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Abstract
Objective
Analysis of dynamic contrast‐enhanced magnetic resonance imaging (DCE‐MRI) using
pharmacokinetic modeling (PKM) provides quantitative measures that mirror microvessel
integrity and can be used as an objective marker of the level of synovial inflammation. The aim of
trans
this study was to investigate the PKM parameters K , kep, and ve in a prospective cohort of
disease‐modifying antirheumatic drug (DMARD)–naive patients with early arthritis, and to
validate the results by assessing their correlation with the number of synovial endothelial cells
(ECs).
Methods
Forty‐seven patients with early arthritis (arthritis duration <1 year, DMARD naive; comprising 14
patients with rheumatoid arthritis, 22 with unclassified arthritis, 6 with spondyloarthritis [SpA],
and 5 with other arthritides) were included. At baseline, DCE‐MRI was performed on an inflamed
trans
(volume transfer
knee joint of each patient. These images were used to calculate the K
constant between the plasma and extracellular extravascular space [EES]), the kep (transfer
constant between the EES and plasma), and the ve (fractional volume of the EES). Second,
markers of disease activity were collected. Finally, vascularity was evaluated by immuno‐
histochemical analysis of synovial tissue samples obtained from the inflamed knee joints, using
antibodies to detect von Willebrand factor (vWF), a marker of ECs.
Results
The 3 PKM parameters differed significantly between diagnostic groups at baseline, with the
trans
value being observed in patients with SpA (median 0.050/minute, interquartile
highest K
range [IQR] 0.041–0.069). Furthermore, the Ktrans, kep, and ve values correlated significantly with
markers of disease activity. Finally, the PKM parameters Ktrans and kep, but not ve, correlated
trans
significantly with synovial expression of vWF (r=0.647, P=0.004 for K ; r=0.614, P=0.007 for kep;
r=0.398, P=0.102 for ve).
Conclusion
trans
These results suggest that the K , kep, and ve can be used to detect synovial inflammation in
patients with early arthritis, and these PKM parameters may be helpful in differential diagnosis.
This approach may also be useful in translational research analyzing tissue microcirculation and
angiogenesis.
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Inflammatory joint diseases mainly affect the synovium and are characterized by
increased tissue perfusion, capillary permeability, and angiogenesis, hypertrophy, and
influx of inflammatory cells.1‐4 In the management of inflammatory joint diseases, there
is a need for reliable noninvasive methods to closely monitor synovial inflammation, to
predict the diagnosis, and, finally, to predict a patient's prognosis with respect to the
future development of bone destruction.5 However, conventional methods, such as
clinical examination and radiography, do not allow detailed evaluation of synovial
inflammation.6,7
Dynamic contrast‐enhanced magnetic resonance imaging (DCE‐MRI) is an MRI
technique consisting of the time‐dependent registration of changes in the MR signal
intensity during and after an intravenous bolus injection of a gadolinium (Gd)–based
contrast agent. The resulting time–intensity curve can be post‐processed to produce
descriptive parameters such as the rate of (early) enhancement and the maximum
enhancement, or to produce heuristic parameters such as the shape of the time–
intensity curve.8 With a quantitative approach, it is also possible to obtain physiology‐
related parameters by converting the time–intensity curves to concentration–time
curves, and subsequently fitting these data with pharmacokinetic models (PKMs) such
as the Tofts model.9 In patients with rheumatoid arthritis (RA), descriptive DCE‐MRI
parameters are correlated with clinical disease activity parameters such as the
erythrocyte sedimentation rate (ESR) and C‐reactive protein (CRP) level,10‐12 as well as
with histologic measures of inflammation such as vascularity and perivascular
edema.11,13‐16 Furthermore, these descriptive parameters have been shown to be
predictive of the progression of erosive disease,17 and have been found to decrease
after successful treatment.18‐22 Therefore, DCE‐MRI parameters have been suggested to
represent potential objective markers of synovial inflammation.
Analysis of DCE‐MR images using descriptive parameters has, however, some significant
disadvantages. Parameters such as the maximum enhancement or slope reflect signal
changes that occur when monitoring contrast uptake, but these are dependent on the
scanner parameters and field strength. These parameters are therefore unsuitable to
compare studies that are based on data acquired with different scanners or with
different MRI settings. For this reason, the use of physiology‐related parameters that
are obtained by means of PKM is preferred. These models should provide absolute
measures of the microvessel integrity, such as the Ktrans (the volume transfer constant
between the plasma and extracellular extravascular space [EES]), the ve (the fractional
volume of the EES), the kep (the transfer constant between the EES and plasma), and
the vp (the plasma volume).9 Besides being used as objective markers of synovial
inflammation, pharmacokinetic DCE‐MRI parameters can also be used for research into
certain aspects of tissue microcirculation23,24 and for assessment of treatment by
monitoring microvascular changes.25,26
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In this study, we investigated the PKM parameters Ktrans, kep, and ve in a prospective
cohort of disease‐modifying antirheumatic drug (DMARD)–naive patients with early
arthritis. Since the Ktrans and ve provide absolute measures of the microvessel integrity,
we validated our results by assessing their correlation with synovial expression of the
endothelial cell (EC) marker von Willebrand factor (vWF).

