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ABSTRACT

Imaging, and particularly MRI, plays a crucial role in the assessment of inflammation in rheumatic disease, and forms
a core component of the diagnostic pathway in axial spondyloarthritis. However, conventional imaging techniques are
limited by image contrast being non-specific to inflammation and a reliance on subjective, qualitative reader interpre-
tation. Quantitative MRI methods offer scope to address these limitations and improve our ability to accurately and
precisely detect and characterise inflammation, potentially facilitating a more personalised approach to management.
Here, we review quantitative MRl methods and emerging quantitative imaging biomarkers for imaging inflammation in
axial spondyloarthritis. We discuss the potential benefits as well as the practical considerations that must be addressed
in the movement toward clinical translation of quantitative imaging biomarkers.

INTRODUCTION

to reduce inflammation),* however, the efficacy of these

Spondyloarthritis (SpA) is an umbrella term encompassing
a heterogeneous group of inflammatory spinal disorders
that share genetic, immunological, clinical, and imaging
features. They are one of the most common inflamma-
tory rheumatic disorders with an estimated prevalence
of 0.1-1.4%." Axial spondyloarthritis (axSpA) refers to a
subgroup characterised by inflammation and subsequent
structural damage of the axial skeleton associated with
symptoms of chronic back pain and sacroiliitis. AxSpA
commonly affects young people and is associated with poor
long-term health outcomes, exacerbated by poor mental
health and difficulty with work and social function.>*

There have been dramatic recent improvements in the
outcomes of axSpA following the introduction of biologic
therapies (which target specific inflammatory pathways

treatments relies on effective methods for diagnosis and
disease monitoring. In particular, early diagnosis is essen-
tial to prevent the accumulation of irreversible structural
damage.’ Furthermore, biologic therapies are expensive
and are associated with increased risk of serious infections
as well as infusion and allergic reactions. Not all patients
will respond to biologic treatment and, due to their mech-
anism of action, they are only likely to be of benefit in
patients with active inflammatory disease. Clinical features
of active inflammation are often non-specific and current
disease activity measures (BATH indices)® rely on patient
reported measures of pain and fatigue, which are subjective
and may be distorted by concomitant symptoms of chronic
pain. Consequently, there is a need for improved character-
isation, diagnosis and monitoring of axSpA to facilitate a
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more personalised approach to management and ultimately opti-
mise patient outcomes.

Imaging modalities such as MRI and ultrasound, have emerged
as valuable imaging tools for detecting early signs of inflamma-
tion, including synovitis and bone marrow oedema.” MRI now
forms a core component of the diagnostic pathway in axSpA’
and there is good evidence that the signal abnormalities detected
on MRI are linked to inflammation detected histologically.®

However, despite achieving wide clinical uptake, imaging tech-
niques such as conventional MRI and ultrasound are limited by:
(i) the fact that the observations are not specific to the disease
process in question and can be ‘confounded’ by other processes,
and (ii) their reliance on qualitatively described information
which is interpreted subjectively depending on the experience
and expertise of the reader, and the clinical information provided.
As a result, the same patient undergoing the same scan could
potentially receive varying therapeutic management, depending
on scan interpretation.9’10 Moreover, variations in image proper-
ties and contrast may also occur due to different MRI hardware,
acquisition parameters and imaging protocols'"'? (even when
the protocols are nominally the same) which can potentially
affect subjective interpretation and comparisons. These prob-
lems contribute to difficulty with monitoring inflammation over
time and adjusting treatment accordingly in patients with long-
standing disease.

As a result of these limitations, there has been interest in the
development of quantitative MRI (qQMRI) techniques. The use
of qMRI techniques offers a potentially more objective and
reproducible approach to image analysis/interpretation which
minimises subjectivity, can disentangle the effects of pathology
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from other processes and could enable precise measurement of
changes over time. In clinical practice, qMRI techniques could
potentially provide a more robust assessment of disease activity
and response to treatment, facilitating a personalised manage-
ment approach. In clinical trials, qMRI techniques could offer
accurate and objective measures of disease activity which do not
rely on potentially variable, subjective patient reported outcome
measures.

WHAT IS GMRI?

gMRI has been defined as “the extraction of a characteristic from
an MR image that has a magnitude that can be expressed as a
number with units”'* Whereas the contrast in conventional MRI
[e.g the widely-used short inversion time inversion recovery
(STIR) sequence] is influenced not only by the ‘target’ process
(inflammation) but also by other factors (including hardware,
tissue characteristics, acquisition, reconstruction and display of
greyscale).'* qQMRI enables us to tease out and measure the direct
contribution of each process.

To do this, QMRI incorporates a succession of multiple images
acquired with different scanner settings (these settings might
include, e.g. repetition time, echo time or b-value) which enables
analysis of a range of different tissue characteristics, such as
relaxation properties (e.g. T, T5, T5*), fat content or diffusivity,
respectively. For example, in T, relaxometry echo time would be
incrementally increased, while keeping all other parameters the
same. Each of the images in a series can be regarded as weighted
by the property of interest. This may require administration of an
external agent, e.g. intravenous injection of a tracer or contrast
agent, or rely on native tissue characteristics. Figure 1 demon-
strates a flowchart of the steps involved in the qMRI pipeline.

Figure 1. A flowchart of the steps involved in the gMRI pipeline (with chemical shift encoded MRI (CSE-MRI) as an example) and

comparison with conventional MRI acquisition.
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A computer model is then developed to relate the underlying
(patho)physiological processes of interest to the data acquired by
imaging. This computer model is used to estimate tissue param-
eters representing the (patho)physiological process of interest in
each voxel. A map of the chosen parameter is produced where
each voxel has a measurable numerical value that reflects the
intrinsic properties of a tissue. Once parameter maps have been
generated, a metric of disease must be extracted which is typi-
cally achieved by region of interest (ROI) placement, whereby
abnormal regions are manually or automatically segmented. Once
the ROIs have been placed, summary metrics can be extracted
using a variety of statistical methods, the simplest of which is
simple averaging over the voxels in the ROL

The summary metrics produced by this pipeline can be regarded
as quantitative imaging biomarkers (QIBs). QIBs are defined
by Sullivan et al'® as “objectively measured characteristics
derived from an in vivo image as indicators of normal biological
processes, pathogenic processes, or response to a therapeutic
intervention”. It is worth noting this definition can include QIBs
which are not generated from qMRI, e.g. those generated from
the segmentation of conventional MR images without the need
for parameter maps (e.g. measurement of lesion volume). Poten-
tial applications of QIBs include screening for disease, diag-
nosing and assessing disease severity, and monitoring disease
activity and therapeutic response.'® QIBs may also be valuable
in the development of novel therapeutic agents, where they offer
specific, quantifiable measures of particular biological processes
of interest.'®

This review aims to summarise the current research on gMRI
methods in axSpA and to discuss the practical considerations
that must be addressed before qMRI techniques are translated
into clinical practice.

