even 

in high-risk populations, adverse reactions remain exceptionally rare: among 1,513 

hospitalised patients with pulmonary hypertension, the reaction rate to Definity® was just 

0.002% [56]. The ACR further notes that a review by the Society for Pediatric Radiology 

and the International Contrast Ultrasound Society concluded that non-cardiac CEUS 

applications in children, both intravenous and intravesical, are safe, with side effects 

uncommon and typically minor. 

The European Society of Paediatric Radiology (ESPR) abdominal imaging task force has 

confirmed that CEUS is radiation-free, safe, and easily repeatable in children, 

emphasising that ultrasound contrast agents are not nephrotoxic or hepatotoxic, that the 

gas is exhaled rather than excreted, and that no specific patient preparation, sedation, or 

preliminary laboratory screening is required prior to contrast administration [45]. CEUS 

is particularly indicated in children for whom sedation or general anaesthesia is 

considered, especially for those with serious renal impairment who cannot receive 

intravenous gadolinium-based contrast agents, and for patients requiring frequent repeat 

imaging (as parents can remain present in the room during the examination) [57]. The 

same authors report that hypersensitivity reactions to ultrasound contrast agents have 

been reported but with a low incidence of 0.002%, which is less than that observed with 

CT iodinated contrast agents, a figure originally reported by Chung and Kim [58]. 

SonoVue® is non-nephrotoxic, non-hepatotoxic, and eliminated via pulmonary 

exhalation within minutes, with no radiation exposure, making it particularly well-suited 

for use in children. 

Real-world paediatric safety data from the European Federation of Societies for 

Ultrasound in Medicine and Biology (EFSUMB) Paediatric Registry, a prospective 

multicentre database spanning 19 European centres and 1,676 children, further 

corroborate this favourable profile [59]. No side effects were reported in 1,657 of 1,676 

children (98.9%). Of the 15 confirmed post-injection hypersensitivity reactions, 6 were 

mild (0.4%), 5 were moderate (0.3%), and 4 were severe (0.2%), with full recovery in all 

cases and no fatalities recorded. A comprehensive systematic review by Ntoulia et al. 

[53], covering 4,518 children across 57 studies, confirmed an overall serious adverse 
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event rate of only 0.22%, with the large majority of reactions being non-serious. A 

summary of important properties of both contrast agents is provided in Table 1. 

Nevertheless, the possibility of hypersensitivity reactions, including rare but severe 

anaphylactic responses, must be acknowledged, planned for, and communicated to 

patients and families prior to any contrast administration. The examination should 

therefore only be performed in a dedicated hospital-based setting where resuscitation 

equipment and appropriately trained personnel are immediately available. 
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Parameter Gadolinium-Based Contrast Agents (GBCAs) SonoVue® (SF₆ Microbubbles)

Composition & Pharmacology

Composition
Gadolinium chelate (heavy metal + organic ligand); classified as 

linear or macrocyclic. (A+P) [60, 61]

SF₆ gas enclosed in phospholipid shell; microbubbles ~2.5 µm 

diameter; isotonic aqueous suspension. (A+P) [62]

Distribution
Extracellular; crosses into brain, bone, skin; tissue retention 

documented even in normal renal function. (A+P) [60, 61, 63, 64]

Strictly intravascular; confined to blood pool. (A+P) [62, 65]

Elimination

Renal excretion (glomerular filtration); impaired in renal 

insufficiency; residual Gd retained long-term in tissues. (A+P) [60, 66]

SF₆ exhaled via lungs within minutes; phospholipid shell 

metabolised physiologically (hepatic); no renal clearance 

required. (A+P) [62, 67]

Safety Profile

Adverse Effects rate (overall)

Moderate. (A) 0.07%–2.4% acute reactions. [54] 

(P) Physiologic AE 0.25%; allergic-like 0.13%; pooled incidence of 

moderate allergic-like reactions 0.02%; delayed 0.04% (112,760 

exams).[27] Physiologic reactions significantly higher in older 

children (12–17 y: 0.25% vs 2–12 y: 0.03%; p<0.001); no reactions 

in children <2 years. [68]

Low. (A) 0.020%–0.024%; no fatalities (30,222–83,778 exams). 

[65, 69]

(A) SonoVue® n=23,188: 2 serious AEs (0.0086%); no fatalities. 

[70]

(P) Non-serious 1.1%; serious 0.2% of all CEUS examinations; 

all resolved (57 studies, n=4,518). [53]

Severe / anaphylactic reactions

Uncommon. (A) Severe hypersensitivity ~0.001%–0.01%. [54] 

pooled severe allergic-like 0.52 per 10,000 administrations. [71]  

(P) Severe allergic-like 0.0003% (112,760 exams). [27] No severe 

reactions in cohort of 16,237 injections. [68] 

Rare. (A) Anaphylactoid shock 2/30,222 (0.007%); all recovered. 

[69] 

Serious AE rate 0.0086%; anaphylactic-type reactions 0.013% 

(23,188 investigations); lower than ionic (0.09%–0.25%) and 

non-ionic iodinated CT contrast agents (0.02%–0.10%). [70] 

(P) Serious AEs 10 /4,518 children (0.22%); all resolved; no 

fatalities [53]

Gadolinium retention

Confirmed for all GBCAs; greater with linear agents (globus pallidus, 

dentate nucleus, bone, skin). (A+P) [60, 61, 72]

(P) Brain deposition confirmed in paediatric autopsy and prospective 

MRI studies. [26, 63]

None. SF₆ biologically inert; no tissue accumulation; no long-

term retention. (A+P). [62, 65]

Nephrotoxicity / NSF

(A) NSF linked to linear GBCAs (eGFR <30). Contraindicated in 

severe renal impairment. [66]

(P) Special concern in neonates. 10 biopsy-confirmed cases (Yale 

Registry, all pre-guidelines); no new paediatric NSF cases reported 

post-2007, after guideline implementation. [54, 64]

None. No renal toxicity; usable at any eGFR including neonates; 

no renal screening required. (A+P) [62, 73]

Paediatric-Specific Considerations

Sedation / GA

Frequently required. MRI demands immobility; children <5 years 

routinely require sedation or GA; risk of anaesthetic neurotoxicity. 

(P) [74-76]

Not required. CEUS performed awake; patient need not remain 

still; parents may remain in room. (P) [77-79]

Regulatory approval (paediatric)

Licensed macrocyclic agents (all ages, on-label). EMA 2017: 

multipurpose linear GBCAs suspended in Europe; macrocyclic 

agents and liver-specific linear agents retained. (P) [29, 54]

FDA (USA): approved for paediatric liver lesions. [73, 80]

EMA (Europe): IV imaging off-label; use based on clinical 

indication - EFSUMB/WFUMB guidelines. (P) [62, 81]

Paediatric safety data

Extensive (adult-derived). Brain deposition confirmed in paediatric 

autopsy and prospective MRI studies. (A+P) [26, 27]

Systematic review: 57 studies, n=4,518 children; non-serious 

1.10%, serious 0.2%, all resolved. [53] 

EFSUMB Registry: n=1,676, 19 centres; 98.9% no side effects; 

19 children adverse reactions: 4 unlikely attributable to the 

UCAs; 15 reactions (6 mild, 5 moderate, 4 severe); all recovered. 

[59]

Prospective study n=312: 6 cases (1.92%); 3 transient rash and 3 

hypotension; all recovered [78]

Contraindications & risk factors

Absolute: Severe renal impairment (eGFR <30); avoid linear agents 

in children (EMA 2017). [29, 54, 66] 

Relative: Pregnancy; neonates <4 weeks; severe asthma; prior severe 

GBCA hypersensitivity; multi-allergic atopy; cumulative linear 

GBCA exposure. [54, 66]

Absolute: Hypersensitivity to SF₆/phospholipids/PEG; right-to-

left shunt; severe PHT; uncontrolled systemic HTN; ARDS; 

combination with dobutamine. [62, 73]

Relative/Risk: Mastocytosis [82]; Hereditary α-tryptasemia 

(HαT) [83]; recent Acute coronary syndrome; severe arrhythmia; 

acute systemic inflammation/infection/sepsis. [62] 

Resuscitation equipment mandatory. [62]

Practical & Logistical Aspects

Imaging modality
MRI (1.5T minimum, preferably 3T); dedicated scanner; MR-

incompatible device screening required. (A+P) [54]

Ultrasound; portable; bedside-capable. (A+P) [77, 79, 84]

Exam time & throughput
Prolonged (30–60 min); scheduling constraints; high resource 

demand. (A+P) [74, 76]

Brief (15–30 min); real-time dynamic imaging; may replace 

downstream CT or MRI in selected cases. (A+P) [77, 78, 81]

 Table 1. Comparative Table of Gadolinium-Based Contrast Agents (GBCAs) and SonoVue® Population labels:  (A) 

Adults    (P) Paediatric    (A+P) Adults & Paediatric. (AE) Adverse Effects 
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D. Identifying the Knowledge Gap and Defining the Thesis Scope 

A critical review of the existing literature reveals a profound methodological gap: no prior 

studies evaluating non-contrast sequences (such as FLAIR-FS, in either adults or 

children) have included a healthy volunteer group. Consequently, no existing data could 

confirm whether these advanced sequences remain appropriately negative in truly healthy 

paediatric knees, leaving a substantial risk for false-positive overdiagnosis. 

To resolve this ambiguity, we designed a prospective, age- and sex-matched group 

framework. For the MRI arm, we organised a cohort of 51 healthy volunteers to undergo 

a short, contrast-free protocol utilizing our optimised FLAIR-FS parameters. For the 

ultrasound arm, Paper 1 established our baseline normative values in 127 healthy 

children. 

Furthermore, the existing reliability literature for the reference standard itself (CEMRI in 

JIA) is surprisingly scarce, often limited to small cohorts. For instance, Hemke et al. [19] 

published their foundational JAMRIS reliability with only 25 patients, noting higher ICCs 

for synovial assessment than for bone marrow changes, cartilage lesions, or erosions. 

To provide the rigorous validation required to safely transition clinical paradigms, our 

project was executed as a prospective, single-centre diagnostic reliability and accuracy 

study during 2023–2024 at the University Hospital Centre of São João in Porto, Portugal.  
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 AIMS  

 

This thesis addresses imaging of the knee joint in children and adolescents with juvenile 

idiopathic arthritis (JIA).   

 

Primary objective: 

1. To evaluate the diagnostic accuracy of contrast-enhanced ultrasound (CEUS) and 

fluid-attenuated inversion recovery with fat suppression (FLAIR-FS) in detecting 

and grading knee synovial inflammation, compared against the current reference 

standard used in routine clinical practice, contrast-enhanced MRI (CEMRI). 

 

Secondary objectives: 

1. To provide reference standards of knee ultrasound, including the amount of joint 

fluid and synovial thickness (Paper 1).  

2. To provide practice recommendations on the appropriate use of imaging 

modalities for diagnosis and monitoring of JIA (Paper 2).  

3. To analyse the reliability of CEUS and CEMRI for detecting and grading 

synovitis, both subjectively (0–3 scale) and quantitatively (Paper 3). 

4. To evaluate the value of dynamic acquisitions for establishing optimal diagnostic 

cut-off thresholds in both CEUS and CEMRI (Paper 3).   

5. To examine the reliability of the inflammatory components of the Juvenile 

Arthritis MRI Scoring (JAMRIS) system in assessing synovitis and bone marrow 

oedema (Paper 3). 

6. To analyse the reliability of FLAIR-FS in grading synovitis, subjectively (0–3 

scale), in the JIA and in the healthy volunteers cohorts (Paper 4). 

7. To examine the agreement between CEUS, FLAIR-FS and CEMRI (Paper 4). 

8. To determine the agreement between Clinical Grading and CEMRI (Paper 4). 

9. To evaluate the accuracy of Colour Doppler, Power Doppler and Micro Doppler 

in detecting knee inflammation (Paper 4). 

10. To examine the accuracy of Clinical Grading in detecting knee inflammation 

(Paper 4). 



33 

11. To compare US findings of a healthy population with the US findings of our JIA

patients (Paper 5).

12. To establish, using ultrasound findings in volunteers and patients, a model for

predicting the probability of disease (Paper 5).

We hypothesise that CEUS and FLAIR-FS offer high diagnostic accuracy for detecting 

and grading knee synovial inflammation in JIA, compared against the current reference 

standard, CEMRI.  
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METHODS 

This thesis is based on three distinct cohorts: first, one cohort of 127 healthy volunteers 

enrolled to establish normative reference values for knee ultrasound; second, a clinical 

cohort of 52 children diagnosed with JIA to evaluate the reliability and diagnostic 

accuracy of different imaging methods; and finally, one cohort of 51 healthy volunteers, 

matched to our clinical one, to establish reference standards for non-contrast FLAIR-FS 

MRI. 

A. The healthy US-cohort

Single-centre, prospective, cross-sectional study, including volunteers from a private 

school in Porto, Portugal. The study was approved by the Institutional Ethics Committee 

(IEC) (registration number CE 191/22) and by the school board. Written, informed 

consent was obtained from all the participants and caretaker(s). Children and adolescents 

were invited to participate via invitations sent to parents’ representatives. Exclusion 

criteria were (a) chronic medicated disease that might affect the skeletal system or (b) 

having experienced a knee trauma within the last 2 months. 

A.1. Ultrasound examination

The examinations were performed during October 17th and 21st 2022, by two radiologists, 

using a Logiq E10 machine (Version R3, General Electric) with a linear 6-15 MHz 

transducer and defined pre-sets. With the participant supine, both knees were examined 

in 30° flexion, using a longitudinal standard view (Fig. 1) and thereafter a transverse view 

through the lateral and medial parapatellar recesses. Colour Doppler signals were scored. 

The presence of hyperechoic, small dots within the joint fluid was noted for each of the 

recesses (speckles). Further, the infrapatellar recess was assessed. The suprapatellar 

recess was also examined with knees extended and under provocation. 
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Fig. 1. With knee 30° flexed. a Suprapatellar recess was assessed using a central longitudinal view (“standard”); b 

Anteroposterior (AP) measurements of fluid (arrowhead); c single synovial layer (arrowhead); d double synovial layer 

(during light transducer compression to squeeze fluid away) (arrowhead).  

B. The JIA cohort

Prospective study of children and adolescents with JIA, during 2023-2024. The study was 

approved by the Regional Ethics Committee (number 282-20), and written informed 

consent was obtained from each participant and/or their caregiver, according to national 

guidelines.  

Participants were consecutively recruited from the Paediatric and Young Adult 

Rheumatology Unit at the São João University Hospital, Porto (CHUSJ). Pediatric 

patients meeting the ILAR criteria [1] for JIA, with current or previous knee involvement, 

were included. Excluded were children with a history of intra-articular steroid injection 

or a trauma to the knee within the last two months or with known contraindications to 

MRI and/or the contrast media used. 
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B.1. Ultrasound examination  

All patients had US (the same protocol as school volunteers), US-Doppler (Colour, Power 

and Micro-Doppler), CEUS and CEMRI of the affected or most affected knee, clinical 

examination, clinical data collection and laboratory on the same day. The clinical 

examination was performed by one of three paediatric rheumatologists, classifying the 

knee joint, using a global clinical grade, into inactive (grade 0), equivocal (grade 1), or 

active arthritis (grade 2).  

The US, US-Doppler and CEUS were performed by one radiologist. The Doppler 

evaluation consisted of colour Doppler, Power Doppler and Micro Doppler, graded 

according to the OMERACT Ultrasound Group consensus [85]. To choose the place for 

the 2 minutes CEUS acquisition (with Sulfur Hexafluoride - Sonovue® contrast) sagittal 

scans of three different locations (supra-, para- and infrapatellar) were used, and the 

location showing most pathology (thickened, hyperemic synovium) was chosen for the 

CEUS. 

Two observers independently scored the CEUS-video-clip for inflammation (0-3 scale) 

(Fig. 2), with a second reading after 6 weeks, blinded to the clinical data (intra and inter-

observer agreement). Using VueBox®, quantitative parameters were also measured by 

two observers, separately (inter-observer agreement): Peak Enhancement (PE), Wash-in 

Area Under the Curve (WiAUC) and Time to Peak (TTP).  
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Fig. 2. CEUS atlas, with examples of the suprapatellar recess of the knee, longitudinal view. Software of VueBox® 

with Dual-screen mode with simultaneous display of grey-scale image (left) and contrast-only image (right) in the same 

view: a, b Grade 0 (few bubbles allowed); c, d Grade 1 (mild); e, f Grade 2 (moderate); g Grade 3 (severe). (Published 

in Paper 3 [86]) 

B.2. MRI examination

The CEMRI protocol included T1-weighted, T1 weighted fat-suppressed pre- and post-

intravenous gadolinium (GD) contrast administration, Proton Density-weighted with fat 

suppression (PD-FS), DWI, FLAIR-FS, and a dynamic T1-weighted sequence (for the 

full MRI protocol please see Supplemental Material Paper 4). 

The CEMRI (Fig. 3), CEMRI+PD-FS and the FLAIR-FS (Fig. 4) were scored for 

inflammation (0-3 scale), by two observers, twice (6 weeks apart), independently, blinded 

to the clinical data (intra and inter-observer agreement). With the application tissue 4D in 

Syngo.via®, CEMRI quantitative measures were also taken by two observers (inter-

observer agreement), in same place as CEUS and also in the sagittal plane: Peak 

Enhancement Intensity (PEI), initial Area Under the Curve (iAUC) and TTP. 
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Fig. 3 CEMRI atlas with sagittal postcontrast examples of the knee: a Grade 0 (none/subtle synovial enhancement 

CEMRI); b, c Grade 1 (mild synovial enhancement/thickening CEMRI); d Grade 2 (moderate synovial 

enhancement/thickening CEMRI); e Grade 3 (severe synovial enhancement/thickening CEMRI) (Adapted from Paper 

3 [86]) 
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a b 

c d 

Fig. 4 FLAIR-FS/CEMRI atlas with paired examples of the knee: a Grade 0 (none/subtle synovial enhancement 

CEMRI); b Grade 1 (mild synovial enhancement/thickening CEMRI); c Grade 2 (moderate synovial 

enhancement/thickening CEMRI); d Grade 3 (severe synovial enhancement/thickening CEMRI) (Under Submission Paper 4) 
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C. The healthy FLAIR-FS MRI cohort

To establish normal appearances of the knee joint on a FLAIR-FS sequence, healthy and 

asymptomatic paediatric volunteers residing in the same area as the JIA cohort were 

invited to undergo an MRI without intravenous contrast, including a FLAIR-FS sequence 

(for the MRI protocol please see Supplemental Material Paper 4).  

The study was approved by the Regional Ethics Committee (number 282-20), and written 

informed consent was obtained from each participant and/or their caregiver, according to 

national guidelines.  

Recruitment was conducted via e-mail and direct invitations, with volunteers selected to 

frequency-match the age and sex distribution of the JIA cohort. Excluded were 

individuals with chronic diseases or undergoing treatments that could potentially affect 

the skeletal system, incapacity to perform the exam without sedation and knee trauma 

within the previous two months. 

C.1. MRI examination

The FLAIR-FS sequence of the healthy volunteers was scored for inflammation (0-3 

scale), by two observers (inter-observer agreement), independently, blinded to the 

demographic data. 

D. Statistical analysis

D.1. Descriptive Statistics and Group Comparisons

Data normality was assessed across all cohorts. Except for age and height in the healthy 

school volunteer cohort, continuous variables consistently deviated from a normal 

distribution. Consequently, non-parametric analyses were applied, with continuous 

variables expressed as medians with corresponding percentiles (PCTL) or interquartile 

ranges (IQR). Baseline reference intervals for the US healthy volunteer cohort were 

defined using the 2.5th and 97.5th percentiles. 

Differences between independent groups were evaluated using the Mann-Whitney U test 

or the Kruskal-Wallis test, as appropriate. For paired samples, including bilateral intra-

subject or multi-modal comparisons, the Wilcoxon signed-rank test was utilised. 

Categorical variables were cross-tabulated and analysed using the Chi-Square test of 
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independence or Fisher’s exact test. Spearman’s rank correlation coefficient was 

employed to assess the strength and direction of associations between quantitative 

imaging metrics. 

D.2. Reliability

Intra- and inter-observer reliability for categorical and semi-quantitative grading scales 

was determined using simple Cohen’s kappa (ĸ) or linear weighted kappa coefficients 

with corresponding 95% confidence intervals (CI), supplemented by the proportion of 

absolute agreement. 

For continuous and quantitative metrics, relative reproducibility was quantified using the 

ICC (two-way mixed-effects, consistency type) with 95% CIs. Absolute agreement and 

potential observer bias were visualised and quantified using Bland-Altman mean-

difference plots with 95% limits of agreement (LoA). Inter-observer reproducibility for 

the ultrasound protocol was validated on a subset of 27 right knees. 

D.3. Diagnostic Performance and Discriminative Ability

The diagnostic performance of CEUS and non-contrast FLAIR-FS was evaluated against 

the reference standard (CEMRI). Sensitivity, specificity, and overall diagnostic accuracy 

were calculated with their corresponding 95% CIs. 

Binary Receiver Operating Characteristic (ROC) curve analysis was employed to 

evaluate the discriminative capability of the alternative imaging techniques relative to the 

reference standard. The Area Under the ROC Curve (AUC) and its 95% CIs were 

calculated, and optimal diagnostic cut-off thresholds were selected based on the clinical 

context. 

D.4. Multivariable logistic regression model to predict JIA disease in the knee

A multivariable logistic regression model with backward stepwise selection identified 

independent predictors of the outcome probability. The model predictive performance 

was evaluated via receiver operating characteristic (ROC) curve analysis. The optimal 
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diagnostic cut-off was determined using Youden’s Index, prioritizing a clinically relevant 

sensitivity threshold (≥ 80%). 

D.5. Significance Threshold and Software

For all analyses, the threshold for statistical significance was set a priori at 5% (p < 0.05), 

and all reported p-values are two-tailed. Statistical computations were performed using 

IBM® SPSS® Statistics (versions 27.0 and 30.0; IBM Corp., Armonk, NY, USA) and 

Jamovi (versions 2.3 and 2.6.26; Jamovi Project, Sydney, Australia).  





44 

THESIS OUTPUTS 





45 

A. Research Line I





46 

Paper 1 - Knee-ultrasound: reference values for the amount of joint fluid and 

synovial appearances in healthy children and adolescents 

Dias SC, Carvalho DC, Castro M, Dias CC, Ramos I, Brito I, Rosendahl K.  

Pediatr Radiol 55, 1127–1137 (2025). https://doi.org/10.1007/s00247-025-06243-0 





Vol.:(0123456789)

Pediatric Radiology 
https://doi.org/10.1007/s00247-025-06243-0

RESEARCH

Knee‑ultrasound: reference values for the amount of joint fluid 
and synovial appearances in healthy children and adolescents

Sílvia Costa Dias1,2   · Diogo Costa Carvalho2   · Miguel Castro2   · Cláudia Camila Dias3,4   · Isabel Ramos1   · 
Iva Brito1,5   · Karen Rosendahl6,7 

Received: 28 October 2024 / Revised: 2 April 2025 / Accepted: 7 April 2025 
© The Author(s) 2025

Abstract
Background  With increasing ultrasound use, data for the normal amount of joint fluid and synovial appearances are needed.
Objective  To establish reference values for knee-ultrasound in healthy volunteers by age. To examine the association of joint 
fluid and synovial appearances with age, sex, and time spent in sports activities.
Materials and methods  Prospective, cross-sectional, including 3–17-year-old volunteers. Examinations were performed by 
one of two experienced radiologists after meticulous standardisation of the technique. Knees were examined in 30° flexion, 
in extension and during provocation.
Results  One hundred twenty-seven volunteers (67 females), median age 10.9 years (percentile 2.5th-97.5th: 3.4–17.2), were 
included. With 30° knee flexion, the median amount of suprapatellar recess joint fluid (sagittal view) was 0.5 mm for 
females and 0.9 mm for males (P = 0.014), increasing to 1.9 mm and 2.4 mm (P = 0.031), respectively, during provocation. 
The amount of fluid during provocation increased with age for both sexes (P = 0.007 females; P = 0.012 males) and by time 
spent in sport-activities (P = 0.003). Further, there was a positive association between the presence of joint fluid speckles 
and sport-activities (P = 0.039). Median double-layered synovium was 1.5 mm in 3–6-year-olds, increasing to 2.1 mm in 
7–9-year-olds and 2.0 mm in 10–17-year-olds (P = 0.024). No synovial Doppler signal was seen. Observers’ agreement was 
excellent, with ICC values ≥ 0.9.
Conclusion  The majority of healthy children have measurable knee joint fluid, more so when examined with a flexed knee 
and under provocation. Speckles within the joint fluid are seen in one-fourth, especially in males, and the presence of speckles 
and joint fluid amount are associated with sports-activity.

Graphical Abstract

The majority of healthy children have measurable fluid in the suprapatellar recess, more so in males.
Speckles in the joint fluid occur in 1/4 (especially males). Presence of speckles and joint fluid amount are associated with sports-ac�vity.
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Background

Recent advancements in ultrasound imaging technology 
have provided exquisite high-resolution images allowing for 
detailed differentiation between synovium and joint fluid, with 
the potential to improve diagnosis and follow-up of juvenile 
idiopathic arthritis (JIA). JIA is characterised by chronic syno-
vial inflammation, e.g. thickened, hyperaemic synovium and 
effusion, with a potential risk of developing progressive joint 
destruction and serious functional disability [1, 2]. Recent 
research has shown that adult disease is seen in up to 70% 
of those having suffered JIA, underscoring the importance 
of close monitoring of disease activity to guide therapy dur-
ing childhood [3]. Normally, joints contain a small amount of 
joint fluid; however, current literature on reference values is 
sparse, with a few studies addressing the wrist, elbow, or hip 
joints [4–6]. For knees, there are two main studies, one includ-
ing 60 children aged 2–16 years (2007) [7] and one including 
257 children aged 1–18 years (2016) [8]. Both studies have 
published reference values for the depth of the suprapatellar 
recess, of which one by age and sex [8]. However, none of the 
studies has distinguished between synovium and joint fluid, or 
addressed potential differences in appearances by knee posi-
tioning and provocation. Moreover, no studies have mentioned 
the presence of small echogenic dots, or speckles within nor-
mal joint fluid that might be seen in some children.

The purpose of our study is to provide ultrasound-data on 
the presence, amount, and appearances of joint fluid and the 
appearances of synovium of the knee joint in healthy children 
and adolescents, by sex, age, and sport-activities.

Materials and methods

Study design

This was a single-centre, prospective, cross-sectional study 
including volunteers from a private school in Porto/Portugal. 
The study was approved by the Institutional Ethics Commit-
tee (IEC) (registration number CE 191/22) and by the school 
board. Written, informed consent was obtained from all the 
participants and caretaker(s). Children aged 3–17 years were 
invited to participate via invitations sent to parents’ representa-
tives. Exclusion criteria were (a) chronic medicated disease 
that might affect the skeletal system or (b) having experienced 
a knee trauma within the last 2 months.

Questionnaire on diseases and knee pain: 
leg‑length assessment

All participants/caretakers filled in a questionnaire on dis-
eases, medication, knee pain/symptoms, and sport-habits 
(number of sports and hours per week). Knee pain/symptoms 

were scored as 0 = never, 1 = sporadic, 2 = sometimes, or 3 = 
frequent. In addition, leg length discrepancy was assessed 
subjectively at 0.5-cm intervals, by levelling the iliac crests 
with the child in an upright position.

Ultrasound examination of the knees

The ultrasound examinations were performed between Octo-
ber 17 and 21, 2022, by one of two examiners (paediatric and 
musculoskeletal radiologists with 10/12 years of experience, 
respectively), following meticulous discussions and stand-
ardisation of the ultrasound protocol [7–10]. All examina-
tions were performed on a Logiq E10 machine—Version R3 
(V.3.2), General Electric (GE Healthcare, Milwaukee, WI), 
with a linear 6–15-MHz transducer and defined pre-sets. To 
compare colour and power Doppler, both techniques were 
performed in the first 23 participants, whilst the remainder 
were examined with colour Doppler alone. We used low flow 
settings (adjusted from Ting et al. [9]), including a pulse 
repetition frequency < 1.0 (0.6), low wall filter (51 Hz), and 
frequency adjusted to obtain maximum sensitivity, as well as 
gain (set just below artefact levels). Signal was only consid-
ered if located within the synovial area, and scored as 0 (no 
signal); 1 (1 to 3 signals); 2 (> 3 signals or confluent signals 
in < 50% of area of synovium); or 3 (confluent signals in 
> 50% of area of synovium), according to Ting et al. [9].

With the participant supine, both knees were examined in 
30° flexion, using a longitudinal (standard) view (Fig. 1) and 
thereafter a transverse view through the lateral and medial 
parapatellar recesses (Fig. 2). Doppler signals were scored. 
The presence of hyperechoic, small dots/speckles within the 
joint fluid was noted for each of the recesses, also including 
lateral and medial sections, and below the parapatellar view 
(Fig. 2). Further, the infrapatellar recess was assessed, with 
fluid measurements underneath the lower pole of the patella 
and in the deep infrapatellar bursa (Fig. 2). The suprapatellar 
recess was also examined with knees extended (Fig. 3) and 
under provocation (Fig. 4).

For inter-observer reproducibility, a second observer, 
blinded to the first results, examined the right knees in 27 
participants within minutes of the first observer.

Statistical analysis

Except for age and height, continuous variables were 
not normally distributed; thus, non-parametric tests 
(Mann–Whitney or Kruskal–Wallis) were applied, using 
median (Mdn) and percentiles. Age-related values with 
Mdn 2.5th and 97.5th percentiles were calculated for four age 
groups (3–6, 7–9, 10–13, and 14–17 years). The Wilcoxon 
test was used for paired samples. To test the independence 
of categorical variables, the independent chi-square or the 
Fisher exact test was applied. The reproducibility between 
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two readers was analysed for 27 right knees, using intra-class 
correlation coefficient (ICC) with 95% confidence intervals 
(0–0.39 = poor; 0.40–0.59 = fair, 0.60–0.74 = good, and 
0.75–1.00 = excellent agreement) [11] and Bland–Altman 
mean-difference plots. The mean difference and standard 
deviation of the differences are reported as measures of 
bias and variability within or between observers. Twice this 
standard deviation is defined by the British Standards Insti-
tution as a “repeatability coefficient”. For categorical vari-
ables, simple Cohen kappa with 95% confidence intervals 
was used. A P-value < 0.05 was considered a priori statisti-
cally significant. The reported P-values are two tailed. The 
statistical analysis was performed in Statistical Package for 
the Social Sciences (SPSS®) v.27.0 and Jamovi (Version 
2.3) (computer software).

Results

A total of 127 participants (67 female) were included. 
Median age was 10.9 years (PCTL 2.5 th- 97.5th 3.4–17.2 
years). Demographic and clinical characteristics of the par-
ticipants by sex are listed in Table 1.

Joint fluid

From the 127 participants, 96 (75.6%) had visible joint fluid 
in at least one of the suprapatellar recesses, knee 30° flexed, 
whilst 62 (48.8%) had bilateral fluid. Apart from the lateral 
parapatellar recess (right > left, P = 0.004), the amount of 
joint fluid did not differ according to side; thus, the main 
results are given for the right side only.

The Mdn amount of suprapatellar fluid for females was 
0.5 mm with the knee 30° flexed, vs. 0.9 mm for males (P = 
0.014), rising to 1.9 mm and 2.4 mm, respectively, under 
provocation (P = 0.031). No such difference was seen in 
either of the parapatellar views (Table 2). In extension, the 
Mdn amount of fluid was 0.0 mm for both sexes, and thus 
significantly lower as compared to 30° flexion (P < 0.001).

Females

In total, 36/67 (53.7%) had visible fluid in the suprapatel-
lar recess (range 0.5–2.7 mm) whilst this was true for 29 
(43.2%) of the medial parapatellar (range 0.3–1.4 mm), 
and 25 (37.3%) of the lateral parapatellar recesses (range 
0.4–1.8 mm). The amount of fluid in the lateral and medial 

a b

c d

Fig. 1   a Knee 30° flexed, in a 10-year-old healthy boy, accessing the 
suprapatellar recess—central longitudinal view (“standard”). b-d A 
13-year-old healthy boy, with 30° knee flexion, central longitudinal 

standard view. b Anteroposterior measurements of fluid (arrowhead). 
c Single synovial layer (arrowhead). d Double synovial layer (during 
light transducer compression to squeeze fluid away) (arrowhead)
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parapatellar recess, as well as the amount of fluid on provo-
cation, increased significantly across age groups (Table 3).

Males

In total, 44/60 (73.3%) had fluid in the suprapatellar recess 
(range 0.6–3.0 mm), whilst this was true for 23 (38.3%) in 
the medial (range 0.5–1.8 mm), and 27 (45.0%) in the lat-
eral parapatellar recesses (range 0.5–2.4 mm). The amount 
of fluid in the lateral parapatellar recess, as well as the 
amount of fluid on provocation, increased significantly by 
age (Table 4).

