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ORIGINAL RESEARCH

Fractal analysis of perfusion imaging in
synovitis: a novel imaging biomarker
for grading inflammatory activity based
on assessing angiogenesis
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ABSTRACT

Objectives The mutual and intertwined dependence
of inflammation and angiogenesis in synovitis

is widely acknowledged. However, no clinically
established tool for objective and quantitative
assessment of angiogenesis is routinely available. This
study establishes fractal analysis as a novel method to
quantitatively assess inflammatory activity based on
angiogenesis in synovitis.

Methods First, we established a pathophysiological
framework for synovitis including fractal analysis

of software perfusion phantoms, which allowed to
derive explainability with a known and controllable
reference standard for vascular structure. Second,

we acquired MRI datasets of patients with suspected
rheumatoid arthritis of the hand, and three imaging
experts independently assessed synovitis analogue to
Rheumatoid Arthritis MRI Scoring (RAMRIS) criteria.
Finally, we performed fractal analysis of dynamic first-
pass perfusion MRI in vivo to evaluate angiogenesis

in relation to inflammatory activity with RAMRIS as
reference standard.

Results Fractal dimension (FD) achieved highly
significant discriminability for different degrees of
inflammatory activity (p<0.01) in software phantoms
with known ground-truth of angiogenic structure. FD
indicated increasingly chaotic perfusion patterns with
increasing grades of inflammatory activity (Spearman’s
p=0.94, p<0.001). In 36 clinical patients, fractal analysis
quantitatively and objectively discriminated individual
RAMRIS scores (p<0.05). Area under the receiver-
operating curve was 0.84 (95% CI 0.7 to 0.89) for fractal
analysis when considering RAMRIS as ground-truth.
Fractal analysis additionally identified angiogenesis in
cases where RAMRIS underestimated inflammatory
activity.

Conclusions Based on angiogenesis and perfusion
pathophysiology, fractal analysis non-invasively enables
comprehensive, objective and quantitative characterisation
of inflammatory angiogenesis with subjective and
qualitative RAMRIS as reference standard. Further studies
are required to establish the clinical value of fractal
analysis for diagnosis, prognostication and therapy
monitoring in inflammatory arthritis.
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Key messages

What is already known about this subject?

» Angiogenesis plays a pivotal role in the pathophysiol-
ogy of synovitis in chronic inflammatory joint diseas-
es hoth as a cause and a symptom of inflammation.

» However, so far non-invasive quantification of vas-
cular structural changes due to inflammatory angio-
genesis is not available in clinical routine.

What does this study add?

» Fractal analysis of perfusion imaging allows non-
invasive, quantitative and objective assessment of
inflammatory activity in synovitis.

» Fractal dimension is a pathophysiological compre-
hensive imaging biomarker for inflammatory angio-
genesis and can be implemented in perfusion MRI.

How might this impact on clinical practice or

further developments?

» Fractal analysis might enable disease activity de-
tection, thus facilitating early detection and disease
activity evaluation during the follow-up in patients
with rheumatoid arthritis.

INTRODUCTION

Angiogenesis plays an essential role in the
pathophysiology of synovitis in chronic
inflammatory joint diseases and is both
symptom and a prerequisite for pathological
synovial proliferation.'™ However, clinical
assessment methods do not provide quan-
titative, objective information on vascular
structure in relation to inflammatory activity.
Inflammatory hyperperfusion results in
accelerated dynamics or increased uptake of
contrast agent on contrast-enhanced MRI or
CT, which has been correlated semiquantita-
tively to Doppler sonography assessment."™’
Moreover, quantitative perfusion assessment
using contrast agent kinetic models like the
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extended Tofts model has been previously proposed to
quantify transfer constant K -and plasma volume v B0
However, those semiquantitative or quantitative methods
lack information on the underlying microvascular archi-
tecture. Also, the Rheumatoid Arthritis MRI Scoring
System (RAMRIS) of the Outcome Measures in Rheuma-
tology group, which is currently used for scoring imaging
findings in inflammatory arthritis, does not account for
comprehensive structural characterisation of angiogen-
esis."!