Table 1. A summary of gMRI techniques used in axSpA imaging

QUANTITATIVE MRI TECHNIQUES AND
BIOMARKER DEVELOPMENT IN AXSPA

A number of different MRI techniques have been explored in
imaging axSpA. The QIBs they provide can be designed to target
two broad pathophysiological processes of interest: (i) inflam-
mation—the initial response to a harmful stimulus, typified
by cellular infiltration, increased extracellular fluid, increasing
vascularity and replacement of the normal fatty marrow in
subchondral bone (producing signal abnormalities referred to
as bone marrow oedema (BMO) on conventional MRI scans),'”
and (ii) structural damage—defined as loss of structural or
functional integrity of tissue occurring as a result of inflamma-
tion, and typified by subchondral fat metaplasia, sclerosis, joint
erosions and eventual joint fusion.!” The presence of BMO, fat
metaplasia and erosions in the sacroiliac joints (SIJs) contribute
to the diagnosis of axSpA'® and have prognostic significance.'®
gMRI methods in axSpA might be designed therefore to detect
and characterise both acute inflammation and structural damage,
and ultimately aim to use this information to guide management
on an individualised basis. A summary of gMRI techniques and
the pathophysiological process(es) they are designed to target is
described in Table 1.

Diffusion-weighted imaging

Diffusion-weighted imaging (DWI) is a method of signal
contrast generation based on differences in the freedom of water
diffusion in tissue, known as diffusivity.’’ In DWI, a series of
images is acquired with different degrees of diffusion weighting.
The b-value represents the degree of diffusion weighting that is
applied: typically, a range of b-values are acquired including b = 0
(no diffusion weighting) to higher b-values (increased diffusion
weighting). The signal on the higher b-value images is increas-
ingly attenuated with greater tissue diffusivity. Tissue diffusivity
itself is commonly estimated using a monoexponential signal

Target pathophysiological
qMRI technique Biomarker process(es) Pros Cons
DWI ADC BMO High availability Low spatial resolution;
low SNR; requires
effective fat suppression
IVIM: BMO (Ds) Non-invasive measure Less availability
Pure diffusion (Ds) Increased perfusion/vascularity of dynamic properties
Perfusion fraction (f) (f,Df)
Pseudodiffusion coefficient (Df)
Relaxometry T, BMO or cartilage damage High availability; high Susceptible to external
spatial resolution confounding factors
T, BMO
T, BMO
CSE-MRI PDFF BMO or fat metaplasia High spatial resolution Lower sensitivity to
tissue properties
DCE-MRI Pharmacokinetic perfusion Increased perfusion/vascularity Measures dynamic Invasive
parameters, e.g. signal intensity properties
curve, RE, ME, TTP, and BE

ADC, apparent diffusion coefficient; BE, brevity of enhancement; BMO, bone marrow oedema; CSE-MRI, chemical shift encoded MRI; DCE-MRI,
dynamic contrast enhanced MRI; DWI, diffusion-weighted imaging; IVIM, intravoxel incoherentmotion; ME, maximum enhancement; PDFF, proton
density fat fraction; RE, relative enhancement; SNR, signal-to-noise ratio;TTP, time to peak.
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Figure 2. Active inflammation at the left sacroiliac joint
detected on the short inversion time inversion recovery (STIR)
image (top) is detectable on the gMRI diffusion-weighted
image (bottom). The arrows indicate bone marrow oedema
(raised apparent diffusion coefficient, ADC value).

STIR
(Conventional
MRI)

Diffusion-
weighted
imaging
(qMRI)

model in which a single ‘apparent’ diffusion coefficient (ADC)
value is used as a ‘summary’ measure of tissue diffusivity; this
step effectively disentangles the diffusivity measurement from
the raw signal intensities at the different b-values.”! The presence
of inflammatory exudate in the bone marrow causes expansion
of the extracellular space and an increase in the proportion of
extracellular water molecules.?! Extracellular water molecules
experience greater diffusivity/freedom of diffusion relative to
intracellular water molecules,”” and consequently increase the
ADC value. ADC measurements therefore offer a means to
quantify expansion of the extracellular space and serve as a QIB,
enabling the measurement of BMO, and thus reflecting disease
activity®! (Figure 2).

Studies of patients with axSpA have demonstrated that ADC
values are significantly higher in patients with BMO compared
to controls.”>?” ADC values are also able to differentiate active
vs inactive disease in axSpA.*® Subsequent studies have shown
that ADC values decrease over time in response to inflix-
imab® and other tumour necrosis factor (TNF) inhibitors?**°
in patients with sacroiliitis, supporting the biological validity
of ADC values as QIBs. Some studies have also shown a posi-
tive correlation between ADC values and patient-reported
disease activity measures, such as the Bath Ankylosing Spon-
dylitis Disease Activity Index (BASDAI).*”*! Although the
relationship is generally weak, this is likely reflective of the
multifactorial nature of pain aetiology and perception, and
the fact that symptoms and imaging may represent different
biological processes. While ADC measurements provide a
useful summary measure of tissue diffusion, more sophis-
ticated models of diffusion such as intravoxel incoherent
motion (IVIM), can separate the contributions of tissue diffu-
sivity from the effect of perfusion®*~** and may provide a more
comprehensive description of the MRI signal than standard
monoexponential models.*

A limitation of DWI is its relatively low spatial resolution and
signal-to-noise ratio (SNR) in the bone marrow, which limits its
ability to detect small or low-grade areas of inflammation.

Thorley et al

MR relaxometry

MR relaxometry is a method for measuring Ty, T, or T,* relax-
ation times from MR images'' which produces images that
represent the spatial distribution of relaxation times known
as Ty, T, and T,* maps.'! In axSpA, T, mapping has been the
most commonly used MR relaxometry technique. T, mapping
is obtained by the measurement of T, relaxation times after
acquiring multiple images with different echo times, and
provides information on water molecular movement (specifi-
cally the molecular tumbling rate) in tissue.”® In the simplest
case, a monoexponential single model is fitted to the data
which enable the T, relaxation constant for each pixel to be
obtained.”’

In spondyloarthritis, T, mapping techniques have focused on
the subchondral bone marrow or articular cartilage of the S1Js.%7
T, values increase as a consequence of increased tissue water
content and can therefore detect BMO or early cartilage damage,
as a result, T, mapping of the SIJ subchondral bone*® and carti-
3839 can be used to differentiate patients with axSpA from
controls. Francavilla et al*® employed the use of T, mapping
of SIJ cartilage in children and young adults with sacroiliitis
which indicated® a trend toward increased T, relaxation time
in patients with axSpA, however, the relationship was not statis-
tically significant, likely due to the limited sample size (only 14
subjects).

A recent pilot study by Lin et al*! compared different MR relax-
ometry techniques (T; mapping, T, mapping, T,* mapping)
for mapping the subchondral bone marrow and demonstrated
that these could be used to monitor response to TNF inhibitor
treatment. Lin et al*' found T, mapping had better diagnostic
efficacy than T, mapping which was susceptible to confounding
effects of the external environment including age, bone marrow
composition, fat deposition and changes in the structure of bone
trabeculae.