Speckles within the joint fluid

Speckles in at least one recess were seen in 26 right knees 
(20.5%), in 18 (14.2%) of the suprapatellar recess, in 9 
(7.1%) of the lateral and in 4 (3.1%) of the medial parapa-
tellar recesses. In 56 (44.1%) right knees, there were speck-
les along the lateral joint space, whilst speckles along the 
medial joint space were seen in 30 (23.6%).

The number of recesses containing at least one speckle 
was lower for females, with at least one positive recess in 6 
of the females (9.0%) versus 20 of the males (33.3%) (P < 
0.001). Considering just the suprapatellar recess, the figures 

a b

c d

Fig. 2   Knee 30° flexed in healthy children. a, b Transverse views, 
with measurement of fluid (arrowheads) in lateral (a) and medial 
(b) parapatellar recesses in a 13-year-old boy. c Speckles in the lat-

eral joint space (arrow) in a 7-year-old girl. d Infrapatellar recess in a 
4-year-old girl: fluid is seen underneath the lower pole of the patella 
(arrow) and in the deep infrapatellar bursa (asterisk)

Fig. 3   Knee extended in healthy 
children. a Same participant as 
Fig. 1a, a 10-year-old boy, using 
the standard longitudinal view. 
b Same participant as Fig. 1b-d, 
a 13-year-old boy, anteroposte-
rior measurement, showing less 
fluid in the recess (arrowhead)

a b



Pediatric Radiology	

were positive in 3 females (4.5%) versus 15 males (25.0%) 
(P < 0.001).

Associations between joint fluid, speckles, 
and additional features

The amount of joint fluid in the right suprapatellar recess 
increased significantly by the total hours of weekly sport-
activity, both when based on the 30° flexed view (P = 0.028) 
and on provocation (P = 0.003), and in the lateral parapatel-
lar recess (P = 0.029) (Fig. 5). Similarly, there was a signifi-
cant association between total hours of sports-activity and 

the presence of speckles in the joint fluid (P = 0.039), with 
higher Mdn of hours for children with speckles (3.5 h vs. 2.0 
h per week for children without speckles). No statistically 
significant associations were found between the amount of 
joint fluid and the presence of speckles, with past medical 
history, symptoms, medication, trauma, or lower limb length 
discrepancy.

Fluid in other locations

Fluid underneath the inferior pole of the right patella was 
identified in 3 (15.0%) children aged 3–6 years and in 2 

Fig. 4   Provocation manoeu-
vre, knee 30° flexed in healthy 
children. a With one hand 
squeezing from side to side, 
whilst performing an upward 
movement (same participant in 
Fig. 1a, a 10-year-old boy). b 
Fluid measurement (longitudi-
nal standard view) (callipers) in 
a 16-year-old boy. Note speckles 
in the fluid (arrowhead)

ba

Table 1   Descriptive statistic: study population

BMI body mass index, Mdn median, OSD Osgood-Schlatter disease
a Mann-Whitney
b Chi-square test
c Other than chronic anti-inflammatory or immunosuppressant drugs

Participants Total Females Males P–valuea,b

n (%) 127 (100%) 67 (52.8%) 60 (47.2%)
Age years, Mdn (percentile 2.5th–97.5th) 10.9 (3.4–17.2) 10.9 (3.3–16.8) 10.9 (3.3–17.3) 0.723a

Height cm, Mdn (percentile2.5th–97.5th) 143.3 (97.6–182.9) 143.0 (95.1–170.0 143.5 (98.1–186.1) 0.467a

Weight kg, Mdn (percentile 2.5th–97.5th) 37.4 (15.4–72.8) 38.1 (15.6–69.8) 34.9 (14.8–74.3) 0.961a

BMI Mdn (percentile 2.5th–97.5th) 25.5 (15.5–41.6) 26.4 (16.3–43.3) 24.2 (15.0–41.6) 0.927a

Race – Caucasian, n (%) 123 (96.9) 64 (95.5) 59 (98.3) 0.621b

Past medical history, n (%) 18 (14.2) 7 (10.4) 11 (18.3) 0.203b

 Medicationc, n (%) 4 (3.2) 1 (1.5) 3 (5.0) 0.343b

Trauma last 2–6 months, n (%) 2 (1.6) 2 (3.0) 0 (0.0) 0.498b

Previous history OSD (knees) n/individuals 5/4 2/2 3/2
Knee symptoms (mainly mild pain)
 Sporadic or sometimes, n (%) 18 (14.2) 13 (10.2) 5 (8.3) 0.074b

Sport-activities, n (%)
 Number sports, Mdn (percentile 2.5th–97.5th) 1.0 (0.0–3.0) 1.0 (0.0–3.3) 1.0 (0.0–3.0) 0.932a

 Total hours/week, Mdn (percentile 2.5th–97.5th) 3.0 (0.0–10.0) 2.0 (0.0–12.1) 3.0 (0.0–10.0) 0.080a

Limb discrepancy, n (%) 16 (12.8) 8 (11.9) 8 (13.3) 0.813b

 Left limb shorter, n 10 4 6 0.608b
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(6.9%) children aged 7–9 years, but not in the older age 
groups (P = 0.017). Of the 127 participants, 12 (9.4%) had 
some fluid in the right deep infrapatellar bursa, with no dif-
ferences according to age (P = 0.537). For both findings, 
there were no differences according to sex (P = 0.542 and 
0.823) or symptoms (P = 0.735 and 0.754).

Synovial thickness and Doppler signal

For the suprapatellar recess, no significant differences 
in thickness of the double-layered synovium were seen 

according to side (P = 0.714) or sex (P = 0.627). However, 
significant differences were found according to age groups. 
Thus, synovial thickness of the double-layered synovium is 
given for the right knee by age group (Table 5). A simple lin-
ear regression based on the right measures showed an equa-
tion, in which synovial double-layer thickness is predicted 
in millimetres based on age, with P < 0.001 (Table 5). No 
significant associations were found between synovial thick-
ness and past medical history, medication, trauma, or leg 
length discrepancy.

No colour Doppler signal was seen within the synovium 
in either of the ultrasound views performed. In the first 23 
children, an additional power Doppler examination was per-
formed. No Doppler signal was seen on either of the two 
techniques; thus, for the remainder 104 participants, only 
colour Doppler was obtained.

Inter‑observer agreement

Inter-observer agreement on the assessment of fluid and 
synovial thickness was excellent, with ICC values ≥ 0.9. 
One-sample t-tests showed that the corresponding mean dif-
ference (bias) was not significantly different from zero for 
fluid measurements or synovial thickness (P > 0.999 and P = 
0.899, respectively). Ninety-five per cent limits of agreement 
were relatively wide for fluid (± 65% of the sample mean) 
and fair for synovial thickness (± 35% of the sample mean) 
(Supplementary Material 1). The agreement for identifica-
tion of speckles and scoring of Doppler signals was excel-
lent, with kappa values between 0.9–1.0 for speckles and 
1.0 for Doppler.

Table 2   Amount of fluid in the recesses in millimetres, median with 
2.5th–97.5th percentiles for 127 children, the right knee, by location 
and sex

Mdn median
a Mann-Whitney test

Location Female
(n = 67)

Male
(n = 60)

P–valuea

Longitudinal suprapatellar
 30° flexion, Mdn
(Percentile 2.5th–97.5th)

0.5
(0.0–2.4)

0.9
(0.0–2.6)

0.014

 Extension, Mdn
(Percentile 2.5th–97.5th)

0.0
(0.0–0.9)

         0.0
(0.0–1.3)

0.239

 Provocation, Mdn
(Percentile 2.5th–97.5th)

1.9
(0.4–4.5)

2.4
(0.8–5.8)

0.031

Transverse parapatellar
 Lateral, Mdn
(Percentile 2.5th–97.5th)

         0.0
(0.0–1.8)

0.0
(0.0–2.3)

0.162

 Medial, Mdn
(Percentile 2.5th–97.5th)

         0.0
(0.0–1.4)

         0.0
(0.0–1.7)

0.843

Table 3   Amount of fluid in the 
recesses in millimetres, median 
with 2.5th–97.5th percentiles for 
67 females, the right knee, by 
location and age group

Mdn median
a Kruskal-Wallis test

Location Age category, years P–valuea

3–6
(n = 10)

7–9
(n = 16)

10–13
(n = 29)

14–17
(n = 12)

Longitudinal suprapatellar
 30° flexion, Mdn
(Percentile 2.5th–97.5th)

         0.5
(0.0–1.3)

0.0
(0.0–2.4)

0.6
(0.0–2.2)

0.3
(0.0–2.0)

0.796

 Extension, Mdn
(Percentile 2.5th–97.5th)

         0.0
(0.0–1.0)

0.0
(0.0–0.8)

0.0
(0.0–0.8)

0.0
(0.0–0.0)

0.367

 Provocation, Mdn
(Percentile 2.5th–97.5th)

1.1
(0.2–2.3)

1.9
(0.3–3.3)

2.2
(0.9–4.4)

1.8
(1.0–4.6)

0.007

Transverse parapatellar
 Lateral, Mdn
(Percentile 2.5th–97.5th)

0.0
(0.0–0.0)

0.0
(0.0–0.7)

         0.0
(0.0–1.8)

         1.0
(0.0–1.4)

 < 0.001

 Medial, Mdn
(Percentile 2.5th–97.5th)

0.0
(0.0–0.2)

         0.0
(0.0–1.1)

         0.6
(0.0–1.1)

         0.6
(0.0–1.4)

0.027
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Discussion

We have presented reference values for the amount of 
joint fluid and synovial thickness of the knee in healthy 
children and adolescents, examined for research purposes 
only. To the best of our knowledge, this is the first study to 
assess joint fluid and synovium separately, and to describe 

speckles within the joint fluid. More than 75% of the 127 
volunteers had visible joint fluid in at least one of the 
suprapatellar recesses with the knee 30° flexed, whilst 
nearly half had bilateral fluid. Of note is that the amount 
of fluid was higher with the knee 30° flexed as compared to 
extended, that males had more fluid than females, and that 
the amount increased with age and on provocation. Moreo-
ver, that speckles were seen in at least one of the recesses 

Table 4   Amount of fluid in the 
recesses in millimetres, median 
with 2.5th–97.5th percentiles 
for 60 males, the right knee, by 
location and age group

Mdn median
a Kruskal-Wallis test

Location Age category, years P–valuea

3–6
(n = 10)

7–9
(n = 13)

10–13
(n = 25)

14–17
(n = 12)

Longitudinal suprapatellar
 30° flexion, Mdn
(Percentile 2.5th–97.5th)

0.8
(0.0–2.4)

         0.8
(0.0–1.6)

1.0
(0.0–2.5)

0.8
(0.0–2.7)

0.841

 Extension, Mdn
(Percentile 2.5th–97.5th)

0.0
(0.0–0.5)

0.0
(0.0–0.7)

         0.0
(0.0–1.0)

         0.0
(0.0–1.6)

0.628

 Provocation, Mdn
(Percentile 2.5th–97.5th)

1.9
(1.0–3.6)

1.7
(0.7–3.2)

2.8
(0.9–5.2)

         3.1
(1.5–6.3)

0.012

Transverse parapatellar
 Lateral Mdn
(Percentile 2.5th–97.5th)

0.0
(0.0–0.4)

         0.0
(0.0–1.2)

0.0
(0.0–2.2)

1.1
(0.0–2.4)

0.001

 Medial Mdn
(Percentile 2.5th–97.5th)

0.0
(0.0–0.0)

         0.0
(0.0–1.1)

         0.0
(0.0–1.8)

         0.6
(0.0–1.3)

0.053

Fig. 5   Median amount of joint fluid millimetres in the right suprapatellar recess, with/without provocation, and in the lateral parapatellar recess 
through total hours of sports activities per week
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in one-fourth of the participants, more so in males, and 
that both the presence of speckles and the amount of joint 
fluid were associated with sports-activity.

Our results compare in part with those of others, 
although the examination techniques differ slightly. In a 
study of 60 healthy children aged 2–16 years-old, Collado 
et al. [7] found fluid in 60% of the suprapatellar recesses 
with knees in 30° flexion, as compared to 75% in our 
cohort. However, they applied pressure with the ultrasound 
probe whilst assessing the suprapatellar recess, leading to 
a fluid reduction. Furthermore, they reported fluid in 58% 
of the medial and 33% of the parapatellar recesses with 
the knees extended, which potentially also reduces the 
fluid. Thus, these technical issues may explain part of the 
differences.

Similarly, in a multicentre study of 435 children aged 
1–18 years old, Windschall et al. [8] found that over 64% of 
the children had visible fluid in the suprapatellar recess, var-
ying from 18% amongst 1–3-year-olds to 80% of 4–6-year-
olds. The results were presented by age categories and 
sex; however, potential statistically significant differences 
between sexes were not analysed for these features. Their 
reported reference values for the suprapatellar recess were 
generally higher than ours, most likely reflecting differences 
in examination techniques. Whilst we measured fluid and 
synovial thickness separately in 30° flexion, followed by an 
extended knee position, their measurements were taken with 
the knees in a neutral position, measuring both a double-
layered synovium and potential fluid. Our results showed 
that the amount of fluid in the suprapatellar recess differed 
significantly according to the position of the knee joint, with 
more fluid seen in 30° flexion compared to extension, high-
lighting the importance of a standardised examination tech-
nique. We could argue that assessing joint fluid and synovial 
thickness separately might prove more helpful, particularly 
when dealing with equivocal cases.

In our study, males had more fluid in the suprapatel-
lar recess, both with the knee slightly flexed and during 
provocation, as compared to females. No such difference 
was seen for the parapatellar recesses. Further, no differ-
ences were seen according to age in either sex, except for 

most parapatellar recesses, showing an increase of fluid 
with age, particularly in the oldest age group and during 
provocation. The latter is interesting, as it might reflect 
differences in fluid localisation by age, similar to what has 
been reported for neonates with septic coxitis [12].

Not unexpectedly, the amount of joint fluid doubled or 
even tripled during the provocation manoeuvre, under-
scoring the importance of a standardised technique when 
monitoring patients with arthritis. We believe that the 
manoeuvre, mirroring the clinical “patella dip” test, helps 
understand the bigger picture as compared to one standard 
view alone. Moreover, the synovium was easier to assess 
with fluid in the recess.

Interestingly, we found a positive correlation between 
the amount of joint fluid and hours spent on sport-activ-
ities, indicating that mechanical stress might play a role. 
To our knowledge, this is a novel observation in children. 
Similarly, knee-MRI after exercise in adults has shown an 
increase of joint fluid [13, 14].

Fluid underneath the inferior pole of the patella was 
identified in almost 4% of the children, all under the age 
of 9. An explanation might be that a less ossified patella 
provides a better acoustic window. Another interesting 
finding was that 10% of children had some fluid within 
the deep infrapatellar bursa, with no differences according 
to age. Both features should be acknowledged as normal 
variations and not be mistaken for pathology.

We have previously noted that some children have 
numerous hyperechoic dots in otherwise anechoic joint 
fluid, not representing intra-articular gas. We have termed 
these findings “speckles”. Interestingly, 25% of all the par-
ticipants had such speckles in at least one recess, more so 
in males and on the lateral side of the joint space. More-
over, there was an association between the presence of 
speckles and hours spent on sport-activities. Their clinical 
significance is unclear, but we speculate that they might 
be related to joint fluid viscosity or with some fluid com-
ponents. A study in adult patients with knee osteoarthritis 
reported a significant increase in joint fluid viscosity and 
molecular weight of hyaluronan after 12 weeks of exercise 
[15]; however, there was no ultrasound fluid assessment.

Table 5   Synovial thickness 
in millimetres, median with 
2.5th–97.5th percentiles in 127 
children (60 males), the right 
knee, by age group. Equation 
to predict synovial thickness 
in millimetres based on age in 
years

Mdn median, mm millimetres
a Kruskal-Wallis test

Location Age category, years P–valuea

3–6
(n = 20)

7–9
(n = 29)

10–13
(n = 54)

14–17
(n = 24)

Longitudinal suprapatellar
 30° flexion, Mdn
(Percentile 2.5th–97.5th)

         1.5
(1.1–2.5)

2.1
(1.2–2.9)

2.0
(1.3–3.9)

2.0
(1.4–3.3)

0.024

Synovial thickness (mm) = 1.493 + 0.05 × age in years
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Traditionally, synovial hypertrophy in children has been 
graded subjectively (mild/moderate/marked). Direct meas-
urements are less commonly used, in part due to challenges 
with the precision of small measurements. Roth J. et al. [16] 
stated that synovitis can be detected using B-mode alone, 
as an abnormal, intra-articular, anechoic, non-displaceable 
material. In our study, when the double-layered synovium 
was measured in the suprapatellar recess, exerting a mild 
pressure to remove fluid, we found a median thickness of 
around 2 mm, increasing with age. This is intriguing, as the 
Juvenile Arthritis MRI Scoring (JAMRIS) system [17] has 
defined synovial hypertrophy as enhancing synovium thicker 
than 2 mm. Their cut-off between normality and pathology 
is supported by an MRI-study of healthy children reporting 
that the normal, enhancing synovium does not exceed 1.8 
mm in thickness [18]. Direct comparison between ultrasound 
and MRI is difficult due to different image technologies; 
however, ultrasound images have better spatial resolution 
as compared to MRI.

Measurements of single synovial layer revealed non-sig-
nificant results. This might be due to difficulties in measur-
ing a single layer, especially in the absence of joint fluid. 
Of note is that on MRI, measuring synovial thickness in 
locations without fluid will correspond to our double-layer 
measurement.

According to Roth et al. [16], both colour and power 
Doppler perform well in the assessment of hyperaemia. We 

found no Doppler signal in either of the synovial recesses, 
suggesting that when present, it indicates pathology. Our 
findings compare well with others. In a paper by Miotto e 
Silva et al. [19], the authors found no power Doppler signal 
in the synovium of 1,224 joints examined, except for one 
wrist joint in one of the controls. Similarly, Collado et al. 
[7] found no positive Doppler signal in his study of the knee 
joints in 60 healthy children.

Our small pilot, comparing the two Doppler techniques, 
yielded no differences; however, the comparison was ham-
pered by lack of positive cases. Some physiological Doppler 
signals were seen, like vessels, for example across cartilage 
(Fig. 6) and in Hoffa’s fat pad.

The strengths of our study are the prospective design, 
including healthy children examined for research purposes 
only, and second, the meticulous and extensive ultrasound 
examinations, using state-of-the art ultrasound equipment. 
We acknowledge, however, several limitations to our study. 
First, all participants were recruited from the same school, 
most being Caucasians, potentially limiting the generaliz-
ability. Second, the number of examinations per age group 
by sex varied, with smaller sample sizes for some of the 
analysis. Third, although there was an excellent agreement 
on measuring fluid and synovial thickness based on the 
ICCs, the reproducibility as assessed by the Bland–Altman 
approach was only fair, a finding also reported by others 
[20].

a b

c d

Fig. 6   Transverse knee-ultrasound images in two 7-year-old healthy girls, at the level of the lateral parapatellar recess (a, b) and at the level of 
the lateral joint space (c, d). The colour Doppler (a, c) and power Doppler (b, d) images show identical findings of normal vessels in cartilage
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Conclusion

We have presented novel, ultrasound-based references by age 
for synovial thickness and fluid in the knee joint, the latter 
for males and females separately.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00247-​025-​06243-0.
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ESR Essentials: juvenile idiopathic arthritis;
what every radiologist needs to know—
practice recommendations by the European
Society of Paediatric Radiology
Sílvia Costa Dias1,2, Celine Habre3, Pier Luigi Di Paolo4, Paola d’Angelo4, Thomas A. Augdal5,6,
Oskar W. Angenete7,8, Damjana Kljucevsek9, Emilio J. Inarejos Clemente10, Laura Tanturri de Horatio4 and
Karen Rosendahl5,6*

Abstract
Juvenile Idiopathic Arthritis (JIA) is a major contributor to chronic diseases, affecting around 1–2 in 1000 children under
the age of 16. With modern treatments, the morbidity has been reduced; however, there is increasing evidence that
many, if not most, children with JIA will have a chronic disease with ongoing activity into adulthood. Many studies
discuss the possibility of an early window of opportunity in which patients have the best chance of responding to
therapy, thereby underscoring the importance of timely and appropriate imaging. Children typically present at 4–5
years of age with one or more stiff and painful joints. If JIA is suspected, the child should undergo an ultrasound of the
involved joint(s), performed by a radiologist with experience in paediatric imaging. If this is normal, with no abnormal
laboratory tests and low clinical suspicion of JIA, no further imaging is required. If there is inconsistency between
ultrasound and clinical findings, then they should proceed to MRI, including intravenous contrast, of the involved joint.
Additional radiographs, or low-dose CT for the axial joints to examine for potential destructive change, deformation, or
growth abnormalities, should be considered. In children presenting with monoarthritis, bacterial infection must be
ruled out.

Key Points
● Ultrasound is the initial modality in the diagnosis of JIA, and if there is inconsistency between ultrasound and clinical
findings, MRI should be performed.

● Radiography for the assessment of destructive change, deformity, and malalignment should be considered, alternatively, low-
dose CT for the temporomandibular and sacroiliac joints and the cervical spine.

● Knowledge of normal imaging features in children is mandatory.

Keywords Child, Arthritis, (Juvenile), Diagnostic imaging, Ultrasonography, Magnetic resonance imaging
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Key recommendations

● In the clinical setting of suspected JIA, the
appropriate initial imaging protocol is a high-
resolution ultrasound examination of the involved
joint(s) and tendons, including Doppler. In case of
monoarthritis, bacterial arthritis should be excluded.
If ultrasound is inconclusive, an additional MRI with
contrast should be performed. If a diagnosis of JIA is
reached, an MRI of the temporomandibular joints
(TMJ) should be contemplated, as involvement of
these joints is asymptomatic in a high proportion of
patients (level of evidence: moderate).

● For assessment of destructive change, deformation
or growth abnormalities, radiography, or low-dose
CT for the axial joints and the TMJs, is
recommended (level of evidence: moderate).

● Knowledge on normal references for the amount of
joint fluid and synovial thickness on ultrasound and
MRI, as well as on bone marrow findings on MRI, is
crucial to reduce misdiagnosis (level of evidence:
moderate).

Introduction
Juvenile idiopathic arthritis (JIA) is a major contributor to
chronic disease in childhood, affecting around 1–2 in 1000
children (f:m 3:1) under the age of 16 [1]. It is characterised
by chronic synovial inflammation, with a potential risk of
developing progressive joint destruction and serious func-
tional disability. The aetiology is unknown [2]. Historically,
the disease was characterised by high morbidity, such as
physical disability and loss of mobility due to joint con-
tractures and destruction from long-standing inflamma-
tion, pain, and fatigue. In addition, drugs like
glucocorticoids add to morbidity by side effects such as
growth and metabolic disturbances (osteoporosis). With
modern treatment such as Methotrexate, introduced dur-
ing the 80s and the biologics, introduced in the late 90s, the
morbidity has been reduced, but still children are faced
with periods of active disease with pain and reduced
mobility, and the observed side effects of the new drugs are
concerning [3, 4]. Moreover, there is increasing evidence
that many, if not most, children with JIA will have a chronic
disease with ongoing activity into adulthood [5, 6], thus
underscoring the importance of early diagnosis and insti-
gation of appropriate treatment.

Diagnosis and the role of imaging
JIA is a heterogeneous disease, classified into seven dis-
tinct categories: oligoarthritis, polyarthritis, systemic
arthritis, psoriatic arthritis, enthesitis-related arthritis, and
undifferentiated arthritis, of which oligoarthritis is the
most common [7]. Although the diagnostic criteria are

based on history and clinical and laboratory findings,
imaging has become an important tool both in narrowing
the differential diagnosis and monitoring disease activity,
development, and potential complications to treatment.
While evaluation of disease activity is performed with
ultrasound and/or magnetic resonance imaging (MRI),
joint damage and secondary growth disturbances are still
performed radiographically [8]. However, there is a lack of
comprehensive imaging guidelines across specialities.

Imaging techniques
Ultrasound with Doppler
Ultrasound is a valuable tool for evaluating inflammatory
change, such as joint effusion, thickened, hyperaemic
synovium, tenosynovitis (Fig. 1), and enthesitis, and
guiding joint injections, whilst assessment of chronic
change is less reliable [9]. To differentiate between nor-
mality and pathology, knowledge of age, gender, and
joint-related reference standards for the amount of joint
fluid and the appearances/thickness of the synovium are
required. An update on adequately sized, population-
based studies reporting on ultrasound-based references is
provided in Table 1. Of note is the wide variation in the
amount of joint fluid seen in otherwise healthy children by
age and the ultrasound technique used. Obviously, bor-
derline findings combined with equivocal clinical findings
might lead to both over and underdiagnosis of arthritis.
Several examination techniques and protocols for the

assessment of joints in children with JIA have been pro-
posed [10, 11]. The ESPR (European Society of Paediatric
Radiology) has endorsed the recommendations, including
a detailed description of transducers and main parameter
settings, given by the ESPR musculoskeletal task
force group (https://www.espr.org/app/uploads/2022-US-
Joints-in-children.pdf).
As for grading of inflammatory change, several US-

based scoring systems have been suggested; however, no
international consensus across specialities has been
reached [10]. For example, in a recent paper from the PreS
(Paediatric Rheumatology European Society) Imaging
Working Party, a combination of five views through the
knee joint were identified as being the most sensitive for
synovitis [12]. The degree of synovitis was scored in
accordance with the Paediatric Outcome Measures in
Rheumatology group [13], a consensus-driven, interna-
tional group, defining normality as the absence of effusion
without providing cut-offs between normality and
pathology. Obviously, this might introduce significant
overdiagnosis.
Ultrasound has a number of limitations. Firstly, the

reported sensitivity for detection of both acute and
chronic changes varies widely, reflecting its operator
dependency and limited visualisation of the entire joint. In
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particular, assessment and grading of chronic change
appear to be imprecise [9]. Moreover, ultrasound findings
have low prognostic value in patients in remission [14],
and the accuracy for detecting enthesitis has yet to be
standardised and further evaluated [15].

MRI
MRI plays an important role in assessing disease activity,
as well as damage to cartilage and bone in children with
JIA. However, the normal, growing skeleton often exhibits
MR findings such as bone marrow oedema-like change,
bony depressions, and irregular ossification; features that
easily can be mistaken for true marrow oedema or ero-
sions. For example, a study from 2008 indicated that MRI
might detect erosive change of the carpals with greater
sensitivity than radiography, particularly in early disease
[9]. However, during normal maturation, the carpals can
become quite irregular, thus mimicking pathology [16].
Moreover, bone marrow oedema might be a precursor of
erosive change/joint damage progression [17, 18]. But

again, since bone marrow oedema-like change, including
«kissing lesions» of the carpals is a frequent finding in
children, this feature must be interpreted with caution.
The same goes for joint fluid, as it is difficult to differ-
entiate when an effusion is present, given the wide var-
iation in normal joint fluid volume (Table 1).
Nevertheless, MRI has become a useful tool for evalu-

ating and monitoring children with JIA, particularly those
with subclinical disease [18]. It is especially valuable for
assessment of axial joints such as the cervical spine and
sacroiliac joints (SIJ), and is also the modality of choice for
assessing temporomandibular (TMJ) involvement [19].
Synovial inflammation, i.e. a thickened, hyperaemic

synovium, most often, but not always combined with an
effusion, is the key indicator of disease activity in JIA. For
most joints, the use of intravenous contrast is needed to
differentiate between a pathological synovial membrane
and an effusion (Fig. 2). From previous work, taking the
influence of timing into consideration, we know that a
normal synovium is thin with barely visible enhancement

Fig. 1 Ultrasound of the wrist in a two-year-old boy with polyarticular JIA. a Axial view, dorsal wrist, visualising (b) the extensor tendons, showing (c) a
thickened (long arrows) and (d) hyperaemic synovium consistent with tenosynovitis of compartments VI and IV. e shows a longitudinal view through the
wrist, with f illustrating the radiocarpal (green arrow) and midcarpal (red arrow) recesses. g Note the appearances of the dark cartilage, which can easily
be mistaken for fluid (arrow heads). To differentiate between the two, gain might be adjusted to visualise the typical “speckles” within cartilage, as
compared to the dark/black fluid

Costa Dias et al. European Radiology (2026) 36:1261–1271 1263



Ta
b
le

1
Pu

bl
is
he

d
re
fe
re
nc
e
st
an
da
rd
s
fo
r
sy
no

vi
al
th
ic
kn
es
s
an
d
jo
in
t
fl
ui
d
in

di
ffe
re
nt

jo
in
ts
.

JO
IN
T
re
fe
re
nc

es
n

A
g
e
(y
ea

rs
)

C
oh

or
t

St
ud

y
d
es
ig
n

C
en

tr
e

N
Sc
an

(s
ag

it
ta
l)

Sy
no

vi
um

ec
ho

ge
ni
ci
ty

Sy
no

vi
um

th
ic
kn

es
s
(b
on

e-
ca
p
su
la
r
d
is
ta
nc

e,

ex
c.

kn
ee

)

Jo
in
t
fl
ui
d

H
IP Ro

hr
sc
hn

ei
de

r
[4
7]

16
6

0.
3–
17

N
A

Pr
os
pe

ct
iv
e

M
on

o
N
A

an
t
re
c,
ER

H
yp
o

M
ea
n
5.
5
m
m
,9
5%

C
I[
5.
4,
5.
6]
*,#

Pr
es
en

ce
12
%
,a
n

Ro
bb

en
[4
8]

58
1.
7–
12
.5

N
A

Pr
os
pe

ct
iv
e

M
on

o
1

an
t
re
c

H
yp
er
/h
yp
o

M
ea
n
4.
7
m
m
,9
5%

C
I[
4.
5,
4.
9]

Pr
es
en

ce
4%

Ti
en

[4
9]

78
4

2.
5–
6.
6

(1
)

N
A

N
A

N
A

an
t
re
c,
N
R

Is
o

M
ea
n
7.
3
m
m
,9
5%

C
I[
7.
2,
7.
4]
#

N
A

Tr
au
ze
dd

el
[5
0]

44
5

1–
18

(2
)
(3
)

N
A

M
ul
ti

11
an
t
re
c,
N
R

N
A

Ra
ng

e
5.
1–
7.
5
m
m

**
,!

N
A

Zu
be

r
[5
1]

40
8

0–
18

(2
)

N
A

M
on

o
3

an
t
re
c

N
A

M
ed

6.
7
m
m
,(
C
10
-C
90

5.
9–
7.
3
m
m
)
(≥
16

y)
##
,!

A
bs
en

ce

C
ol
la
do

[5
2]

60
2–
16

N
A

N
A

M
on

o
1

an
t
re
c,
ER

N
A

M
ea
n
5.
2
m
m
,9
5%

C
I[
5.
2,
5.
2]
##

A
bs
en

ce

W
itt
oe

k
[5
3]

48
5

0.
2–
18

N
A

Pr
os
pe

ct
iv
e

M
on

o
6

an
t
re
c,
ER

N
A

M
ed

3.
4
m
m
,R
an
ge

(0
.9
–9
.1
)!

N
A

KN
EE W
in
ds
ha
ll
[5
4]

43
5

1–
18

N
A

N
A

M
ul
ti

9
su
pr
ap
at

N
A

M
ea
n
3.
2
m
m
,9
5%

C
I[
1.
3–
6.
2]

(1
6–
18

y)
#

Pr
es
en

ce
64
%
,

hy
po

C
ol
la
do

[5
2]

60
2–
16

N
A

N
A

M
on

o
1

su
pr
ap
at

N
A

M
ea
n
1.
3
m
m
,9
5%

C
I[
1.
2,
1.
4]

Pr
es
en

ce
60
%
,a
n

D
ia
s
[5
5]

12
7

3–
17

(1
)

Pr
os
pe

ct
iv
e

M
on

o
2

su
pr
ap
at

N
A

M
ed

2.
0
m
m
,P
er
ce
nt
ile

2.
5t
h
–9
7.
5t
h
[1
.4
–3
.3
]

(1
4–
17

y)
**

, **
*,#

#,
!