Patients and methods
Study subjects
The study included patients enrolled between March 2004 and April 2009 in a
prospective early arthritis cohort, the Synoviomics cohort of the Academic Medical
Center (AMC) at the University of Amsterdam (Amsterdam, The Netherlands), for
whom DCE‐MRI data from an inflamed knee joint were available (n = 54).27 All patients
had the disease for under 1 year, as measured from the first clinical evidence of joint
swelling. At the time of inclusion, all patients had active arthritis in at least 1 knee joint,
and all patients were DMARD naive. The study was approved by the Medical Ethics
Committee of the AMC and was performed in accordance with the Declaration of
Helsinki. All patients gave written informed consent.
Study design
At baseline, demographic information as well as the following clinical and laboratory
parameters were collected. The tender joint count (of 68 joints assessed), swollen joint
count (of 66 joints assessed), and Disease Activity Score in 28 joints (DAS28)28 were
obtained. In addition, the amount of swelling of the knee joint was assessed by the
operating physician in synovial tissue from the biopsied joint (score range 0–3, where 0
indicates no swelling and 3 indicates severe swelling). IgM rheumatoid factor (IgM‐RF)
levels were determined using a Sanquin IgM‐RF enzyme‐linked immunosorbent assay
(ELISA) kit (with the upper limit of normal [ULN] defined as 12.5 IU/ml) until December
2009, and thereafter using a Hycor Biomedical IgM‐RF ELISA kit (with the ULN defined
as 49 IU/ml). Anti–citrullinated protein antibodies were measured using an anti–cyclic
citrullinated peptide 2 ELISA (with the ULN defined as 25 kAU/liter) (CCPlus;
Eurodiagnostica). Finally, the ESR (in mm/hour), CRP level (in mg/liter), and radiographs
of the hands and feet were obtained.
A diagnosis was made at baseline in each patient. After follow‐up, patients were
reclassified on the basis of the 2‐year clinical diagnosis, determined according to the
cumulative fulfilment of standard classification criteria for established rheumatic
diseases, and patients who did not fulfil these criteria were designated as having
unclassified arthritis (UA) (phase e, according to the European League Against
Rheumatism [EULAR] Study Group for Risk Factors for Rheumatoid Arthritis).29‐35
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Furthermore, after 2 years of follow‐up, patients with early arthritis fulfilling the
American College of Rheumatology (ACR)/EULAR 2010 criteria for RA29 were classified
according to arthritis outcome, as follows: 1) self‐limiting disease, defined as no
arthritis on examination and no treatment with DMARDs or steroids in the preceding
3 months; 2) persistent nonerosive disease, defined as the presence of arthritis in at
least 1 joint and/or treatment with DMARDs or steroids in the preceding 3 months and
no signs of erosions on conventional radiographs; or 3) erosive disease, defined as the
presence of joint erosions on radiographs of the hands and/or feet.36
MRI