A study by Wang et al*® which compared T, mapping to DWI in
patients with active sacroiliitis, inactive sacroiliitis and controls,
found ADC values had a higher diagnostic efficacy for axSpA
than T, values.

Chemical shift-encoded MRI

Chemical shift-encoded MRI (CSE-MRI) is an imaging tech-
nique for differentiating and quantifying the signals from fat
and water in individual voxels. It exploits the difference between
the precession frequencies of protons in fat and water mole-
cules, which depends on subtle variations in the local magnetic
field experienced by these protons.** Fat molecules have higher
shielding of protons in the electronic nucleus than water mole-
cules, so protons in fat molecules precess at a slightly lower
frequency.*? This change in precession frequency is known as
chemical shift. As the MR signal is sampled at multiple time-
points, the signal from a voxel can be separated into water and
fat components. The proton density fat fraction (PDFF) refers
to the proportion of the total signal (S) arising from fat [i.e. FF
= St/ (SwatertStar)] once corrected for confounding factors such
as T,* and the spectral complexity of fat.*’ This means that the
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Figure 3. Fat fraction (FF) mapping detects active inflammation and bone marrow oedema (figure reproduced from Bray et a

|44).

Active inflammation detected on the STIR image (a) is detectable on the fat fraction map as a reduction in fat fraction (b). The fat
fraction map can also detect fat metaplasia (d), a form of structural damage which is conventionally identified using T1 weighted

images (c).

Conventional MRI

Oedema

Fat metaplasia

PDFF can estimate the density of fat in the tissue independent of
the scanner and acquisition parameters.*!

CSE-MRI/PDFF imaging in young patients with axSpA has
shown that PDFF measurements are reduced in areas of
BMO through a reduction in the normal marrow fat content
(Figure 3).* PDFF measurements can also be used to identify
structural damage such as the characteristic periarticular fat
metaplasia, which produces an increase in fat fraction, using
the same acquisition (Figure 3).**"* PDFF measurements are
thought to undergo biphasic changes over time, with initial
PDFF reductions in areas of inflammation followed by PDFF
increases (beyond normal values) due increased osteoclastic
activity. The ability of PDFF imaging to detect structural damage
has been used to distinguish patients with inactive sacroiliitis
from healthy controls,”® thus PDFF measurements could serve
as QIBs to monitor disease progression over time.”” CSE-MRI
is promising in its potential to quantify both active and chronic
inflammation in a single acquisition. It can also be combined
with techniques such as T, mapping to enable multiparametric
inflammation assessment.*5*’

Dynamic contrast-enhanced imaging

Dynamic contrast-enhanced imaging (DCE-MRI) is a method
for measuring tissue perfusion following the administration
of an intravenous gadolinium-based contrast agent.”® Multiple
acquisitions are performed in rapid succession and the temporal
changes in signal intensity are analysed (Figure 4). A variety
of kinetic parameters can be calculated from DCE-MRI, such
as those described by Tofts et al.>' Alternatively, signal inten-
sity curves of contrast enhancement over time can be analysed
(known as the heuristic method), with several distinct curve

Fat fraction

Figure 4. DCE-MRI of two patients with axSpA demonstrat-
ing active (a,b) and inactive (c,d) disease (figure reproduced
from Zhang et al®9). (a) active inflammation is detected
as an area of enhancement (arrows) in the right SIJ on the
contrast-enhanced T1-weighted MR image. (b) K@ (forward
volume transfer constant) colour map. K@ is a measure of
capillary permeability which is calculated by measuring the
accumulation of contrast in the extravascular-extracellular
space. The map shows high K" values (K!"@"S =1.975) in the
inflamed right SIJ (arrows). (¢) No significant enhancement
on the enhanced T1image. (d) K@ values were relatively low
in bilateral sacroiliac joint; multiple ROIs were placed on the
articular surface and the average K" was 0.388.
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Figure 5. IVIM DWI in a patient with axSpA (figure reproduced
from Zhao et al®?). On the Ds (pure molecular diffusion) map,
f (perfusion fraction) map, and Df (perfusion-related diffu-
sion) map, ROIs are placed in the juxta-articular bone marrow.
IVIM diffusion decay curves can be plotted with b value (x
axis) against log plot of signal intensity (y axis) based on a
monoexponential model (blue line) and biexponential model
(red line). For this ROI, IVIM DWI signal intensity decay shows
a nonlinear relationship (top right).

IVIM diffusion decay curves

0 100 200 30 40 500 600 700 800

patterns being described.”! Quantitative DCE-MRI parameters
can differentiate between active and inactive sacroiliitis, likely
due to increased perfusion, destruction of microvascular archi-
tecture and increased capillary permeability in active inflam-
mation.”® Furthermore, DCE-MRI can monitor changes in
inflammation with biologic therapy.”® A potential limitation of
DCE-MRI in clinical practice is the requirement for technical
consistency, particularly in contrast administration and acquisi-
tion timings following the bolus. Zhao et al** demonstrated the
potential of IVIM diffusion models as an alternative method to
DCE-MRI for acquiring perfusion parameters in axSpA which
negates the need for invasive contrast agents (Figure 5).

MOVING TOWARDS CLINICAL TRANSLATION:
PRACTICAL CONSIDERATIONS

Although the techniques discussed show promise, most remain
at an early stage of development in their application to axSpA
and to date, their usage is sporadic. To achieve more widespread
adoption of these methods into routine clinical practice several
important research steps need to be undertaken. Here, we discuss
some of the key practical considerations in the path towards clin-
ical implementation.

Selecting a gMRI method

Acquiring qMRI images is time consuming, therefore a key prac-
tical consideration is selecting the most appropriate qMRI method
to explore for further development. This will depend on the ability
of the candidate method to target the underlying pathophysiolog-
ical process of interest and its availability. DWT has been extremely
successful for neurological and oncological imaging, and its wide
availability has arguably been a major driver for its investigation in
rheumatological diseases. However, the use of DWI in imaging of
inflammation is debatable. In particular, since areas of oedema can
be small, the limited spatial resolution of DWI scans is a potential
obstacle to its success. Moreover, in tissues containing a substantial

Thorley et al

proportion of fat (such as bone marrow), the robustness and
reproducibility of ADC measurements depends on effective fat
suppression. In addition to the variable quality of fat suppres-
sion, the use of different pulse sequences and varying diffusion
weighting across scanners also contributes to the variation in ADC
measurements in the bone marrow,” providing a potential barrier
to translation. Nonetheless, from a pathophysiology perspective
DWI can capture the changes in the extracellular space and/or
cellular infiltration in areas of BMO, and further technical devel-
opments in DWI methodology may help to mitigate these issues.
Other methods such as CSE-MRI offer much higher spatial resolu-
tion with volumetric acquisitions, but may lack the intrinsic sensi-
tivity to tissue properties provided by conventional methods such
as STIR and by quantitative methods such as DWI. A potential
compromise is to use methods combining chemical shift encoding
with T, mapping, such as that proposed by Gollifer et al.*’ This
method remains at an early stage of development but promises an
opportunity to combine the benefits of CSE-MRI with sensitivity
to tissue water properties.