Angiogenesis is thought to constitute both symptom
and promotor of synovial inflammation by providing
surface area for inflammatory cell migration." Despite
being hyperperfused, synovitis consistently involves
tissue hypoxia.'® This paradoxical feature allows to infer
the abnormal structure and function of the underlying
vasculature, which has been investigated from macro-
vascular, microvascular and molecular perspectives.” ' '*
Progressive vascular dedifferentiation by inflammatory
angiogenesis might alter perfusion patterns towards
higher geometrical complexity, which can be visualised
using intravascular contrast agents. The vascular tree is
statistically self-similar and scale-invariant and can thus
be considered a fractal."”” This fractal organisation also
applies to perfusion as functional correlate of vascular
anatomy and can be quantified by fractal analysis using
radiological imaging.'®"® Fractal analysis non-invasively
evaluates changes in perfusion patterns and thus allows
to infer alterations in vascular structure and function.
Similar to tumours, angiogenesis in inflammatory arthritis
is dysregulated with formation of abnormal vessel trees.'?
The impact of dysregulated angiogenesis on perfusion
is quantified by fractal dimension (FD) which reflects
vascular chaos.”” Due to the close intertwining of angio-
genesis and inflammatory activity with mutual promotion
and alimentation,' angiogenesis-induced hyperperfusion
might be both a diagnostic and a therapeutic target.'’ *’

A Host tree

Figure 1

B Angiogenic nests with varying inflammatory activity

intermediate high

low

Pathophysiological framework illustrated with in silico models. (A) Vascular tree model of non-inflamed, synovial host

This study investigates fractal analysis of perfusion
using MRI as an imaging biomarker for assessing angio-
genesis in synovitis. A pathophysiological framework is
formulated and validated using in silico phantoms based
on microvascular tree models. Insights gained from those
in silico experiments were transferred to a clinical patient
population with inflammatory arthritis to conclude on
vascular alterations induced by inflammation.

METHODS

In silico experiments

To investigate the pathophysiological hypothesis, we
simulated vascular trees and perfusion patterns. This
approached constituted a known and controllable refer-
ence standard of vascular structure and perfusion to
derive explainability of fractal analysis. We build our
models based on previously established, physiologically
reasonable parametrisation and varied them systemat-
ically to approximate angiogenesis found under patho-
logical conditions with different optimisation targets.*’~*°
Vascular models were composed of host trees repre-
senting normally perfused synovia, and interspersed
angiogenic nests. Those angiogenic nests were generated
to feature extensive endothelial surface area as found
in inflammation. Those trees were progressively altered
in microvascular density and perfusion rate to simulate
progressive degrees of inflammatory activity. From those
vascular models, perfusion phantoms were calculated
(see figure 1). In total, three distinct degrees of inflam-
matory activity were simulated, and 10 perfusion phan-
toms per degree (30 phantoms in total) were subjected
to fractal analysis.

Generation of in silico models

The constructive constrained optimisation algorithm?’
was used to calculate the vascular tree models. A host

c Vasculature and perfusion phantom

tissue with placeholders for four angiogenic nests. (B) Vascular tree models of angiogenic nests with alterations in vascular
structure representing varying degrees of inflammatory activity. To simulate the changes in vascular structure and perfusion
patterns induced by inflammation, vessel architecture in angiogenic nests is shifted from an optimality perspective: in healthy
tissue, vascular structure is designed to minimise the work needed to generate, perfuse and maintain the vascular network.

In inflammation, however, endothelial surface is increased to provide Gateways for migration of inflammatory cells into the
inflamed tissue by altering vascular structure and increasing vascular density as well as perfusion rate. (C) Assembled vascular
tree model of host and angiogenic nests together with the corresponding grey-level-encoded perfusion model in full resolution.
Note the depiction of perfusion territories as a function of vascular scale. Before fractal analysis was performed, resolution was