Pr
es
en

ce
76
%
**
**

SH
O
U
LD

ER

Tr
au
ze
dd

el
[5
6]

44
5

1–
18

(2
)
(3
)

N
A

M
ul
ti

>
3

an
t
re
c

N
A

M
ea
n
3.
5
m
m
,9
5%

C
I[
2.
6,
4.
5]
**

,#
#

A
bs
en

ce

EL
BO

W

Tr
au
ze
dd

el
[5
7]

43
7

1–
18

(2
)
(3
)

N
A

M
ul
ti

>
2

an
t
re
c

N
A

M
ea
n
3.
5
m
m
,9
5%

C
I[
3.
4,
3.
6]
**

,#
#

N
A

W
RI
ST Ro
se
nd

ah
l[
58
]

11
6

6–
16

(1
)

Pr
os
pe

ct
iv
e

M
on

o
1

do
rs
al
re
c
N
/F

H
yp
o

RC
M
ea
n
0.
4
m
m
,9
5%

C
I[
0.
3,
0.
5]
**

Pr
es
en

ce
50
%
,a
n

M
C

M
ea
n
0.
5
m
m
,9
5%

C
I[
0.
4,
0.
6]
**

Pr
es
en

ce
10
%
,a
n

FI
N
G
ER
S

C
ol
la
do

[5
2]

60
2–
16

N
A

N
A

M
on

o
1

do
rs
al
re
c

N
A

M
C
P

M
ea
n
0.
6
m
m
,9
5%

C
I[
0.
5,
0.
7]
**
**
*

Pr
es
en

ce
(s
om

e)
,

an

PI
P

M
ea
n
0.
6
m
m
,9
5%

C
I[
0.
6,
0.
7]
**
**
*

C
oh

or
t,
re
cr
ui
tm

en
t
m
et
ho

d:
(1
)
po

pu
la
tio

n-
ba

se
d
,(
2)

pa
tie

nt
s
w
ith

di
se
as
e
no

t
in
vo

lv
in
g
th
e
jo
in
t,
an

d
(3
)
ch
ild

re
n
of

in
ve
st
ig
at
or
s/
fr
ie
nd

s
Sy
no

vi
um

th
ic
kn

es
s:
th
e
bo

ne
-c
ap

su
la
r
di
st
an

ce
is
pr
ov

id
ed

w
ith

th
e
ex
ce
pt
io
n
of

th
e
kn

ee
,f
or

w
hi
ch

th
e
th
ic
kn

es
s
of

th
e
su
pr
ap

at
el
la
r
re
ce
ss

is
re
po

rt
ed

Jo
in
t
fl
ui
d:

pe
rc
en

ta
ge

of
jo
in
ts

w
ith

pr
es
en

ce
of

fl
ui
d,

ec
ho

ge
ni
ci
ty

of
fl
ui
d

an
an

ec
ho

ic
,
an

t
re
c
an

te
rio

r
re
ce
ss
,
CI

co
nfi

de
nc
e
in
te
rv
al
,
do

rs
al

re
c
do

rs
al

re
ce
ss
,
ER

ex
te
rn
al

ro
ta
tio

n,
hy
pe
r
hy

pe
re
ch
oi
c,

hy
po

hy
po

ec
ho

ic
,
is
o
is
oe

ch
oi
c,

M
C
m
id
ca
rp
al

jo
in
t,
M
CP

m
et
ac
ar
po

ph
al
an

ge
al

jo
in
t,

M
ed

m
ed

ia
n,

M
on

o
m
on

oc
en

tr
ic
,M

ul
ti
m
ul
tic
en

tr
ic
,n

nu
m
be

r
of

in
cl
ud

ed
ca
se
s,
N
A
no

t
ap

pl
ic
ab

le
,N

/F
ne

ut
ra
l/
fl
ex
io
n,

N
R
ne

ut
ra
lr
ot
at
io
n,

PI
P
pr
ox
im

al
in
te
rp
ha

la
ng

ea
lj
oi
nt
,R
C
ra
di
oc
ar
pa

lj
oi
nt
:s
up

ra
pa

t:
su
pr
ap

at
el
la
r

re
ce
ss
,N

to
ta
l
nu

m
be

r
of

ex
am

in
er
s

*
Fo

r
he

ig
ht

>
10

0
cm

;M
ea
n
2.
1
m
m

(<
65

cm
),
5.
1
m
m

(6
5–

10
0
cm

)
**

Ri
gh

t
si
de

**
*
D
ou

bl
e
sy
no

vi
al

la
ye
r
th
ic
kn

es
s
w
ith

lig
ht

tr
an

sd
uc
er

co
m
pr
es
si
on

to
sq
ue

ez
e
th
e
fl
ui
d
aw

ay
**
**

In
at

le
as
t
on

e
of

th
e
kn

ee
s

**
**
*
Se
co
nd

di
gi
t

#
In
cr
ea
se
s
w
ith

ag
e
an

d
he

ig
ht

##
In
cr
ea
se
s
w
ith

ag
e

!
Re

su
lts

co
ul
d
no

t
be

re
po

rt
ed

as
m
ea
n
an

d
95

%
C
I

Costa Dias et al. European Radiology (2026) 36:1261–1271 1264



[20, 21], and that there is a continuum towards a thick-
ened, pathologiclal membrane showing vivid enhance-
ment. To monitor disease activity, several grading systems
have been established for different joints, of which the
more robust ones are listed in Supplementary material A.
A grading system for synovial enhancement of the hips,
according to Tanturri de Horatio, is shown in Fig. 3.
Regarding the TMJ, there are suggestions for scoring

systems [22, 23], but as the authors state, there are chal-
lenges regarding repeatability, also shown in a recent
Dutch publication [24]. Despite its drawbacks, MRI of the
TMJ is a sensitive and specific diagnostic tool in the work-
up of the JIA patient.

Technical requirements and suggested protocols
Both 1.5-T and 3-T MR machines are feasible, given the
appropriate type and positioning of coils. Applying tech-
niques to reduce the need for sedation are mandatory.
However, the literature on child-specific reconstruction
methods is sparse [25].
Protocols for assessing the axial joints, such as the cer-

vical spine, sacroiliac and TMJs, and the extremities, based
on previous recommendations from the ESPR-ESSR [26],
as well as published updates [19, 27], are listed in Table 2. A
basic protocol is suggested, together with joint–specific
add-ons and potential new sequences to be considered.
The basic protocol should include fluid-sensitive

sequences (e.g., short tau inversion recovery (STIR), T2-

weighted fat-saturated (T2 FS) or T2 Dixon water only
images) for the assessment of joint fluid and oedema, and
a T1-weighted sequence for the assessment of growth
changes and chronic structural change [19, 26]. Alter-
natively, a proton density (PD)-weighted FS sequence
might replace the fluid-sensitive sequence for visualisa-
tion of cartilage, as well as fluid (Fig. 4). If another fluid-
sensitive sequence is preferred over the PD FS sequence,
an additional cartilage sequence should be considered.
Finally, recent studies have shown that the T2 Dixon fat-
only images can replace T1-weighted FS images, thus
shortening the scan time significantly [28, 29].
As mentioned above, the use of intravenous contrast is

needed to differentiate between an effusion and a hyper-
aemic and thickened synovial membrane. Due to diffusion
of contrast into the joint fluid, the timing of post-contrast
images, preferably in two planes, should be short and
standardised, for instance after a 2–3min delay [30]. See
Table 2 for examples of child- and joint-specific protocols.
For MR imaging of the SIJ, the role of intravenous con-
trast is limited, although it might be helpful in equivocal
cases [26, 31].
Because the hips are commonly involved in children

with juvenile spondyloarthropathy, a (true) axial acquisi-
tion with a larger field of view to visualise the entire pelvis,
including the hips, has been advised [26]. This extended
view also allows for assessment of pelvic enthesitis
(Table 2).

Fig. 2 Nine-year-old girl with psoriasis-related JIA and pain in her left thigh. MRI, with (a) a coronal T2-weighted SPAIR sequence, showed a sliver of joint
fluid in her left hip, whilst the T1-weighted, fat-saturated post-contrast image (b) showed vivid synovial enhancement, consistent with arthritis,
underscoring the need for intravenous contrast administration to assess active inflammation

Fig. 3 Hip MRI (T1-weighted, fat-saturated post-contrast images) in four different children aged 12 years, showing different grades of synovial
enhancement: (a) normal, (b) mildly increased synovial enhancement, (c) moderately increased, and (d) severely increased synovial enhancement
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Future perspectives
During the past years, significant efforts have been made
to reduce the need for intravenous gadolinium adminis-
tration, both due to unwanted side effects and examina-
tion time [32]. Alternative MR sequences, such as fluid
attenuated inversion recovery with fat suppression
(FLAIR FS), dual inversion recovery (DIR) and quantita-
tive double-echo in steady-state (qDESS) [33, 34] and
diffusion-weighted sequences have been evaluated [35].
Currently, contrast-enhanced MRI is often indispensable
in the diagnostic work-up of the JIA patient.

Radiography
Although conventional radiography (CR) has its limita-
tions in detecting inflammatory change, soft tissue
involvement and early structural change, it still plays an
important role in narrowing the differentials, particularly
in children presenting with monoarthritis, and in evalu-
ating severe joint damage and growth disturbances in
children with JIA [26, 36].

Except for the sacroiliac joints, the TMJs and the spine
[26], CR remains the preferred modality for assessment of
chronic change [8], of which knees, ankles, hands and feet
are the most frequent sites showing radiographic change
[37]. The radiographic findings differ significantly from
those in adults and vary according to mode of onset and
age. In younger children, the initial findings might be
more developmental rather than destructive, i.e. bony
overgrowth/architectural distortion, whereas in older
children and adolescents destructive changes might
supervene [38] (Fig. 5). Similar, in other appendicular
joints, accelerated bone maturation might result in
architectural distortion and remodelling, and sub-
sequent premature closure of the growth plate with
shortening of bones. Children with later-onset JIA
sometimes have destruction/erosions and narrowed
joint space as the first feature, often followed by mala-
lignment. Evaluation and grading of chronic changes can
be performed by comparing serial radiographs or by
using one of the scoring systems for hands [18–20] or
for hips [21].

Technical requirements and suggested protocols
High-resolution radiographs are advised. Currently, no
agreed recommendations or protocols exist; however, a
relatively recent systematic review [39] suggests an initial
routine CR of the wrist, hands and forefeet in poly-
articular JIA with positive rheumatoid factor (RF)/anti-
citrullinated protein antibodies (ACPA) and in new-onset
RF/ACPA-negative polyarticular JIA with adverse prog-
nostic factors. In other JIA subtypes, routine CR is not
recommended, except at the discretion of the paediatric
rheumatologist for symptomatic joints. Follow-up of
destructive change and/or malalignment should be guided
by clinical findings. For the appendicular joints, both sides
should be included to identify growth disturbances. In
contrast to the adult protocol, one front view often suf-
fices (PA of wrist/hands; AP of ankles/feet, knees, hips,
shoulders, and elbows).

Fig. 4 Knee MRI in an 11-year-old girl with JIA, (a) coronal PD-weighted
fat-saturated image showing irregular cartilage in the femorotibial medial
compartment (arrow) and (b) subtle subchondral sclerosis on a coronal
T1-weighted image (arrowhead). Note the oedema in the distal medial
femoral metaphysis, representing a cortical desmoid (circle)

Fig. 5 Serial radiographs of the hands in a boy with polyarticular JIA (initially HLA B 27 negative at presentation age 2 years, but positive at age 17) show
the development and progression of chronic degenerative change from 12 years to 18 years of age: (a) active inflammation of the carpals, with
osteoporosis and growth disturbances (left carpals > right), as well as structural change with joint space narrowing (left carpometacarpal, right
radiocarpal (arrows), (b) negative left ulnar variance at age 12 years (arrowhead) and progression of right radiocarpal joint space narrowing with
crowding of the proximal carpal bones, and (c) reduced carpal length at age 15 (double arrows), radial deviation of carpal bones and dorsal subluxation
(better seen on a lateral projection)
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Assessment of bone health
For assessment of bone health, dual-energy X-ray
absorptiometry (DXA) is the most commonly used
method, preferring the total body less head and lumbar
spine (LS 1–4) locations [40]. To adjust for skeletal size,
volume bone mineral density (or bone mineral apparent
density, in g/cm3) is calculated, or BMD Z-scores are
adjusted for height [41] or bone age [42]. A recent study
indicates that radiogrammetry based on a hand radio-
graph might provide an adjuvant tool to DXA, given that
thorough calibration is performed [43].

Fig. 6 Cone-beam CT, sagittal view of the TMJ, (a) a 12-year-old boy with
a normally shaped fossa-eminence and condyle, (b) a 14-year-old girl with
a normal fossa, but subtle anterior flattening of the condyle, and (c) a
15-year-old with a moderately widened fossa-eminence and a mildly to
moderately flattened condyle. This figure has been reproduced from [46]
under the Creative Commons Attribution 4.0 International License

Fig. 7 Suggested investigative imaging pathway for suspected JIA
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Computed tomography (CT)
Although CT, and in particular the novel photon counting
detector CT technique, provides detailed images of the
osteochondral domain, the method plays a limited role in
the evaluation of children with JIA. Non-contrast CT can
be used to evaluate structural damage, erosions, or
ankylosis, with acquisition focused on thin-section axial
images and multiplanar reconstructions. Currently, it is
used for assessment of joints that are difficult to examine
with CR, such as the TMJ, the upper cervical spine and
the sacroiliac joint [26] in cases where MRI is contra-
indicated. In addition, CT is useful for preoperative
planning, providing high-resolution imaging that serves as
a roadmap for surgical interventions such as joint repla-
cement or arthrodesis.

Technical requirements and suggested protocols
Modern CT scanners incorporate features that minimise
radiation dose, such as iterative reconstruction algo-
rithms, automated exposure modulation, and child-
specific protocols. Key technical considerations include
using multidetector CT with slice thicknesses of
0.5–1mm for detailed imaging of small joints, employing
dose-reduction techniques like low kiloVolt peak (kVp)
settings (e.g. 80–100 kVp) and iterative reconstruction.
Contrast is not routinely used in CT for patients with JIA
due to the limited indications [44].

CBCT of the TMJs
For TMJs, cone beam computed tomography (CBCT) is
currently accepted as the imaging modality of choice for
visualisation of bony structures [45], especially in cases
where MRI is equivocal or contraindicated. It provides
multiplanar reconstructions to a relatively low radiation
burden as compared to conventional CT, and depicts
subtle erosions, flattening of articulating surfaces, sub-
chondral cysts, subchondral sclerosis and osteophyte
formation (Fig. 6). Recently, a novel, validated scoring
system for monitoring the development of chronic change
was published [46].

Differential diagnosis
In a child with acute-onset monoarthritis, the differential
diagnosis must include septic arthritis, trauma, malig-
nancy and haematological diseases, of which leukaemia is
highly relevant. In addition, chronic non-bacterial osteo-
myelitis, postinfectious arthritis, acute rheumatic fever,
and Lyme disease, among others, should be considered.

Summary statements
JIA is not uncommon in clinical practice. The radiologist
has an essential role in the diagnostic pathway towards an
early diagnosis, to prevent chronic structural damage. An

ultrasound of the involved peripheral joint(s) is a core
component of the assessment and should be performed in
line with the ESPR MSK task force guidelines. If incon-
sistency between clinical and ultrasound findings, addi-
tional imaging with MRI, including intravenous injection
of a gadolinium-based contrast agent, is required. For
evaluation of the axial joints, MRI is the primary diag-
nostic imaging tool. Plain radiographs for the assessment
of destructive change, deformity, and malalignment
should be considered; alternatively, a low-dose CT for the
axial skeleton and the TMJs. We have provided an
extensive overview of published ultrasound and MRI-
based reference standards for joint fluid and synovial
appearances, as well as a flow chart of imaging techniques
(Fig. 7) to facilitate differentiation between normality and
pathology, as well as available MR-based scoring systems
for disease activity. Moreover, we have suggested feasible
child- and joint-specific MRI protocols. Communication
with involved clinicians is a core component of the radi-
ological assessment.

Patient summary
JIA is the most common rheumatological disease in child-
hood. This article provides an evidence-based summary of
the appropriate imaging tests that children should undergo
when there is clinical concern for JIA. A child-specific
approach to imaging is crucial for a correct diagnosis.
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Supplement A.  

Validated, joint specific scoring systems for active inflammation and / or chronic change 

in JIA by imaging method.  

Joint Radiograph Ultrasound MRI CBCT 

Knee Pettersson et al[1] PAUSS-knee[2]  

CARRA JIA US 

Workgroup[3] 

JAMRIS[4] NA 

Ankle NA PAUSS-ankle[5] NA NA 

Hip Shelmerdine et al [6]  

Bertarmino et al [7] 

NA Tanturri de Horatio et al[8] NA 

Spine NA NA NA NA 

SIJ NA NA SPARCC SIS: Weiss et al 

[9] and Panwar et al[10] 

NA 

Wrist Ravelli et al - Adapted  

Sharp/van der Heijde 

score[11] 

Poznanski et al [12] 

NA Malattia et al [13]  

Damasio et al [14] 

NA 

TMJ NA NA Angenete et al [15] Augdal et 

al [16] 
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Reliability of CEUS and MRI for grading
knee-joint inflammation in juvenile
idiopathic arthritis
Sílvia Costa Dias1,2* , Catarina Costa Ferreira2, Inês Santos3, Miguel Castro2, Mariana Rodrigues4,
Francisca Aguiar4, Cláudia Camila Dias5,6, Bac Nguyen7, Vitor Silva2, Isabel Ramos1, Damjana Ključevšek8,
Iva Brito1,4 and Karen Rosendahl9,10

Abstract

Objective To examine the reliability of contrast-enhanced MRI (CEMRI) and contrast-enhanced ultrasound (CEUS) for
grading arthritis.

Materials and methods Prospective study on 1–18-year-olds with juvenile idiopathic arthritis (JIA), performed during
2023/2024. All had CEUS and CEMRI of the knee on the same day. Two observers independently scored the US-video-
clip for inflammation (0–3 scale), with a second reading after 6 weeks. Using VueBox®, peak enhancement (PE), time to
peak (TTP) and wash-in area under the curve (WiAUC) were measured by both observers, separately. The MRIs were
scored for inflammation (0–3 scale) twice by two observers. Peak enhancement intensity (PEI), TTP and initial area
under the curve (iAUC) (Syngo.via®) were measured.

Results Fifty-two patients (35 females), median age 12.4 years (IQR 8.9–15.6 years), were included. CEUS showed
almost perfect intra/interreader agreement for the degree of overall inflammation (intrareader kappa 0.90 [0.83–0.98],
interreader kappa 0.85 [0.76–0.93]). Interreader PE and WiAUC agreement was excellent (ICC 0.99 [95% CI 0.99–1.00]
and 0.97 [95% CI 0.95–0.98], respectively), while TTP performed moderately (ICC 0.66 [95% CI 0.40–0.80]). On CEMRI,
intra/interreader agreement for overall synovial inflammation was almost perfect (intrareader kappa 0.94 [95% CI
0.88–1.00]; interreader kappa 0.92 [95% CI 0.85–1.00]). Interreader PEI and iAUC agreement was excellent (ICC 0.99 [95%
CI 0.98–0.99] and 0.98 [95% CI 0.97–0.99], respectively), while TTP had good agreement (ICC 0.76 [95% CI 0.59–0.86]).

Conclusion Subjective grading of synovial inflammation on a 0–3 scale demonstrated high reliability for both CEUS
and CEMRI. Both methods have excellent relative reliability (ICC) for quantitative measurements; however, their
absolute precision (LoA) is poor.

Key Points
Question Are CEUS and CEMRI reliable tools to grade the activity of knee-joint arthritis in children with juvenile idiopathic
arthritis?
Findings Subjective grading of arthritis performed well within and between observers for both CEUS and CEMRI. Both
methods provide reliable dynamic measurements; however, their precision is poor.
Clinical relevance CEUS offers high-precision, real-time imaging for grading active knee-joint inflammation in children
with juvenile idiopathic arthritis, with future potential to replace the current standard of CEMRI.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

*Correspondence:
Sílvia Costa Dias
silviacostadias@hotmail.com
Full list of author information is available at the end of the article

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0003-0862-6967
http://orcid.org/0000-0003-0862-6967
http://orcid.org/0000-0003-0862-6967
http://orcid.org/0000-0003-0862-6967
http://orcid.org/0000-0003-0862-6967
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:silviacostadias@hotmail.com


Keywords Synovitis, Arthritis, Knee, Ultrasonography, Magnetic resonance imaging

Graphical Abstract

Introduction
Juvenile idiopathic arthritis (JIA) is a heterogeneous dis-
ease including all forms of chronic arthritis of unknown
origin and with onset before 16 years of age [1, 2]. It
affects 1–2 in 1000 children (f:m 3:1) and is characterised
by chronic synovial inflammation, with risk of developing
progressive joint destruction [3]. Although modern
treatment has reduced the morbidity, children are still
faced with periods of active disease, pain and reduced
mobility, often continuing into adulthood [4, 5].
The diagnosis is based on history, clinical and labora-

tory findings, with imaging emerging as an important
tool narrowing differential diagnosis, monitoring disease
activity and detecting treatment complications [6].
While radiography still plays a role in joint damage
evaluation and secondary growth disturbances, US and
MRI are the preferred methods for assessment of disease
activity [6]. Several examination techniques, protocols and
grading systems for inflammatory change of the knee
joint have been suggested for both US and MRI; however,
the literature on their reliability is limited, including
two papers on MRI with 25 patients each [7, 8] and
none on US.

This study aimed to evaluate the reliability of contrast-
enhanced ultrasound (CEUS) and contrast-enhanced MRI
(CEMRI) for assessing knee synovitis in JIA, both sub-
jectively (0–3 scale) and quantitatively (for CEUS: peak
enhancement [PE], time to peak [TTP], wash-in area
under the curve [WiAUC]; for CEMRI: peak enhancement
intensity [PEI], TTP, initial area under the curve [iAUC]).
Finally, we aimed to assess the reliability of the

inflammatory components of the juvenile arthritis MRI
scoring (JAMRIS) system for the knee, a system also
including assessment of bone marrow oedema [7].

Materials and methods
This is part of a prospective, single-centre study on chil-
dren with a known diagnosis of JIA, performed during
2023–2024. Participants were consecutively recruited
from the Paediatric Rheumatology Clinic at the University
Hospital Centre of São João Porto (CHUSJ). Children
aged 1–18 years, meeting the ILAR criteria [9] for JIA,
with current or previous knee involvement, were inclu-
ded. Excluded were children with a history of intra-
articular steroid injection or trauma to the knee within the
last 2 months.
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For this reliability study, we used demographic and
CEUS/CEMRI data. The study was approved by the
Regional Ethics Committee (number 282-20), and written
informed consent was obtained from each participant
and/or their caregiver, according to national guidelines.

Imaging techniques
All children had a CEUS examination of the affected knee,
with an additional CEMRI performed later on the same
day, at an interval of at least 60 min, both with the child
supine and 30° knee flexion. Intravenous access using a
20 G catheter was secured via an antecubital vein and
used for both examinations. According to the European
Medicines Agency [10], almost 100% of the microbubbles
in SonoVue are eliminated through the lungs within
15min. No general anaesthesia was given.
The ultrasound examinations were performed by one

examiner with 12 years of experience in paediatric radi-
ology, using a Logiq E10 machine (Version R3, General
Electric®) with a linear 6–15MHz transducer and defined
pre-sets, according to a standardised protocol [11]. Sagittal
scans through the suprapatellar recess were performed to

identify the most prominent and hyperaemic synovium
(Colour/Power/Micro Doppler). For the CEUS, a vascular
linear 2–10MHz transducer, with an adjusted muscu-
loskeletal contrast preset, was used. A 3-way intravenous
cannula was adapted to the catheter. Next, a bolus of Sulfur
Hexafluoride (Sonovue®) contrast was injected; 2.4mL to
patients < 50 kg and 4.8mL to those > 50 kg, followed by
10mL saline chaser. Thereafter, a 2-min continuous,
sagittal acquisition was performed in the same position.
The MRI examinations were performed on a 3-Tesla

scanner (Siemens® Magnetom Vida) by a specially
trained MRI radiographer, using an 18-channel phased-
array knee transmit/receive (Tx/Rx) coil, according to a
predefined protocol (Supplemental Material). A cushion
(Multipad, Pearl Technology) was used to immobilise the
knee. Gadolinium (Gadobutrol—Gadovist®, Bayer) was
injected with a pump (0.1 mmol/Kg) at a rate of 1–3mL/s,
according to the size of the needle.
For this reliability study, we used the T1 vibe Dixon fat-

saturated (FS) pre-gadolinium and T1 vibe Dixon FS
controlled aliasing in parallel imaging results in higher
acceleration (CAIPIRINHA) first 2 min with gadolinium

Fig. 1 CEUS atlas, with examples of the suprapatellar recess of the knee, longitudinal view. Sofware of VueBox® with Dual-screen mode with
simultaneous display of grey-scale image (left) and contrast-only image (right) in the same view: a, b Grade 0 (few bubbles allowed); c, d Grade 1 (mild);
e, f Grade 2 (moderate); g Grade 3 (severe)
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Fig. 2 CEUS of the knee in a 7-year-old girl with JIA: a B-mode, sagittal view through the suprapatellar recess, showing severe synovial thickening (*); b CEUS,
dual-screenmode with simultaneous display of grey-scale image (left) and contrast-only image (right) in the same view, showing the enhancing synoviumwith a
region of interest (ROI) placed within (software VueBox); c corresponding time-intensity curve of the synovial enhancement during the first 120 s within the ROI

Fig. 3 CEMRI atlas with sagittal postcontrast examples of the knee: a Grade 0 (none/subtle synovial enhancement); b, c Grade 1 (mild synovial
enhancement); d Grade 2 (moderate synovial enhancement); e Grade 3 (severe synovial enhancement)
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(isotropic) and T1-w TSE FS post-gadolinium sagittal and
axial series.

Image analysis
CEUS
Subjective assessment of synovial inflammation on a
0–3 scale. All CEUS videoclips (0–120 s) were anon-
ymised, archived and reviewed retrospectively. Two
observers independently and blinded to additional infor-
mation, scored the degree of contrast enhancement on a
0–3 scale, adjusted from Klauser et al [12, 13]: grade 0
(few bubbles in the synovium); grade 1 (mild; patchy,
synovial enhancement, intensity lower than surrounding
tissue); grade 2 (moderate; more homogenous and diffuse
synovial enhancement, intensity equal/slightly > sur-
rounding tissue) or grade 3 (severe; fast/intense, homo-
genous synovial enhancement, intensity > surrounding
tissue). An atlas (one still image from the 2-min videoclips
—not later used for quantitative analysis—of seven
patients) was devised to illustrate the 0–3 scale used
(Fig. 1). A repeat grading (videoclips differently ordered)
was performed after 6 weeks by both observers,
independently.

Dynamic CEUS—quantitative assessment of synovial
inflammation. The DICOM video clip was post-
processed with the CEUS quantification software

VueBox® (version 7.5; Bracco Imaging). A sagittal frame
showing the most prominent synovial membrane was
selected in consensus by the two observers. Based on an
applied colour intensity map, each observer chose three
different regions of interest (ROIs), with a predefined
saved standardised ROI (approximately 3.2–4.2 mm2,
depending on the original size of the US image) for
measurement of the most enhancing synovium (Fig. 2).
PE, TTP and WiAUC were measured by both observers,
separately.

MRI
Subjective assessment of synovial inflammation. Based
on the T1-w TSE FS pre- and postcontrast images, all
MRI examinations were evaluated in a blinded fashion
without knowledge of clinical findings, by two radiolo-
gists, independently (one paediatric and one musculoske-
letal radiologist with 12 and 14 years of experience,
respectively). The overall synovial enhancement and
degree of inflammation were scored separately, on a 0–3
scale according to a recent study [4]. Overall synovial
enhancement was based on the degree of synovial
enhancement/synovial thickening and scored as grade 0
(none/subtle); grade 1 (mild); grade 2 (moderate) or grade
3 (severe) (Fig. 3). Overall degree of inflammation was
based on a comprehensive evaluation of degree and extent

Fig. 4 CEMRI+ PDFS atlas with paired examples, sagittal images, postcontrast left side image and PDFS right side image: a Grade 0 (none/subtle
synovial enhancement or effusion); b, c Grade 1 (mild synovial enhancement/thickening ± effusion); d Grade 2 (moderate synovial enhancement/
thickening + effusion); e Grade 3 (severe synovial enhancement/thickening + effusion)
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of synovial enhancement and the presence or not of an
effusion (defined as ≥ 2 mm at the maximum), and scored
as grade 0 (none/subtle synovial enhancement or
effusion); grade 1 (mildly increased synovial enhance-
ment/thickening, ± effusion); grade 2 (moderately
increased synovial enhancement/thickening, + effusion)
or grade 3 (severely increased synovial enhancement/
thickening + effusion). An illustrated atlas, using single,

sagittal images from five different JIA patients, was
devised to standardise grading (Fig. 4).
The MRIs were also scored using elements of the
JAMRIS-system [7]; synovial hypertrophy (scored on
postcontrast images at six different locations, as 0
(< 2mm thick), 1 (≥ 2–4mm) or 2 (> 4mm) (minimum
score 0, maximum 12)) and bone marrow changes
suggestive of oedema (scored as grade 0 (none); grade 1

Fig. 5 CEMRI in a 7-year-old girl with JIA (same patient as Fig. 1). a B-mode, sagittal view showing thickened synovium (arrow). b MRI PD FS image and
c T1 TSE FS postcontrast image, same sagittal plane, showing thickened and enhancing synovium (arrow). d Syngo.via® colour peak enhancement
intensity (PEI) map with a region of interest (ROI) placed within the enhancing synovium, in the same areas as for CEUS. e Three dynamic enhancement
curves (0–100 s), representing perfusion in 3 different ROIs; concentration curves display the concentration of the contrast agent in the y-axis along time
in the x-axis
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(< 10% of the whole bone volume); 2 (10–25%) or 3
(≥ 25%) (minimum total score 0, maximum 24)). A repeat
grading was performed after 6 weeks by both observers,
separately, and blinded to previous results.

Dynamic CEMRI—quantitative assessment of synovial
inflammation. From the sagittal T1-w TSE FS post-
gadolinium series, a sagittal section, corresponding to the
chosen CEUS view, was identified by the two observers in
consensus, and used for the dynamic CEMRI measure-
ments. Using the Syngo.via® Tissue 4D application, the
two observers, independently, placed three different
circular ROIs (approximately 1mm2 area, with the lowest
possible standard deviation [SD]) within a vividly enhan-

cing portion of the synovium, guided by the colour PEI
map (Fig. 5). PEI, TTP and iAUC were measured.

Statistical analysis
Continuous data were presented as medians (with inter-
quartile range [IQR]) or means (with standard deviations
[SD]) as appropriate, and dichotomous data as absolute/
relative frequencies. For categorical variables, intra- and
interobserver agreement was assessed using linear
weighted kappa (κ) coefficients (95% confidence interval
[CI]) and proportion of absolute agreement. A κ of < 0
was considered poor, 0–0.20 slight, 0.21–0.40 fair,
0.41–0.60 moderate, 0.61–0.80 substantial and 0.81–1.00
almost perfect [14]. For comparison purposes, we also
employed the intraclass correlation coefficient (ICC), two-
mixed, type consistency [15, 16], with 95% CIs (0–0.39
poor, 0.40–0.59 fair, 0.60–0.74 good; and 0.75–1.00
excellent), reflecting relative agreement [17].
Differences in continuous variables were analysed using

Bland–Altman plots and 95% limits of agreement (LoAs),
reflecting absolute agreement [18]. The quantitative
CEUS and CEMRI data were not normally distributed,
remaining skewed after log-transformation; thus, non-
parametric LoAs were used (2.5th percentile and the
97.5th percentile of the log-differences), reporting the
back-transformed values to acquire exponential/ratios for
interpretation of bias and LoA. Differences in continuous
variables were also analysed using ICCs (two-way mixed;
consistency type) as appropriate.
The JAMRIS Score was considered a continuous vari-

able, adding up the scores of the different locations to a
maximum of 12 for synovial hypertrophy and 24 for bone
marrow oedema (BMO). ICC (two-way mixed; con-
sistency type) was used to test for intra- and interobserver
agreement. The statistical analyses were performed using

Table 2 Subjective CEUS-scoring assessment of synovial inflammation of the knee joint in 52 children with JIA, based on reading of
the videoclips taken by observer one

CEUS-feature Intraobserver Interobserver

Linear kappa

value

(95% CI)

ICC

(95% CI)

Linear kappa value

(95% CI)

Proportion absolute

agreement (95% CI)

ICC

(95% CI)

Degree of synovial contrast

enhancement on a 0–3 scale

0.89 (0.81–0.98)—

R1

0.90 (0.84–0.98)—

R2

0.97 (0.95–0.98)—

R1

0.97 (0.96–0.99)—

R2

0. 85 (0.76–0.94) 0.83 (0.69–0.91) 0.96 (0.93–0.98)

R1 = reader one, R2 = reader two
Linear weighted kappa values and ICCs for intra- and interobserver agreement and proportion of absolute agreement for interobserver variation are reported

Table 1 Demographic data on the study population

Patients

n (%) 52 (100)

Sex, female, n (%) 35 (67.4)

Age, years, Mdn (IQR) 12.4 (8.9–15.6)

Height, cm, Mdn (IQR) 149.0 (129.0 –161.0)

Weight, kg, Mdn (IQR) 39.7 (26.1–56.6)

BMI, Mdn (IQR) 18.3 (16.1–21.8)

JIA subtypes, n (%) 52 (100)

Systemic 2 (3.8)

Oligoarthritis persistent 30 (57.7)

Oligoarthritis extended 5 (9.6)

Polyarthritis FR negative 6 (11.5)

Polyarthritis FR positive 1 (1.9)

Psoriatic arthritis 4 (7.7)

Enthesitis-related arthritis 4 (7.7)

Age at JIA diagnosis, years, Mdn (IQR) 5.0 (2.0–8.0)

Duration of JIA’s disease, years, Mdn (IQR) 6.0 (3.3–9.0)

Right knee studied, n (%) 28 (53.8)

Mdn median, IQR interquartile range, BMI body mass index
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SPSS software (v.30, IBM) or Jamovi® v.2.6.26. A p < 0.05
was considered statistically significant.