Reproducibility of the gMRI method

Another practical consideration is demonstrating the repro-
ducibility of the chosen qMRI method. Reproducibility is a
measurement of precision that occurs under differing conditions
such as different operator, equipment, software and location'®
and is a key component in establishing the technical validity of
the qMRI method. For example, a reproducibility study might
involve evaluating the gMRI method on different scanners made
by different manufacturers, and including systems with different
field strengths, with the goal of assessing the performance of the
QIB across these systems.>* One of the challenges in establishing
reproducibility is the large amount of variability in image acqui-
sition and post-processing techniques in clinical imaging.'>'®
Although imaging equipment of differing manufacturers and
models produce images that are comparable for most diagnostic
radiology purposes, they often have important differences that
affect imaging biomarker (IB) acquisition and quantification,
and subsequently impact on reproducibility.'® For the purpose
of technical validation, reference materials and objects (digital
or physical phantoms) provide a valuable means to evaluate
the performance of the method in terms of bias."> Fat-water
phantoms can also be scanned across multiple scanners and
at different sites, allowing evaluation of reproducibility.*® The
results can be used to refine, adjust, or standardise protocols to
improve reproducibility metrics.

Bainbridge et al*® demonstrated the reproducibility of PDFF
measurements across different centres in healthy volunteers with
a view to its use in spondyloarthritis.*® Using fat-water phan-
toms, Hernando et al** also demonstrated the reproducibility
and accuracy of PDFF measurements across centres, vendors,
field strengths and protocols. However, the reproducibility of
ADC measurements is a known limitation of DWI*® and to our
knowledge, there are currently no studies addressing this issue in
the context of spondyloarthritis.

Measurement extraction
Developing a method for measurement extraction is a further
consideration in the development of a qMRI workflow. This
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Figure 6. Improving the objectivity of ROl placement using
the BEACH tool (figure reproduced from Bray et al*® (with
fat fraction (FF) maps as an example). With this tool, the user
identifies the joint line (a) and places a linear region of interest
to define the joint (b), as well as anchor lines to define the
angle made between the joint and the edge of the bone (see
reference for details). The tool then automatically propagates
a polygonal ROl onto the subchondral bone of interest (c).
This region also includes normal bone, but the BEACH tool
uses histographic analysis to target areas of maximal abnor-
mality.

FF

can be particularly challenging in imaging inflammation as the
diffuse and heterogenous nature of the underlying pathophysio-
logical process makes it not easily amenable to simple measure-
ments, such as size. Furthermore, in axSpA, inflammation may
affect a wide anatomical area, including the SIJs and/or spine,
and features of active and chronic inflammation may coexist and
overlap. This means extracting meaningful measurements from
the images is challenging.

In homogenous tissue, extracting measurements can be obtained
by simple ROI placement. However, this approach introduces the
potential for subjectivity and may be inadequate in diseases where

inflammation occurs heterogeneously, and has been a source of
criticism in DWI.>® Several studies have proposed alternatives to
manual ROI placement which can substantially reduce subjec-
tivity in measurement extraction. Bray et al developed a semi-
automated analysis tool known as Bone Edema and Adiposity
Characterisation with Histograms.*> With this approach, the SIJs
are manually delineated (a simple task which can be achieved
with excellent agreement between observers); the software
then automatically propagates ROIs onto the subchondral bone
(Figure 6). Pixel values from all ROIs are then analysed histo-
graphically, thus targeting areas of maximal abnormality.

Deep learning methods may also have a role in improving the
objectivity of measurement. For example, Hepburn et al*® devel-
oped a semi-automated, AI-based method which labels inflam-
matory lesions in patients with axSpA using intensity-based
thresholds derived from comparison with normal marrow
(Figure 7). This method yielded substantially higher intraob-
server agreement compared to manual delineation (Dice coef-
ficient 0.84 vs 0.55, respectively).’® A different Al-assisted
method described by Faleiros et al’” demonstrated the potential
of machine learning models to aid the classification of SIJ MRIs
as positive or negative for active inflammation with 100% sensi-
tivity, 96% specificity and 85% accuracy. Although these Al-as-
sisted methods have only been applied to conventional MRI
images thus far, application to QMRI should be straightforward
and offers a promising and consistent method for extracting
gMRI data.

Lack of a readily attainable reference standard

A further practical consideration is the lack of a readily avail-
able, robust reference standard in axSpA which makes biologic
validation of QIBs arguably more challenging. Histological

Figure 7. Semiautomated analysis using deep learning (figure reproduced from Hepburn et al®*®). In the method proposed by
Hepburn et al,>® areas of inflammation (shown as hyperintense on STIR images, left column) are segmented by an algorithm com-
bining deep learning with intensity-based thresholding (segmented disease in middle (shown by arrows) and right column). In this
example, the volume of abnormal tissue is shown to markedly reduce after treatment.

Pre-treatment

Post-treatment

7 of 10 birpublications.org/bjr

Br J Radiol;0:20220675


http://birpublications.org/bjr

BJR

evidence of inflammation is often not attainable and, even
when available is subject to sampling bias and does not neces-
sarily provide an adequate reference standard against which to
validate the complex, spatially distributed changes identified by
imaging. Some studies have correlated conventional imaging
with histology, but this has not been repeated for novel gMRI
biomarkers.**®*° Alternative clinical indices, symptom scores
and blood markers, are often non-specific and have not demon-
strated consistent correlations with disease activity on MRL*%
Clinical assessment and diagnosis are therefore often relied
upon as a reference standard,’" although this may not be a prac-
tical approach in early phase studies. As a result, most studies
have used indirect means for initial biomarker validation, typi-
cally demonstrating an association between signal abnormal-
ities on conventional MRI and parameter abnormalities on
qMRI.**?%3062 Although imperfect, this approach offers a ‘sense
check’ ensuring that the expected effect is present, and can enable
estimation and comparison of the effect size for different QIBs
before larger, more resource-intensive studies are performed.

FUTURE DIRECTIONS

Quantitative imaging techniques and biomarkers offer signifi-
cant potential in the ability to individually assess bone marrow
characteristics, potentially allowing for more robust and accurate
measures of disease activity in rheumatic disease. However, to
date, none of the techniques described has reached wide-scale
clinical use. We suggest that careful choice and tailoring of gMRI
methods to the target inflammatory process and improved strate-
gies for measurement extraction may help to increase the chance
of future successful translation of candidate inflammatory
QIBs. The development of Al-based techniques for automated
measurement extraction could facilitate efficient, consistent, and
objective assessment of qualitative images. However, the devel-
opment of these Al-based algorithms will require large data sets,
meaning that collaboration and data-sharing across different
centres will be crucial. Furthermore, large-scale, multicentre
trials will ultimately be needed to demonstrate the reproduc-
ibility, clinical efficacy and cost effectiveness of candidate gMRI
methods.