reduced by a factor of 0.01.
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vascular tree representing normal synovial vasculature
was calculated to minimise the physical work required to
create, maintain and perfuse the tree.”®? The host tree
perfused a circular area with a radius of 2 cm or 2000
pixels at a resolution of 10 pm per pixel with 1500 capil-
lary terminal locations and an assumed inlet flow rate of
10 arbitrary units (a.u.). The circular area was infiltrated
by four approximately circular areas (radius 0.6 cm) for
insertion of inflammatory angiogenic nests. Thus, abso-
lute perfusion rate in the host tree was 1.2 a.u./cm” The
inflammatory trees were optimised for their vascular
length to provide a larger endothelial surface. To simu-
late progressive stages of inflammatory activity, vascular
density in inflammatory nest trees (radius 0.6 cm or 600
pixels) was set to 250, 375 or 500 terminal locations with
inlet flow rates of 2, 3, or 4 a.u. (absolute perfusion rate
1.8, 2.7, or 3.5 a.u./ch), respectively, to simulate low,
intermediate and high grades of inflammatory activity.
For all types of trees, perfusion pressure was 100 mm Hg,
terminal pressure was 60 mm Hg, and bifurcation expo-
nent was 3. Since our in silico models perfuse fictitious
two-dimensional tissue, we based our quantitative simula-
tions on a.u. within reasonable assumptions.”

The simulated vascular trees were used to calculate
perfusion phantoms as follows. Based on the fractal struc-
ture of perfusion territories, the territory of each vascular
segment was cumulatively simulated by the product of the
FD determining quotient In(relative blood flow) /In(rela-
tive area) times the actual perfusion rate. Original perfu-
sion phantoms had a resolution of 10 pm per pixel. To
match the spatial resolution of clinical MRI, the original
phantoms were reduced to a resolution of 1 mm per pixel,
which constituted the final phantoms that were subjected
to fractal analysis. In total, 10 phantoms were created for
each of the three stages of inflammatory activity. Figure 1
summarises the pathophysiological framework and gives
an illustration of the in silico phantoms.

Patients and patient involvement

Our study population constituted a convenience series
and included patients, who were referred to the inpa-
tient or outpatient clinic of rheumatology in our institu-
tion with suspected or known rheumatoid arthritis, the
latter fulfilling the classification criteria of the American
College of Rheumatology (ACR).*' We analysed data
from prospectively recruited patients during a previous
study at our institution from September 2016 to October
2017.> ** Diagnosis was established by board-certified
rheumatologists by clinical findings (history, swollen and
tender joints), laboratory findings (C reactive protein,
rheumatoid factors, anticitrullinated protein antibodies)
and imaging findings. No exclusion criteria applied
other than age >50 years (due to a requirement of our
local ethics committee) and absent contraindications to
the MRI procedure. Patients were involved by systemati-
cally surveying their concerns and comfort with the MRI
examination as previously detailed.”*

Magnetic resonance imaging

Multiparametric MRI was performed on a 1.5 Tesla
Magnetom Avanto scanner (Siemens, Erlangen,
Germany) with a flexible 4-channel dedicated hand coil
(Siemens, Erlangen, Germany). The protocol included
the coronal acquisition of a Tl-weighted and short-tau
inversion recovery sequence. First-pass perfusion imaging
was performed using a dynamic volume-interpolated
breath-hold examination sequence with a temporal reso-
lution of one volume per 10 s (scan parameters: 3 mm
slice thickness, TE 2.53 ms, TR 6.3 ms, acquisition matrix
192x128 pixels) after intravenous administration of a
weight-adapted dose of gadoterate (Dotarem, Guerbet,
Roissy, France; 0.2 mL/kg body weight) at a flow rate of
3 mL/s. Fractal analysis was performed using the first-
pass perfusion sequences. RAMRIS scoring included a 3
min postcontrast T1l-weighted fat-saturated sequence in
coronal and axial orientation. Imaging protocol details
were described previously.” *

Clinical evaluation and MRI scoring

Clinical assessment was performed by a board-certified
rheumatologist.” ** Synovitis was scored semiquantita-
tively analogously to RAMRIS™™ criteria on a 0-to-3
rating scale by three independent readers with 18 years,
9 years and 1 year, respectively, of experience in muscu-
loskeletal imaging. Agreement of at least two readers was
defined as reference standard. Additionally, we dichoto-
mised all joints into non-inflamed (RAMRIS=0) and
inflamed joints (RAMRIS >1) to evaluate the potential
of fractal analysis and perfusion modelling for identifica-
tion of inflammation. All readers were blinded to clinical
data and fractal analysis results. We evaluated six joints
per patient: distal radioulnar joint, radiocarpal joint and
metacarpophalangeal joints 2-5. We did not evaluate the
first metacarpophalangeal and proximal interphalan-
geal joints due to their peripheral location with poten-
tial imaging artefacts in quantitative measurements and
we did not include the intercarpal joints due to poten-
tial difficulties in placing a region of interest (ROI) in
normal cases due to partial volume effects. The distal
interphalangeal joints were not included in the images.