Results
Fifty-two patients (35 females) were included, median age
12.4 years (IQR 8.9–15.6). Demographic data and disease
characteristics are given in Table 1. The distribution of
subjective CEUS and CEMRI-scores for synovial inflam-
mation on a 0–3 scale was balanced, with approximately
8–17 cases in each of the groups.

Contrast-enhanced ultrasound (CEUS)
Subjective grading of synovial inflammation; intra- and
interobserver agreement
Based on the videoclips, assessment of the degree of
synovial contrast enhancement on a 0–3 scale performed
almost perfectly for both observers, with kappa values of
0.89 (95% CI 0.81–0.98) and 0.90 (95% CI 0.83–0.98), for
the two readers, respectively (Table 2). Agreement
between observers was almost perfect with a kappa value
of 0.85 (95% CI 0.76–0.93) and an absolute agreement of
0.83. Using ICC, the interobserver agreement was excel-
lent (0.96; 95% CI 0.93–0.98).

Dynamic CEUS: quantitative measurement of synovial
inflammation; interobserver agreement
Measurements of PE and WiAUC performed well, with
ICCs of 0.99 (95% CI 0.99–1.00) and 0.97 (95% CI
0.95–0.98), respectively, while TTP had a moderate inter-
observer agreement, with an ICC of 0.66 (95% CI 0.40–0.80).
For PE, the interobserver median ratio using a non-

parametric Bland–Altman analysis with back-

transformation, was 0.99, indicating negligible systematic
bias between observers, however, the LoAs (0.59–2.96)
were wide, demonstrating poor interobserver reproduci-
bility (Fig. 6). Corresponding figures for WiAUC were
0.94 with 95% LoA of 0.39–3.71, and for TTP, 0.96 with
95% LoA of 0.40–1.81.

MRI
Subjective grading of synovial inflammation; intra- and
interobserver agreement
Assessment of overall synovial inflammation on a 0–3
scale showed almost perfect agreement for both obser-
vers, with kappa values of 0.91 (95% CI 0.83–0.99) and
0.96 (95% CI 0.91–1.00), respectively (Table 3). The
interobserver agreement was 0.89 (95% CI 0.81–0.98),
with an absolute agreement of 0.88. Based on ICC, the
interobserver agreement was excellent (0.97; 95% CI
0.95–0.98).
Grading overall inflammation of the knee joint based on

synovial enhancement, thickening and effusion also per-
formed very well, with kappa values of 0.94 (95% CI
0.88–1.00) and 0.90 (95% CI 0.81–0.98) for each observer,
respectively. The interobserver agreement was 0.92 (95%
CI 0.85–1.00), with 0.92 of absolute agreement (Table 3).
The ICC for interobserver agreement was almost perfect
(0.98; 95% CI 0.96–0.99).

Subjective grading using components from the JAMRIS score,
inflammatory domain
Assessing synovial hypertrophy for each of the six loca-
tions, according to the JAMRIS system, performed well
both between and for the same observers (Table 4). For

Fig. 6 Non-parametric Bland–Altman plot of interobserver agreement: a for peak enhancement (PE) on CEUS, the primary y-axis (left) displays the
difference between observers on a natural log (ln) scale, whilst the secondary y-axis (right) displays the corresponding back-transformed ratios (EXP). The
solid horizontal line (blue) indicates the median bias of −0.01 (corresponding back-transformed bias: 0.99, solid red line), the blue stippled lines indicate
the 95% LoAs from −0.53 to 1.08 (corresponding back-transformed ratio LoAs: 0.59–2.96, stippled red lines); b for peak enhancement intensity (PEI) on
CEMRI, the primary y-axis (left) displays the difference between observers on a natural log (ln) scale, whilst the secondary y-axis (right) displays the
corresponding back-transformed ratios (EXP). The solid horizontal line (blue) indicates the median bias of −0.07 (corresponding back-transformed bias:
0.93, solid red line), the blue stippled lines indicate the 95% LoAs from −0.47 to 0.34 (corresponding back-transformed ratio LoAs: 0.62–1.41, stippled red
lines)
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the total score synovial hypertrophy on a 0–12 scale, the
agreement was almost perfect for intra-observers, with
ICCs of 0.97 (95% CI 0.96–0.99) and 0.99 (95% CI
0.99–1.00). The interobserver agreement was 0.97 (95%
CI 0.95–0.98).
BMO was identified in 9/52 and 19/52 patients,

respectively, by the two readers, yielding almost perfect
intraobserver variation of 0.88 (95% CI 0.79–0.99) and
0.92 (95% CI 0.86–0.95) for the two readers, respectively.
The interobserver agreement was moderate with ICC of
0.65 (95% CI 0.39–0.80) (Table 4).

Dynamic CEMRI: semi-quantitative measurement of synovial
inflammation; interobserver agreement
Measurements of PEI and iAUC had excellent inter-
observer agreement with ICCs of 0.99 (95% CI 0.98–0.99)
and 0.98 (95% CI 0.97–0.99), respectively, while TTP had
a good agreement with an ICC of 0.76 (95% CI 0.59–0.86).
For PEI, the interobserver median ratio was 0.93, indi-

cating a small systematic bias between observers of 7%,
however, the 95% LoAs were wide (0.62–1.41) (Fig. 6). For
the iAUC, differences between readers were normally
distributed, thus, standard Bland–Altman analysis was
performed, showing a mean difference between readers of
−0.01, with fair 95% LoA of −0.10 to 0.07.
The TTP was considered a categorical variable, as only a

few fixed values were allowed by the application, yielding
a moderate interobserver agreement, kappa values of 0.58
(95% CI 0.39–0.77) and an absolute agreement of 0.69.

Discussion
We have shown that subjective grading of synovial
inflammation on a 0–3 scale performed well, both within
and between observers, for CEUS and CEMRI. Inter-
observer analysis for quantitative measurements revealed
overall high ICCs, suggesting a very good ability to

distinguish between subjects. However, the LoAs, most of
which were wide, indicate that the interobserver precision
may be insufficient for tracking subtle changes in a single
subject over time.
Evaluating the degree of synovial inflammation with

ultrasound and/or CEMRI is important for disease man-
agement in children with JIA [19–21]. A recent review
provides validated scoring systems for both modalities, as
well as published reference values for the amount of joint
fluid and synovial thickness [6]. The potential of dynamic
CEUS and CEMRI for grading arthritis has been eval-
uated; however, limited studies have assessed their
reproducibility and precision in children [22–25]. In
particular, no study evaluating both CEUS and CEMRI
based on the same cohort and performed on the same day
exists. In a study from 2010, including 22 patients with
involvement of the wrist or hip, the reproducibility of
dynamic MRI-measurements was reportedly excellent
when based on ICCs; however, without elaborating on the
results using additional statistical tests [26]. Bennett et al
[27,28] in another study of 11 patients treated with intra-
articular glucocorticoid injections, found that quantitative
MR-measurements were reliable in the assessment of
synovial inflammation, using a Bland–Altman approach.
Knowledge of a method’s reliability is crucial for the

correct interpretation of changes in a specific imaging
marker over time. We used two complementary statistical
methods: an ICC, “two-mixed type” measuring the overall
consistency (reliability) of the markers, and 95% LoA
indicating the range where 95% of paired differences are
expected to fall. LoA, which shows the clinical relevance
of measurement differences, shares similarities with the
clinical measure “minimal detectable change” (MDC), also
known as “smallest detectable change” (SDC), using a 95%
confidence interval, which is similar in calculation to LoA
but focused on true change rather than method

Table 3 Subjective MRI-scoring assessment of the synovial inflammation of the knee joint of 52 children with JIA, based on T1-w TSE
FS pre and postcontrast images

MRI-features Intraobserver Interobserver

Linear kappa

value (95% CI)

ICC

(95% CI)

Linear kappa

value (95% CI)

Proportion absolute

agreement (95% CI)

ICC

(95% CI)

Overall synovial

inflammation on a

0–3 scale

0.91 (0.83–0.99)—R1

0.96 (0.91–1.00)—R2

0.97 (0.96–0.99)—R1

0.99 (0.98 –0.99)—R2

0.89 (0.81–0.98) 0.88 (0.76–0.95) 0.97 (0.95–0.98)

Overall degree of

inflammation, including

effusion on a 0–3 scale

0.94 (0.88–1.00)—R1

0.90 (0.81–0.98)—R2

0.98 (0.97–0.99)—R1

0.97 (0.94–0.98)—R2

0.92 (0.85–1.00) 0.92 (0.81–1.00) 0.98 (0.96–0.99)

R1 = reader one, R2 = reader two
Linear weighted kappa values and ICCs for intra- and interobserver agreement and proportion of absolute agreement for interobserver variation are reported
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agreement [15]. For example, a LoA of 0.62–1.41 as found
for PEI (CEMRI) indicates that measurements of the same
subject could vary from −38% to 41% between observers.
While the high ICC of 0.99 suggests excellent dis-
criminative ability across the scale used, the wide LoAs
indicate that the precision is poor for clinical monitoring.
The conflicting statistical results can in part be explained
by the large arbitrary scales used for both CEMRI (signal
intensity, SI) and CEUS (Linear Units, a.u.), reflecting the
inherent limitations of manual ROI placement on high-
intensity linear scales.
The subset of JAMRIS markers examined performed

well for synovial hypertrophy total score, supporting
previous results [7]. More recently, Handa et al [29], in a
study of 35 patients with JIA, reported moderate to high
intraobserver agreement for synovial thickness measure-
ments, with concordance correlation coefficients (CCC)
from 0.50 to 0.89 for six locations used in the JAMRIS
scoring system. Interobserver agreement was low, with a
CCC of 0.47, averaged over six locations, particularly for
unenhanced images. In contrast, Verkuil et al [30]
demonstrated excellent inter- and intraobserver agree-
ment (ICC) for both unenhanced (double inversion
recovery (DIR)) and CEMR images for the JAMRIS-
compartments (26 children with JIA, of whom 13 had
active inflammation). However, a BA-plot showed wide
LoAs, from 1.4 to 1.6 mm for the four readers, reflecting
low precision.
In our study, assessment of BMO performed well

within observers; however, the interobserver agree-
ment was moderate, with significant differences
between the two observers. In comparison, Hemke
demonstrated a high ICC of 0.86 and no significant
differences between readers [7]. These discrepancies
reflect challenges of defining and diagnosing BMO.
Recent studies have shown that around 50% of healthy
children/adolescents have at least one major BMO-like
change in the appendicular skeleton, particularly

around knee joints, which, in a clinical setting, can be
mistaken for pathology [31–34]. According to JAMRIS
[7], changes suggestive of BMO are defined as lesions
within the trabecular bone, with ill-defined margins
and high signal intensity on T2-weighted fat-saturated
images and low signal intensity on T1-weighted ima-
ges, without mention of what is considered normal
variation. Although using their definition, our per-
ception of high T2-signal beyond normality might have
differed. Moreover, our cohort included a higher
number of young children as compared to the JAMRIS
cohort [35, 36].
We acknowledge some limitations to our study. First,

the cohort was relatively small; however, the distribution
of scores along the 0–3 scale was balanced, reducing the
risk of bias. Second, differences in the placement of the
ROIs might have influenced the results. Third, the atlases
devised for subjective scoring included a few images from
the studied cohort, images not used for later scoring.
Lastly, intraobserver agreement for quantitative MRI data
was not performed.

Conclusion
Subjective grading of synovial inflammation on a 0–3 scale
in JIA patients with knee involvement performed well, both
within and between observers, for CEUS and CEMRI.
Both methods have excellent relative reliability (ICC) for
quantitative measurements, meaning that they work at a
group level; however, their absolute interobserver precision
(LoA) is poor.

Abbreviations
BMO Bone marrow oedema
CEMRI Contrast-enhanced MRI
CEUS Contrast-enhanced ultrasound
iAUC Initial area under the curve
ICC Intraclass correlation coefficient
JAMRIS Juvenile arthritis MRI scoring
JIA Juvenile idiopathic arthritis

Table 4 Juvenile arthritis MRI scoring (JAMRIS) system for the knee—inflammatory domain with synovial hypertrophy and bone
marrow oedema: median with interquartile range (IQR) and range measures for both readers

JAMRIS Reader 1

Median (IQR)

Range (Min–Max)

Reader 2

Median (IQR)

Range (Min–Max)

p-valuea ICC intraobserver ICC interobserver

Total score synovial hypertrophy (0–12) 3.50 (0.00–8.00)

(0–12)

3.00 (0.00–8.00)

(0–12)

0.940 0.97 (0.96–0.99)—R1

0.99 (0.99–1.00)—R2

0.97 (0.95–0.98)

Total score bone marrow oedema (0–24) 0.00 (0.00–1.00)

(0–7)

0.00 (0.00–0.00)

(0–3)

0.041 0.88 (0.79–0.93)—R1

0.92 (0.86–0.95)—R2

0.65 (0.39–0.80)

R1 = reader one, R2 = reader two
Intraclass correlation coefficient (ICC) for intra- and inter-observers was also assessed in the study population (52 patients with JIA; 35 girls)
a Mann–Whitney test
Bold = p-value < 0.05 (not italic); Italic = range values (min-max)
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LoA Limits of agreement
PE Peak enhancement
PEI Peak enhancement intensity
ROI Region of interest
TTP Time to peak
WiAUC Wash-in area under the curve
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Sequence Plane TR 

(ms) 

TE 

(ms) 

TI 

(ms) 

Avera

ges 

FOV 

read 

(mm) 

FOV 

phase 

Number 

slices 

Slice 

Thick

ness 

(mm) 

Flip 

angle 

Gap 

(mm) 

Image 

Matrix 

Band

width 

(Hz/Px) 

Acqui

sition 

time 

Turbo 

factor 
Accele

ration 

mode 

Accele

ration 

factor 

Others 

PD TSE FS 
 

Sagittal 3010 33 --- 1 160 100% 32 3 180 0.3 269*384 181 1min31
s 

9 SMS 2 SPAIR 
PE: H>>F 
Oversampling: 70% 

Axial 4160 38 --- 1 160 100% 40 3 180 0.3 269*384 148 1min44
s 

9 SMS 2 SPAIR 
PE: R>>L 
Oversampling: 40% 

Coronal 3010 33 --- 1 160 100% 38 3 150 0.3 269*384 181 1min30
s 

7 SMS 2 SPAIR 
PE: R>>L 
Oversampling: 30% 

T1 TSE  Coronal  718 9.9 --- 1 160 100% 38 3 150 0.3 314*448 228 1min09
s 

3 SMS 2 PE: R>>L 
Oversampling: 50% 

T1 TSE FS pre - Gd 
 

Sagittal  500 9 --- 2 160 100% 32 3 150 0.3 280*400 227 2min51
s 

3 SMS 2 PE: H>>F 
Fat suppression 
Oversampling: 70% 

T1 vibe Dixon fatsat 
pre contrast 

Sagittal 3.91 1.23 
and 
2.46 

--- 1 160 100% 80 1.3 9 0 128*128 1180 23s 
each 
measur
ement 

--- CAIPIR
INHA 

2 5 measurements 
Slice oversampling: 
100% 
PE: P>>A 
DIXON method 

T1 vibe Dixon fatsat 
caipirinha first 2 min 
(isotropic) 

Sagittal 3.91 1.23 
and 
2.46 

--- 1 160 100% 80 1.3 9 0 128*128 1180 23s 
each 
measur
ement 

--- CAIPIR
INHA 

2 5 measurements 
Slice oversampling: 
100% 
PE: P>>A 
DIXON method 

T1 TSE FS post - Gd Sagittal 500 9 --- 2 160 100% 32 3 150 0.3 280*400 227 2min51
s 

3 SMS 2 PE: H>>F 
Fat suppression 
Oversampling: 70% 

T1 TSE FS post - Gd  Axial 752 8.9 --- 2 160 100% 40 3 150 0.3 280*400 228 2min35
s 

3 SMS 2 PE: R>>L 
Fat suppression 
Oversampling: 5% 
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Abstract: 

Objectives: To evaluate the diagnostic accuracy of contrast-enhanced ultrasound (CEUS) 

and a contrast-free MRI sequence (FLAIR-FS) in detecting and grading synovial 

inflammation in children with juvenile idiopathic arthritis (JIA) compared to the current 

standard used in routine clinical practice – contrast-enhanced MRI (CEMRI).  

Methods: Patients with JIA and knee involvement underwent clinical and imaging 

(CEUS and CEMRI) assessment on the same day, blinded to each other. Inflammation 

was scored subjectively on a 0-3 scale and objectively using VueBox® for CEUS and the 

program Syngo.via® Tissue 4D application for CEMRI. To establish normal standards, 

healthy volunteers were invited for a contrast-free knee-MRI.   

Results: Fifty-two patients, median age 12.5 years (8.9-15.6 years), and 51 healthy 

volunteers were included. Sensitivity of CEUS for detecting inflammation was almost 

perfect, at 97.6% (95% CI 87.4-99.9); however, specificity was moderate, 50% (95% CI 

18.7-81.3). Corresponding figures for MRI FLAIR-FS were 92.9% (95% CI 80.5-98.5) 

and 60.0% (95% CI 26.9-87.8), respectively. Doppler and clinical grading performed 

poorly.    

ROC analysis demonstrated that CEUS and FLAIR-FS had good discriminative 

performance between non-inflamed and inflamed joints, with AUC-values of 0.899 (95% 

CI 0.809-0.989) and 0.879 (95% CI 0.778-0.980), respectively. Clinical examination and 

color/power Doppler performed poorly, whilst micro-Doppler performed fairly. Dynamic 

CEUS and CEMRI-markers helped discriminate between subjective inflammation 

grades, particularly between mild and no inflammation.  
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Conclusions: CEUS and FLAIR-FS (contrast-free MRI sequence) provide accurate 

detection and grading of knee joint inflammation in children with JIA, with the potential 

to replace the current standard of CEMRI.   

 

Keywords: Synovitis; Juvenile Idiopathic Arthritis; Knee; Contrast-Enhanced 

Ultrasound; FLAIR-FS; Micro-Doppler; MRI 
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Introduction 

Juvenile idiopathic arthritis (JIA) is a chronic rheumatic disease of unknown origin, with 

an onset before the age of 16 and a reported incidence from 1.6–23 per 100 000 children 

across Europe [1]. In patients with JIA, the knee joint is involved in the majority of 

patients, followed by the ankle, elbow and wrist [2]. On imaging, active JIA is 

characterized by synovial inflammation, bone marrow and soft tissue edema and joint 

effusion, subsequently followed by destructive changes of cartilage and bone [3, 4].  

The diagnosis of JIA is one of exclusion, currently based on the ILAR-criteria [5], whilst 

laboratory data and imaging findings are mostly supportive. Ultrasound with Doppler 

(US-Doppler) is the initial modality of choice for detection of inflammatory change, 

followed by contrast-enhanced, magnetic resonance imaging (CEMRI) in cases of 

equivocal findings [6]. Studies have shown that subclinical synovitis as detected on 

CEMRI, might play a role in predicting disease relapse/flair [7, 8] and that quantitative 

CEMRI, using descriptive parameters, might help define disease activity [9, 10]. Despite 

being a validated method for both detection and grading of inflammatory change, MRI is 

limited by its need for sedation in younger children, the use of gadolinium with its 

potential side-effects, but also by costs and limited availability [11]. This has fueled a 

search for alternative methods, such as contrast-free MRI sequences and contrast-

enhanced ultrasound (CEUS) [12-17]. We recently demonstrated that CEUS and CEMRI 

are precise and reproducible methods for subjective grading of synovial inflammation on 

a 0-3 scale, and that dynamic CEUS as measured by the peak enhancement (PE) in terms 

of precision performs poorly because of the very wide scale used [18]. 

The aims of our study were to evaluate the diagnostic accuracy of CEUS and a contrast-

free MRI sequence – fluid-attenuated inversion recovery with fat suppression (FLAIR-

FS), in detecting and grading synovial inflammation in children with JIA compared to the 
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current recommended standard used in routine clinical practice (CEMRI). Moreover, to 

examine the agreement between CEUS / FLAIR-FS and CEMRI, and a potential added 

value of dynamic acquisitions.   

Methods 

Study design and participants 

Single-center, prospective cross-sectional diagnostic accuracy study, approved by the 

Regional Ethics Committee (n 282-20) and conducted in accordance with the Declaration 

of Helsinki. Written informed consent was obtained from all participants and/or their 

caregivers. All patients with JIA (according to the ILAR criteria [5]) aged 1-18 years 

followed in the Pediatric and Young Adult Rheumatology Unit, São João University 

Hospital, Porto (CHUSJ) during February to October 2024 were invited, of whom those 

with current or previous involvement of a knee joint were included. Children with a 

history of intra-articular steroid injection or trauma within the last two months, or with 

known contraindications to MRI and/or the contrast media used, were excluded. All had 

a clinical examination, laboratory tests and imaging (US, MRI) performed on the same 

visit.  

To establish normal appearances of the knee joint on a FLAIR-FS sequence, volunteers 

aged 4-18 years, residing in the same area were invited to undergo an MRI without 

intravenous contrast, including a FLAIR-FS sequence. Recruitment was conducted via e-

mails and direct invitations, and an informal stratification technique was employed to 

ensure an age-and-sex balanced cohort. Excluded were individuals with chronic disease 

potentially affecting the skeletal system, or knee trauma within the previous two months. 
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Clinical and laboratory assessment  

Age at diagnosis, duration of the disease, JIA subtype, duration of remission (if 

applicable) and use of medication was registered. All had a clinical examination by one 

of three pediatric rheumatologists (7 to 30 years of experience), classifying the knee joint 

into inactive (grade 0), equivocal (grade 1) or active arthritis (grade 2). Disease activity 

was assessed using the Childhood Health Assessment Questionnaire (CHAQ) [19, 20], 

patient and Physician Visual Analog Scale (VAS) and Juvenile Arthritis Disease Activity 

Score (JADAS-27) [21-23]. Erythrocyte sedimentation rate (ESR); c-reactive protein 

(CRP); anti-citrullinated protein antibodies (ACPA); rheumatoid factor (RF); anti-nuclear 

antibody (ANA) and human leukocyte antigen B27 (HLA-B27) was noted. The imaging 

team was blinded to the clinical data. 

 

Ultrasound assessment 

The US examinations were performed with the patient supine, knee 30° flexed, by one 

radiologist with 12 years of experience in pediatric radiology, using a Logiq E10 machine 

(Version R3, General Electric) and a linear 6-15 MHz transducer, according to a 

previously published protocol [24]. For the present study, sagittal scans of three different 

locations (supra-, para- and infrapatellar) were used, and the location showing most 

pathology was chosen for CEUS (vascular, linear 2-10 MHz transducer). Via a 3-way 

intravenous cannula adapted to a catheter, a bolus of Sulfur Hexafluoride (Sonovue®) 

contrast was injected (2.4 mL patients <50 kg and 4.8 mL >50 kg), followed by 10 mL 

saline chaser. A 2-minute continuous, sagittal acquisition was performed. The same 

location later was used for CEMRI assessment.  
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Subjective assessment – Color /Power/ Micro-Doppler and CEUS 

Color Doppler (CD), Power Doppler (PD) and Micro-Doppler (MD) activity was assessed 

in each of three locations (supra, para- and infrapatellar), and graded as no inflammation 

(grade 0; no signal), mild inflammation (grade 1; up to 3 single Doppler spots or up to 1 

confluent spot and 2 single spots or up to 2 confluent spots), moderate inflammation 

(grade 2; > grade 1 in < 30% of the area of synovial hypertrophy) or severe inflammation 

(grade 3; confluent signals present in > 30% of the area of synovial hypertrophy) [25]. A 

score ≥1 in at least one of the three different locations was considered a positive 

examination. All CEUS video clips (0-120 s) were anonymized (Supplemental Material 

Movie M1), archived and reviewed retrospectively. A recent reliability study 

demonstrated high precision and reproducibility for grading contrast enhancement on a 

0-3 scale, as 0 (a few contrast bubbles allowed within the synovium); 1 (mild synovial 

enhancement) (Fig. 1); 2 (moderate synovial enhancement) or 3 (severe synovial 

enhancement) (Fig. 2) [18]. 

 

Figure 1. Multimodality imaging of mild knee synovitis (Grade 1) in JIA 
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Fig. 1. Left knee in a 13-year-old girl with JIA- Mild Case (Grade 1): a. B-mode, sagittal view through the mid suprapatellar 

recess with synovium between callipers; b. Micro-Doppler showing no vascularity within the synovium. c. CEUS, dual-screen mode 

with simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, showing a mildly enhancing 

synovium (Grade 1) in the suprapatellar recess with a region of interest (ROI) placed within (software VueBox); d. corresponding 

Time-intensity curve of the synovial enhancement during the first 120 seconds with a Peak Enhancement (PE) of 682.61 (within the 

interval values for Grade 1). e. FLAIR-FS sagittal showing mild synovitis (arrow) in the same plane as CEUS –; f. T1-weighted FS 

sagittal after contrast administration confirming mild synovitis (arrow) in the same plane as FLAIR-FS and CEUS; g. Syngo.via® 

colour Peak Enhancement Intensity (PEI) map with a region of interest (ROI) placed within the enhancing synovium, in the same 

plane; h. Shows three dynamic enhancement curves (0-100 seconds), representing perfusion in 3 different ROIs; Concentration Curves 

display the concentration of the Contrast Agent in the y-axis along time in the x-axis, and a corresponding Peak Enhancement Intensity 

of 0.144 (within the interval values for Grade 1). 

 

 

Figure 2. Multimodality imaging of severe knee synovitis (Grade 3) in JIA 

Fig. 2. Right knee in a 5-year-old girl with JIA- Severe Case (Grade 3): a. B-mode, sagittal view through the mid suprapatellar 

recess revealing a large joint effusion and thickened synovium b. Micro-Doppler showing increased vascularity within the synovium. 

c. CEUS, dual-screen mode with simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, 

showing vividly enhancing synovium, in keeping with synovitis (Grade 3) with a region of interest (ROI) placed within (software 

VueBox); d. corresponding Time-intensity curve of the synovial enhancement during the first 120 seconds with a Peak Enhancement 

(PE) of 96212.52 (within the interval values for Grade 3). e. PD-FS sagittal confirming a severe joint effusion (*) and thickened 

synovium (arrow); f. FLAIR-FS sagittal showing synovitis (arrow) in the same plane as CEUS; g. T1-weighted FS sagittal after 

contrast administration confirming severe synovitis (arrow) in the same plane as FLAIR-FS and CEUS; h. Syngo.via® colour Peak 

Enhancement Intensity (PEI) map with a region of interest (ROI) placed within the enhancing synovium, in the same place; i. Shows 
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three dynamic enhancement curves (0-100 seconds), representing perfusion in 3 different ROIs; Concentration Curves display the 

concentration of the Contrast Agent in the y axis along time in the x axis, and a corresponding Peak Enhancement Intensity of 1.166 

(within the interval values for Grade 3). 

 

Dynamic quantitative assessment - CEUS 

The DICOM video clip was post-processed using the software VueBox® (version 7.5; 

Bracco Imaging, Milan, Italy). From a sagittal frame selected in consensus by two 

observers, guided by the color intensity map, the most avidly enhancing area of the 

synovium was located. Peak Enhancement (PE), Time To Peak (TTP) and Wash-in Area 

Under the Curve (WiAUC) were measured in three different regions of interest (ROI) by 

two observers, blinded to each other, with a predefined standardized ROI. The mean of 

three measurements was used for analysis.  

 

 

 

MRI acquisition and assessment 

All patients and healthy volunteers had a 3T MRI of one knee (Siemens Magnetom Vida 

Erlangen, Germany), performed by one specially trained radiographer according to 

standardised protocols for patients (with Gadolinum (Gd) contrast) and for healthy 

volunteers (without Gd contrast). A cushion (Multipad, Pearl Technology) was used to 

immobilize the knee in approximatly 30° flexion. The protocols are detailed in Table 

Supplemental T.S1. In brief, the patient protocol included the following sequences: T1-

weighted images (T1-w); T1-w fat-suppressed (fs) pre- and post-intravenous contrast 

administration (Gd), Proton Density-weighted with fat suppression (Pd-fs), a RESOLVE 

Diffusion-weighted, T2-weighted FLAIR-FS, and a dynamic 3D T1-w fs. The Gd 

contrast (Gadobutrol - Gadovist®, Bayer) was administered via infusion pump (0.1 mmol 

per kilo of body weight), at a rate of 1-3 mL per second, according to the size (gauge) of 
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the needle. The protocol used for the healthy volunteers was shorter, including T2-

weighted FLAIR-FS, Pd-fs and diffusion-weighted sequences Table Supplemental T.S1. 

 

Subjective scoring – CEMRI and FLAIR-FS  

The overall degree of inflammation was scored on a 0-3 scale (image atlas; Supplemental 

Material Fig. 1.S), separately (and blinded to each other), as 0 (no inflammation), 1 (mild 

inflammation) (Fig. 1), 2 (moderate inflammation) or 3 (severe inflammation) (Fig. 2), 

with a repeat reading after six weeks, independently, by two observers. FLAIR-FS images 

from controls were scored in a third session.    

 

Dynamic semi-quantitative assessment – CEMRI 

MRI measurements were performed on a Syngo.via® Tissue 4D application, using a 

sagittal, dynamic 3D T1-w fs post-contrast image, considered a priori by both observers 

to represent the best fit as compared to the sagittal scan used for CEUS. Three ROIs 

(1mm2, smallest possible standard deviation (SD)) were selected from the color intensity 

map, and the mean of three measurements was used for further analysis of Peak 

Enhancement Intensity (PEI); TTP and initial Area Under the Curve (iAUC).   

 

Statistical analysis 

Continuous data are presented as median and interquartile ranges (IQR), whereas 

categorical data are presented as frequency counts and percentages. The diagnostic 

performance of CEUS, contrast-free MRI sequence (FLAIR-FS) and clinical examination 

for diagnosing and grading inflammation was determined using sensitivity, specificity, 

and accuracy with corresponding 95% confidence intervals (CIs).  

Receiver operating characteristic (ROC) analysis (binary) was used to assess the 

discriminative ability of US-Doppler (CD/PD and MD), CEUS and a contrast-free MRI 
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sequence (FLAIR-FS), and the discriminative ability of PE/PEI, WiAUC/iAUC and TTP 

for both techniques, between patients with and without inflammatory change on CEMRI. 

The area under the ROC curve (AUC) and its 95% CIs were calculated (AUC 0.6-

0.7=poor;  0.7-0.8 fair; 0.8-0.9 good; 0.9-1.0 excellent [26]). The optimal cut-off value 

was determined by the clinical context. 

Statistical power was calculated retrospectively for each AUC, considering the sample 

size (10 negative cases and 42 positive cases) at a significance level of 5%. Statistical 

power for detecting inflammation was calculated retrospectively, ranging from 0.15 for 

clinical grade, 0.29 for color/power Doppler, 0.74 for Micro-Doppler, and 0.99 for both 

CEUS and FLAIR-FS. 

 

Spearman’s correlation coefficient was used to examine the strength and direction 

between PE and PEI (Spearman’s rho 0.00–0.10 (negligible), 0.10–0.39 (weak), 0.40–

0.69 (moderate), 0.70–0.89 (strong), 0.90–1.0 (very strong)) [27]. 

Kappa (κ) (linear weighted) coefficients (with 95% CI) and proportion of absolute 

agreement were applied to test the agreement between CEUS, FLAIR-FS and CEMRI (κ-

coefficient < 0=poor; 0-0.20 slight; 0.21–0.40 fair; 0.41–0.60 moderate; 0.61–0.80 

substantial; 0.81–1.00 almost perfect [28]).  

Independent samples Kruskal-Wallis tests were used to test for differences in PE and PEI 

according to CEMRI grade (0-3), and for differences in inflammation scores as obtained 

by CEUS, FLAIR-FS and CEMRI for each of three different locations 

(suprapatellar/para-patellar/infra-patellar). Post-hoc pairwise comparisons (with 

Bonferroni corrections) were performed.  

The level of statistical significance was set at ≤ 0.05. Statistical analysis was performed 

using IBM Statistical Package for the Social Sciences (SPSS®) version 30, Jamovi 

version 2.6.26 (computer software) or Rstudio version 2026.01.1+403. 
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Results 

Fifty-two patients (Fig 3), median age 12.5 years (8.9-15.6 years) and 51 healthy 

volunteers were included.  

Figure 3. Diagnostic flow diagram 

Fig. 3. Flow diagram illustrating participant enrolment, allocation, and analysis. 

There were no significant differences in clinical characteristics between patients and 

healthy volunteers (Table 1).  
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Table 1. Demographic and clinical characteristics of 52 patients with JIA and 51 healthy volunteers. 

Mdn=Median; IQR=Interquartile Range *=Body Mass Index;**Childhood Health Assessment Questionnaire 

aPearson’s Chi-square bMann-Whitney Test. 