Pharmacokinetic modeling
Data were analyzed off‐line using in‐house software (Dynamo).8 First, the absolute
precontrast T1 maps were calculated by fitting the data obtained with the variable flip
angle FSPGR sequences. The signal intensities were transformed into signal
concentrations (in each voxel) using the precontrast T1 maps. The Gd concentration–
time relationship, or CGd(t), was then calculated according to the following equation
(Equation 1)
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At baseline, DCE‐MRI of an inflamed knee of each patient was performed. Images were
acquired on a 1.5T MRI scanner (Signa Horizon Echospeed, LX9.0; General Electric
Medical Systems). Patients were placed in a supine position with the knee joint
centered in the magnetic field in a dedicated extremity coil (quadrature detection). The
DCE‐MRI data were acquired using an axial T1‐weighted 3‐dimensional fast spoiled
gradient‐echo (FSPGR) sequence (echo time 4.6 msec, repetition time 8.1 msec, flip
angle 30°, field of view 180 × 180 × 80 mm, voxel size 1.4 × 1.4 × 4 mm, acquisition time
per volume 21 seconds, 20 dynamic scans). Before the DCE‐MRI protocol, a series of
FSPGR sequences (same parameters as described above, but using only 1 dynamic scan)
were run with variable flip angles (theta values of 5°, 10°, 20°, or 30°) in order to
provide data to determine absolute precontrast T1 maps.
During the DCE‐MRI examination, patients were given a gadopentetate dimeglumine
contrast agent (Magnevist; Bayer) at a dose of 0.1 mM/kg body weight, delivered by
means of a pump at a speed of 3–5 mM/second. Delivery of the contrast agent was
followed by a chase bolus of 12–20 ml of 0.9% NaCl. Because the knee joint was
carefully fixed and padded within the coil, movement during the scan was minimal.
Therefore, no image registration was performed on the dynamic scan.
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where r1 represents the tissue relaxivity constant of proportionality between the Gd
concentration and increase in relaxation rate (we used an r1 value of 4.52
lt/second/mM), SE(t) represents the signal enhancement at time t, calculated as
(SE(t)=(S(t) S(0))/S(0)) with t0 being the time before contrast enhancement, and T10
represents the native T1 (the value before contrast enhancement).37
Thereafter, we applied the Tofts model in its extended form, calculated with the
following equation (Equation 2)

C t (t )

v p C p (t )

K trans C p (t )

e

K trans
t
ve

Eq. (2)

where Ct(t) is the tissue signal concentration at time t (as calculated with Equation 1), vp
is the fractional volume of the plasma, ve is the fractional volume of the EES, and Cp(t) is
the arterial input function (AIF), i.e., the estimated plasma concentration of contrast
agent in the capillaries feeding the tissue.9
In order to measure the AIF, we manually selected a region of interest (ROI) in the
popliteal artery in multiple sections of the scan. An arterial concentration–time curve,
the Cblood(t), was obtained using Equation 1, and using a T10Blood value of 1,540 msec.38
Plasma concentrations in the capillary (Cp) were estimated using the equation
Cp=Cblood/(1 Hct), where Hct represents the hematocrit constant (assigned a value of
0.45).38
To avoid partial volume effects, only the pixels with the highest enhancement were
used to generate the arterial signal. Because of the low time resolution of the dynamic
scan, the AIF needed adjustment before being used for the PKM analysis. The AIF was
shifted and its peak amplitude corrected according to a previously published method.39
The resulting plasma concentration–time curve, the Cp(t), was fitted to the following
formula (Equation 3)
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Eq. (3)
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which provided the Cp(t) curve a functional form that would allow Equation 2 to be
solved in closed form.40 The concentration in the tissue (Ctiss) then could be calculated
with the following equation (Equation 4)