Thorley et al

It is important to appreciate that multidisciplinary collaboration
is essential at each stage of QIB development and validation to
increase the chances of translational success. Expertise across
radiology, rheumatology, medical physics, computer science,
and statistics is paramount. Collaboration with the pharmaceu-
tical industry could enable incorporation of QIBs as endpoints
in clinical trials and this might help to improve power and/or
reduce sample size, as well as enable exploration of novel thera-
peutic mechanisms (e.g. drugs which specifically aim to prevent
new bone formation). Ultimately, the implementation of quan-
titative techniques into clinical practice will require the support
and engagement of the multidisciplinary team involved in
patient care.

CONCLUSION

QIBs have the potential to inform clinical decision-making in
inflammatory rheumatic diseases by providing more precise,
accurate and individualised assessment of bone marrow charac-
teristics. Although there have been significant recent advances in
the quantitative imaging of inflammation with many promising
emerging biomarkers, there are a number of practical consid-
erations that must be addressed to facilitate clinical translation.
We suggest that further work should focus on tailoring gMRI
methods to the target pathology and improving methods for
measurement extraction.

ACKNOWLEDGEMENTS

TJPB is supported by an NIHR Clinical Lectureship (CL-2019-
18-001). MHC and TJPB are supported by the National Institute
for Health Research (NIHR) Biomedical Research Centre (BRC).
This work was undertaken at UCLH/UCL, which receives
funding from the UK Department of Health’s the NIHR BRC
funding scheme. EPSRC: https://epsrc.ukri.org National Insti-
tute of Health Research: https://www.nihr.ac.uk The funders had
no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

REFERENCES

1.

Lépez-Medina C, Molt6 A. Update on the
epidemiology, risk factors, and disease
outcomes of axial spondyloarthritis. Best

treating axial spondyloarthritis. Expert Opin
Biol Ther 2018; 18: 641-52. https://doi.org/
10.1080/14712598.2018.1468884

Pract Res Clin Rheumatol 2018; 32: 241-53. 5. van der Heijde D, Ramiro S, Landewé R,
https://doi.org/10.1016/j.berh.2018.10.006 Baraliakos X, Van den Bosch E, Sepriano

2. Sieper J, Poddubnyy D. Axial A, etal. 2016 update of the ASAS-EULAR
spondyloarthritis. Lancet 2017; 390: 73-84. management recommendations for axial
https://doi.org/10.1016/S0140-6736(16) spondyloarthritis. Ann Rheum Dis 2017;
31591-4 76: 978-91. https://doi.org/10.1136/

3. Sieper J, Braun J, Dougados M, Baeten D. annrheumdis-2016-210770
Axial spondyloarthritis. Nat Rev Dis Primers 6. Zochling J. Measures of symptoms and
2015; 1: 15013. https://doi.org/10.1038/nrdp. disease status in ankylosing spondylitis:
2015.13 ankylosing spondylitis disease activity score

4. Jones A, Ciurtin C, Ismajli M, Leandro M, (ASDAS), ankylosing spondylitis quality of

Sengupta R, Machado PM. Biologics for

life scale (asqol), Bath ankylosing spondylitis

disease activity index (basdai), Bath
ankylosing sp. Arthritis Care Res 2011; 63:
$47-58. https://doi.org/10.1002/acr.20575

. Maksymowych WP, Inman RD, Salonen

D, Dhillon SS, Williams M, Stone M, et al.
Spondyloarthritis research Consortium

of Canada magnetic resonance imaging
index for assessment of sacroiliac joint
inflammation in ankylosing spondylitis.
Arthritis Rheum 2005; 53: 703-9. https://doi.
org/10.1002/art.21445

. Hermann K-GA, Bollow M. Magnetic

resonance imaging of sacroiliitis in patients
with spondyloarthritis: correlation with
anatomy and histology. Rofo 2014; 186:

8 of 10 birpublications.org/bjr

Br J Radiol;0:20220675


http://birpublications.org/bjr
https://doi.org/10.1016/j.berh.2018.10.006
https://doi.org/10.1016/S0140-6736(16)31591-4
https://doi.org/10.1016/S0140-6736(16)31591-4
https://doi.org/10.1038/nrdp.2015.13
https://doi.org/10.1038/nrdp.2015.13
https://doi.org/10.1080/14712598.2018.1468884
https://doi.org/10.1080/14712598.2018.1468884
https://doi.org/10.1136/annrheumdis-2016-210770
https://doi.org/10.1136/annrheumdis-2016-210770
https://doi.org/10.1002/acr.20575
https://doi.org/10.1002/art.21445
https://doi.org/10.1002/art.21445

dgMRI in Axial Spondyloarthritis

10.

11.

12.

13.

14.

15.

16.

17.

18.

230-37. https://doi.org/10.1055/s-0033-
1350411

Maksymowych WP, Pedersen SJ, Weber U,
Baraliakos X, Machado PM, Eshed [, et al.
Central reader evaluation of MRI scans of the
sacroiliac joints from the ASAS classification
cohort: discrepancies with local readers and
impact on the performance of the ASAS
criteria. Ann Rheum Dis 2020; 79: 935-42.
https://doi.org/10.1136/annrheumdis-2020-
217232

Swami VG, Jaremko JL, Rumsey DG, Stimec
], Tse SML, Otobo TM, et al. Diagnostic
accuracy of MRI-based sacroiliitis scoring
systems: a systematic review. American
Journal of Roentgenology 2019; 212:
1112-25. https://doi.org/10.2214/AJR.17.
19429

Cheng H-LM, Stikov N, Ghugre NR, Wright
GA. Practical medical applications of
quantitative Mr relaxometry. ] Magn Reson
Imaging 2012; 36: 805-24. https://doi.org/10.
1002/jmri.23718

Karakuzu A, Biswas L, Cohen-Adad J, Stikov
N. Vendor-neutral sequences and fully
transparent workflows improve inter-vendor
reproducibility of quantitative MRI. Magn
Reson Med 2022; 88: 1212-28. https://doi.
org/10.1002/mrm.29292

Keenan KE, Biller JR, Delfino JG, Boss

MA, Does MD, Evelhoch JL, et al.
Recommendations towards standards for
quantitative MRI (qmri) and outstanding
needs. ] Magn Reson Imaging 2019; 49:
€26-39. https://doi.org/10.1002/jmri.26598
Bloem JL, Reijnierse M, Huizinga TWJ,

van der Helm-van Mil AHM. Mr signal
intensity: staying on the bright side in Mr
image interpretation. RMD Open 2018; 4(1):
€000728. https://doi.org/10.1136/rmdopen-
2018-000728