Patients Healthy volunteers p-valuea,b

n (%) 52 (100.0) 51 (100.0) 

Sex Female, n (%) 35 (67.4) 34 (66.7) 0.945a 

Age years, Mdn (IQR) 12.4 (8.9 – 15.6) 13.3 (9.3 – 15.5) 0.678b 

Height cm, Mdn (IQR) 149.0 (129.0–161.0) 1.6 (1.3 – 1.6) 0.952 b 

Weight kg, Mdn (IQR) 39.7 (26.1 – 56.6) 45.5 (3.6 – 57.2) 0.549 b 

BMI*, Mdn (IQR) 18.3 (16.1 – 21.8) 18.7 (16.6 – 20.3) 0.545 b 

JIA Subtypes, n (%) 52 (100) 

Systemic 

Oligoarthritis Persistent 

Oligoarthritis Extended 

Polyarthritis     RF negative 

Polyarthritis  RF positive 

Psoriatic Arthritis 

Enthesitis-related arthritis   

2 (3.8) 

30 (57.7) 

5 (9.6) 

6 (11.5) 

1 (1.9) 

4 (7.7) 

4 (7.7) 

Age at JIA diagnosis years, Mdn (IQR) 5.0 (2.0 – 8.0) 

Duration JIA’s Disease years, Mdn (IQR) 6.0 (3.3 – 9.0) 

Remission at Study Date, n (%) 43 (82.7%) 

Remission JIA’s Disease years, Mdn (IQR) 2.9 (0.5 – 4.3) 

Right Knee studied, n (%) 28 (53.8) 

CHAQ**, Mdn (IQR) 0 (0.0 – 0.3) 

JIA Activity Score (JADAS-27), Mdn (IQR) 1 (0.0 – 4.4) 

Erythrocyte Sedimentation Rate, mm/h, Mdn (IQR) 10 (6.0 – 16.0) 

C-Reactive Protein, mg/dL, Mdn (IQR) 0.95 (0.4 – 2.1) 

Anti-citrullinated protein antibodies- n positive/n total 0/50 

Rheumatoid Factor - n positive/n total 1/51 

Anti-nuclear Antibody - n positive/n total 43/51 

Human Leukocyte Antigen B27 - n positive/n total 3/47 
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Among patients, based on the reference standard (CEMRI), 10/52 (19.2%) knee joints 

were considered non-inflamed, 18 (34.6%) were mildly inflamed, 16 (30.8%) were 

moderately inflamed and 8 (15.4%) were severely inflamed. The diagnostic performance 

of CEUS, MRI-FLAIR-FS and clinical examination for detecting inflammation compared 

to the reference standard, is detailed in Table 2. For this analysis, 3 knee joints with 

equivocal findings on clinical examination were considered pathological.  

 

Table 2. Diagnostic performance of CEUS, MRI FLAIR-FS, Doppler and clinical examination for knee 

synovitis detection 

 TP TN FP FN 

Sensitivity 

(95% CI) 

Specificity 

(95% CI) 

Accuracy 

(95% CI) 

Contrast-enhanced 

US  

41 5 5 1 

97.6% 

(87.4-99.9) 

50.0% 

(18.7-81.3) 

88.5%  

(76.6-95.7) 

US with CD/PD 12 10 0 30 

28.6% 

(15.7-44.6) 

100.0% 

(69.2-100.0) 

42.3%  

(28.7-56.8) 

US with MD 21 10 0 21 

50.0% 

(34.2-65.8) 

100.0% 

(69.2-100.0) 

59.6%  

(45.1-73.0) 

 

MRI FLAIR-FS  39 6 4 3 

92.9% 

(80.5-98.5) 

60.0% 

(26.2-87.8) 

86.5% 

(74.2-94.4) 

 

Clinical Grade 11 9 1 31 

26.2% 

(13.9-42.0) 

90.0% 

(55.5-99.8) 

38.5%  

(25.3-53.0) 

52 joints in 52 patients. CEUS and Doppler grades based on worst of three locations (supra-, para-, infrapatellar); FLAIR-FS based 

on the whole knee, all graded on a 0–3 scale. Reference standard: CEMRI (based on the whole knee). Clinical examination on a 0–1 

scale (grades 1 and 2 merged). 

TP true-positive, TN true-negative, FP false-positive, FN false-negative, CI confidence interval; CD/PD Color/Power Doppler; MD 

Micro-Doppler; FLAIR-FS Fluid attenuated inversion recovery with fat suppression.  
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Sensitivity of CEUS for detecting inflammation was almost perfect, at 97.6% (95% CI 

87.4-99.9), however, specificity was only moderate, 50% (95% CI 18.7-81.3). The five 

false positives were all scored as mild inflammation in CEUS and the false negative was 

a mild case in CEMRI. Adding dynamic CEUS-marker would have correctly re-classified 

2 of the false positives and the false negative. 

 

The CEUS-score was based on the suprapatellar view in 46/52 (88.5%) of the knees 

(29/52 - 55.8% middle view; 10/52 - 19.2% lateral view; 7/52 – 13.5% medial view); 

parapatellar view in 3/52 (5.8%) knees (2/52 – 3.8% lateral view; 1/52 – 1.9% medial 

view) and on the infrapatellar view (deep infrapatellar bursitis) in 3/52 (5.8%) of the 

knees.  

There was a significant difference in the severity of inflammation among the three 

locations (CEUS p=0.010; FLAIR-FS p=0.026 and CEMRI p=0.034). Higher severity 

scores were seen in the parapatellar and infrapatellar (Fig. 4) locations as compared to the 

suprapatellar location for all three imaging techniques, post hoc tests reaching statistical 

significance for CEUS between the supra and infrapatellar locations (p=0.043, with 

Bonferroni correction). 
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Figure 4. Multimodality imaging of deep infrapatellar bursitis in JIA 

Fig. 4. – Left knee in a 6-year-old boy with JIA: a. B-mode, sagittal view through the infrapatellar recess, showing deep infra-

patellar bursitis, with fluid between callipers, with severe synovial thickening (arrow) and hyperechogenicity/inflammatory change of 

the Hoffa fat pad (arrowhead); b. Colour Doppler with hyperaemia; more expressive in c. with Micro Doppler mode. d. CEUS, dual-

screen mode with simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, showing heavily 

enhancing synovium within the deep infra-patellar bursitis, delineating more clearly the synovitis (arrow) from the non-enhancing 

fluid (*).e. PD-FS sagittal confirming the deep infra-patellar bursitis, with fluid (*) and thickened synovium within the bursa (arrow); 

f. FLAIR-FS sagittal showing the synovitis within the bursa (arrow) in the same plane as CEUS; g. T1-weighted FS sagittal after

contrast administration confirming the synovitis within the bursa (arrow) in the same plane as FLAIR-FS and CEUS. 

The sensitivity of FLAIR-FS for detecting inflammation was 92.9% (95% CI 80.5-98.5) 

with a specificity of 60.0% (95% CI 26.9-87.8) (Table 2). The four false positives were 

all scored as mild inflammation in FLAIR-FS and the three false negatives were score as 

mild in CEMRI. Adding the result of a dynamic CEMRI-marker (PEI) would have re-

classified 3 of the false positives and all three false negatives correctly. 
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Discriminative performance of different markers  

ROC analysis indicated strong discriminative ability for both CEUS and FLAIR-FS, with 

AUC-values of 0.899 (95% CI 0.809-0.989) and 0.879 (95% CI 0.778-0.980), 

respectively, whilst clinical examination performed poorly (AUC 0.592 (95% CI 0.414-

0.769) (Fig. 5). Although Youden’s index indicated optimal statistical cut-offs, sensitivity 

and specificity at clinically meaningful thresholds were 0.976/0.500 for CEUS, and 

0.929/0.400, respectively, for FLAIR-FS. For micro and color/power Doppler, ROC 

analysis indicated fair and poor discriminative ability, respectively, with AUC values of 

0.750 for Micro-Doppler (Fig. 6) and 0.643 for color/power Doppler.    

 

Figure 5. ROC Curves for Imaging Techniques in JIA 

Fig. 5. ROC (Receiver Operating Characteristics) curve illustrating discriminative performance for different imaging techniques in a 

cohort of 52 patients with JIA.   
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Figure 6. Multimodality imaging of a false negative Micro-Doppler knee case in JIA 

Fig. 6. Left knee in a 9-year-old girl with JIA: a. B-mode, sagittal view through the mid suprapatellar recess revealing thickened 

synovium (between callipers); b. Micro Doppler negative, without signal in the synovium. c. CEUS, dual-screen mode with 

simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, showing the moderate enhancing 

synovium, in keeping with synovitis; d. T1-weighted FS sagittal after contrast administration confirming the synovitis in the 

suprapatellar recess (arrow). 

Intra- and interobserver agreement for scoring synovial inflammation on a 0-3 scale 

Results for CEUS and CEMRI has been published elsewhere [18]. 

FLAIR-FS  

Both intra- and interobserver agreement for assessing inflammation on a 0-3 scale was 

almost perfect with weighted-κ of 0.90 (95% CI 0.82-0.98) and 0.84 (95% CI 0.73 – 0.95), 

respectively for the two observers, and weighted-κ 0.81 (95% CI 0.70 – 0.93) between 

observers. Weighted-κ for scoring images from healthy volunteers was 1 (CI 95% 1-1) 

(50 cases showing score 0 and 1 case score 1).  

Agreement between the reference standard (CEMRI) and alternative methods 

Agreement between CEMRI and CEUS for grading inflammatory change on a 0-3 scale 

was good (weighted-κ 0.64 (95% CI 0.51-0.76); absolute agreement 59.6%). 

Disagreement never exceeded one grade (Supplemental Material Table T.S2).  
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Agreement between CEMRI and MRI FLAIR-FS for grading inflammatory change on a 

0-3 scale was almost perfect (weighted-κ 0.85 (CI 95% 0.76-0.95); absolute agreement 

0.85 (Supplemental Material Table T.S3).  

Agreement between Clinical Grade (0-2) and CEMRI on a 0-2 scale (merging grades 2 

and 3) was only slight (weighted-κ 0.17 (CI 95% 0.04-0.31); absolute agreement 0.33 

(Supplemental Material Table T.S4). 

 

Dynamic markers 

Peak Enhancement (PE) on CEUS and Peak Enhancement Intensity (PEI) on CEMRI 

ROC analysis demonstrated that both PE and PEI discriminated well between non-

inflamed and inflamed joints, with AUC-values of 0.812 (95% CI 0.682-0.941) and 0.844 

(95% CI 0.734-0.954) respectively (Supplemental Material Fig. 2aS.). 

  

Although Youden’s index indicated optimal statistical cut-offs, sensitivity and specificity 

at clinically meaningful thresholds were set at 81%/60% for both PE and PEI (cutoff value 

for PE was 406.558 arbitrary units and for PEI 0.075 arbitrary units). There was a strong 

positive correlation between PE and PEI, with a Spearman’s rho of 0.803 with p < 0.001 

(95% CI 0.674 – 0.884). 

 

Wash-in Area Under the Curve (WiAUC) on CEUS and initial Area Under the Curve 

(iAUC) on CEMRI 

WiAUC and iAUC discriminated well between non-inflamed and inflamed joints, with 

AUC-values of 0.836 (95% CI 0.715-0.956) and 0.830 (95% CI 0.713-0.947), 

respectively (Supplemental Material Fig. 2bS).Sensitivity and specificity at clinically 

meaningful thresholds were set at 91%/60% for WiAUC and 86%/60% for iAUC (cutoff 

value for for WiAUC 1671.438 arbitrary units and iAUC 0.026 arbitrary units). 
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Time To Peak (TTP) on CEUS and on CEMRI  

The AUC-value for CEUS TTP was 0.56 (95% CI 0.327-0.792), with a sensitivity and 

specificity at 67%/60%, respectively (cutoff value of 9.572 seconds (s)). For CEMRI, the 

TTP had an AUC-value under 0.5.  

 

There was a statistically significant difference in median PE for CEUS across four 

different scores (p<0.001) (Supplemental Material Table T.S5). Significant differences 

were seen between scores, except for score 0 and 1 (p=0.365), score 1 and 2 (p=0.311) 

and score 2 and 3 (p=0.059) (adjusted with Bonferroni corrections). 

Similar, there was a statistically significant difference in median PEI for CEMRI across 

the four different scores (p<0.001) (Supplemental Material Table T.S6). Significant 

differences were seen between groups, except for group 0 and 1 (p=1.000) and group 2 

and 3 (p=0.230) (adjusted with Bonferroni corrections). 

 

Discussion  

This study revealed that, overall, both contrast-enhanced ultrasound and the contrast-free 

MRI sequence FLAIR-FS, demonstrated high diagnostic accuracy in the detection of 

inflammatory change of the knee in children with JIA, using CEMRI as the reference 

standard. Both FLAIR-FS and CEUS had a high sensitivity in identifying inflammation, 

whilst US with doppler and clinical grade alone performed poorly, with low sensitivity, 

despite high specificity. Of note is the moderate specificity for both FLAIR-FS and 

CEUS.  
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MRI 

Limited studies have assessed the role of contrast-free MRI sequences in detecting and 

grading inflammatory changes in JIA and report that both diffusion-weighted imaging 

[29], the Double Inversion Recovery (DIR) sequence and PD-weighted images [30] are 

promising techniques [14]. Moreover, that measurement of the synovial thickness, as a 

marker of synovitis, is reliable [15]. However, previous studies are small [14, 30, 31] 

using different MRI scanners [15, 31] without standardization of post-contrast image 

acquisition [14, 15, 29, 30], the latter being of significant importance for the assessment 

of synovial contrast enhancement and grading [32]. In the study by Barendregt et al., 

including 45 patients with a median age of 14 years, of whom 14 had arthritis according 

to the reference standard (CEMRI), diffusion-weighted imaging had 92% sensitivity and 

78% specificity for detection of synovial inflammation [29]. However, although the 

observers could detect synovitis with relatively high accuracy, distinction between the 

synovial membrane and surrounding tissues remained challenging. Another study, 

addressing the FLAIR-FS sequence including 39 children, median age 12.9 years, of 

whom 48% had synovitis, the authors found sensitivities of 79% - 84% for the detection 

of synovitis, with specificities of 94% - 83% [31]. To our knowledge this was the first 

study to explore the FLAIR-FS sequence in children, however, the cohort was 

heterogenous, with only eight patients having JIA. As such, it should be interpreted with 

caution.  

Two studies have examined the ability of contrast-free sequences for the assessment of 

synovial thickness, one by using a DIR sequence [14] and one by using a combination of 

T2-fs and 3D proton density (Pd)-weighted images [15], both with CEMRI as reference. 

In the study from Verkuil et al., including 26 children with JIA of whom 13 with knee 

arthritis, the authors concluded that the DIR sequence adequately delineated the synovial 

lining, and that synovial thickness measurement provided values that strongly correlated 
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with conventional CEMRI. The study was, however, limited by its small numbers and 

lack of standardization of post-contrast image acquisition. In the study using 3D PD- and 

T2-weighted images, including 35 children with JIA, median age 14 years, the authors 

reported that the unenhanced series was equivalent to CEMRI in assessment of synovial 

thickness. Although mean differences between two measurements were less than 0.2mm 

for all measured locations, the absolute agreement, given by 95% limits of agreement 

(LoA), was not reported. We have previously shown that, despite high correlation 

between two measurements, the 95% LoA might still be wide with poor precision in the 

semi-quantitative analysis [18]. 

In sum, contrast-free MRI sequences tend to overestimate synovial inflammation, rather 

than underestimate.  

Neither over- nor underdiagnosis is ideal, as both carry distinct risks. In our study, the 

FLAIR-FS sequence demonstrated high diagnostic accuracy for inflammatory changes. 

The only errors were four mild false positives and three mild false negatives, highlighting 

the known difficulty in differentiating physiological from mildly increased synovial 

enhancement [33]. Adding PEI, the most robust dynamic CEMRI marker, corrected three 

false positives to negative and all three false negatives to positive, leaving only one false 

positive. Thus, dynamic post-contrast MRI helps resolve equivocal cases, despite its low 

measurement precision. Additionally, FLAIR-FS underestimated one case, grading it as 

moderate while CEMRI graded it as severe. 

Two previous studies, one on knees and one on wrists, have concluded that DCE-MRI 

represent a promising method for the assessment of disease activity in JIA [8, 34], later 

supported by a study on the temporomandibular joints [35]. A recent review from 2025 

does not elaborate on the helpfulness of dynamic-CEMRI [36], however in our study, 
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PEI-values, using a program in SyngoVia®, added to the discrimination of non-inflamed 

and mildly inflamed joints.  

CEUS 

The literature on contrast-enhanced ultrasound for the assessment of synovitis in children 

is even more limited. In 2001, Doria et al. explored the role of color Doppler CEUS in 

the evaluation of JIA in 22 patients with knee-JIA and five controls [12]. Based on clinical 

and laboratory data, the knees were classified as asymptomatic, subclinical or in 

remission. To quantitatively assess the degree of synovial enhancement, a region of 

interest over the suprapatellar bursa was delineated [12]. Then, the mean pixel intensity 

values of that particular area were recorded before and after contrast administration. In 

all three groups, CEUS revealed significant enhancement of knee joints compared to 

healthy controls. The authors concluded that CEUS was valuable in the early detection of 

synovial inflammation [12]. In a recent review, the CEUS technique has been thoroughly 

described [13], however, additional data to support its use in children with JIA is lacking.    

 

Our study showed that CEUS offers high sensitivity and accuracy for grading synovial 

inflammation, but with a specificity, performing similarly to FLAIR-FS. Mirroring 

FLAIR-FS, all five false positives were mild, reflecting the continuous spectrum between 

physiological and mildly pathological synovial enhancement [33]. Applying the 

estimated PE cutoff re-classified two false positives as negative and the single false 

negative as positive. This leaves only three false positives, supporting PE use in equivocal 

cases despite poor quantitative precision [18]. 

 

Interestingly, the inflammation-score, on both CEUS, FLAIR-FS and CEMRI, was higher 

for the para- and infrapatellar recesses as compared to the suprapatellar recess, 
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underscoring the importance of evaluating all available locations during an ultrasound 

examination.  

 

In sum, although both CEUS and the FLAIR-FS have high diagnostic accuracy in the 

detection of inflammatory change, we would argue that CEUS should be considered in 

children under the age of five, to reduce the use of sedation.  

  

In contrast, US-Doppler performed poorly, though Micro-Doppler slightly outperformed 

Color and Power Doppler despite adhering to OMERACT Ultrasound Group guidelines 

[25, 37]. Conversely, the preliminary CARRA MSUS 0-3 scoring systems for pediatric 

elbow, wrist, and finger arthritis showed excellent reliability among sonographers of 

varying expertise [38]. However, because this scoring relied solely on static images, it 

reflects the reliability of the reading process rather than the complete examination; thus, 

these results should be interpreted with caution.       

This study proposes a hypothesis-generating, structured imaging pathway (Fig. 7) that 

incorporates normative data to minimize gadolinium and sedation use, rather than acting 

as a validated clinical guideline [24]. This approach requires future prospective validation 

in larger, longitudinal JIA cohorts.  

In our study, clinical grading of arthritis performed poorly, with low sensitivity, but a 

high specificity, supporting the use of imaging [36].  
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Figure 7. Proposed stratified imaging algorithm for JIA knee involvement 

Fig. 7. Proposed stratified imaging algorithm for juvenile idiopathic arthritis knee involvement: clinical decision flowchart.  
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The study acknowledges limitations due to a small, though balanced, cohort, where a low 

number of non-inflamed joints (10 cases) resulted in unstable specificity estimates. 

Additionally, the study was constrained by an inability to perform multivariate regression 

and subgroup analysis, alongside the potential for differential bias due to the separate 

evaluation of healthy control images. The strengths were the standardized and validated 

imaging methods used for both CEUS and CEMRI [18]; all MRIs performed by a single, 

specially trained radiographer and scored twice by two radiologists, independently; all 

CEUS performed by one examiner and read twice by two readers, independently. Finally, 

FLAIR-FS was performed in healthy pediatric volunteers, matched by age and sex as a 

control group and all examinations were performed on the same day by expert teams.  

Conclusion 

Contrast-enhanced ultrasound and FLAIR-FS have high diagnostic accuracy in the 

detection of knee inflammation in children with JIA, using CEMRI as the reference 

standard, thereby allowing for reduced use of MRI-contrast.    
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Graphical Abstract 

 

 

 

 

 

 

 

Figures Title and Captions 

 

Figure 1. Multimodality imaging of mild knee synovitis (Grade 1) in JIA 

Fig. 1. Left knee in a 13-year-old girl with JIA- Mild Case (Grade 1): a. B-mode, sagittal view through the mid suprapatellar 

recess with synovium between callipers; b. Micro-Doppler showing no vascularity within the synovium. c. CEUS, dual-screen mode 

with simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, showing a mildly enhancing 

synovium (Grade 1) in the suprapatellar recess with a region of interest (ROI) placed within (software VueBox); d. corresponding 

Time-intensity curve of the synovial enhancement during the first 120 seconds with a Peak Enhancement (PE) of 682.61 (within the 

interval values for Grade 1). e. FLAIR-FS sagittal showing mild synovitis (arrow) in the same plane as CEUS –; f. T1-weighted FS 

sagittal after contrast administration confirming mild synovitis (arrow) in the same plane as FLAIR-FS and CEUS; g. Syngo.via® 

colour Peak Enhancement Intensity (PEI) map with a region of interest (ROI) placed within the enhancing synovium, in the same 

plane; h. Shows three dynamic enhancement curves (0-100 seconds), representing perfusion in 3 different ROIs; Concentration Curves 
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display the concentration of the Contrast Agent in the y-axis along time in the x-axis, and a corresponding Peak Enhancement Intensity 

of 0.144 (within the interval values for Grade 1). 

 

Figure 2. Multimodality imaging of severe knee synovitis (Grade 3) in JIA 

Fig. 2. Right knee in a 5-year-old girl with JIA- Severe Case (Grade 3): a. B-mode, sagittal view through the mid suprapatellar 

recess revealing a large joint effusion and thickened synovium b. Micro-Doppler showing increased vascularity within the synovium. 

c. CEUS, dual-screen mode with simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, 

showing vividly enhancing synovium, in keeping with synovitis (Grade 3) with a region of interest (ROI) placed within (software 

VueBox); d. corresponding Time-intensity curve of the synovial enhancement during the first 120 seconds with a Peak Enhancement 

(PE) of 96212.52 (within the interval values for Grade 3). e. PD-FS sagittal confirming a severe joint effusion (*) and thickened 

synovium (arrow); f. FLAIR-FS sagittal showing synovitis (arrow) in the same plane as CEUS; g. T1-weighted FS sagittal after 

contrast administration confirming severe synovitis (arrow) in the same plane as FLAIR-FS and CEUS; h. Syngo.via® colour Peak 

Enhancement Intensity (PEI) map with a region of interest (ROI) placed within the enhancing synovium, in the same place; i. Shows 

three dynamic enhancement curves (0-100 seconds), representing perfusion in 3 different ROIs; Concentration Curves display the 

concentration of the Contrast Agent in the y axis along time in the x axis, and a corresponding Peak Enhancement Intensity of 1.166 

(within the interval values for Grade 3). 

 

Figure 3. Diagnostic flow diagram  

Fig. 3. Flow diagram illustrating participant enrolment, allocation, and analysis. 

 

Figure 4. Multimodality imaging of deep infrapatellar bursitis in JIA 

Fig. 4. – Left knee in a 6-year-old boy with JIA: a. B-mode, sagittal view through the infrapatellar recess, showing deep infra-

patellar bursitis, with fluid between callipers, with severe synovial thickening (arrow) and hyperechogenicity/inflammatory change of 

the Hoffa fat pad (arrowhead); b. Colour Doppler with hyperaemia; more expressive in c. with Micro Doppler mode. d. CEUS, dual-

screen mode with simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, showing heavily 

enhancing synovium within the deep infra-patellar bursitis, delineating more clearly the synovitis (arrow) from the non-enhancing 

fluid (*).e. PD-FS sagittal confirming the deep infra-patellar bursitis, with fluid (*) and thickened synovium within the bursa (arrow); 

f. FLAIR-FS sagittal showing the synovitis within the bursa (arrow) in the same plane as CEUS; g. T1-weighted FS sagittal after 

contrast administration confirming the synovitis within the bursa (arrow) in the same plane as FLAIR-FS and CEUS. 

 

Figure 5. ROC Curves for Imaging Techniques in JIA 

Fig. 5. ROC (Receiver Operating Characteristics) curve illustrating discriminative performance for different imaging techniques in a 

cohort of 52 patients with JIA.   

 

 

Figure 6. Multimodality imaging of a false negative Micro-Doppler knee case in JIA 

Fig. 6. Left knee in a 9-year-old girl with JIA: a. B-mode, sagittal view through the mid suprapatellar recess revealing thickened 

synovium (between callipers); b. Micro Doppler negative, without signal in the synovium. c. CEUS, dual-screen mode with 
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simultaneous display of gray-scale image (left) and contrast-only image (right) in the same view, showing the moderate enhancing 

synovium, in keeping with synovitis; d. T1-weighted FS sagittal after contrast administration confirming the synovitis in the 

suprapatellar recess (arrow). 

 

Figure 7. Proposed stratified imaging algorithm for JIA knee involvement  

Fig. 7. Proposed stratified imaging algorithm for juvenile idiopathic arthritis knee involvement: clinical decision flowchart.  

 

Movie Supplemental. CEUS video of severe knee synovitis in JIA 

Movie Supplemental: 2 min CEUS video of right knee in a 5-year-old girl with JIA the severe grade of synovitis in the suprapatellar 

recess (longitudinal view) – same case Fig. 2. 
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Supplemental Material Fig. S1. FLAIR-FS + CEMRI Atlas with paired

examples of the knee: sagittal FLAIR-FS on the left side; at same level sagittal

post-contrast on right side: 

• Grade 0 (none/subtle synovial enhancement CEMRI) – a; 

• Grade 1 (Mild synovial enhancement/thickening CEMRI) – b and c;  

• Grade 2 (Moderate synovial enhancement/thickening CEMRI) – d;

• Grade 3 (Severe synovial enhancement/thickening CEMRI) – e.

FLAIR-FS Imaging Atlas
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Supplemental Material Fig. S2. ROC curves showing the discriminative performance of different quantitative CEUS and CEMRI markers in 52 patients with 

JIA, (a) Peak Enhancement (PE) in CEUS and Peak Enhancement Intensity (PEI) in CEMRI. In b. wash-in area under the curve (WiAUC) in CEUS and initial 

Area Under the Curve (iAUC) in CEMRI and time to peak (TTP) in CEUS and CEMRI.



Sequence Plane TR 

(ms) 

TE 

(ms) 

TI (ms) Averag

es 

FOV 

read 

(mm) 

FOV 

phase 

Numbe

r slices 

Slice 

Thickn

ess 

(mm) 

Flip 

angle 

Gap 

(mm) 

Image 

Matrix 

Band

widt

h 

(Hz/P

x) 

Acquisiti

on time 

Turb

o 

facto

r 

Accele

ration 

mode 

Accele

ration 

factor 

Others 

PD TSE FS* 
 

Sagittal* 3010 33 --- 1 160 100% 32 3 180 0.3 269*384 181 1min31s 9 SMS 2 SPAIR 
PE: H>>F 
Oversampling: 70% 

Axial* 4160 38 --- 1 160 100% 40 3 180 0.3 269*384 148 1min44s 9 SMS 2 SPAIR 
PE: R>>L 

Oversampling: 40% 

Coronal 3010 33 --- 1 160 100% 38 3 150 0.3 269*384 181 1min30s 7 SMS 2 SPAIR 
PE: R>>L 
Oversampling: 30% 

T1 TSE  Coronal  718 9.9 --- 1 160 100% 38 3 150 0.3 314*448 228 1min09s 3 SMS 2 PE: R>>L 

Oversampling: 50% 

Diffusion 

b values - 0 and 800* 
 

Axial 8320 61 --- 2 220 100% 32 3 180 0.3 160*160 919 3min05s 23 GRAP

PA 

2 PE: A>>P 

Concatenations: 2 
EPI factor: 80 

T2 Flair FS* 

 

Axial*  9000 87 2200 2 160 100% 40 3 150 0.3 224*320 220 3min20s 23 GRAP

PA 

2 Fat suppression 

PE: R>>L 
Concatenations: 2 

Sagittal* 9000 87 2200 2 160 100% 32 3 150 0.3 224*320 220 3min20s 23 GRAP

PA 

2 Fat suppression 

PE: A>>P 
Concatenations: 2 

T1 TSE FS pre - Gd 

 

Sagittal  500 9 --- 2 160 100% 32 3 150 0.3 280*400 227 2min51s 3 SMS 2 PE: H>>F 

Fat suppression 
Oversampling: 70% 

T1 vibe Dixon fatsat 
pre contrast 

Sagittal 3.91 1.23 
and 
2.46 

--- 1 160 100% 80 1.3 9 0 128*128 1180 23s each 
measure
ment 

--- CAIPIR
INHA 

2 5 measurements 
Slice oversampling: 
100% 

PE: P>>A 
DIXON method 

T1 vibe Dixon fatsat 
caipirinha first 2 min 
(isotropic) 

Sagittal 3.91 1.23 
and 
2.46 

--- 1 160 100% 80 1.3 9 0 128*128 1180 23s each 
measure
ment 

--- CAIPIR
INHA 

2 5 measurements 
Slice oversampling: 
100% 

PE: P>>A 
DIXON method 

T1 TSE FS post - Gd Sagittal 500 9 --- 2 160 100% 32 3 150 0.3 280*400 227 2min51s 3 SMS 2 PE: H>>F 
Fat suppression 
Oversampling: 70% 

T1 TSE FS post - Gd  Axial 752 8.9 --- 2 160 100% 40 3 150 0.3 280*400 228 2min35s 3 SMS 2 PE: R>>L 
Fat suppression 
Oversampling: 5% 



(“Siemens Magnetom Vida 3T”) Knee coil. 30º Flexion; Knee placed centrally in the magnet field. Cushing description. 

 
* Healthy Volunteers’ Protocol 

 

The dynamic contrast-enhance sequence consisted of five consecutive measurements or stacks with 80 slices, a temporal resolution of 23 seconds, repetition 

time of 3.91ms, two echo times of 1.23ms and 2.46ms (two point DIXON method), slice thickness of 1.3mm, no gap, field of view of 160*160, and image 

matrix of 128*128. The acceleration method was the CAIPIRINHA, with an acceleration factor of 2. 

The contrast agent (Gadobutrol) was administered immediately at the beginning of the DCE sequence at a dose of 0.1 mmol per kilogram of body weight and 

directly followed by a 20 ml saline injection. The injection rate depended on the needle gauge, ranging between 1 and 3 ml per second. 