Fractal analysis
Like the underlying selfsimilar and scale-invariant
vascular tree, also perfusion patterns adopt a fractal
organisation.15 This fractal organisation justifies the
investigation of fractal analysis as a method to assess the
patterns of perfusion abnormalities in inflammatory
arthritis. Due to scale-invariance as a central character-
istic of fractals, the examination of perfusion patterns is
independent of resolution, as long as pathologically rele-
vant regions are delineated."®

Maps of local FD were calculated as previously
described.” * FD was evaluated in synovial tissue of
six individual joints per patient, that is, radioulnar,
radiocarpal and second to fifth metacarpophalan-
geal joints. FD constitutes an absolute and quantitative
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parameter for vascular structure based on chaos of perfu-
sion patterns.'® *FD maps were calculated as follows
using first-pass Mr perfusion images, which were consid-
ered two-dimensional textures with intensity as third
dimension. local fractal analysis was performed by calcu-
lating maps of the local FD. Mathematically, the method
is based on the blanket fractal analysis method® and
formulated for a local kernel.™® A blanket with an upper
and a lower surface is moulded to the MRI texture and
iteratively raised or, respectively, lowered according to
the following formulae:

ey (m, ”)}

i) = _1(4,7) + 1,
Ue (l ]) max {ua 1 (l l) |(m,n)ﬂia(ii;)‘§1

be (i,j) = min {b8_1 (4,7) — 1,| min b4 (m,n)}

u, and b, are the upper and lower surfaces, € is scale,
and i, j, m and n are pixel coordinates. For each iteration,
the area A(€) of the blanket is calculated:

A (6) - 3 (ue (ig)s—be (i)

Area is bilogarithmically plotted against € and FD is
obtained from the slope of a linear fit.

A map of local FD was calculated for each point in
time in the first-pass perfusion imaging sequence. A
representative part of the synovial tissue was selected and
constituted the ROI. The mean local FD of the ROI was
recorded over time and the point in time with maximum
FD was subjected to statistical analysis. Quantitative
values for FD approximating 2.5 indicate uncorrelated
or chaotic perfusion patterns, whereas low FD values

A Inflammatory activity

intermediate

Vascular
tree

Perfusion
phantom

Fractal
dimension
map

near 2.0 are found in more homogeneous perfusion
patterns.

Statistical analysis

Agreement of RAMRIS of at least two of three readers
served as standard of reference for statistical anal-
ysis. Group differences were assessed by Kruskal-Wallis
test. Pairwise group comparisons were performed by
Mann-Whitney U test with Bonferroni correction where
appropriate. Linear regression of FD versus RAMRIS
was performed and multiclass area under the receiver
operating curve (AUC) was calculated, 95% CIs were
estimated by bootstrapping. We performed subgroup
analyses in therapy-naive patients and patients with RA,
and we used the Wilcoxon signed-rank test to identify
whether fractal analysis results were significantly different
in those subgroups. To evaluate diagnostic accuracy for
identifying inflammation using fractal analysis, perfusion
modelling and a combination of both, we dichotomised
our dataset into non-inflamed (RAMRIS 0) and inflamed
joints (RAMRIS 1-3), and we used McNemar'’s test to test
for statistical differences in sensitivities and specificities.
Statistical significance was assumed at p<0.05. R (V.3.4.1)
was used for statistical analysis.

RESULTS

Pathophysiological framework and in silico experiments
Thirty in silico phantoms were generated (figure 1).
Figure 2 shows the results of fractal analysis as a func-
tion of simulated inflammatory activity. The phantoms
allowed for systematic variation of ground truth for