Ctiss(t)

vi

t e mbt e mbt e mat

vekep

t e mbt

Eq. (4)
k t
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e mb t e ep
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The descriptors have been described previously in reference 40 (in which Equation 3
and Equation 7 are identical in form to Equation 3 and Equation 4 in the present study).
The PKM parameters Ktrans, ve, and kep (Ktran/ve) were determined by fitting Equation 4 to
the calculated concentration–time curves in the tissue and using the patient‐specific
AIF, as described above. Nonlinear fitting was done on a voxel‐by‐voxel basis, using the
Levenberg‐Marquardt fitting algorithm in the Matlab platform (Mathworks).
Selection of the ROIs and the ROI‐specific PKM parameters

PKM exclusion criteria
The quality of the Ktrans maps was not always consistent. As the analysis was done on a
pixel‐by‐pixel basis, and because of the sensitivity of the fitting procedure to noise, the
PKM parameters were not calculated on pixels that had a noise in the time–intensity
curve that exceeded 30% of the average baseline (precontrast) values. If the amount of
pixels excluded was >30%, the patient was not included in the study. Furthermore,
patients were excluded if the T1 map calculated from the variable flip angle method
was unreliable, or if it was not possible to extract a good AIF in the field of view.
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An ROI excluding enhancing (muscle) tissue was manually drawn by a trained
investigator (CvdL) on maps showing the maximum enhancement. This was done in
12 adjacent levels, using the tibial plateau as the distal landmark.
Bones were automatically segmented and excluded from the ROIs using the precontrast
T1 signal intensity, leaving the synovium within the ROI (Figure 8.1). Within these
3‐dimensional ROIs, the median values for the distribution of the PKM parameters
(Ktrans, kep, and ve) were calculated.
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Figure 8.1

A representative image of the knee joint of a patient with early arthritis, as assessed by dynamic
trans
contrast‐enhanced magnetic resonance imaging (DCE‐MRI). The map shows the K
values
(the volume transfer constant between the plasma and extracellular extravascular space) in the
segmented region of interest (the synovium), superimposed on a T1‐weighted image of the
DCE‐MRI scan. The concentration–time curves as well as the fitted model are shown for 2 pixels
trans
with low and high K
values.

Collection of synovial biopsy tissue, immunohistochemical staining, and quantification
of ECs
At baseline, all study subjects underwent arthroscopic synovial biopsy sampling, as
previously described.41,42 The synovial tissue was harvested from the same inflamed
knee joint on which the DCE‐MRI had been performed at a maximum of 1 week before
the biopsy.43 To correct for sampling error, at least 6 biopsy specimens were collected
for immunohistochemical analysis, as has been described previously.44 The synovial
tissue was snap‐frozen en bloc in Tissue‐Tek OCT medium (Sakura Finetek Europe)
immediately after collection. Cryostat sections (5 m each) were cut and mounted on
Star Frost adhesive glass slides (Knittelglass). Sealed slides were stored at 80°C un l
further used. For detection of ECs, synovial tissue sections were stained using
monoclonal antibodies to vWF (F8/86; Dako).45
Statistical analysis
Categorical data were depicted as the number (%), while non–normally distributed
variables were depicted as the median (interquartile range [IQR]) or as the median
(range) when 3 patients were analyzed. In comparing the PKM parameters between

DCE‐MRI using pharmacokinetic modeling. Initial experience in patients with early arthritis

119

the different diagnostic groups at baseline or between the different arthritis outcome
groups (self‐limiting disease, persistent nonerosive disease, or erosive disease), the
Kruskal‐Wallis test was used when >2 groups were compared. Bivariate correlations of
non–normally distributed variables were analyzed using Spearman's rank correlation
test. All statistical analyses were performed using SPSS software (version 20.0; IBM).
P values less than or equal to 0.05 were considered statistically significant.

Results
Characteristics of the patients

Table 8.1

Baseline demographic and clinical characteristics of the study patients with early arthritis
(n=47).