 

The children were supine, with their lower limbs extended. The knee under study was positioned on the 18-channel phased array knee RF coil, with a flexion of 

approximately 30º. The knee was positioned centrally in the middle of the RF coil and then placed at the magnet's isocenter. An appropriate cushion (Multipad, 

Pearl Technology) was used to correct knee immobilisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DP FAT SAT SAGITAL 

 

TR – 3010 ms 

TE – 33 ms 

Averages – 1 

FOV read – 160mm 

FOV phase – 100% 

N cortes – 32 

Gap – 0.3 mm 

Phase encoding direction – H>>F 

Oversampling – 70% 

Slice Thickness – 3mm 

FA – 180º 

FAT water contrast – SPAIR 

Image matrix – 269*384 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – up 

Turbo factor – 9  

Bandwidth – 181 Hz/Px 

Acquisition time – 1min31sec 

 

 

DP FAT SAT CORONAL 

 

TR – 3010 ms 

TE – 33 ms 

Averages – 1 

FOV read – 160mm 

FOV phase – 100% 

N cortes – 38 

Gap – 0.3 mm 

Phase encoding direction – L>>R 

Oversampling – 30% 



Slice Thickness – 3mm 

FA – 150º 

FAT water contrast – SPAIR 

Image matrix – 269*384 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – up 

Turbo factor – 7 

Bandwidth – 181 Hz/Px 

Acquisition time – 1min30sec 

 

DP FAT SAT AXIAL 

 

TR – 4160 ms 

TE – 38 ms 

Averages – 1 

FOV read – 160mm 

FOV phase – 100% 

N cortes – 40 

Gap – 0.3 mm 

Phase encoding direction – R>>L 

Oversampling – 40% 

Slice Thickness – 3mm 

FA – 180º 

FAT water contrast – SPAIR 

Image matrix – 269*384 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – between knees 

Turbo factor – 9  

Bandwidth – 148 Hz/Px 

Acquisition time – 1min44sec 

 

 

 



T1 CORONAL  

 

TR – 718 ms 

TE – 9.9 ms 

Averages – 1 

FOV read – 160mm 

FOV phase – 100% 

N cortes – 38 

Gap – 0.3 mm 

Phase encoding direction – R>>L 

Oversampling – 50% 

Slice Thickness – 3mm 

FA – 150º 

Image matrix – 314*448 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – none 

Turbo factor – 3  

Bandwidth – 228 Hz/Px 

Acquisition time – 1min09sec 

 

 

T2 DARK-FLUID (FLAIR) SAGITAL 

 

TR – 9000 ms 

TE – 87 ms 

TI – 2200 ms 

Averages – 2 

Concatenations – 2  

FOV read – 160mm 

FOV phase – 100% 

N cortes – 32 

Gap – 0.3 mm 

Phase encoding direction – A>>P 



Oversampling – 0% 

Slice Thickness – 3mm 

FA – 150º 

Image matrix – 224*320 

Acceleration mode – GRAPPA – acceleration factor PE – 2  

Saturation band – none 

Turbo factor – 23  

Bandwidth – 220 Hz/Px 

Acquisition time – 3min20sec 

 

 

T2 DARK-FLUID (FLAIR) AXIAL 

 

TR – 9000 ms 

TE – 87 ms 

TI – 2200 ms 

Averages – 2 

Concatenations – 2  

FOV read – 160mm 

FOV phase – 100% 

N cortes – 40 

Gap – 0.3 mm 

Phase encoding direction – R>>L 

Oversampling – 0% 

Slice Thickness – 3mm 

FA – 150º 

Image matrix – 224*320 

Acceleration mode – GRAPPA – acceleration factor PE – 2  

Saturation band – none 

Turbo factor – 23  

Bandwidth – 220 Hz/Px 

Acquisition time – 3min20sec 

 



DWI RESOLVE 3SCAN TRACE 

 

TR – 8320 ms 

TE – 61 ms 

Averages – 2 

Concatenations – 2  

FOV read – 220mm 

FOV phase – 100% 

N cortes – 32 

Gap – 0.3 mm 

Phase encoding direction – A>>P 

Oversampling – 0% 

Slice Thickness – 3mm 

FA – 180º 

Image matrix – 160*160 

Acceleration mode – GRAPPA – acceleration factor PE – 2  

Saturation band – none 

b values – 0 and 800 s/mm2 

Turbo factor – 23  

Bandwidth – 919 Hz/Px 

EPI factor – 80  

Acquisition time – 3min05sec 

 

 

T1 FAT SAT SAGITAL PRE CONTRAST 

 

TR – 500 ms 

TE – 9 ms 

Averages – 2 

FOV read – 160mm 

FOV phase – 100% 

N cortes – 32 

Gap – 0.3 mm 



Phase encoding direction – H>>F 

Oversampling – 70% 

Slice Thickness – 3mm 

FA – 150º 

FAT water contrast – fat saturation 

Image matrix – 280*400 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – none 

Turbo factor – 3  

Bandwidth – 227 Hz/Px 

Acquisition time – 2min51sec 

 

 

T1 VIBE DIXON CAIPI SAGITAL PRE CONTRAST 

 

TR – 3.91 ms 

TE 1 and 2 – 1.23 ms and 2.46 ms 

Averages – 1 

FOV read – 160mm 

FOV phase – 100% 

N cortes – 80 

Gap – without gap 

Phase encoding direction – P>>A 

Oversampling – 0% and slice oversampling – 100% 

Slice Thickness – 1.3mm 

FA – 9º 

FAT water contrast – Dixon 

Image matrix – 128*128 

Acceleration mode – CAIPIRINHA – acceleration factor PE – 2  

Saturation band – none 

Bandwidth – 1180 Hz/Px 

Acquisition time – 23sec 

 



T1 VIBE DIXON CAIPI SAGITAL DYNAMIC – 5 MEASUREMENTS – DCE MRI 

 

TR – 3.91 ms 

TE 1 and 2 – 1.23 ms and 2.46 ms 

Averages – 1 

FOV read – 160mm  -- 160*160mm 

FOV phase – 100% 

N cortes – 80 

Gap – without gap 

Phase encoding direction – P>>A 

Oversampling – 0% and slice oversampling – 100% 

Slice Thickness – 1.3mm 

FA – 9º 

FAT water contrast – Dixon 

Image matrix – 128*128 

Acceleration mode – CAIPIRINHA – acceleration factor PE – 2  

Saturation band – none 

Bandwidth – 1180 Hz/Px 

Acquisition time – 23sec 

 

5 medidas 23 segundos cada, contrast agent administered immediately at the time of beginning of the DCE-MRI study. 

 

  

T1 FAT SAT SAGITAL POST CONTRAST 

 

TR – 500 ms 

TE – 9 ms 

Averages – 2 

Concatenations – 2  

FOV read – 160mm 

FOV phase – 100% 

N cortes – 32 

Gap – 0.3 mm 



Phase encoding direction – H>>F 

Oversampling – 70% 

Slice Thickness – 3mm 

FA – 150º 

FAT water contrast – fat saturation 

Image matrix – 280*400 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – none 

Turbo factor – 3  

Bandwidth – 227 Hz/Px 

Acquisition time – 2min51sec 

 

T1 FAT SAT AXIAL POST CONTRAST 

 

TR – 752 ms 

TE – 8.9 ms 

Averages – 2 

Concatenations – 2  

FOV read – 160mm 

FOV phase – 100% 

N cortes – 32 

Gap – 0.3 mm 

Phase encoding direction – R>>L 

Oversampling – 5% 

Slice Thickness – 3mm 

FA – 150º 

FAT water contrast – fat saturation 

Image matrix – 280*400 

Acceleration mode – SMS – acceleration factor PE – 2 and SMS factor – 2 

Saturation band – none 

Turbo factor – 3  

Bandwidth – 228 Hz/Px 

Acquisition time – 2min35sec 



Supplemental Material Tables T.2S – T.6S 

 

T.2S. Agreement between CEMRI and CEUS for subjective grading of inflammatory change on a 0-3 scale. 

 

CEUS 

CEMRI Total 

No inflammation 

(0) 

Mild inflammation 

(1)    

Moderate 

inflammation (2) 

Severe 

inflammation (3) 

 

No inflammation 5 1 0 0 6 

Mild inflammation 5 12 2 0 19 

Moderate inflammation 0 5 7 1 13 

Severe inflammation 0 0 7 7 14 

Total 10 18 16 8 52 

 

 

T. 3S. Agreement between CEMRI and MRI FLAIR-FS subjective grading of inflammatory change on a 0-3 scale 

in a cohort of 52 children and adolescents with JIA.  

 

MR FLAIR-FS 

CEMRI Total 

No inflammation 

(0) 

Mild 

inflammation (1)    

Moderate 

inflammation (2) 

Severe 

inflammation (3) 

 

No inflammation 6 3 0 0 9 

Mild inflammation 4 15 0 0 19 

Moderate inflammation 0 0 16 1 17 

Severe inflammation 0 0 0 7 7 

Total 10 18 16 8 52 

 

 

T.4S. Agreement between the CEMRI (0-2 scale, merging grades 2 and 3) and Clinical Grade for subjective 

grading of inflammatory change on a 0-2 scale in a cohort of 52 children and adolescents with JIA.  

 

CLINICAL 

GRADE 

CEMRI Total 

No inflammation 

(0) 

Mild inflammation 

(1)    

Moderate and Severe 

inflammation (2+3) 

 

Inactive 9 17 14 40 

Equivocal Arthrtis 1 0 2 3 

Active 0 1 8 9 

Total 10 18 24 52 

 

 

 

 



T. 5S. Peak enhancement (PE) values (arbitrary units), median (Mdn) with inter quartile range (IQR) - for 52 patients 

(35 females), by CEUS grade group (0-3)   

Location  CEUS Grades 

p– value1 
 0 

(n=6) 

1 

(n=19) 

2 

(n=13) 

3 

(n=14) 

 

Peak Enhancement (PE) 

 

Mdn  

(IQR) 

149.39 

(62.63 – 204.93) 

559.00 

(322.94 – 841.71) 

1770.19 

(1001.59 – 2625.52) 

9836.16 

(3690.25 – 24174.80) 

<0.001 

      

1 Kruskal-Wallis test 

  

 

 

T. 6S. Peak enhancement intensity (PEI) values (arbitrary units), median (Mdn) with inter quartile range (IQR) 

- for 52 patients (35 females), by MRI grade group (0-3)   

Location  MRI Grades 

p – value1  0 

(n=10) 

1 

(n=18) 

2 

(n=16) 

3 

(n=8) 

 

Peak Enhancement Intensity (PEI) 

 

Mdn  

(IQR) 

0.06 

(0.03 – 0.12) 

0.12 

(0.05 – 0.18) 

0.29 

(0.20 – 0.46) 

0.71 

(0.58 – 0.73) 

<0.001 

      

1 Kruskal-Wallis test 
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Abstract 

Introduction: Differentiating physiological findings from pathological synovitis in 

Juvenile Idiopathic Arthritis (JIA) remains a diagnostic challenge.  

Methods: A prospective comparative study evaluated 127 healthy volunteers (aged 3–17) 

and 52 consecutive JIA patients (aged 1–18). All underwent bilateral knee examinations 

using identical high-end ultrasound machines and a standardized protocol. Beyond 

tracking traditional recesses, novel measurements for intercondylar cartilage thickness 

and ossified patellar length were recorded. 

Results: Healthy controls displayed an asymmetric fluid topology, with fluid pooling 

predominantly in the suprapatellar recess (p < 0.001); this compartmentalization was 

entirely eradicated in JIA patients (p = 0.474). The clinically "unaffected" knees of 

unilateral JIA patients exhibited significantly thicker synovium than healthy controls (p 

< 0.001), uncovering subclinical synovitis. Colour Doppler showed an absolute 

diagnostic separation, tracking strictly negative bilaterally (Grade 0) across all 127 

healthy controls (p < 0.001). Cartilage thickness naturally decreased with age in both 

groups, but JIA girls displayed accelerated, pathological thinning compared to healthy 

peers (p < 0.001). Conversely, JIA patients exhibited longer patellar lengths bilaterally, 

indicating inflammatory periarticular overgrowth (p 0.030 and p 0.011). 

Discussion: Standardized regional fluid mapping might help prevent false-positive 

overdiagnosis from innocent physiological fluid. Uncovering subclinical synovial 

proliferation in asymptomatic contralateral joints points to a systemic disease dimension 

that escapes clinical examination. 
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Conclusion: Our findings demonstrate that active JIA eradicates the asymmetric fluid 

topology naturally seen in healthy children, instead causing a uniform, homogeneous 

fluid expansion across all three knee recesses. The discovery of significant synovial 

thickening within the clinically "unaffected" knees, of patients with a history of unilateral 

JIA, confirms the presence of subclinical multiple joint involvement that remains elusive 

to conventional physical examination. Age-stratified biomarkers of cartilage matrix 

degradation and hyperaemic bone overgrowth, as well as the high Doppler specificity for 

JIA, validate international guidelines positioning ultrasound as the definitive first-line 

diagnostic modality. 

Keywords: Juvenile Idiopathic Arthritis; Synovitis; Ultrasound; Knee.  

List of Abbreviations: 

CHUSJ: University Hospital Centre of São João Porto 

CI: confidence intervals 

ESPR: European Society of Paediatric Radiology 

FMUP: Faculty of Medicine of the University of Porto 

ILAR: International League of Associations for Rheumatology 

IQR: interquartile ranges 

JIA: Juvenile Idiopathic Arthritis 

Mdn: median 

MRI: Magnetic resonance imaging 

MSUS: Musculoskeletal Ultrasound 

OR: odds ratios 

PIUS-Knee: Paediatric Internationally agreed Ultrasound Knee Protocol 

RF: Rheumatoid Factor  

ROC: receiver operating characteristic 
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Background  

Juvenile Idiopathic Arthritis (JIA) is the most common chronic inflammatory 

musculoskeletal disease in childhood, with a reported incidence ranging from 1.6–23.0 

per 100,000 children under 16 years of age, across Europe [1]. In a recent 

recommendation by the European Society of Paediatric Radiology (ESPR), ultrasound 

with Doppler was formally designated as the first-line imaging examination when JIA is 

suspected. Magnetic resonance imaging (MRI) remains valuable primarily when 

ultrasound findings are inconclusive or inconsistent with the clinical data [2]. 

The knee is the most frequently involved joint in JIA and is consequently the most 

extensively studied joint by musculoskeletal ultrasound (MSUS). Synovitis of the knee, 

manifesting as synovial hypertrophy, joint effusion, and synovial hypervascularity, 

represents the hallmark of ultrasound assessment. However, chronic inflammation in JIA 

also inflicts damage on deeper articular structures, most notably the cartilage. Cartilage 

thinning serves as an early marker of joint damage, often preceding irreversible 

radiographic changes. Ultrasound evaluation of cartilage thickness at the intercondylar 

notch of the distal femur has been rigorously validated in comparison to MRI [3-5]. 

Similarly, ultrasound assessment of the ossified patella provides a complementary 

window into skeletal maturation, capturing the potential impact of chronic hyperaemic 

inflammation on periarticular bone development. 

In order to correctly interpret ultrasound findings in a child with suspected JIA, a 

comprehensive knowledge of age- and sex-stratified reference values in healthy children 

is crucial [6-8]. To address this clinical need, this study aims to compare quantitative knee 

ultrasound findings in a cohort of healthy children and adolescents, with physiological  

variants, with those in patients diagnosed with JIA.  
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Methods 

This study was designed to evaluate and compare MSUS metrics between two distinct 

paediatric populations. First, a cross-sectional study was conducted within a school 

setting in Porto, Portugal to establish the healthy control cohort. The protocol was 

approved by the Institutional Ethics Committee of University Hospital Centre of São João 

Porto (CHUSJ) / Faculty of Medicine of the University of Porto (FMUP) (registration 

number 191/22) and by the school’s administrative board. Written informed consent was 

obtained from the caretakers of all participants, and assent was secured from the 

children/volunteers where applicable. Children and adolescents aged 3-17 years were 

invited to participate via invitations sent to parents’ representatives. Exclusion criteria 

were chronic medicated disease that might affect the skeletal system or having 

experienced a knee trauma within the last two months [8]. 

The second cohort comprised a prospective, single-centre study of paediatric patients with 

a verified diagnosis of JIA, conducted between 2023 and 2024. This arm of the study was 

formally approved by the same Ethics Committee (registration number 282-20), and 

written informed consent was obtained from each participant and/or their caregiver, 

according to national guidelines. Participants were consecutively recruited from the 

Paediatric Rheumatology Clinic at the CHUSJ. Patients aged 1-18 years, meeting the 

International League of Associations for Rheumatology (ILAR) criteria [9] for JIA, and 

presented with either current or documented historical knee involvement, were eligible 

for inclusion. Children with a history of intra-articular steroid injection or a trauma to the 

knee within the last two months were excluded [10]. 

 

Clinical assessment 

For the JIA patient cohort, comprehensive clinical and demographic data were 

systematically collected, including age at diagnosis, overall disease duration, and duration 
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of clinical remission (when applicable). Additionally, the specific JIA subtype, any 

history of bilateral knee involvement and regular engagement in sports activities 

(quantified as total hours per week) were recorded. The imaging team was blinded to the 

clinical data. 

To ensure standardized scoring and avoid statistical unit errors from analysing 

interdependent joints, a single index knee was selected for each patient. Clinicians 

designated the most severely affected knee side for primary analysis; in cases presenting 

with a history of bilateral disease, the joint that was either more recently affected or 

exhibited greater clinical severity was selected (“index knee”).  

 

Ultrasound protocol  

The healthy volunteer cohort was examined by one of two experienced examiners (a 

paediatric radiologist and a musculoskeletal radiologist, with 10 and 12 years of 

experience in MSUS, respectively), whilst the patient cohort was examined by the 

paediatric radiologist. To ensure technical consistency, all examinations across both 

cohorts were performed using an identical imaging protocol on two identical-model high-

end ultrasound systems (Logiq E10, Version R3; GE HealthCare). Both systems utilized 

a high-frequency linear transducer (6–15 MHz) operating under identical, optimized 

musculoskeletal pre-set definitions, matching the methodology validated in a previous 

healthy reference sample of 127 children and adolescents [8].  

 

Bilateral knee examinations were performed with the child supine. With the knee 

positioned in 30° of flexion, structures were systematically evaluated via a mid-

longitudinal suprapatellar view and transverse views across both the lateral and medial 

parapatellar recesses (Figure 1). Additionally, the suprapatellar recess was dynamically 

evaluated in full extension and during a standardised manual provocation manoeuvre, as 

previously described [8]. The presence and amount of fluid, and whether or not the fluid 
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contained echogenic speckles, were documented across all scanning positions (Figure 1). 

To quantify synovial thickness, the mid/central suprapatellar recess was evaluated in the 

longitudinal plane. Light transducer compression was applied to displace any fluid away, 

allowing assessment of the double synovial layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. (a,b) Transverse ultrasound images of the medial parapatellar recess demonstrating fluid 

measurements. (a) An 8-year-old female with JIA showing increased fluid depth of 3.1mm (between 

callipers) with coexisting synovitis (asterisk).  (b) An 8-year-old female healthy volunteer demonstrating a 

physiological fluid depth of  0.5 mm (between callipers). (c)  An 8-year-old male healthy volunteer with 

some speckles (arrows) within the suprapatellar recess in longitudinal view. (d)  An 11-year-old male 

healthy volunteer with multiple speckles (arrow) within the lateral joint space in transverse view. 

 

Beyond conventional assessments of joint effusion and synovial thickness, the scanning 

protocol introduced two novel structural measurements not reported in the baseline 



12 

 

reference sample; thickness of the intercondylar cartilage (knee flexed) and the ossified 

patellar length (knee extended) – Figure 2. 

 

 

Fig 2. (a,b) Transverse view obtained in 90º flexion demonstrating the measurement technique of 

intercondylar cartilage thickness. (c,d) Longitudinal view obtained in full extension demonstrating the 

measurement technique for ossified patella length.  

 

Synovial vascularity assessment via colour Doppler  

Colour Doppler settings were optimized for low-velocity flow. Synovial vascularity was 

graded using a semi-quantitative scale adapted from Ting et al [11] and further modified 

to optimize sensitivity for the paediatric population [12], as: no inflammation (grade 0; 

no signal), mild inflammation (grade 1; up to 3 single Doppler spots or up to 1 confluent 

spot and 2 single spots or up to 2 confluent spots), moderate inflammation (grade 2; > 

grade 1 in < 30% of the area of synovial hypertrophy) or severe inflammation (grade 3; 

confluent signals present in > 30% of the area of synovial hypertrophy).  
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Colour Doppler activity was mapped across three standard anatomical scanning views: 

the mid-longitudinal suprapatellar view and the transverse views through both the lateral 

and medial parapatellar recesses. 

Statistical analysis 

Data normality testing indicated a non-normal distribution; thus, continuous variables are 

expressed as medians (Mdn) with interquartile ranges (IQR) and were stratified into four 

age groups (1–6, 7–9, 10–13, and 14–18 years).  

Two-group, multi-group, and bilateral paired continuous comparisons were performed 

using Mann-Whitney U, Kruskal-Wallis, and Wilcoxon signed-rank tests, respectively. 

Comparisons of fluid depth across the three recesses of the same knee (suprapatellar, 

medial and lateral parapatellar) were performed using Friedman's test, with Bonferroni-

adjusted pairwise comparisons, given the related, within-subject nature of these 

measurements. 

Categorical variables (effusion presence and colour Doppler grades) were analysed using 

Chi-Square or Fisher’s exact tests. 

A multivariable logistic regression model with backward stepwise selection identified 

independent predictors of the outcome. Initial candidates included sex, age category, 

colour Doppler positivity, longitudinal suprapatellar double synovial layer/fluid, and 

transverse parapatellar lateral/medial fluid. Model predictive performance was evaluated 

via receiver operating characteristic (ROC) curve analysis. The optimal diagnostic cut-

off was determined using Youden’s Index, prioritizing a clinically relevant sensitivity 

threshold of ≥ 80%. Significance was set at p ≤ 0.05. Analyses were performed using 

IBM SPSS Statistics version 30 (IBM Corp., Armonk, NY, USA).  

 

 

a b 
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Results  

The study enrolled 179 participants: 127 healthy volunteers (52.8% female; median age 

10.9 years, IQR: 8.4–13.4) and 52 JIA patients (67.3% female; median age 12.4 years, 

IQR: 8.9–15.6). No statistically significant differences existed between cohorts regarding 

age, sex, height, or weight (p > 0.05). Detailed baseline demographics are summarized in 

Table 1.  

Table 1. Demographic and clinical characteristics for a total of 179 participants; 127 healthy volunteers and 52 patients with JIA. 

Median (Mdn); interquartile range (IQR); range - minimum and maximum (Min, Max); centimetres (cm); kilograms (kg)  

Location Volunteers 

(n=127) 

Patients 

(n=52) 

p – value1,2 

Sex Female, n (%) 

 

Age in years  

    Mdn 

           67 (52.8%)                     35 (67.3%)                          0.0741 

 

 

10.9                                     12.4                                   0.6002 

    (IQR) 

    (Minimum-Maximum) 

       (8.4 – 13.4)                        (8.9 – 15.6) 

       (3.1 – 17.4)                        (1.9 – 18.3) 

Height in cm 

Mdn                                                                                                     143.3                                  149.0                                 0.5382 

 

    (IQR)    (130.0 – 159.0)    (129.0 – 161.0)  

    (Minimum-Maximum)      (94.0 – 187.0)      (86.1 – 175.0)  

Weight in kg 

     Mdn  

    (IQR) 

 

            37.4 

       (27.0 – 51.2) 

 

             39.7 

        (26.1 – 56.6) 

 

            0.3952 

    (Minimum-Maximum)        (14.3 – 74.5)         (12 – 96.1)  

Sport activities total hours per week  

    Mdn  

    (IQR) 

           3.0 

     (2.0 – 5.0) 

            1.0 

       (0.0 – 1.5) 

  <0.0012 

    (Minimum-Maximum)     (0.0 – 17.0)        (0.0 – 3.3)  

     1Pearson’s Chi-square, 2Mann-Whitney test 

 

To evaluate recess fluid dynamics, echogenic speckles and synovial/cartilage thickness, 

metrics from the clinically designated index knee of JIA patients (right: n = 28, left: n = 
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24) were utilized. For comparative analysis against the healthy control cohort, baseline 

measurements from both the right and left knees of the volunteers were initially cross 

tested. Side-to-side comparisons within the healthy control cohort revealed no statistically 

significant differences between right and left knees (p>0.05). Consequently, the right 

knees of healthy volunteers were systematically selected as the normative reference. 

JIA phenotypes classified by ILAR criteria included persistent oligoarthritis (n=30; 

57.7%), extended oligoarthritis (n=5; 9.6%), rheumatoid-factor (RF)-negative 

polyarthritis (n=6; 11.5%), RF-positive polyarthritis (n=1; 1.9%), psoriatic arthritis (n=4; 

7.7%), enthesitis-related arthritis (n=4; 7.7%) and systemic JIA (n=2; 3.8%). 

 

Contralateral knee subgroup analysis 

A secondary analysis within the JIA cohort evaluated the impact of contralateral knee 

history, stratifying patients by prior disease activity (n=27, 51.9%) versus strictly 

unaffected status (n=25, 48.1%). This sub-analysis revealed no statistically significant 

differences between the two subgroups regarding sex (p=0.061), age (p=0.610), or weekly 

sports engagement (p=0.937).  

 

Joint fluid distribution and recess dynamics 

JIA patients demonstrated consistently greater fluid accumulation across nearly all 

evaluated recesses and positions compared to healthy controls (p < 0.05, Table 2), except 

during the dynamic provocation manoeuvre. Within the JIA cohort, fluid metrics showed 

no statistically significant variations based on biological sex (p = 0.259–0.792), stratified 

age groups (p = 0.216–0.906), or weekly sports engagement (p = 0.280–0.883). 

 

Fluid distribution remained highly consistent between right and left JIA index knees, 

except for a marginally higher volume in the lateral parapatellar recess when the right 
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knee was included (p=0.046). Dynamic imaging revealed a highly significant reduction 

in maximum suprapatellar fluid depth when moving from 30° flexion to full extension 

(p<0.001).  

 

Table 2. Fluid in the recesses and synovial thickness in the suprapatellar recess (double layer) in mm by location, in 127 healthy 

volunteers and 52 patients with JIA. Median (Mdn); interquartile range (IQR); range - minimum and maximum (Min, Max). 

Location Volunteers 

(n=127; 67 Females) 

Patients 

(n=52; 35 Females) 

p – value1 

Fluid Longitudinal Suprapatellar  

Mdn                                                                                                         0.7                                    0.9                                   0.024 

 

    (IQR)          (0.0 – 1.3)         (0.6 – 1.2)  

    (Minimum-Maximum)          (0.0 – 3.0)         (0.0 – 10.9)  

Fluid Longitudinal Suprapatellar Extension  

     Mdn  

    (IQR) 

 

            0.0 

       (0.0 – 0.0) 

 

             0.0 

        (0.0 – 0.8) 

 

            0.001 

    (Minimum-Maximum)        (0.0 – 1.7)         (0.0 – 9.8)  

Fluid Longitudinal Provocation  

    Mdn 

    (IQR) 

 

           2.2 

      (1.3 – 3.1) 

 

             2.2 

       (1.5 – 3.7) 

 

            0.188 

    (Minimum-Maximum)       (0.0 – 6.6)                      (0.6 – 19.6) 

  

Fluid Transverse Parapatellar  

Lateral, Mdn  

    (IQR) 

           0.0 

     (0.0 – 0.9) 

            0.8 

       (0.0 – 1.3) 

            0.002 

    (Minimum-Maximum)      (0.0 – 2.4)        (0.0 – 6.7)  

Medial, Mdn  

    (IQR) 

          0.0 

     (0.0 – 0.8) 

            0.9 

       (0.6 – 1.5 

            <0.001 

    (Minimum-Maximum) 

 

     (0.0 – 1.8)        (0.0 – 6.0)  

Synovial Thickness Longitudinal Suprapatellar     

    Mdn  

    (IQR) 

           2.0 

     (1.6 – 2.3) 

            3.3 

       (2.6 – 4.5) 

            <0.001 

    (Minimum-Maximum)      (1.1 – 4.2)       (1.0 – 10.8)  

      1Mann-Whitney test  



17 

 

Spatial Distribution and Fluid Topology  

Intra-group analysis across the suprapatellar, medial parapatellar, and lateral parapatellar 

recesses revealed distinct topological profiles. In healthy volunteers, fluid depth varied 

significantly by compartment (p < 0.001), remaining significantly higher in the 

suprapatellar recess than in both the medial (p = 0.005; Figure 1) and lateral recesses (p 

= 0.021), with no difference between parapatellar recesses (p = 1.000).  

 

Conversely, this physiological fluid compartmentalization was lost in the JIA cohort, 

which demonstrated uniform fluid expansion and no statistically significant differences 

in fluid depth among the three recesses (p = 0.474; pairwise post-hoc p = 0.718–1.000). 

 

Intra-patient side-to-side comparisons within the JIA cohort showed that clinically 

selected index knees contained significantly higher fluid volumes than their contralateral 

counterparts across nearly all landmarks and positions, including the suprapatellar recess 

at 30° flexion, under provocation, and the medial parapatellar recess (all p<0.001), except 

the lateral parapatellar recess (p=0.185). This asymmetry remained highly significant 

when stratifying patients by contralateral history (previous involvement, n=27/52; 

unaffected, n=25/52), with the volumetric gap widening in the strictly unilateral 

subgroup. 

Cross-cohort analysis comparing healthy controls to the unaffected contralateral knees of 

the unilateral JIA subgroup revealed no statistically significant differences in fluid depth 

across any compartment (p=0.193–0.538). Conversely, compared to healthy controls, the 

currently contralateral knees of patients (non-index knee) with a history of bilateral 

disease demonstrated persistent, significant fluid elevations exclusively within the 

parapatellar compartments (lateral: p=0.018; medial: p=0.035).  
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Speckles within the joint fluid 

No statistically significant difference in the presence of echogenic speckles within the 

joint recesses was observed between the two cohorts, with speckles detected in at least 

one recess in 20% of healthy volunteers compared to 31% of JIA patients (p=0.109) 

(Figure 1). Stratifying JIA patients by sex (p=0.622) or weekly sports engagement 

(p=0.853) revealed no significant variations. 

 

Synovial thickness/subclinical synovial proliferation and Doppler assessment 

Synovial thickness was significantly higher in JIA patients than in healthy volunteers, 

with medians of 3.3 mm (IQR 2.6–4.5) versus 2.0 mm (IQR 1.6–2.3) (p<0.001; Table 2). 

Within the JIA cohort, synovial thickness remained statistically uniform when stratified 

by sex (p=0.325) or age cohorts (p=0.236). 

 

Intra-patient side-to-side analysis revealed distinct thickness profiles based on historical 

involvement (Figure 3). In patients with a history of bilateral disease (n=27), despite only 

two having active bilateral arthritis at examination, index knees demonstrated 

significantly thicker synovial layers than contralateral joints (median 3.5 mm [IQR: 2.6–

4.5] vs 3.3 mm [IQR: 2.3–3.8]; p=0.031). This inter-limb asymmetry was even more 

pronounced in strictly unilateral patients (n=25; p<0.001), with index knees showing 

marked thickening (median 3.3 mm [IQR: 2.5–4.3] vs 2.3 mm [IQR: 2.1–3.0]). Notably, 

these clinically unaffected contralateral knees also demonstrated a significantly thicker 

synovial membrane than healthy volunteer reference joints (median 2.3 mm [IQR: 2.1–

3.0] vs. 2.0 mm [IQR: 1.6–2.3]; p<0.001; Figures 3 and 4). 

Synovial colour Doppler hypervascularity (Grade ≥ 1) differed significantly between 

cohorts (p<0.001), detected in 11.5% (6/52) of JIA patients but none of the 127 healthy 

volunteers. 
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Fig 3. Boxplots, showing thickness of the double-layered synovium (in mm) in suprapatellar recess by 

history of the contralateral knee (disease or no disease): Positive (index knee vs. a diseased contralateral 

knee) and Negative (index knee vs. a non-diseased contralateral knee); Bilateral Healthy Controls thickness 

of double layered synovium (right vs. the left knee of healthy volunteers). 
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Fig 4. Longitudinal ultrasound images of the suprapatellar recess demonstrating the measurement of the 

mid-central synovial double-layer thickness. (a) A 16-year-old female patient with JIA showing marked 

synovial thickening of 4.5 mm (between callipers) in the clinically affected index knee, compared to (b) a 

thickness of 3.5 mm in the contralateral, historically unaffected knee. (c) A 16-year-old female healthy 

volunteer demonstrating a normal, physiological synovial double-layer thickness of 2.0 mm. 
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Intercondylar Cartilage thickness 

In female JIA patients, the femoral intercondylar cartilage was significantly thinner than 

in healthy volunteers (median 2.9 mm vs. 3.1 mm; p=0.037; Table 3). Cartilage thickness 

showed no side-to-side differences in either volunteers (p=0.207) or patients (p=0.583) 

but decreased significantly across age groups in both cohorts (volunteers: p<0.001; 

patients: p=0.009).  

Table 3. Femoral intercondylar cartilage thickness (in mm) for 52 JIA patients and 127 healthy volunteers by sex. Median (Mdn); interquartile range (IQR); range 

- minimum and maximum (Min, Max). 

Location Females (n=102) p – value1 Males (n=77) p – value1 

Transverse Intercondylar Cartilage Volunteers          Patients 

(n=67)                     (n=35) 

0.037 Volunteers          Patients           

(n=60)                     (n=17) 

0.432 

    Mdn  

    (IQR) 

3.1                    2.9 

(2.7 – 3.5)           (2.6 – 3.2) 

 3.4                     3.6 

 (3.1 – 3.8)           (3.1 – 4.1) 

 

    (Minimum-Maximum) (1.9 – 4.3)          (1.5 – 3.6)  (2.3 – 4.7)           (1.6 – 4.6)  

1Mann-Whitney test  

 

Patellar bone length  

Bilaterally, the ossified patella was significantly longer in JIA patients than in healthy 

volunteers (right: 35.7 vs. 33.6 mm, p=0.030; left: 35.4 vs. 32.4 mm, p=0.011; Table 4). 

For both cohorts, right ossified patellar length was significantly greater than the left 

(p<0.001).  

Table 4. Length of the ossified patella (in mm) by side for 52 JIA patients and 127 healthy volunteers. Median (Mdn); interquartile range (IQR); range - minimum 

and maximum (Min, Max). 

Location Right (n=179) p – value1 Left (n=179) p – value1 

Length of the ossified patella Volunteers          Patients 

(n=127)                     (n=52) 

0.030 Volunteers          Patients           

(n=127)                     (n=52) 

0.011 

    Mdn  

    (IQR) 

33.6                    35.7 

(26.8 – 37.0)           (28.9 – 39.4) 

 32.4                     35.4 

 (25.6 – 36.0)           (29.2– 38.8) 

 

    (Minimum-Maximum) (0.0 – 45.9)          (1.8 – 43.4)  (0.0 – 44.1)           (2.1 – 42.2)  

1Mann-Whitney test  
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Disease prediction model 

A multivariable logistic regression model was developed using backward selection to 

predict JIA presence. The final model incorporates longitudinal suprapatellar double 

synovial thickness (mm) and transverse medial parapatellar fluid depth (mm), 

demonstrating strong discriminative power with an area under the ROC curve (AUC) of 

0.892 (95% CI: 0.832–0.951; Figure 5). The log-odds (Y) of having the disease are 

expressed as: Y= -6.149+1.743*suprapatellar synovium thickness+1.236*medial 

parapatellar fluid.  

Individual disease probability (P) is calculated via logistic transformation: P=1/(1+exp-

y). At an optimal probability threshold of 0.206, the model achieved 86.5% sensitivity and  

79.5% specificity. 