B Fractal dimension versus
inflammatory activity of perfusion phantoms

< P<o0.01
o

T T T
low intermediate high
n=10 n=10 n=10

Fractal dimension 20 21 22 23 24 25 26 27 28

Figure 2 Fractal analysis of in silico phantoms. (A) The first row shows a model host tree with inserted angiogenic nests
simulating low, intermediate and high inflammatory activity. Perfusion phantoms calculated based on vascular models are
shown in the second row. Fractal analysis of perfusion phantoms yields maps of the fractal dimension (FD) encoded in the
given colour scale, which are presented in the third row. (B) Boxplot of FD versus degree of simulated inflammatory activity. FD
was significantly different between the three groups of inflammatory activity (n=10 per group).
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Table 1 Patient characteristics and results
Total RA Non-RA
No 36 24 12
Age(a) 60.4 (7.1) 61.3 (7.7) 58.6 (5.6)
Sex 26 female/6 male 17 female/7 male Nine female/3 male
CRP (mg/L) 18.6 (43.2) 25.0 (49.5) 1.8(1.8)
Symptom duration(a) 3.6 (5.1) 3.1(4.8) 4.6 (5.7)
RAMRIS sum score 10.2 (8.7) 11.6 (9.6) 7.4 (5.6)

Fractal dimension

2.338 (0.153)

2.350 (0.149)

2.309 (0.147)

Data are presented as mean (SD), except for fractal dimension which is given as median (IQR).
CRP, C reactive protein; RA, rheumatoid arthritis; RAMRIS, Rheumatoid Arthritis MRI Scoring.

vascular structure and the resulting perfusion pattern.
Fractal analysis was successfully applied to all perfu-
sion phantoms and yielded FD a quantitative imaging
biomarker of perfusion chaos. In perfusion phantoms
with low, intermediate and high simulated inflammatory
activity, median FD, IQR and the quotient IQR/median
was 2.224 (IQR: 0.013, IQR/median: 0.006), 2.315 (IQR:
0.012, IQR/median: 0.005), and 2.375 (IQR: 0.014, IQR/
median: 0.006), respectively. FD differences were highly
significant (p<0.001) between each of the groups and
indicated increasingly chaotic perfusion patterns with
increasing grades of inflammatory activity (Spearman’s
p=0.94, p<0.001).

Clinical evaluation
Thirty-six patients were analysed, and their character-
istics are presented in table 1. In total, 216 joints were

A RAMRIS score

FD map
first-pass

T1w

T1w fs
CE

l
B

FD 20 21

22 23 24 25 26 27
[l ganmm

included, among them 103 with signs of inflammation
on MRI. Based on ACR/EULAR31 criteria, 24 patients
were classified as having rheumatoid arthritis (17 nega-
tives and 7 positives in serology). Six patients were diag-
nosed with finger osteoarthritis, three with peripheral
spondyloarthritis/psoriatic arthritis, two with calcium-
pyrophosphate disease, and one with undifferentiated
arthritis. Six patients were on initial therapy with corticos-
teroids, seven with methotrexate, three with nonsteroidal
anti-inflammatory drugs and six with biologicals. Corti-
costeroid injection was avoided prior to MRI examina-
tion. All patients showed signs of inflammation on MRI
in at least one joint.

Fractal analysis
Fractal analysis was successful in all cases and took around
5 min per patient. Figure 3A shows example cases for each
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median RAMRIS score

Figure 3 Fractal analysis of MRl first-pass perfusion. (A) Fractal dimension (FD) maps of the third metacarpophalangeal joint
with first-pass perfusion MRI in five cases with different RAMRIS scores are presented in the first row. The second and third
rows show the corresponding unenhanced T1-weighted (T1w) and contrast-enhanced T1-weighted, fat-saturated (T1w fs

CE) sequences. The patient on the far right (0*) had a RAMRIS score of 0 but with an elevated fractal dimension indicating an
angiogenic nest consistent with mild synovitis. (B) Boxplot of FD vs RAMRIS for all 216 joints (blue dots). Differences in median
FD between the groups were statistically significant as indicated by the p values given above. RAMRIS, Rheumatoid Arthritis

MRI Scoring.
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of the four RAMRIS scores. Median FD (IQR) was 2.166
(0.071), 2.249 (0.12), 2.350 (0.075) and 2.416 (0.06) in
RAMRIS scores of 0 to 3, respectively, with the following
optimal FD cutoffs: 2.204, 2.312 and 2.407. Figure 3B
presents a boxplot of FD vs RAMRIS. The variation of FD
in joints with RAMRIS scores of 0 and 1 was high with a
concentration in the lower FD range in RAMRIS 0 (FD
between 2.0 and around 2.2) and scattering towards
higher FD. FD and RAMRIS showed good linear corre-
lation (r=0.71, p<0.01) and a multiclass AUC=0.84 (95%
CI 0.7 to 0.89).