Sullivan DC, Obuchowski NA, Kessler LG,
Raunig DL, Gatsonis C, Huang EP, et al.
Metrology standards for quantitative imaging
biomarkers. Radiology 2015; 277: 813-25.
https://doi.org/10.1148/radiol.2015142202
O’Connor JPB, Aboagye EO, Adams JE, Aerts
HJWL, Barrington SE Beer AJ, et al. Imaging
biomarker roadmap for cancer studies. Nat
Rev Clin Oncol 2017; 14: 169-86. https://doi.
org/10.1038/nrclinonc.2016.162
Miceli-Richard C. Enthesitis: the clue to the
pathogenesis of spondyloarthritis? Joint Bone
Spine 2015; 82: 402-5. https://doi.org/10.
1016/1.jbspin.2015.02.018

Bray TJP, Jones A, Bennett AN, Conaghan
PG, Grainger A, Hodgson R, et al.
Recommendations for acquisition and
interpretation of MRI of the spine and
sacroiliac joints in the diagnosis of axial
spondyloarthritis in the UK. Rheumatology

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

(Oxford) 2019; 58: 1831-38. https://doi.org/
10.1093/rheumatology/kez173
Maksymowych WP. The role of imaging

in the diagnosis and management of axial
spondyloarthritis. Nat Rev Rheumatol 2019;
15: 657-72. https://doi.org/10.1038/s41584-
019-0309-4

Baliyan V, Das CJ, Sharma R, Gupta AK.
Diffusion weighted imaging: technique and
applications. World ] Radiol 2016; 8: 785-98.
https://doi.org/10.4329/wjr.v8.i9.785
Barendregt AM, Bray TJP, Hall-Craggs MA,
Maas M. Emerging quantitative MR imaging
biomarkers in inflammatory arthritides. Eur
J Radiol 2019; 121: 108707. https://doi.org/
10.1016/j.ejrad.2019.108707

Bozgeyik Z, Ozgocmen S, Kocakoc E. Role of
diffusion-weighted MRI in the detection of
early active sacroiliitis. AJR Am ] Roentgenol
2008; 191: 980-86. https://doi.org/10.2214/
AJR.07.3865

Gezmis E, Donmez FY, Agildere M.
Diagnosis of early sacroiliitis in seronegative
spondyloarthropathies by DWT and
correlation of clinical and laboratory findings
with ADC values. Eur ] Radiol 2013; 82:
2316-21. https://doi.org/10.1016/j.ejrad.
2013.08.032

Bradbury LA, Hollis KA, Gautier B,
Shankaranarayana S, Robinson PC, Saad

N, et al. Diffusion-Weighted imaging is a
sensitive and specific magnetic resonance
sequence in the diagnosis of ankylosing
spondylitis. ] Rheumatol 2018; 45: 771-78.
https://doi.org/10.3899/jrheum.170312
Akdeniz H, Avcu S, Unal O, Bora A,
Karahocagil MK. The value of diffusion-
weighted imaging in the diagnosis of active
sacroiliitis. Eastern ] Med 2019; 24: 30-37.
https://doi.org/10.5505/¢jm.2019.40085

Ren C, Zhu Q, Yuan H. Mono-Exponential
and bi-exponential model-based diffusion-
weighted MR imaging and IDEAL-IQ
sequence for quantitative evaluation of
sacroiliitis in patients with ankylosing
spondylitis. Clin Rheumatol 2018; 37:
3069-76. https://doi.org/10.1007/s10067-
018-4321-x

Zhang P, Yu K, Guo R, Shah S, Morelli JN,
Runge VA, et al. Ankylosing spondylitis:
correlations between clinical and MRI
indices of sacroiliitis activity. Clin Radiol
2015; 70: 62-66. https://doi.org/10.1016/j.
crad.2014.09.015

Wang D, Yin H, Liu W, Li Z, Ren ], Wang K,
et al. Comparative analysis of the diagnostic
values of T2 mapping and diffusion-weighted
imaging for sacroiliitis in ankylosing
spondylitis. Skeletal Radiol 2020; 49:
1597-1606. https://doi.org/10.1007/s00256-
020-03442-8

29.

30.

32.

33.

35.

36.

37.

38.

Gaspersic N, Sersa I, Jevtic V, Tomsic

M, Praprotnik S. Monitoring ankylosing
spondylitis therapy by dynamic contrast-
enhanced and diffusion-weighted magnetic
resonance imaging. Skeletal Radiol 2008; 37:
123-31. https://doi.org/10.1007/s00256-007-
0407-2

J P Bray T, Vendhan K, Ambrose N, Atkinson
D, Punwani S, Fisher C, et al. Diffusion-
weighted imaging is a sensitive biomarker
of response to biologic therapy in enthesitis-
related arthritis. Rheumatology (Oxford)
2017; 56: 399-407. https://doi.org/10.1093/
rheumatology/kew429

. Lee KH, Chung HY, Xu X, Lau VWH, Lau

CS. Apparent diffusion coefficient as an
imaging biomarker for spinal disease activity
in axial spondyloarthritis. Radiology 2019;
291: 121-28. https://doi.org/10.1148/radiol.
2019180960

Zhao Y, Li S, Liu Z, Chen X, Zhao X, Hu

S, et al. Detection of active sacroiliitis with
ankylosing spondylitis through intravoxel
incoherent motion diffusion-weighted MR
imaging. Eur Radiol 2015; 25: 2754-63.
https://doi.org/10.1007/s00330-015-3634-2
Wang E, Chu C, Zhao C, Wei Y, Zhang Q,
Feng Q, et al. Diffusion kurtosis imaging

in sacroiliitis to evaluate the activity of
ankylosing spondylitis. ] Magn Reson
Imaging 2019; 49: 101-8. https://doi.org/10.
1002/jmri.26194

. SunH, LiuK, LiuH, Ji Z, Yan Y, Jiang L, et al.

Comparison of bi-exponential and mono-
exponential models of diffusion-weighted
imaging for detecting active sacroiliitis

in ankylosing spondylitis. Acta Radiol

2018; 59: 468-77. https://doi.org/10.1177/
0284185117722811

Bray TJP, Bainbridge A, Sakai NS, Hall-
Craggs MA, Zhang H. An information-based
comparison of diffusion attenuation models
in normal and inflamed bone marrow. NMR
Biomed 2020; 33: 4390: 11: . https://doi.org/
10.1002/nbm.4390

Bottomley PA, Foster TH, Argersinger

RE, Pfeifer LM. A review of normal tissue
hydrogen NMR relaxation times and
relaxation mechanisms from 1-100 MHz:
dependence on tissue type, NMR frequency,
temperature, species, excision, and age. Med
Phys 1984; 11: 425-48. https://doi.org/10.
1118/1.595535

Mosher TJ, Dardzinski BJ. Cartilage MRI

T2 relaxation time mapping: overview and
applications. Semin Musculoskelet Radiol
2004; 8: 355-68. https://doi.org/10.1055/s-
2004-861764

Albano D, Bignone R, Chianca V, Cuocolo R,
Messina C, Sconfienza LM, et al. T2 mapping
of the sacroiliac joints in patients with axial