 

For example, for a child presenting with a 4.5 mm longitudinal suprapatellar double 

synovial thickness and a 1.5 mm transverse medial parapatellar fluid depth, the log odds 

(Y) are calculated as: Y = -6.149+1.743*4.5+1.236*1.5 = 3.5485. Applying the logistic 

transformation yields a predictive disease probability (P) of: P= 1/1+exp-3.5485 = 0.972. 

Because this probability (0.972 - 97.2%) vastly exceed the established diagnostic 

threshold of 0.206, the model classified the child as having a very high probability of 

active disease.  
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Fig 5. Receiver Operating Characteristic (ROC) curve of the multivariable disease prediction model. The 

model demonstrated strong discriminative performance with an area under the curve (AUC) of 0.892 (95% 

CI: 0.832–0.951). At the optimal probability threshold of 0.206, the model achieves 86.5% sensitivity and 

79.5% specificity. 
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Discussion 

We have shown that, in healthy volunteers, fluid within the knee joint predominantly 

accumulates in the suprapatellar recess, leaving the medial and lateral parapatellar 

recesses virtually dry. Conversely, JIA patients demonstrated a homogeneous, uniform 

fluid expansion across all three compartments, resulting in nearly identical median fluid 

depths across both the suprapatellar and parapatellar recesses. Another highly impactful 

observation is the finding of subclinical synovial thickening in the clinically "unaffected" 

knees of patients presenting with a strictly unilateral JIA history.   

Interestingly, during provocation, no differences in the amount of fluid were seen in the 

suprapatellar recess between the two groups. We speculate that this may be due to 

difficulties in relocating fluid from the inflamed medial and lateral recesses amongst 

patients.  

Our findings demonstrate that relying solely on a suprapatellar view risks a high false-

positive rate, as innocent physiological fluid is common in healthy children in this region. 

Crucially, the presence of matching fluid expansion in the parapatellar recesses serves as 

a far more specific diagnostic marker for true inflammatory pathology. These findings 

strongly validate the 5-view imaging methodology advocated by the Paediatric 

Internationally agreed Ultrasound Knee Protocol (PIUS-Knee) [13] and highlight that 

parapatellar views must be treated as mandatory components rather than optional 

additions to the standard paediatric knee exam. 

When analysing the 25 patients with an asymmetrical disease profile, the contralateral 

knee (which had never demonstrated clinical signs of swelling, pain, or limited mobility) 

exhibited a significantly thicker synovial membrane than the reference joints of the 
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healthy volunteer cohort (p < 0.001). These finding challenges traditional clinical 

diagnostic paradigms and underscores the superior sensitivity of MSUS over physical 

examination. The observed synovial thickening in clinically silent joints strongly supports 

the biological concept of a "subclinical systemic background" in JIA.  

The inter-observer agreement and measurement reproducibility for the healthy volunteer 

cohort were rigorously evaluated and established in our previous publication [8]. In short, 

the inter-rater reliability analysis demonstrated excellent reproducibility across all 

standardized ultrasound metrics. Consequently, these validated imaging standards were 

strictly maintained throughout the current comparative study.  

Even when active, hyperaemic inflammation seems isolated to a single knee joint, JIA 

operates as a systemic disease. Soluble pro-inflammatory cytokines (such IL-6 and TNF-

alpha) circulate through the vasculature [14], potentially triggering low-grade, 

generalized synovial proliferation in anatomically distant joints [15, 16]. This systemic 

spillover is further evidenced by elevated serum levels of monocyte-derived alarmin 

proteins — MRP8/14 (S100A8/A9) and S100A12 — which persist even during apparent 

clinical remission, interacting with TLR4 on distant synovial endothelium to perpetuate 

subclinical inflammation [17-19].  

Parallel cellular and neural pathways further prime remote sites. Activated memory T 

cells traffic from the index joint to distant synovium via chemokine gradients [20, 21], 

while tissue-resident memory T cells permanently established in previously inflamed 

synovium maintain joint-specific inflammatory memory even during clinical remission 

[22]. Furthermore, neuro-immune crosstalk through afferent cytokine receptor-bearing 

sensory neurons and efferent neuropeptide release further primes contralateral and distant 

joint synoviocytes [23, 24]. 
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Because physical examination misses these early subclinical low-grade structural 

changes, MSUS is indispensable. It consistently identifies subclinical synovitis and 

tenosynovitis beyond clinical reach, frequently prompting reclassification from 

oligoarticular to polyarticular disease pathways [16, 25]. Early detection of this 

subclinical tissue proliferation potentially offers paediatric rheumatologists a window of 

opportunity to intercept phenotypic transition before irreversible structural damage 

occurs. 

In a previous study establishing normative references of joint fluid and synovial thickness 

across sex and age groups, we demonstrated that girls had less joint fluid as compared to 

boys, and that the amount of fluid increased by age group [8]. Remarkably, these 

physiological sex- and age-dependent discrepancies were absent within the JIA cohort in 

the present study. This lack of demographic variation is probably likely due to higher  

volume inflammatory exudate and synovial hypersecretion associated with active 

arthritis, which effectively overwhelmed and masked the subtle underlying physiological 

baseline variations.  

 

A similar pattern was observed regarding the qualitative presence of echogenic speckles 

within the fluid-filled recesses. While our healthy reference sample established that boys 

displayed a significantly higher baseline prevalence of intra-articular speckles [8], no 

such gender difference could be confirmed among the JIA patients. However, this 

interpretation must be approached with caution; the JIA cohort contained a substantially 

lower proportion of male participants (32.7%), a demographic skew typical of JIA 

epidemiology that may have underpowered the sub-analysis and hampered our ability to 

detect a true underlying difference. 

In line with inflammatory pathology, absolute synovial thickness was significantly 

greater in the JIA patient cohort than in the healthy volunteer group. Interestingly, within 
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the JIA cohort, synovial thickness demonstrated no statistical relationship with advancing 

age categories. This contradicts the physiological baseline trends established in our 

healthy reference sample, where normal growth was characterized by a progressive, age-

dependent thickening of the double-layer synovium [8]. This loss of physiological 

correlation indicates that the localized molecular drives of inflammatory tissue 

hypertrophy entirely supersede and obscure the normal structural trajectories of paediatric 

skeletal maturation. 

 

While B-mode features can occasionally overlap between healthy growth and low-grade 

inflammation, colour Doppler signal within the synovial provided absolute diagnostic 

specificity, with a strictly negative signal observed across all healthy controls. This 

robustly supports international consensus guidelines positioning ultrasound as the 

definitive first-line diagnostic method [2]. However, we should highlight that 

physiological Doppler signal outside the synovial can be found in certain areas like in the 

cartilage, physis and fat pads, and should not be confused as an active inflammatory 

process (Figure 6) [8, 26]. 

 

Fig 6. (a) An 8-year-old female healthy volunteer showing normal vessel within the anterior tuberosity 

cartilage (arrow) in the infrapatellar longitudinal view.  (b) A 9-year-old male patient with JIA showing 

small physiological vascularity in the quadricipital fat pad (arrow) and also in synovial thickening without 

Micro-Doppler signal (asterisk) in the suprapatellar recess in longitudinal view. 
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Quantitative structural analysis of the distal femoral hyaline cartilage in our healthy 

cohort aligned robustly with the normative baselines established by Windschall et al.[6], 

Spannow et al. [27], and Gau et al.[28], confirming a physiological trajectory 

characterized by a progressive age-dependent thinning and a baseline dimorphism 

wherein girls exhibit thinner cartilage than boys. Crucially, when cross-examining the 

pathological sample, JIA female patients demonstrated a significantly thinner 

intercondylar cartilage layer compared directly to their age-matched healthy female peers. 

This accelerated thinning represents an objective imaging biomarker of early 

proteoglycan matrix degradation and chondrocyte depletion driven by chronic, low-grade 

intra-articular inflammation. While Sahin et al. [29] documented a cartilage profile 

comparable to our female cohort, their data did not adjust for biological sex, leaving their 

results potentially confounded by a heavy demographic skew toward female participants 

(77%). 

 

Furthermore, our evaluation of the ossified patellar length uncovered striking biological 

contrasts to previous literature. While Windschall et al. [6] reported strict left-to-right 

symmetry in patellar dimensions among healthy children, our data revealed an 

asymmetric overgrowth pattern, with longer right patellar lengths documented across 

both cohorts. Most notably, the JIA patient cohort displayed significantly larger bilateral 

patellar dimensions than the healthy volunteers. This somatic acceleration is highly 

indicative of inflammatory-driven periarticular bone overgrowth, wherein active synovial 

hyperaemia stimulates the adjacent epiphyseal growth plates and accelerates ossification 

centres. The patella is considered an epiphyseal equivalent, being for this reason more 

susceptible to inflammatory conditions. This hypothesis is further reinforced by our 

maturational data; despite the JIA cohort skewing chronologically younger than the 

volunteer cohort, every JIA patient had already initiated bilateral patellar ossified nucleus 
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development, completely contrasting the incomplete ossification patterns expected and 

observed within the age-matched healthy reference sample. 

A major methodological strength of this study lies in the strict standardization of the 

imaging workflow. Both the healthy volunteer and the JIA patient cohorts were evaluated 

using an identical scanning protocol, utilizing the exact same anatomical views, patient 

positioning, and optimized musculoskeletal pre-sets across two identical models of a 

high-end ultrasound system. Furthermore, inter-observer and machine-driven bias were 

minimised by having a single, highly experienced paediatric radiologist conduct all 

pathological examinations. This rigorous comparative framework ensures that the 

observed structural variations reflect true biological and pathological differences rather 

than bias and/or technical artifacts. 

The two-variable predictive model demonstrated excellent discriminative capacity (AUC 

= 0.892) with a balanced, clinically meaningful sensitivity and specificity, underscoring 

its practical utility. Although generalizability across all disease subtypes requires caution, 

more than half of our cohort had persistent oligoarthritis, the subtype where knee 

involvement is most prevalent. This lends targeted relevance to our model. However, its 

clinical application must always be contextualized within the individual child's clinical 

presentation, ensuring other forms of arthritis are excluded during the diagnostic process. 

 

Other limitations must be acknowledged. First, both arms of this investigation were 

designed as single-centre studies conducted within a single geographical region in Porto, 

Portugal. Second, the study population consisted entirely of Caucasian individuals, which 

may limit the direct generalizability of these normative and pathological metrics to 

ethnically diverse paediatric populations worldwide. Future multi-centre, international 

validation studies across heterogeneous demographic groups are warranted to confirm the 

universal applicability of these age- and sex-stratified thresholds. 
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Conclusion 

Our findings demonstrate that JIA eradicates the asymmetric fluid topology naturally seen 

in healthy children, instead causing a uniform, homogeneous fluid expansion across all 

three knee recesses. The discovery of significant synovial thickening within the clinically 

"unaffected" knees of patients with a history of unilateral JIA confirms the presence of 

subclinical systemic joint involvement that remains elusive to conventional physical 

examination. Finally, the observed accelerated patellar ossification and significant 

cartilage thinning in JIA patients—stratified against the novel, sex- and age-specific 

normative reference limits provided herein—deliver powerful, objective imaging 

biomarkers to track early matrix degradation and periarticular bone overgrowth.  
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DISCUSSION 

 

As a critical first step toward a meaningful interpretation of imaging findings in 

pathologic knee joints, we sought to establish normative ultrasound reference values in 

healthy children. This initiative aligns with the European Society of Paediatric Radiology 

(ESPR) Musculoskeletal Taskforce's ongoing open research project to update normative 

ultrasound references across all paediatric joints.  

Specifically, regarding the knee, a review of the literature revealed a lack of studies 

differentiating joint fluid measurements from synovial thickness, as well as limited data 

on how knee positioning and dynamic manoeuvre influence fluid distribution. To address 

these gaps, we developed a comprehensive, Doppler ultrasound protocol. This protocol 

was designed to clarify these physiological variables in healthy subjects, providing a 

robust baseline for later application in patient cohorts. 

Subsequently, we collaborate in the development of practice recommendations endorsed 

by the European Society of Paediatric Radiology and the European Society of Radiology 

(ESR) on the appropriate use of imaging modalities, including ultrasound, MRI, 

radiography, and CT, for the diagnosis and monitoring of JIA. Within these 

recommendations, the critical role of normative reference standards was emphasised, and 

existing joint-specific scoring systems across different imaging techniques for JIA 

patients were comprehensively reviewed. This work culminated in the proposal of a 

multimodality diagnostic imaging algorithm designed for clinical application in children 

with suspected JIA. 

 

The remaining three papers constitute the core results of this thesis (Papers 3, 4, and 5). 

To rigorously evaluate these advanced imaging techniques for synovitis assessment, it 

was critically important to first establish their reproducibility and consistency (Paper 3). 

Building upon this framework of reliability, the cornerstone of this thesis evaluates their 

diagnostic accuracy and clinical feasibility (Paper 4). To synthesise these findings, Paper 

5 compares ultrasound characteristics between healthy volunteers and JIA patients using 

an identical protocol. These comparative data enabled the development of a predictive 

model that estimates the probability of JIA based on specific ultrasound features. 

Consequently, this thesis follows a sequential chain of methodological and clinical 
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inquiries: Are these measurement tools reliable? Are they diagnostically accurate? And 

what incremental value do they offer beyond clinical and conventional Doppler 

ultrasound assessment? This progression mirrors the hierarchical framework for 

evaluating clinical imaging efficacy described by Thornbury [87]. This model dictates 

that technical validity and reproducibility must be established before diagnostic accuracy 

claims can be assessed, and accuracy verified before clinical utility can be asserted. 

Together, the foundational normative work (Paper 1) and the ESPR practice 

recommendations (Paper 2) provide the indispensable framework encompassing these 

questions.  
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Research Line I  

The Normative Ultrasound values and Imaging Recommendations in 

JIA; (Papers 1&2) 

 

In the first prospective study [88], a normative ultrasound reference standard for the 

paediatric knee was established using a school population cohort of 127 healthy 

volunteers (254 knees) aged 3–17 years. This work represents the first in the literature to 

distinctly quantify joint fluid separate from synovial thickness, considering the influence 

of age, sex, and physical activity levels. 

A central finding of this study was the presence of measurable joint fluid in 75.6% of 

healthy children in at least one of the suprapatellar recesses, when examined at 30° of 

knee flexion. Crucially, a significant reduction in fluid volume was observed during knee 

extension. This emphasises the critical importance of standardised joint positioning 

during ultrasound examinations; specifically, maintaining approximately 30° of flexion 

is essential to avoid underestimating fluid volume, a risk that increases in full extension. 

In comparison, Windschall et al. [89] performed supra- and parapatellar scans in a 

“neutral” position, which likely yielded smaller fluid measurements. Furthermore, their 

approach measured total recess depth, thereby merging joint fluid with double-layer 

synovial thickness into a single measurement. While Collado et al. [90] did utilise 30° of 

flexion, they applied firm transducer compression during measurement. This manoeuvre 

inevitably displaces joint fluid, meaning their lower values likely reflected synovial 

thickness alone rather than a true fluid measurement. 

Another interesting finding was that significantly more joint fluid was detected in males 

and in children with a higher number of weekly sports hours. While this relationship 

between joint fluid and athletic activity has been previously documented in adults using 

post-exercise MRI [91, 92],  our study is the first to demonstrate this association in a 

paediatric population. This increase in fluid volume may be interpreted as an adaptive 

physiological response designed to protect the joint against the mechanical stress imposed 

by physical exercise.  

The presence of echogenic speckles within the joint fluid as a normal phenomenon, 

observed in 25% of healthy children and predominantly in physically active males, 
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represents a novel finding in the literature. While the clinical significance of 

these speckles remains to be fully elucidated, we hypothesise that they may be related to 

joint fluid viscosity or specific biochemical components. In an adult population with 

knee osteoarthritis, Miyaguchi et al. [93] demonstrated through fluid analysis that 

12 weeks of exercise significantly increased both synovial fluid viscosity and the 

molecular weight of hyaluronan. Given that normal joint fluid contains a high 

concentration of hyaluronan, synthesised by synovial cells, which influences joint 

lubrication and cartilage metabolism, the visible speckles in active children might 

reflect a physiological alteration in fluid composition or viscosity induced by repetitive 

mechanical loading [94-96].  

Our study was the first to distinctly separate joint fluid from synovial tissue 

measurements within the suprapatellar recess. This differentiation helps understand 

the nature of synovitis in children with JIA. By applying gentle transducer 

compression to displace the fluid, we quantified the synovium as a double-layer 

thickness. Although we also tested single-layer ultrasound measurements, the results 

lacked consistency, likely due to the narrower range of values and the technical 

challenges in isolating a single layer in the absence of fluid. Interestingly, the median 

double-layer synovial thickness in our healthy cohort was around 2 mm for the older 

age group. This is the exact cut-off used in the JAMRIS knee MRI scoring system for 

synovitis [19]. Similarly, an MRI study of healthy children reported that synovial 

thickness did not exceed 1.8 mm [97]. While a direct comparison between 

ultrasound and MRI requires caution due to inherent technical differences, our 

findings strongly raise awareness regarding the clinical application of such a rigid cut-

off. Our results demonstrate that the synovium is thicker in older children, exhibiting a 

relatively wide 2.5th – 97.5th percentile interval (e.g. 1.3-3.9 mm in the 10-13 years 

group). 

Another relevant finding from our study was the complete absence of colour Doppler 

signals within the synovium across all 127 healthy volunteers (254 knees), despite the 

easy identification of vessels in adjacent structures, such as those within the epiphyseal 

cartilage. This lack of vascular flow in healthy synovium suggests that detectable Doppler 

signal within the synovial tissue is unlikely to reflect normal physiological signal. A 

limitation of this initial phase was the lack of microvascular Doppler imaging technology; 
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however, we subsequently addressed this by integrating advanced micro-Doppler 

techniques into the ultrasound protocol for our clinical patient cohort.  

 

A.1. Statistical considerations 

We acknowledge that stratifying a cohort of 127 participants into four age groups and 

further by sex produces relatively small sub-groups for isolated non-parametric reference 

interval calculations. However, several factors mitigate this limitation. First, our bilateral 

scanning protocol provided 254 knee US to evaluate intra-subject symmetry. Apart from 

the lateral parapatellar recess, where fluid volume was slightly greater on the right side 

(p=0.004), the amount of joint fluid did not differ significantly between the left and right 

knees. Regarding synovial thickness, significant differences were found according to age 

groups, whereas no significant side-to-side variation was observed. Consequently, to 

maintain statistical integrity and avoid the artificial inflation of sample size through 

highly correlated bilateral data, the primary reference metrics for both joint fluid and 

double-layer synovial thickness are reported for the right knee only.  

Second, our primary clinical objective was not to establish rigid, micro-stratified sub-

group thresholds, but rather to map the broader physiological continuum of the paediatric 

knee. Finding a 97.5th percentile of 3.9 mm in healthy 10–13-year-olds provides crucial, 

biologically driven evidence that healthy children routinely exceed current 2.0 mm 

diagnostic cut-offs, a conclusion that remains clinically robust despite sub-group sample 

size limitations. 

 

A.2. From Normative Data to Imaging Recommendations 

Paper 2 contextualises all available joint-specific normative data as essential, a priori 

information required to evaluate a child with suspected JIA. Furthermore, all specific 

validated JIA joint scoring systems across different imaging modalities are compiled, 

serving as a practical guide for radiologists on what pathological features to evaluate in 

each particular joint.  
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For the MRI protocol, we deliver a concise, one-page reference table covering all major 

joints; this matrix outlines current standard sequences alongside innovative sequences. 

Non-contrast sequences, such as FLAIR-FS, are highlighted as viable additions for the 

assessment of synovitis, encouraging their clinical adoption to generate more robust 

scientific data in the paediatric field. Finally, this paper provides a practical clinical 

imaging pathway for the workup of JIA patients, which aligns seamlessly with the 

overarching objective of this thesis.  
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B. Research Line II  

 

Reliability of CEUS, FLAIR-FS and CEMRI and the Diagnostic 

Accuracy of the new methods (CEUS and FLAIR-FS) compared to 

the Gold Standard (CEMRI); (Papers 3&4) 

 

Following the establishment of normative reference boundaries and clinical imaging 

guidelines, this phase of the thesis evaluates the clinical performance of advanced 

imaging modalities in JIA patients. Specifically, Paper 3 assesses the inter-observer 

reliability and reproducibility of CEUS, and CEMRI.  

The reliability of FLAIR-FS is addressed in Paper 4. Building upon this framework of 

reliability, the core aim of Paper 4 is to determine the diagnostic accuracy and clinical 

feasibility of these two innovative gadolinium-free alternatives (FLAIR-FS and sedation-

free CEUS), compared directly against the current gold standard (CEMRI) for detecting 

and grading knee synovitis 

 

B.1. Methodological reliability and spatial perfusion limits (Paper 3) 

The results of Paper 3 provide the mandatory methodological validation required before 

considering shifting clinical paradigms toward gadolinium-free or bedside imaging in 

juvenile idiopathic arthritis [87]. Our findings demonstrate that the semi-quantitative 0–

3 visual grading system is robust, yielding almost perfect inter-observer agreement across 

both CEUS (kappa = 0.85) and CEMRI (kappa = 0.92). This high reproducibility confirms 

that visual grading is a stable imaging biomarker, independent of individual reader 

subjectivity. In comparison with the initial multi-centre validation of the JAMRIS system, 

where only ICCs were available, our results revealed an interobserver ICC of 0.97 (95% 

CI 0.95–0.98) with two readers, whereas the JAMRIS inter-observer ICC value for knee 

synovitis was 0.95 (95 % CI 0.91–0.97) across 5 readers [19].  

Our CEUS visual agreement surpassed the PDUS live score reported by Sande et al. [98] 

(interobserver kappa = 0.60). This high level of reproducibility is a direct consequence of 

the methodological work established in paper 1; by mandating a strict 30° knee flexion 

protocol and utilizing dynamic loop reviews rather than static images, we successfully 
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minimised reader subjectivity and eliminated the spatial confounding of joint fluid and 

synovium. Ultimately, these robust findings support the reliable translation of both 

modalities into clinical practice for longitudinal paediatric monitoring. 

 

When evaluated against the existing literature, the performance of the CEMRI protocol 

and its quantitative perfusion tracking in this thesis demonstrates important 

methodological nuances. Historically, the integration of quantitative perfusion or 

Dynamic Contrast-Enhanced MRI (DCEMRI) in JIA has been restricted by the small, 

irregular morphology of paediatric joints and a lack of standardised post-processing 

workflows. Previous paediatric DCEMRI studies, such as those by Hemke et al. [99] and 

Nusman et al. [100], have shown that while quantitative parameters can correlate well 

with macroscopic disease activity, reproducibility can be compromised due to variations 

in protocols and how software algorithms define synovial boundaries. 

 

Our findings contribute to further discussion in this topic. While software-derived metrics 

like WiAUC (CEUS) and PEI/iAUC (CEMRI) demonstrated near-perfect ICCs (> 0.97), 

their wide Bland-Altman 95% limits of agreement dictate clinical caution. This 

discrepancy underscores that while these parameters are highly capable of ranking disease 

severity relative to a cohort, their absolute numerical values fluctuate between observers. 

Consequently, for longitudinal treatment monitoring, relying on absolute perfusion values 

may introduce artificial variability. This volatility is likely driven by the technical 

difficulty of drawing manual Regions of Interest (ROIs) along the microscopic, irregular 

borders of the paediatric synovium, proving that even automated tools are vulnerable to 

boundary definition errors. 

In the broader context of musculoskeletal MRI, authors who rely only on relative 

reliability metrics like the ICC frequently overestimate the readiness of software tools 

(such as Syngo.via®) for routine multi-centre clinical trials. By explicitly identifying the 

wide Bland-Altman limits of agreement for CEMRI iAUC and PEI, this study highlights 

that while a single software platform can reliably separate severe synovitis from mild 

changes across a patient population, the absolute numbers are too observer-dependent to 

track subtle, millimetre scale changes in an individual child over time. 
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Peak Enhancement (PE) on CEUS demonstrated excellent ICCs (0.99); however, even 

wider limits of agreement were obtained, demonstrating poor interobserver 

reproducibility.  

Conversely, Time to Peak (TTP) performed poorly across both modalities, likely due to 

its dependency on patient-specific haemodynamic and injection velocity, suggesting it 

should be excluded from routine JIA monitoring protocols. This systematic failure across 

entirely different imaging platforms aligns with broader paediatric perfusion literature, 

proving that TTP is deeply confounded by extrinsic factors such as patient-specific 

cardiac output, variable heart rates, manual contrast bolus injection velocities and even 

the catheter calibre. Therefore, this thesis delivers a clear recommendation to the 

paediatric radiology community to transition away from TTP-driven kinetics. This 

critique of TTP is highly consistent with previous perfusion literature [101-103], yet its 

confirmation in our paediatric cohort reinforces that rapid, automated temporal 

parameters are fundamentally unsuitable for a population with highly dynamic resting 

heart rates and variable peripheral venous access. 

 

Ultimately, the fact that CEUS mirrored the reproducibility of the current reference 

standard (CEMRI) provides compelling justification for its integration into serial imaging 

algorithms, matching diagnostic stability while eliminating paediatric sedation and 

gadolinium accumulation risks. By matching the exact reliability profile of a 3T CEMRI 

reference standard, we effectively dismantle the historical bias that ultrasound is too 

operator-dependent to serve as a primary imaging tool. This identical reliability satisfies 

the primary prerequisite for clinical paradigm replacement, validating our standardised 

CEUS protocol as a highly dependable surrogate for serial disease tracking. 

 

B.2. Clinical Validation and Diagnostic Accuracy of CEUS and FLAIR-FS 

(Paper 4) 

While Paper 3 established the stability and reproducibility of these advanced imaging 

tools, Paper 4 evaluates their true diagnostic capability and accuracy when compared 

directly against the reference standard (CEMRI). A major methodological advantage of 

this validation phase, which directly resolves a profound gap in the existing literature, is 

the integration of our sex- and age-matched healthy volunteer group (n = 51). By mapping 
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the appearance of the unenhanced knee synovium under strict physiological conditions 

using our optimised 3 Tesla FLAIR-FS parameters (TE = 87 ms; TI = 2200 ms; flip angle 

= 150°), we were uniquely positioned to determine whether this non-contrast sequence 

could maintain high specificity and safely prevent false-positive overdiagnosis in healthy 

children. 

 

CEUS achieved a sensitivity of 97.6% (95% CI: 87.4–99.9%) and an area under the 

receiver operating characteristic curve (AUC) of 0.899 (95% CI: 0.809–0.989), 

representing the highest sensitivity among all evaluated modalities. However, its 

specificity was only moderate at 50.0% (95% CI: 18.7–81.3%).  

 

For fluid-attenuated inversion recovery fat-suppressed (FLAIR FS) MRI, the sensitivity 

for detecting inflammation was 92.9% (95% CI: 80.5–98.5%), with a specificity of 60.0% 

(95% CI: 26.9–87.8%) and an AUC of 0.879 (95% CI: 0.778–0.980). These results align 

with previous literature. The original study by Yoo et al. [35] demonstrated that FLAIR-

FS provides good diagnostic performance for synovitis of any severity, reporting site-

level and patient-level accuracies of 92.1–93.9% and 90.9%, respectively. Conversely, 

evaluating Hoffa synovitis on unenhanced MRI yielded only moderate sensitivity (78.9–

87.5%) and low specificity (47.1–64.3%). Across previous global assessments, sensitivity 

ranged from 78.9% to 92.3%, specificity from 47.1% to 95.0% [35, 38, 39].  

The accuracy for FLAIR-FS in our study was 86.5% (95% CI 74.2-94.4) when compared 

to CEMRI, with a similar result obtained by the paediatric JIA study. Milks et al. [39] 

revealed an accuracy for the 2 readers of 83% (95% CI 0.69-0.93) and 86% (95% CI 0.71-

0.95).  Our obtained AUC value of 0.879 reveals a good-to-excellent discriminative range 

of the model.  

 

The low specificity observed in both techniques can be partially attributed to the small 

number of negative CEMRI cases in our sample (10 cases with a score of 0, compared to 

18 cases with a score of 1). Because the specificity formula (Specificity = True Negatives 

/ (True Negatives + False Positives)) depends entirely on the number of true negative 

cases, a small denominator ensures that each misclassified negative case exerts a 

disproportionately large impact on the final estimate. Furthermore, rather than relying 

strictly on the Youden index (J), we selected an optimal cut-off value based on the clinical 

context to favour higher sensitivity. This addresses a critical clinical need, as clinicians 
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generally require high sensitivity to avoid missing active inflammation, even at the 

expense of lower specificity.  

 

As anticipated, inter-technique agreement with CEMRI was higher for FLAIR-FS than 

for CEUS, likely due to the shared methodological nature of evaluating the same imaging 

modality (MRI). Nevertheless, the agreement between CEMRI and CEUS for grading 

inflammatory changes on a 0–3 scale remained good, with a weighted kappa of 0.64 (95% 

CI: 0.51–0.76) and an absolute agreement of 59.6% (where disagreement never exceeded 

a single grade). Agreement between CEMRI and FLAIR-FS was almost perfect, yielding 

a weighted kappa of 0.85 (95% CI: 0.76–0.95) and an absolute agreement of 85.0%. 

Crucially, no prior studies investigating non-contrast sequences for synovitis assessment, 

in either adult or paediatric populations, have included healthy volunteers as a comparator 

group. Consequently, our study is the first capable of confirming that these sequences 

remain negative in truly healthy paediatric knees. 

 

B.2.1. Visual scoring system on a 0-3 scale 

The use of a 0–3 subjective grading scale was a deliberate methodological choice with 

important clinical implications. This scale aligns directly with grading systems used in 

daily practice for both ultrasound and MRI synovitis assessments. Consequently, it is 

clinically intuitive, rapidly applicable, and requires no dedicated software or post-

processing.  

In contrast, multi-domain instruments like the JAMRIS scoring system for the knee [19], 

which encompasses synovial hypertrophy, bone marrow oedema, cartilage loss, and 

erosions, require systematic scoring across multiple anatomical sites. This process is often 

too time-consuming for routine clinical practice. 

 

B.2.2. Challenges related to imaging Bone Marrow Oedema  

More critically, the BMO domain requires particular caution in paediatric populations. 

Studies from the Norwegian whole-body MRI working group have documented that 

BMO-like changes are frequent normal findings in healthy growing bones, affecting the 

metaphyses and epiphyses of both the appendicular and axial skeleton [104-106]. Without 

age-appropriate reference standards, these normal maturational changes can be 

indistinguishable from pathological oedema. This challenge is directly corroborated by 

the moderate interobserver agreement for BMO in our Paper 3 data (ICC 0.65; 95% CI 
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0.39–0.80), which contrasts sharply with the almost perfect agreement for overall 

synovial inflammation scoring. This discrepancy reflects the difficulty of defining BMO 

beyond normal variation in the growing skeleton. By focusing on overall synovial 

inflammation rather than individual structural domains, our 0–3 scale avoids these pitfalls 

and provides highly reliable, clinically practical grading. 

 

B.2.3. Misclassifications on FLAIR-FS and CEUS vs CEMRI  

The previously reported FLAIR-FS tendency to underestimate synovitis was not clearly 

observed in our study; we identified three false negatives, graded as 0 and in CEMRI they 

were graded as mild (rather than moderate or severe synovial inflammation). We had one 

additional case of underestimation, being classified as moderate inflammation on FLAIR-

FS and as severe in CEMRI. And we had four false positives in FLAIR-FS classified as 

mild when they were 0 in CEMRI.  

For CEUS, there was a clear tendency to over diagnose synovitis compared to CEMRI, 

yielding five false positives (all scored as mild inflammation on CEUS) and only one 

false negative, which was classified as a mild case on CEMRI. 

Altogether, this mainly reflects the known difficulties, in both techniques, in the 

differentiation between physiological and mildly increased synovial enhancement. 

 

B.2.4. MRI FLAIR-FS; limitations and pitfalls  

FLAIR-FS has several inherent limitations, such as the inability to reliably distinguish 

proteinaceous or haemorrhagic fluid from synovial tissue, residual signal in large 

effusions when TI calibration is imperfect, and signal alterations following intra-articular 

corticosteroid injections. Radiologists must be aware of these limitations when 

incorporating FLAIR-FS into clinical protocols. 

In our FLAIR-FS studies, we observed a cartilage-related pitfall previously reported by 

Yoo et al. [35]. These authors noted that the most superficial layer of patellar articular 

cartilage appeared hyperintense on FLAIR-FS images, creating the false impression that 

the synovial lining was continuous over the articular cartilage. While they described this 

artefact at that specific anatomical site in adults, our evaluation of paediatric examinations 

revealed this pitfall in additional locations, such as the tuberosity cartilage. Because 

FLAIR-FS nulls free fluid and fat signals, tissues with intermediate T1 signals remain 
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visible. This includes not only the synovium but also, and most notably, the superficial 

zone of articular cartilage, which possesses a higher water content and a different collagen 

fibre orientation than deeper zones. 

Furthermore, in paediatric populations, we must account for thicker overall cartilage with 

higher water content across all zones compared to adults. Consequently, the T1 contrast 

between the superficial and deep zones is less distinct, and the overall cartilage signal is 

globally elevated on fluid-sensitive sequences. Compounding this challenge, the 

epiphyseal cartilage exhibits an even higher water content, appearing hyperintense on 

FLAIR-FS. This represents a highly specific paediatric pitfall that radiologists must 

recognise, as it poses an interpretive challenge that increases the risk of overestimating 

synovitis. 