In subgroup analyses of therapy-naive patients (n=14)
and patients with RA (n=24), fractal analysis did not show
significant FD differences per RAMRIS groups with p
ranging from 0.26 to 0.68 in therapy-naive patients and,
respectively, 0.12-0.95 in patients with RA.

Perfusion analysis

From perfusion analysis using the extended Tofts
model,8 we obtained transfer constant K,... and plasma
volume Vi Median K = (IQR) was 0.35/100 mL (IQR:
1.3), 2.26,/100 mL (IQR: 5.25), 8.69/100 mL (IQR: 7.53)
and 16.88/100 mL (IQR: 19.41) in RAMRIS scores 0 to
3. Median v, (IQR) was 3.4% (IQR: 7.1), 13.1% (IQR:
26.3%), 33.5% (IQR: 26.5) and 53.5% (IQR: 60.4) in
RAMRIS scores 0-3.

Non-inflamed versus inflamed joints

We dichotomised our dataset to evaluate the differenti-
ation of non-inflamed (RAMRIS 0) and inflamed joints
(RAMRIS 1-3). FD achieved sensitivity and specificity of
83% (95% CI 75% to 90%) and 74% (95% CI 656% to
82%) for identification of inflammation, while K, .. and
plasma volume v were highly specific but not sensitive
for inflammation (K : sensitivity=59% (95% CI 49% to
69%), specificity=94% (95% CI 88% to 97%) v : sensi-
tivity=61% (95% CI 51% to 71%), specificity=90% (95%
CI 83% to 95%)). When combined with fractal analysis,
neither K nor v improved diagnostic accuracy over
fractal analysis alone (McNemar’s test) with identical
sensitivity (83%, 95% CI 75% to 90%, p=1) and specificity
(74%, 95% CI 656% to 82%, p=1) for both combinations
(FD +K and FD +V, Vs FD alone).

trans

DISCUSSION

The mutual and intertwined dependence of inflamma-
tion and angiogenesis constitutes the basis for the patho-
physiological hypothesis tested in our study.'™ We estab-
lished fractal analysis as a novel method to quantitatively
assess perfusion patterns in synovitis. Our in silico exper-
iments validated that fractal analysis detects vascular
changes due to inflammatory angiogenesis. When trans-
ferred to clinical imaging, fractal analysis strongly corre-
lated to subjective multiparametric grading according to
RAMRIS. Therefore, FD is proposed as a non-invasive,
quantitative, absolute and continuously scaled imaging
biomarker for assessing inflammatory angiogenesis.

Hypoxia is a central characteristic of inflamed joint
tissue caused by infiltration of inflammatory cells and
upregulated metabolic activity of synovial fibroblasts.'?
The proinflammatory milieu increases metabolic
demands and shifts vascular microenvironment towards
hyperproliferation of immature vessels with unstable
and chaotic structure.'? Increased vascularity, in turn,
supplies endothelial surface area for further recruit-
ment of cellular inflammatory promotors, constituting a
feedback loop. Therefore, angiogenesis in the inflamed
joint can be considered a route to promote cell invasion
rather than efficient tissue perfusion.'” From an imaging
perspective, this feedback loop can be detected by
contrast-enhancement in first-pass imaging and indicates
increased vascularity despite inefficient tissue perfusion.
Fractal analysis of first-pass perfusion images is suitable to
characterise pathological perfusion in relation to inflam-
matory activity.

Surprisingly, we found a number of joints with elevated
FD despite RAMRIS 0. On dedicated re-evaluation of
those joints, we found that fractal analysis detected
discreet enhancing foci, an example joint is shown in
figure 3A (marked as 0*). Moreover, we correlated those
joints with perfusion metrics from the extended Tofts
model and we found corresponding elevation of K _
and v , which suggests that RAMRIS has underestimated
inflammation in those joints. In retrospect, we found 11
joints which displayed signs of synovitis and should have
been rated as RAMRIS 1, two of them even as RAMRIS
2. However, we refrained from post hoc upscoring those
joints. Therefore, with upfront RAMRIS assessment as
reference, those joints constitute false-positives despite
signs of inflammation on retrospective re-evaluation,
which were identified with fractal analysis and perfusion
analysis.