9 of 10 birpublications.org/bjr

Br J Radiol;0:20220675


http://birpublications.org/bjr
https://doi.org/10.1055/s-0033-1350411
https://doi.org/10.1055/s-0033-1350411
https://doi.org/10.1136/annrheumdis-2020-217232
https://doi.org/10.1136/annrheumdis-2020-217232
https://doi.org/10.2214/AJR.17.19429
https://doi.org/10.2214/AJR.17.19429
https://doi.org/10.1002/jmri.23718
https://doi.org/10.1002/jmri.23718
https://doi.org/10.1002/mrm.29292
https://doi.org/10.1002/mrm.29292
https://doi.org/10.1002/jmri.26598
https://doi.org/10.1136/rmdopen-2018-000728
https://doi.org/10.1136/rmdopen-2018-000728
https://doi.org/10.1148/radiol.2015142202
https://doi.org/10.1038/nrclinonc.2016.162
https://doi.org/10.1038/nrclinonc.2016.162
https://doi.org/10.1016/j.jbspin.2015.02.018
https://doi.org/10.1016/j.jbspin.2015.02.018
https://doi.org/10.1093/rheumatology/kez173
https://doi.org/10.1093/rheumatology/kez173
https://doi.org/10.1038/s41584-019-0309-4
https://doi.org/10.1038/s41584-019-0309-4
https://doi.org/10.4329/wjr.v8.i9.785
https://doi.org/10.1016/j.ejrad.2019.108707
https://doi.org/10.1016/j.ejrad.2019.108707
https://doi.org/10.2214/AJR.07.3865
https://doi.org/10.2214/AJR.07.3865
https://doi.org/10.1016/j.ejrad.2013.08.032
https://doi.org/10.1016/j.ejrad.2013.08.032
https://doi.org/10.3899/jrheum.170312
https://doi.org/10.5505/ejm.2019.40085
https://doi.org/10.1007/s10067-018-4321-x
https://doi.org/10.1007/s10067-018-4321-x
https://doi.org/10.1016/j.crad.2014.09.015
https://doi.org/10.1016/j.crad.2014.09.015
https://doi.org/10.1007/s00256-020-03442-8
https://doi.org/10.1007/s00256-020-03442-8
https://doi.org/10.1007/s00256-007-0407-2
https://doi.org/10.1007/s00256-007-0407-2
https://doi.org/10.1093/rheumatology/kew429
https://doi.org/10.1093/rheumatology/kew429
https://doi.org/10.1148/radiol.2019180960
https://doi.org/10.1148/radiol.2019180960
https://doi.org/10.1007/s00330-015-3634-2
https://doi.org/10.1002/jmri.26194
https://doi.org/10.1002/jmri.26194
https://doi.org/10.1177/0284185117722811
https://doi.org/10.1177/0284185117722811
https://doi.org/10.1002/nbm.4390
https://doi.org/10.1002/nbm.4390
https://doi.org/10.1118/1.595535
https://doi.org/10.1118/1.595535
https://doi.org/10.1055/s-2004-861764
https://doi.org/10.1055/s-2004-861764

BJR

spondyloarthritis. Eur ] Radiol 2020; 131:
109246. https://doi.org/10.1016/j.ejrad.2020.
109246

39. Kasar S, Ozturk M, Polat AV. Quantitative T2
mapping of the sacroiliac joint cartilage at 3T
in patients with axial spondyloarthropathies.
Eur Radiol 2022; 32: 1395-1403. https://doi.
org/10.1007/s00330-021-08357-z

40. Francavilla ML, Serai SD, Brandon TG,
Biko DM, Khrichenko D, Nguyen JC, et al.
Feasibility of T2 mapping of the sacroiliac
joints in healthy control subjects and
children and young adults with sacroiliitis.
ACR Open Rheumatol 2022; 4: 74-82. https://
doi.org/10.1002/acr2.11354

41. Lin M, Chen X, Yu S, Gao F, Ma M.
Monitoring the efficacy of tumor necrosis
factor alpha antagonists in the treatment of
ankylosing spondylarthritis: a pilot study
based on Mr relaxometry technique. BMC
Med Imaging 2021; 21(1): 117. https://doi.
org/10.1186/s12880-021-00646-9

42. Jahanvi V, Kelkar A. Chemical shift imaging:
an indispensable tool in diagnosing
musculoskeletal pathologies. SA J Radiol
2021; 25(1): 2061. https://doi.org/10.4102/
sajr.v25i1.2061

43. Hines CDG, Yu H, Shimakawa A, McKenzie
CA, Brittain JH, Reeder SB. T1 independent,
T2* corrected MRI with accurate spectral
modeling for quantification of fat: validation
in a fat-water-SPIO phantom. ] Magn Reson
Imaging 2009; 30: 1215-22. https://doi.org/
10.1002/jmri.21957

44. Bray TJP, Bainbridge A, Punwani S,
Ioannou Y, Hall-Craggs MA. Simultaneous
quantification of bone edema/adiposity and
structure in inflamed bone using chemical
shift-encoded MRI in spondyloarthritis.
Magn Reson Med 2018; 79: 1031-42. https://
doi.org/10.1002/mrm.26729

45. Bray TJP, Sakai N, Dudek A, Fisher C,
Rajesparan K, Lopes A, et al. Histographic
analysis of oedema and fat in inflamed bone
marrow based on quantitative MRI. Eur
Radiol 2020; 30: 5099-5109. https://doi.org/
10.1007/s00330-020-06785-x

46. Bainbridge A, Bray TJP, Sengupta R, Hall-
Craggs MA. Practical approaches to bone
marrow fat fraction quantification across
magnetic resonance imaging platforms. J
Magn Reson Imaging 2020; 52: 298-306.
https://doi.org/10.1002/jmri.27039

47. Koo BS, Song Y, Shin JH, Lee S, Kim TH.
Evaluation of disease chronicity by bone
marrow fat fraction using sacroiliac joint

48.

49.

50.

51.

52.

53.

54.

55.

magnetic resonance imaging in patients with 56.

spondyloarthritis: a retrospective study. Int
Rheum Dis 2019; 22: 734-41. https://doi.org/
10.1111/1756-185X.13485

Janiczek RL, Gambarota G, Sinclair CDJ,
Yousry TA, Thornton JS, Golay X, et al.
Simultaneous t, and lipid quantitation using

IDEAL-CPMG. Magn Reson Med 2011; 66: 57.

1293-1302. https://doi.org/10.1002/mrm.
22916

Gollifer RM, Bray TJ, Hall-Craggs M,
Bainbridge A. Fat-insensitive T2water
measurement using multiple Dixon turbo
spin-echo acquisitions with effective echo time
increments. ISMRM; 2021.

Zhang M, Zhou L, Huang N, Zeng H, Liu 58.