 

B.3. Performance of Doppler, Microvascular Doppler Imaging 

Conventional colour and power Doppler performed poorly (Paper 4). Although the 

complete absence of a Doppler signal in all 127 healthy volunteers bilaterally confirms 

near-perfect specificity, sensitivity can be sacrificed in patients, in cases of early/mild 

inflammation. This reflects the well-established limitation of conventional Doppler in 

detecting slow microvascular flow. Microvascular Doppler (MD) Imaging represents a 

promising intermediate modality. Alis et al. [15] demonstrated that Superb Microvascular 

Imaging (SMI) (a vendor specific  Microvascular Doppler Imaging) was superior to 

PDUS in depicting synovial vascularity in JIA knees. Similarly, Diao et al. [107] found 

no significant differences in sensitivity between SMI and CEUS for detecting synovial 

vascularity in a cohort of 63 patients with active RA and 48 patients in clinical remission. 

A multicentre prospective repeatability study of SMI [16] in 76 children with JIA reported 

excellent intraobserver reliability (ICC 0.972) and strong interobserver reliability (ICC 

0.828–0.928), independent of examiner experience, further supporting its potential as a 

contrast-free monitoring tool. The investigators utilised a clinical grading system similar 

to ours: 0 (clinically normal), 1 (mild/equivocal), 2 (active), and 3 (highly active), 

defining a score of ≥ 2 as clinically active arthritis. In contrast, our clinical scale 

comprised only three grades: 0 (normal), 1 (equivocal), and 2 (active), and for our ROC 

analysis, we considered scores ≥ 1 as positive. 
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When comparing populations, they evaluated synovial vascularity and clinical scores in 

75 participants, finding that 35 cases (47%) met the criteria for active disease, while 40 

cases scored ≤ 1. In our cohort of 52 cases, we observed only three clinically equivocal 

cases and nine active cases (17%). There is a substantial difference in the clinical 

proportions of active/inactive patients. In their study, discordant cases included three 

clinically normal joints (score 0) that exhibited synovial vascularity grades 2–3 

(suggesting subclinical arthritis), 10 participants with a clinical score of 1 but elevated 

vascularity grades (grades 2–3), and six clinically active cases (score ≥ 2) showing no 

hypervascularity. In our study population, colour and power Doppler performed poorly, 

with MD yielding only slight improvements; this finding diverges from the established 

Doppler literature. 

MD employs advanced clutter-filter algorithms to suppress motion artefact, while 

preserving slow microvascular flow signals, detecting a layer of synovial vascularity that 

colour and power Doppler routinely miss [16]. SMI has repeatedly graded synovial 

vascularity higher than power Doppler in the same joints, with one direct comparison 

reporting a mean SMI score of 1.1 against a mean power Doppler score of 0.3 in patients 

with confirmed synovitis (p < 0.01) [108]. Alis et al. [15] formalised this advantage 

specifically in the JIA knee, demonstrating measurable incremental diagnostic yield over 

power Doppler. Quantitative SMI vascular indexes have been shown to correlate with 

circulating inflammatory markers including ESR, CRP, and serum amyloid A, and to 

predict disease relapse in patients otherwise classified as clinically inactive [109]. A 

systematic review in adults of SMI across rheumatic disease further consolidated these 

findings, identifying consistent superiority over conventional Doppler in detecting low-

grade and subclinical synovial vascularity [110]. This supports a tiered strategy: using 

conventional Doppler first, followed by MD imaging if subclinical inflammation is still 

suspected. However, our patient cohort did not replicate this high sensitivity with MD 

imaging, suggesting that its clinical performance may vary outside controlled research 

settings.  

We collect the available data comparing the different Doppler modalities and CEUS 

(Table 2) in synovitis (including RA and JIA). Published studies in JIA compare SMI vs 

power Doppler only, being the key papers: Alis et al. [15], Kandemirli et al. [111], Sun 

et al. [109] and Windschall et al. [108]. Every one of these studies compares SMI against 
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power Doppler ultrasound; with superiority of  MD.  None includes colour Doppler as a 

third comparator arm. To our knowledge, Paper 4 of this thesis represents the first direct 

head-to-head comparison of colour Doppler, power Doppler, and MD Imaging within the 

same JIA cohort, revealing equivalent performance between the two conventional 

modalities and superior sensitivity of MD for synovial inflammation 

Table 2. Comparative Modality Performance. CD (colour Doppler); PD (power Doppler); MD (micro-Doppler); 

CEUS (contrast-enhanced ultrasound); ICC (intraclass correlation coefficient); RA (rheumatoid arthritis); JIA 

(juvenile idiopathic arthritis) 

Parameter CD PD MD CEUS 

Min. detectable 

flow

≥~3 cm/s [112, 113]

wall filter limit

~1–3 cm/s [112, 113]

wall filter limit

<~0.1 cm/s  [112]

SVD adaptive 

filter

<<0.1 cm/s [107, 112]

microbubble signal

Inter-rater 

reliability (ICC/κ)  

synovitis

JIA: used 

previously 

RA:  MCP live — Inter κ 0.79 

RA: Non-MCP still — Inter κ 

0.86 (mean)

RA: Non-MCP live — Inter κ  

0.61 (mean) [114]

JIA: still — κ: Intra 0.91 / 

Inter 0.80 

JIA: still — ICC: Intra 0.96 / 

Inter 0.97

JIA: live — Inter only: κ 0.60 

/ ICC 0.91 [98]

JIA: Intra ICC 

0.97 

Inter ICC 0.83–

0.93 [16]

RA:  Inter  κ 0.62-0.82 
[115] 

JIA: Intra κ 0.89–0.90 / 

Inter  κ 0.85 

ICC: Intra 0.97 / Inter 

0.96 [86]

Vascularity 

detection 

(synovitis)

Diao: CEUS vs MDI

Polido: CEUS vs 

CDI/PDI

Classically: lower 

than PDI in small 

vessels 

Reference standard in use 

MDI vs PDI — 

RA: 60.4% vs 

25.6%  [116]

JIA: SMI > PDI 

across all studies 
[15, 108, 109, 111]

Klauser: CEUS 97.3% vs 

60.1% (US+PDUS) [RA, 

n=113] [49] 

Diao: CEUS = MDI [RA, 

n=111] [107]

Polido: CEUS 83.8% vs 

49.2% DUS (CDI+PDI 

combined) [RA, 23 

studies] [50] 

Contrast agent 

required
No No No

Yes — SonoVue IV 

injection [86, 107]
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B.4. Performance of Clinical examination  

The finding that clinical assessment demonstrated limited discriminative performance 

relative to CEMRI (Paper 4) reflects a recognised limitation of physical examination in 

detecting low-grade or subclinical synovitis, rather than a failure of clinical assessment 

as a whole. Multiple studies have demonstrated the superiority of imaging over clinical 

examination for detecting synovitis, particularly at the mild end of the inflammatory 

spectrum. Magni-Manzoni et al. [117] confirmed that ultrasound outperforms clinical 

examination; in their study, 104 joints (6.3%) exhibited clinical synovitis, whereas 167 

joints (10%) demonstrated ultrasound-detected synovitis. Of the 1,560 clinically normal 

joints, 86 (5.5%) had subclinical synovitis. Consequently, ultrasound findings led to the 

reclassification of five patients as having polyarthritis who had originally been classified 

as having oligoarthritis or no synovitis on clinical evaluation. 

Similarly, Malattia et al. [118] showed that clinical criteria are insensitive to low-level 

inflammation in JIA patients evaluated for treatment efficacy. Nonetheless, clinical 

examination remains the cornerstone of JIA disease activity scoring. It is highly sensitive 

to moderate-to-severe synovitis and provides essential contextual information, such as 

pain, range of motion, and global assessment, that imaging cannot capture. Imaging thus 

provides complementary data at the lower end of the inflammatory spectrum, extending 

rather than replacing clinical assessment. 

 

B.5. Statistical considerations  

A major critical contribution of this thesis is the elucidation of the fundamental 

methodological distinction between relative and absolute reliability metrics when 

evaluating quantitative software analysis. In adult RA literature, investigators frequently 

propose software-driven quantification as the objective future of imaging based solely on 

excellent ICCs, which routinely fall between 0.85 and 0.95. However, our study 

introduces a mandatory methodological warning to the field by demonstrating how a high 

ICC can mask substantial absolute variance.  

While software-derived metrics like PE/WiAUC (CEUS) and PEI/iAUC (MRI) 

demonstrated near-perfect ICCs (> 0.97), their wide Bland-Altman 95% limits of 

agreement dictate clinical prudence. This discrepancy underscores that while these 



 

 70 

parameters are highly capable of ranking disease severity relative to a cohort, their 

absolute numerical values fluctuate between observers. Consequently, for longitudinal 

treatment monitoring, relying on absolute perfusion values may introduce artificial 

variability. 

Statistically, this divergence occurs because the ICC reflects relative reliability, 

confirming that both readers successfully rank patients from least to most inflamed in an 

identical sequence, whereas the Bland-Altman limits of agreement quantify the absolute 

difference between individual measurements. In clinical practice, this absolute 

consistency is paramount. The volatility in absolute values observed in our study is likely 

driven by the technical difficulty of drawing manual ROIs along the microscopic, 

irregular borders of the paediatric synovium, proving that even automated tools remain 

vulnerable to subtle inter-observer variations in boundary definition. 
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C. Research Line III  

 

Ultrasound Comparison: Healthy Volunteers Versus JIA Patients; 

(Paper 5) 

 

C.1. How different are our patients from the healthy volunteers? 

Placing JIA patients and healthy volunteers side by side within a rigorously standardised 

imaging framework exposed a series of differences that collectively redefine what a 

normal paediatric knee looks like under ultrasound and, crucially, what it does not.  

One of the most compelling divergences concerned the distribution of intra-articular fluid. 

Healthy knees at 30 degrees of flexion follow a predictable anatomical hierarchy: fluid 

gravitates toward the suprapatellar recess, leaving the medial and lateral parapatellar 

recesses virtually voided (p < 0.001). This pattern was not observed in JIA, where no 

statistically significant differences in the amount of fluid were found across the examined 

recesses, in contrast with the topographic asymmetry that defines physiological joint 

distribution. The clinical consequence of this finding is immediate and practical. A 

radiologist relying only on the suprapatellar view could  misclassify normal children as 

pathological, since a modest suprapatellar fluid collection is an entirely innocent finding 

in the healthy paediatric knee. This observation is consistent with the five-view 

methodology of the PIUS-Knee protocol [119] supporting parapatellar imaging as a 

standard component of the paediatric knee examination. 

Also relevant was the behaviour of the synovial membrane in joints that had never 

attracted clinical attention. Among the 25 patients with a strictly unilateral disease history, 

the contralateral non-affected knee had a significantly thicker synovium compared to the 

healthy group (p < 0.001). This silent synovial thickening could plausibly reflect systemic 

pro-inflammatory mediators, principally IL-6 and TNF-alpha, which do not respect 

clinical boundaries and circulate freely, potentially sustaining low-grade proliferative 

activity in anatomically remote synovium. What makes this finding clinically interesting 

is its prognostic potential. Identifying this increased synovial thickness involvement in a 

supposedly unaffected joint may flag patients on a trajectory toward extended 
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polyarticular disease and possibly offer a window for earlier therapeutic escalation before 

structural damage becomes established. 

The effects of an inflammatory disease extended beyond solely fluid and synovium 

measurements. The healthy cohort exhibited the expected demographic architecture, sex- 

and age-related gradients in fluid volume and echogenic speckle presence (Paper 1), none 

of which was observed in the JIA group. Inflammatory hypersecretion appears to 

overwhelm these subtle physiological signals entirely, rendering demographic 

stratification diagnostically non-relevant in the context of disease. The same pattern held 

for synovial thickness, with progressive age-dependent thickening documented in healthy 

volunteers, which was absent in JIA patients, whose synovial hypertrophy followed the 

molecular logic of inflammation rather than the biological clock of skeletal maturation. 

Structural cartilage and bone metrics added further differences for the pathological 

picture. Femoral intercondylar cartilage in healthy children followed the established 

normative trajectory described by Windschall et al. [89], Spannow et al. [120], and Gau 

et al. [121], thinning progressively with age and measuring consistently thinner in girls 

than in boys. In our study, JIA girls showed intercondylar cartilage significantly thinner 

than that of age-matched healthy peers, a finding that may relate to proteoglycan matrix 

depletion and chondrocyte loss under sustained inflammatory load. The earlier work of 

Sahin et al. [122] identified a broadly similar cartilage profile but was limited by the 

absence of sex-stratified analysis, a methodological gap that our data explicitly address. 

At the other end of the structural spectrum, JIA patients demonstrated enlarged patellar 

dimensions bilaterally, potentially reflecting the influence of synovial hyperaemia on 

adjacent epiphyseal growth plates, as the patella is an epiphyseal equivalent. Notably, 

despite the JIA cohort presenting a younger minimum age than the volunteer cohort (1.9 

vs 3.1 years),  every JIA patient had already started bilateral patellar ossification, a 

maturational milestone that remained incomplete in a proportion of the healthy group. 

This ossification overstep constitutes a distinctive inflammatory skeletal fingerprint. 

On Doppler performance, colour Doppler delivered high specificity in the healthy cohort, 

returning a Grade 0 signal bilaterally in all 127 volunteers (p < 0.001). This suggests that 

detectable synovial vascularity in a child is unlikely to reflect normal physiology within 

the comparator population studied here, reinforcing international guideline 

recommendations for ultrasound as the first-line diagnostic technique in suspected 
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paediatric joint inflammation (Paper 2). A particular point is the equivalence of colour 

and power Doppler in this context. Contrary to the widespread clinical assumption that 

power Doppler is the more sensitive modality, both techniques yielded identical results 

within our JIA cohort. This observation is consistent with evidence from other 

inflammatory arthritis literature demonstrating that colour and power Doppler share some 

fundamental detection physics. No substantial difference in slow-flow detection between 

the two modalities has been identified on lasted-generation ultrasound equipment [12, 

123]. Across different machines, sensitivity has been shown to depend more on device 

optimisation than on modality choice, with power Doppler outperforming colour Doppler 

on only half of platforms tested and colour Doppler outperforming power Doppler on the 

other half  [124]. The modality that does consistently outperform power Doppler is MD.  

 

C.2. How the ultrasound findings can predict the diagnostic probability of JIA 

in the knee joint 

The multiparametric differences documented between cohorts naturally raised the 

question of whether a small number of ultrasound variables could be combined into a 

clinically usable predictive instrument. A multivariable logistic regression model was 

therefore constructed from the variables showing the greatest between-group 

discrimination, arriving at a two-parameter solution: longitudinal suprapatellar recess 

double synovial thickness and transverse medial parapatellar recess fluid depth, both 

measured in millimetres and both routinely obtainable within a standard five-view 

multiparametric musculoskeletal ultrasound (MSUS) examination. The resulting model 

achieved an AUC of 0.892 (95% CI: 0.832–0.951), reflecting strong and clinically 

meaningful discriminative capacity. 

We hypothesise that the variable selection is conceptually coherent. Suprapatellar 

synovial thickness indexes the structural hallmark of JIA (membrane hypertrophy), whilst 

medial parapatellar fluid depth captures the functional hallmark, the pathological 

redistribution of fluid from its physiological suprapatellar reservoir into the parapatellar 

compartments. These two measurements therefore address two important dimensions of 

the disease process, which likely explains why a model of only two variables achieves 

discrimination approaching 0.9. Importantly, neither variable requires contrast 
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administration, advanced post-processing, or extended scanning time, making the model 

directly implementable within existing clinical workflows. 

Appropriate caution is nonetheless warranted in interpreting and applying these types of 

models. The cohort was drawn predominantly from patients with persistent oligoarthritis, 

the subtype most characteristically associated with knee involvement, which both 

strengthens the model's relevance to this clinical context, but limits its direct extrapolation 

to systemic, enthesitis-related, or psoriatic JIA subtypes where disease expression and 

joint biology may differ. More fundamentally, the model provides a probability estimate, 

not a diagnosis. Its application must always be contextualised within the individual child's 

full clinical presentation, and other causes of paediatric knee synovitis (including reactive 

arthritis, septic arthritis, and mechanical, etc) must be excluded before imaging findings 

are acted upon. Probability estimates are a supplement to clinical reasoning, not a 

substitute for it. 

The methodological integrity supporting the model is a further source of confidence. The 

identical scanning protocol, equipment, anatomical views, and operator applied across 

both cohorts means that the variables entering the regression reflected genuine biological 

signal rather than inter-operator or inter-machine noise. Extending this rigour to 

multicentre, internationally diverse validation cohorts is the natural and necessary next 

step, both to test the generalisability of the model's discriminative thresholds across ethnic 

and demographic groups and to establish the external validity that would be required 

before clinical implementation could be responsibly recommended. 
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D. The Pinnacle of Subclinical Synovitis  

 

Evidence, Uncertainty, and the Remission Criteria Question  

Subclinical synovitis, defined as imaging-detected inflammation in clinically inactive 

joints, emerges from two independent papers of this thesis using different modalities. In 

Paper 4, CEUS and FLAIR-FS detected synovitis in patients with low or absent clinical 

scores, whilst clinical assessment demonstrated limited discriminative performance, 

especially at the lower end of the inflammation spectrum (17 CEMRI Mild cases and 14 

CEMRI Moderate+Severe cases clinically classified as inactive). In Paper 5, clinically 

unaffected knees in oligoarticular JIA patients showed synovial thickening significantly 

exceeding the healthy group from Paper 1. Both findings are consistent with the literature, 

although we need to reassess our patient group clinically to analyse the flare rate. 

The largest and most methodologically developed JIA study to date is from Mazzoni et 

al. [125], who evaluated 90 clinically inactive JIA patients using CEMRI across multiple 

joint sites. Despite satisfying Wallace remission criteria [126-128], subclinical synovitis 

was detected in 65.5% of patients. Synovitis detected with CEMRI emerged as the 

strongest independent predictor of subsequent flare, occurring in 74.6% of patients with 

residual synovitis compared with 41.9% of those without (p = 0.002). These findings 

suggest that CEMRI may represent a more sensitive tool for defining true disease 

remission in JIA. Nusman et al. [100] investigated whether dynamic CEMRI parameters 

could predict flare in clinically quiescent JIA in a cohort of 32 patients with inactive 

disease. Thirteen patients (39.4%) had synovial hypertrophy, and twelve patients 

experienced a flare within the two-year follow-up period; however, the authors did not 

provide a direct cross-tabulation of synovial hypertrophy and flare status at the individual 

patient level. Mean synovial hypertrophy score did not differ significantly between 

persistently inactive and flaring patients. The only significant difference between groups 

was maximum synovial enhancement on dynamic CEMRI (p = 0.05), a difference that 

did not survive correction for multiple testing.  

Beyond single-joint CEMRI, whole-body MRI has extended this evidence base to multi-

joint monitoring, detecting subclinical inflammation across the skeleton, though its 

methodology remains complex [129]. De Lucia et al. [130] found baseline ultrasound 
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positivity, particularly in combination with power Doppler, predicted relapse in JIA. 

Miotto e Silva et al. [131] demonstrated in a prospective 30-month follow-up study that 

positive power Doppler signal in joints of JIA patients in clinical remission conferred a 

five times higher risk of flare, and joints with active subclinical synovitis flared 

significantly more frequently at both 6 and 12 months of follow-up. Notably, the risk was 

14 times higher in patients who were in remission while still on medication, reflecting the 

less stable nature of medication-dependent remission. 

In contrast, Nieto-Gonzalez et al. [132] found that ultrasound-detected subclinical 

synovitis did not predict flare recurrence in 56 JIA patients in stable remission undergoing 

tumour necrosis factor inhibitor (TNFi) tapering, suggesting that the predictive value of 

subclinical synovitis may be context-dependent. An important counterpoint was provided 

by Magni-Manzoni et al. [133], who found that ultrasound-detected synovial 

abnormalities were common in 39 children with JIA in clinical remission (affecting 

76.9%) but did not predict an early flare of synovitis over a two-year follow-up. Although 

this study dates from 2013, it may reflect that not all imaging-detected subclinical 

synovitis carries equivalent prognostic weight, and that the predictive value may depend 

on the imaging modality, the feature assessed (B-mode vs Doppler vs CEUS), the specific 

joint, and the treatment context. 

In comparison, Han et al. [134] in a meta-analysis of 13 articles on RA, found that power 

Doppler positivity predicted flare (pooled OR 4.52, 95% CI 2.61–7.84) and progressive 

bone erosion (OR 11.85, 95% CI 5.01–28.03 at joint level) in patients with RA in clinical 

remission. Subclinical tenosynovitis was also identified as a risk factor for flare by 

Zacariaz Hereter et al. [135] in RA in clinical remission. Despite converging cross-

sectional and short-term longitudinal evidence for subclinical synovitis in JIA, the field 

remains at an early stage. The systematic review by Saoussen et al. [136] identified 

conflicting results in JIA patients regarding the predictive value of MSUS for flare. This 

heterogeneity was attributed to the absence of standardised protocols, validated 

paediatric-specific scoring systems, and normative comparators as key limiting factors in 

existing studies. These limitations were directly addressed by the design of Papers 1, 4, 

and 5. However, no study has followed a JIA cohort sufficiently long with structured 

serial imaging, validated tools, and radiological endpoints to determine whether 

subclinical synovitis drives progressive structural damage at a clinically meaningful rate 
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in the current treatment era. The honest clinical message is that imaging reveals more 

than clinical examination; what to do with all of it requires prospective, longitudinal, 

outcomes-anchored studies. 

The ARCTIC trial [137] is a randomised controlled trial to evaluate whether escalating 

treatment to reach an imaging remission target (defined by power doppler signal alone) 

improves outcomes in adult RA. Although the results did not demonstrate a benefit of 

treatment escalation guided by imaging over clinical remission alone, no equivalent trial 

exists in JIA, representing the most important evidence gap in the field. 

The current JIA Wallace remission criteria [126] are exclusively defined by clinical and 

laboratory parameters without imaging components. Treating to this target has been 

formalised in international treat-to-target recommendations [138], yet achievement of 

remission remains inconsistent: a systematic review found remission frequencies ranging 

from 7% at 18 months to approximately 40% after 10 years from diagnosis, with wide 

variation by disease subtype [139].  

The data of this thesis provide three enabling contributions towards potential future 

imaging integration: Paper 1 provides the normative reference standards without which 

imaging-defined remission criteria cannot be operationally defined. Paper 3 reliability 

results for CEUS and CEMRI 0–3 grading support their potential use as  future clinical 

trial endpoints. Paper 4 validates CEUS and FLAIR-FS as accurate tools showing near-

absence of FLAIR-FS signal in healthy knees. The prospective, longitudinal, treat-to-

target trials needed to determine whether imaging-defined remission improves outcomes 

for children with JIA can now be designed with the validated tools, reliability data, and 

normative framework this thesis provides. 
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E. A Proposed Stratified Imaging Algorithm for the Suspicion of JIA in 

the Knee  

The findings of this thesis suggest a possible stratified imaging algorithm, incorporating 

new techniques, for the evaluation of suspected JIA with knee involvement (Figure 5), 

addressing a gap not yet covered by current literature [8, 20, 140]. Drawing on the 

normative ultrasound reference values from Paper 1, the reliability data from Paper 3, and 

the diagnostic performance of CEUS and FLAIR-FS from Paper 4, the proposed pathway 

follows three sequential steps: initial ultrasound assessment using age- and sex-adjusted 

normative thresholds; non-contrast FLAIR-FS MRI for synovitis confirmation in 

equivocal or monoarticular presentations; and a possibility of serial monitoring 

incorporating CEUS, FLAIR-FS, and CEMRI according to imaging and clinical need. 

CEMRI with formal knee scoring remains available when FLAIR-FS findings are non-

diagnostic. This algorithm is not intended as a validated clinical guideline but rather as a 

hypothesis-generating framework, illustrating how the tools and normative data 

developed in this thesis could be integrated into a gadolinium and sedation sparing (with 

CEUS), structured imaging pathway, pending prospective validation in larger, 

longitudinal JIA cohorts. 



 

 79 

Figure 5. Proposed stratified imaging algorithm for juvenile idiopathic arthritis knee involvement: clinical 

decision flowchart. 
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F. Strengths and Limitations of Our Work 

This thesis has several significant strengths. It addresses a clinically important and 

insufficiently studied area, the non-invasive, gadolinium-sparing assessment of knee 

synovitis in children with JIA, through a coherent, multi-paper programme built on a 

common patient cohort and shared methodology. The establishment of age- and sex-

specific normative ultrasound reference values in Paper 1 provides a foundational 

contribution that anchors the diagnostic validity of Papers 4 and 5 and addresses a 

recognised gap in the paediatric imaging literature. The reliability study in Paper 3 used 

a robust multi-reader, multi-method design with appropriate statistical methodology, 

supporting its potential use in future clinical trial context. The diagnostic performance of 

CEUS and FLAIR-FS was evaluated against CEMRI as the accepted reference standard, 

with standardised acquisition protocols applied consistently across studies. The timing of 

post-gadolinium acquisition significantly influences synovial scoring, as demonstrated by 

Rieter et al. [24] who showed that late post-contrast images yielded significantly higher 

synovial enhancement and inflammation scores than early images. This underscores the 

importance of acquisition standardisation, which was directly addressed in this thesis 

through the evidence-based 2–3-minute delay established in Paper 2 and applied in the 

subsequent study. The inclusion of a healthy group in MRI with a FLAIR-FS sequence 

in Paper 4, demonstrating near-absence of knee synovitis, further strengthens the 

specificity of the diagnostic findings. A further strength emerging from the integration of 

Papers 1 and 5 is the ability to directly compare JIA patients against a structured 

normative framework. This revealed new data: it not only quantified how much synovial 

thickness in JIA patients significantly exceeds normative values, but also that patients 

demonstrate differences in both the amount and distribution of joint fluid compared to the 

healthy group, objectifying subclinical articular change in a way that would not have been 

possible without the normative dataset established in Paper 1. Notably, Paper 4 of this 

thesis represents the first study to directly compare modern CEUS against CEMRI as the 

formal reference standard for synovitis assessment in children with JIA, filling a 

previously unexplored field in paediatric musculoskeletal imaging. 

Several limitations must be acknowledged. All studies were conducted at a single tertiary 

centre, limiting generalisability and requiring multicentre validation. The normative 

cohorts were predominantly Caucasian, limiting ethnic representativeness. Synovial 
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biopsy was not available as the true histological reference standard, meaning CEMRI, 

whilst the accepted imaging reference, remains an imperfect surrogate. The patient cohort 

(n=52) limits subgroup analyses by JIA subtype and treatment. The predominantly 

oligoarticular composition of our group (57.7%) may limit the generalisability of the 

ultrasound predictor model, especially to polyarticular and systemic subtypes. However, 

it should be noted that the knee joint is the most clinically relevant joint in oligoarticular 

JIA [141]. The subtype-specific adjustment would have compromised the statistical 

power of the analyses given the sample size. The cross-sectional design of Papers 4 and 

5 precludes longitudinal conclusions about whether detected subclinical synovitis carries 

prognostic significance. CEUS remains off label in children for musculoskeletal 

indications, requiring ethics committee oversight and continued pharmacovigilance. 

Intraobserver agreement for quantitative CEMRI data was not performed in Paper 3, 

limiting the complete characterisation of within-observer variability. Regarding FLAIR-

FS, the broader paediatric validation landscape remains limited, prior to Milks et al. [39] 

in 2024, no dedicated paediatric study of FLAIR-FS for synovitis existed. That study 

involved only 42 knees from a heterogeneous group of 39 patients, at a single centre, in 

a retrospective design. As of 2025, there remains only one dedicated paediatric FLAIR-

FS study in the literature, with no prospective paediatric validation, no multicentre 

paediatric study, no data in joints other than the knee in children, and no longitudinal data 

demonstrating that FLAIR-FS can track disease activity over time in JIA. The findings of 

Paper 4 of this thesis therefore represent an important but early contribution to a field that 

requires substantially larger, prospective, multicentre studies before FLAIR-FS can be 

recommended for routine multi-articular clinical use in paediatric inflammatory arthritis. 
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A. FUTURE DIRECTIONS/PERSPECTIVES 

At least four priority points emerge from this thesis. First, multicentre prospective 

validation of FLAIR-FS and CEUS across ethnically and geographically diverse 

populations is needed, addressing the single-centre limitation of this work and providing 

the ICC and limits of agreement data required to define robust multicentre monitoring 

protocols. Second, automated segmentation of FLAIR-FS synovial volume and CEUS 

perfusion ROIs would standardise placement and directly address the limits of agreement 

limitation attributable to manual ROI variability identified in Paper 3. Third, a prospective 

longitudinal outcomes study is needed to examine whether subclinical synovitis detected 

by CEUS, FLAIR-FS, or ultrasound in Papers 4 and 5 predicts disease progression, flare 

frequency, or functional outcome over two to three years. This study type would 

transform the contributions of this thesis from enabling to conclusive. As part of this 

longitudinal follow-up, correlating the ultrasound synovial findings of our patient cohort 

with inflammatory grades and flare rates will allow assessment of whether the imaging-

detected subclinical synovitis identified in this thesis carries clinically meaningful 

prognostic weight and even therapeutic decisions. It could also inform the development 

of a predictive model for synovial inflammation in JIA, maybe possible to adjust for 

predicting activity scores among patients. Fourth, a health economic analysis comparing 

monitoring strategies for CEUS, FLAIR-FS and clinical assessment, would provide the 

evidence base needed to support guideline development and inform resource allocation 

decisions in paediatric rheumatology services. 

Beyond these four priorities, further research directions are proposed. A multicentre 

project in collaboration with the Amsterdam and Norwegian groups is being designed to 

evaluate FLAIR-FS and DIR in JIA patients across other joints (including the wrist, hip, 

and ankle), which would address the current limitation of single-joint validation and 

extend the non-contrast MRI evidence base to the full spectrum of JIA joint involvement.  

Tools to optimise the quantification of Doppler signal have been developed, whereby the 

operator manually delineates the ROI within the thickest part of the synovium and the 

machine automatically calculates the ratio of colour pixels versus grey pixels, expressed 

as a percentage, producing a vascular index [15]. Also, volumetric measurements could 

be of interest, however types of automatic quantifications need to be confronted with the 
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actual scoring system of synovitis recommended by the OMERACT Ultrasound Group 

consensus [85]. 

Finally, applications of deep learning reconstruction to improve image quality and 

accelerate FLAIR-FS acquisition represent promising technical developments. 

Feuerriegel et al. [38] demonstrated that a deep learning-accelerated FLAIR-FS sequence 

with an acquisition time of under two minutes showed comparable diagnostic 

performance to standard contrast-enhanced imaging for inflammatory knee synovitis, 

suggesting that scan time, often a barrier to clinical implementation, may be substantially 

reduced without loss of diagnostic accuracy. 
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B. CONCLUSIONS 

 

The findings of this doctoral thesis provide critical diagnostic and methodological 

advancements in the imaging assessment of synovial inflammation in paediatric patients 

with JIA. By systematically evaluating gadolinium-free and advanced imaging modalities 

against the reference standard of CEMRI, this work addresses a pressing clinical 

imperative to minimise GD contrast agent exposure while maintaining diagnostic 

excellence. 

The major conclusions drawn from this thesis are as follows: 

• CEUS offers high-precision, real-time imaging for grading active knee 

inflammation in children with JIA. By demonstrating the highest sensitivity 

among the evaluated modalities alongside a sedation-free advantage, CEUS 

shows substantial potential to serve as a reliable alternative to the current gold 

standard of CEMRI. 

• Unenhanced FLAIR-FS MRI serves as a highly robust, contrast-free alternative 

for detecting synovitis in the knee, yielding almost perfect inter-technique 

agreement with CEMRI.  

• Subjective 0–3 grading scales offer a highly reliable and reproducible framework 

for routine clinical use. By targeting global synovial inflammation, this approach 

bypasses extensive scoring requirements. 

• Conventional Doppler modalities exhibit near-perfect specificity when normal 

healthy volunteers are utilised as a comparator group, but they suffer from an 

unacceptable loss of sensitivity in the presence of low-grade or subclinical 

inflammation. This underscores the necessity of adopting advanced microvascular 

techniques like MD to reliably resolve slow microvascular blood flow. 

• Methodological rigour in Perfusion Software is paramount; high ICCs can 

mathematically mask substantial absolute interobserver variance. For longitudinal 

therapeutic monitoring, clinical decisions must be guided by absolute metrics 

(such as Bland-Altman limits of agreement) rather than relative rankings, as 

manual boundary definitions of the microscopic paediatric synovium remain 

inherently volatile. 
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In summary, while clinical examination remains the cornerstone of global JIA 

management, advanced imaging provides an indispensable, complementary mapping of 

low-grade disease. The transition toward high-sensitivity, non-GD-contrast, or lower-risk 

modalities investigated in this thesis represents a major step forward in establishing safer, 

more practical, and highly reliable monitoring pipelines for children with chronic 

arthritis. 
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