Vascular structure is currently not sufficiently accounted
for in routine imaging although angiogenesis constitutes
a very early pathophysiological transitioning mechanism
to promote and maintain inflammation far before bone
involvement.” Our results indicate that fractal analysis
provides complementary information over perfusion
parameters from contrast agent kinetic models. Unlike
fractal analysis, those models do not characterise micro-
vascular structure: Consider an area with few larger vessel
and an area with diffuse microvascular angiogenesis—
both areas would show an increase in transfer constant
and plasma volume under the assumption of flow-limited
rather than permeability-limited conditions.® In order to
derive explainability of fractal analysis, our in silico exper-
iments using software phantoms of vascular structure and
perfusion allowed for a systematic variation of vascular
ground truth. Previously, simulated vascular trees have
been validated to accurately approximate realistic artery
trees in a wide range of organ perfusion characteristics.*®
Since structural assessment of the microvasculature is not
routinely accessible using clinically available methods,
our simulations allowed to study fractal characteristics of
perfusion, and thereby, provide a proof-of-concept.
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Translating our findings to a clinical cohort with in
vivo imaging, fractal analysis might help to characterise
angiogenesis quantitatively and objectively in inflam-
matory arthritis, which might open a window of oppor-
tunity for early disease diagnosis. We see potential in
cases with subclinical inflammation as hinted by some
of our cases with positive fractal analysis and perfusion
parameters but negative RAMRIS. Moreover, further
studies should evaluate fractal analysis for treatment
monitoring during antiangiogenic therapies, which
are expected to normalise vascular structure, thereby
prohibiting inflammatory feedback loops." Therefore,
fractal analysis opens a perspective for further eluci-
dating angiogenesis in inflamed joints using MRI and
might eventually translate into clinical routine as a novel
imaging biomarker. However, more comprehensive vali-
dation studies are needed in homogeneous clinical popu-
lations to reflect peculiarities in the underlying arthritis
types. Baseline examinations in therapy-naive patients
should be prospectively correlated with follow-up scans
under different therapy regimens to determine the diag-
nostic and prognostic value of fractal analysis, as well as
its potential for therapy monitoring.

This study faces the following challenges and limita-
tions. No clinical gold standard exists to simultaneously
assess changes in vascular structure and perfusion in vivo.
Direct observation using arthroscopy is limited to macro-
vascular scales, precluding microcirculation. Histological
analysis lacks three-dimensional evaluation of the archi-
tecture of microvascular networks and was not available
in our study. Sonography using either Doppler imaging
or contrast-enhanced techniques is limited by interob-
server variability and by the lack of objective, quantitative
parameters comparable to those obtained from MRI, in
part due to the inability of simultaneously recording an
arterial input function. Considering the above aspects,
we used a single-joint four-point grading (0-3) according
to RAMRIS (rather than sum scores) as reference stan-
dard for synovitis, which has been validated in RA. Our
study did not include a control population with normal
synovial perfusion. However, since non-inflamed synovia
consists of one or two layers of cells' perfusion analysis
might be challenging. Our clinical population consti-
tuted a convenience series from a previous study,” which
featured variability both in final diagnosis and in ther-
apeutic regimen. While this heterogeneous patient
population might be considered as a strength due to
reflecting a number of different clinical conditions,
many proof-of-concept studies usually concentrate on a
more homogeneous population. Therefore, we included
subgroup analyses of both therapy-naive patients and
patients with RA. Our study also included a relative high
number of seronegative patients with RA, which might
in part be explained by a greater need for imaging in
those patients. Moreover, the small number of patients
in the non-RA subgroups does not allow to draw final
conclusions in these patients. However, our phantom
experiments established the proof-of-concept that fractal

analysis is suitable to quantitatively characterise angio-
genesis patterns. Moreover, our clinical results did not
suggest that diagnosis or therapeutic regimen were signif-
icant confounders with fractal analysis results. Given the
high sensitivity of MRI for inflammatory lesions and rela-
tively high number of false positives reported in the litera-
ture,” FD might identify abnormal vasculature, however,
its prospective clinical yield is to be established.
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