S, Liu L. Assessment of active and inactive
sacroiliitis in patients with ankylosing
spondylitis using quantitative dynamic
contrast-enhanced MRI. ] Magn Reson
Imaging 2017; 46: 71-78. https://doi.org/10.
1002/jmri.25559

Tofts PS, Brix G, Buckley DL, Evelhoch JL,
Henderson E, Knopp MV, et al. Estimating

kinetic parameters from dynamic contrast- 59.

enhanced T (1) -weighted MRI of a
diffusable tracer: standardized quantities
and symbols. ] Magn Reson Imaging 1999;
10: 223-32. https://doi.org/10.1002/(sici)
1522-2586(199909)10:3<223::aid-jmri2>3.0.
c0;2-s

Zhao Y, Zhang Q, Li W, Feng Y, Guo Y, Xiang
Z, et al. Assessment of correlation between
intravoxel incoherent motion diffusion

weighted MR imaging and dynamic contrast-  60.

enhanced MR imaging of sacroiliitis with
ankylosing spondylitis. Biomed Res Int 2017;
2017: 8135863. https://doi.org/10.1155/2017/
8135863

Dietrich O, Geith T, Reiser ME, Baur-Melnyk
A. Diffusion imaging of the vertebral bone
marrow. NMR Biomed 2017; 30(3). https://

doi.org/10.1002/nbm.3333 61.

Hernando D, Sharma SD, Aliyari Ghasabeh
M, Alvis BD, Arora SS, Hamilton G, et al.
Multisite, multivendor validation of the
accuracy and reproducibility of proton-
density fat-fraction quantification at 1.5T
and 3T using a fat-water phantom. Magn

Reson Med 2017; 77: 1516-24. https://doi. 62.

org/10.1002/mrm.26228

Lambert RG, Maksymowych WP. Diffusion-
Weighted imaging in axial spondyloarthritis:
a measure of effusion or does it elicit
confusion? ] Rheumatol 2018; 45: 729-30.
https://doi.org/10.3899/jrheum.171479

Thorley et al

Hepburn C, Zhang H, Iglesias JE, Jones

A, Bainbridge A, Bray TJ, et al. Towards
Deep Learning-assisted Quantification

of Inflammation in Spondyloarthritis:
Intensity-based Lesion Segmentation. 2021.
Available from: http://arxiv.org/abs/2106.
11343

Faleiros MC, Nogueira-Barbosa MH, Dalto
VE Junior JRE, Tendrio APM, Luppino-
Assad R, et al. Machine learning techniques
for computer-aided classification of active
inflammatory sacroiliitis in magnetic
resonance imaging. Adv Rheumatol 2020;
60: 25. https://doi.org/10.1186/s42358-020-
00126-8

Baraliakos X, Boehm H, Bahrami R, Samir
A, Schett G, Luber M, et al. What constitutes
the fat signal detected by MRI in the spine
of patients with ankylosing spondylitis? A
prospective study based on biopsies obtained
during planned spinal osteotomy to correct
hyperkyphosis or spinal stenosis. Ann Rheum
Dis 2019; 78: 1220-25. https://doi.org/10.
1136/annrheumdis-2018-214983

Bollow M, Fischer T, Reisshauer H,
Backhaus M, Sieper J, Hamm B, et al.
Quantitative analyses of sacroiliac biopsies
in spondyloarthropathies: T cells and
macrophages predominate in early and
active sacroiliitis- cellularity correlates with
the degree of enhancement detected by
magnetic resonance imaging. Ann Rheum
Dis 2000; 59: 135-40. https://doi.org/10.
1136/ard.59.2.135

van der Heijde D, Sieper J, Maksymowych
WP, Brown MA, Lambert RGW, Rathmann
SS, et al. Spinal inflammation in the absence
of sacroiliac joint inflammation on magnetic
resonance imaging in patients with active
nonradiographic axial spondyloarthritis.
Arthritis Rheumatol 2014; 66: 667-73.
https://doi.org/10.1002/art.38283

Jones A, Bray TJP, Mandl P, Hall-Craggs
MA, Marzo-Ortega H, Machado PM.
Performance of magnetic resonance imaging
in the diagnosis of axial spondyloarthritis: a
systematic literature review. Rheumatology
(Oxford) 2019; 58: 1955-65. https://doi.org/
10.1093/rheumatology/kez172

Vendhan K, Bray TJP, Atkinson D, Punwani
S, Fisher C, Sen D, et al. A diffusion-based
quantification technique for assessment of
sacroiliitis in adolescents with enthesitis-
related arthritis. Br ] Radiol 2016; 89:
20150775. https://doi.org/10.1259/bjr.
20150775

10 of 10 birpublications.org/bjr

Br J Radiol;0:20220675


http://birpublications.org/bjr
https://doi.org/10.1016/j.ejrad.2020.109246
https://doi.org/10.1016/j.ejrad.2020.109246
https://doi.org/10.1007/s00330-021-08357-z
https://doi.org/10.1007/s00330-021-08357-z
https://doi.org/10.1002/acr2.11354
https://doi.org/10.1002/acr2.11354
https://doi.org/10.1186/s12880-021-00646-9
https://doi.org/10.1186/s12880-021-00646-9
https://doi.org/10.4102/sajr.v25i1.2061
https://doi.org/10.4102/sajr.v25i1.2061
https://doi.org/10.1002/jmri.21957
https://doi.org/10.1002/jmri.21957
https://doi.org/10.1002/mrm.26729
https://doi.org/10.1002/mrm.26729
https://doi.org/10.1007/s00330-020-06785-x
https://doi.org/10.1007/s00330-020-06785-x
https://doi.org/10.1002/jmri.27039
https://doi.org/10.1111/1756-185X.13485
https://doi.org/10.1111/1756-185X.13485
https://doi.org/10.1002/mrm.22916
https://doi.org/10.1002/mrm.22916
https://doi.org/10.1002/jmri.25559
https://doi.org/10.1002/jmri.25559
https://doi.org/10.1002/(sici)1522-2586(199909)10:3<223::aid-jmri2>3.0.co;2-s
https://doi.org/10.1002/(sici)1522-2586(199909)10:3<223::aid-jmri2>3.0.co;2-s
https://doi.org/10.1002/(sici)1522-2586(199909)10:3<223::aid-jmri2>3.0.co;2-s
https://doi.org/10.1155/2017/8135863
https://doi.org/10.1155/2017/8135863
https://doi.org/10.1002/nbm.3333
https://doi.org/10.1002/nbm.3333
https://doi.org/10.1002/mrm.26228
https://doi.org/10.1002/mrm.26228
https://doi.org/10.3899/jrheum.171479
http://arxiv.org/abs/2106.11343
http://arxiv.org/abs/2106.11343
https://doi.org/10.1186/s42358-020-00126-8
https://doi.org/10.1186/s42358-020-00126-8
https://doi.org/10.1136/annrheumdis-2018-214983
https://doi.org/10.1136/annrheumdis-2018-214983
https://doi.org/10.1136/ard.59.2.135
https://doi.org/10.1136/ard.59.2.135
https://doi.org/10.1002/art.38283
https://doi.org/10.1093/rheumatology/kez172
https://doi.org/10.1093/rheumatology/kez172
https://doi.org/10.1259/bjr.20150775
https://doi.org/10.1259/bjr.20150775