Sex, no. (%) female
Age, median (IQR) years
IgM‐RF positive, no. (%)
ACPA positive, no. (%)
IgM‐RF and ACPA positive, no. (%)
ESR, median (IQR) mm/hour
CRP, median (IQR) mg/liter
Swelling of biopsied joint, median (IQR) score (scale 0–3)
DAS28, median (IQR)
68‐joint TJC, median (IQR)
66‐joint SJC, median (IQR)

23 (49)
47 (36–56)
11 (23)
9 (19)
6 (13)
17 (7–36)
5.6 (1.7–21.3)
1 (1–2)
3.91 (2.80–5.18)
3 (1–14)
2 (1–5)

IQR = interquartile range; IgM‐RF = IgM rheumatoid factor; ACPA = anti–citrullinated protein antibody;
ESR = erythrocyte sedimentation rate; CRP = C‐reactive protein; DAS28 = Disease Activity Score in 28 joints;
TJC = tender joint count; SJC = swollen joint count.
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Baseline characteristics of the patients with early arthritis are shown in Table8. 1. Of
the 54 patients, 1 was excluded because the data could not be fitted to the PKM
models (met the PKM exclusion criterion), 2 were excluded based on the AIF, and 4
were excluded based on the T1 map. At baseline, of the remaining 47 patients with
early arthritis, 14 were classified as having RA, 22 as having UA, 6 as having
spondyloarthritis (SpA), and 5 as having other arthritides. The other arthritides group
consisted of 2 patients with gout, 2 patients with inflammatory osteoarthritis, and 1
patient with systemic lupus erythematosus. The overall disease duration at baseline
was a median of 2 months (IQR 1–6 months). Of the 22 patients who were initially
classified as having UA, 4 fulfilled the ACR/EULAR 2010 criteria for RA after 2 years of
follow‐up, 16 remained unclassified, and 2 were classified as having SpA after 2 years of
follow‐up.
Of the total of 18 patients who fulfilled the ACR/EULAR 2010 criteria for RA after
2 years of follow‐up, 3 patients had self‐limiting disease, 5 patients had persistent
nonerosive disease, and 3 patients had erosive disease, while for 7 patients, the
arthritis outcome data were not available, and these patients were therefore excluded
from the arthritis outcome analysis.
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DCE‐MRI PKM parameters in different diagnostic and arthritis outcome groups
To evaluate potential differences in microvessel integrity between the different
baseline diagnoses and between the different arthritis outcome groups (self‐limiting
disease, persistent nonerosive disease, or erosive disease), we compared the PKM
parameters in those groups. We observed a significant difference in the PKM
parameters Ktrans and kep between the different groups classified according to diagnosis
at baseline (P=0.026 for Ktrans, P=0.024 for kep, and P=0.094 for ve) (Figures 8.2A–C). The
Ktrans value was highest in patients with SpA (median 0.050/minute, IQR 0.041–0.069)
and lowest in those with other arthritides (median 0.003/minute, IQR 0.000–0.036).
Intermediate Ktrans values were obtained in the DCE‐MR images from patients with UA
(median 0.028/minute, IQR 0.015–0.042) and from those with RA (median
0.026/minute, IQR 0.008–0.044) (see Supplementary Table S8.1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com.ezproxy.ub.
unimaas.nl/doi/10.1002/art.39469/abstract).
This analysis was followed by the investigation of PKM parameters in relation to
arthritis outcome (self‐limiting, persistent nonerosive, or erosive disease) in patients
fulfilling the ACR/EULAR 2010 criteria for RA after 2 years of followup. The Ktrans value
was highest in the persistent nonerosive disease group (median 0.041/minute, IQR
0.024–0.045) and lowest in the self‐limiting disease group (median 0.006/minute, range
0.005–0.022). Intermediate Ktrans values were obtained in images from patients with
erosive disease (median 0.027/minute, range 0.000–0.083) (see Supplementary Table
S8.1, available on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com.ezproxy.ub.unimaas.nl/doi/10.1002/art.39469/abstract). However, none of
the PKM parameters showed a statistically significant difference between the different
arthritis outcome groups (P=0.212 for Ktrans, P=0.262 for kep, and P=0.357 for ve). Taken
together, these data indicate that the PKM parameters Ktrans, kep, and ve may be useful
in classifying patients according to diagnosis in the early phase of inflammatory joint
diseases.
Correlations of DCE‐MRI PKM parameters with local and systemic disease activity
markers in patients with early arthritis
To evaluate the PKM parameters as markers of disease activity in inflammatory joint
diseases, we correlated them with local and systemic markers of disease activity. We
found a statistically significant correlation between the PKM parameters and the
severity of swelling of the biopsied joint as assessed by the operating physician
(r=0.505, P<0.001 for Ktrans; r=0.456, P=0.001 for kep; and r=0.500, P<0.001 for ve).

Figure 8.2

Baseline pharmacokinetic modeling (PKM) parameters from dynamic contrast‐enhanced
magnetic resonance imaging in relation to different diagnoses in patients with early arthritis.
trans
The PKM parameters K
(volume transfer constant between the plasma and extracellular
extravascular space [EES]) (A), kep (transfer constant between the EES and plasma) (B), and ve
(fractional volume of the EES) (C) were assessed in patients who were classified as having
rheumatoid arthritis (RA), unclassified arthritis (UA), spondyloarthritis (SpA), or other arthritides
at baseline. The Kruskal‐Wallis test was used for group comparisons. Symbols represent
individual patients; bars show the median and interquartile range.

Furthermore, all PKM parameters correlated significantly with the CRP levels as a
systemic marker of disease activity (r=0.412, P=0.004 for Ktrans; r=0.295, P=0.046 for kep;
and r=0.316, P=0.032 for ve). There was no significant correlation of any of the PKM
parameters with the DAS28 (r=0.375, P=0.126 for Ktrans; r=0.377, P=0.123 for kep; and
r=0.318, P=0.198 for ve), and only the ve was significantly correlated with the ESR
(r=0.286, P=0.054 for Ktrans; r=0.417, P=0.085 for kep; and r=0.525, P=0.025 for ve)
(Figures 8.3A–C).
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Figure 8.3

Correlations of the dynamic contrast‐enhanced magnetic resonance imaging pharmacokinetic
trans
parameter K
and systemic markers of disease activity at baseline in patients with early
trans
trans
arthritis. Correlations between the K
and erythrocyte sedimentation rate (ESR) (A), K
and
trans
C‐reactive protein (CRP) level (B), and K
and Disease Activity Score in 28 joints (DAS28) (C)
were analyzed using Spearman's rank correlation test.

Correlation of the Ktrans with synovial tissue expression of vWF
In order to validate the use of PKM parameters reflecting the microvessel integrity as
objective markers of synovial inflammation, we studied the correlation of these
parameters with the number of synovial blood vessels. Based on the availability of
synovial tissue of good quality, 18 individuals could be included in this analysis. The
PKM parameters Ktrans and kep each correlated significantly with synovial expression of
vWF (r=0.647, P=0.004 for Ktrans and r=0.614, P=0.007 for Kep) (Figure 8.4), whereas the
parameter ve was not significantly correlated with the expression of vWF (r=0.398,
P=0.102). These data demonstrate that the PKM parameters mirror the number of
synovial ECs.
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Correlations of the dynamic contrast‐enhanced magnetic resonance imaging pharmacokinetic
trans
parameter K
and the expression of the endothelial cell marker von Willebrand factor (vWF)
in the synovial tissue of patients with early arthritis. Correlations were analyzed using
Spearman's rank correlation test.

This is the first study investigating the value of DCE‐MRI PKM parameters (Ktrans, kep, and
ve) in the Tofts model, each of which represents an absolute measure of microvessel
integrity, in a prospective cohort of DMARD‐naive patients with early arthritis. Our
results show that Ktrans, kep, and ve differ between diagnostic groups and correlate with
local and systemic markers of disease activity. Importantly, we validated our results by
demonstrating that these parameters are correlated with the expression of the EC
marker vWF in synovial biopsy tissue from the same joint. Taken together, these data
suggest that PKM parameters have value in differentiating patients with a different
inflammatory joint disease diagnosis. In addition, this approach can be used to detect
synovial inflammation, and may be helpful in investigating certain aspects of tissue
microcirculation and angiogenesis.
Research on the relationship between DCE‐MRI PKM parameters and aspects of the
disease is relatively new in the arthritis field. Qualitative DCE‐MRI analysis has been
applied in early arthritis,46 while its value has been proven in distinguishing between
malignant and benign musculoskeletal lesions and other tumors.47‐52 Extensive evidence
has been presented to support the value of PKM analysis in patients with cancer.53
Since the inflamed synovium exhibits the same features as those found in malignant
tumors, such as increased tissue perfusion, increased capillary permeability, and
invasive growth of the synovial tissue into bone and cartilage, we hypothesized that
PKM parameters may also be of use in the diagnostic and/or prognostic classification of
arthritis patients. Indeed, we found that the Ktrans, kep, and ve were significantly different
between diagnostic groups, with the highest values in patients with SpA. This is
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consistent with the findings in earlier studies showing a significantly higher microvessel
density in the synovial tissue from SpA patients with active inflammation compared to
controls or patients with other forms of arthritis, such as RA.54,55 The data presented
herein support the rationale for future studies to confirm the value of PKM parameters
for differential diagnosis.
Since the Ktrans, kep, and ve correlated significantly with the severity of swelling of the
joint, with the highest values for the severity of swelling observed in patients with SpA
(see Supplementary Table S8.2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com.ezproxy.ub.unimaas.nl/doi/10.1002/art.39469/abstract),
the Ktrans, kep, and ve may be more representative of local inflammation than of a
specific diagnosis. Another potential caveat is the fact that the Ktrans, kep, and ve were
analyzed using the whole 3‐dimensional image of the synovium (and not only in regions
of high Ktrans), resulting in the median values being shifted toward lower values. It is
possible that a better depiction of the diagnosis could be represented by averaged
values in the most affected area of the synovium. This hypothesis needs further testing.
The Ktrans, kep, and ve significantly correlated with local markers of disease activity and
with CRP levels. However, these PKM parameters did not correlate with other systemic
markers of inflammation, such as the DAS28 and ESR. Perhaps this is not surprising, as
we only examined a single knee joint of patients with mostly systemic polyarticular
diseases.
Earlier studies showed that the synovial vasculature is related to disease
progression.48,50 In our study, we did not find a correlation between PKM parameters
and arthritis outcome (self‐limiting, persistent nonerosive, or erosive disease) in
patients fulfilling the ACR/EULAR 2010 criteria for RA after 2 years of followup. These
results need to be interpreted with caution, as we could only evaluate the outcome in a
small number of patients (3 with self‐limiting disease, 5 with persistent nonerosive
disease, and 3 with erosive disease).
The PKM parameter Ktrans represents the transfer constant of the contrast agent
between the plasma space and the extracellular space, and the value increases in an
environment of high capillary permeability (although the Ktrans is not a direct measure of
permeability). The results of our study show a clear correlation with the expression of
vWF in the synovial tissue from the same joint, which is consistent with findings of
increased permeability in newly formed vessels due to neoangiogenesis in tumor
tissue.56 It has been suggested that the number of blood vessels is significantly
increased in RA patients whose disease is longstanding, and this is correlated not only
with higher disease activity and severity, but also with increased inflammatory cell
infiltration.1 Taken together, the findings indicate that increased angiogenesis is
considered an important factor in the pathogenesis of RA57 and also in other
inflammatory joint diseases such as SpA. Based on our results, the Ktrans is a noninvasive
marker of synovial angiogenesis in patients with early arthritis.

Despite the advantages of PKM compared to descriptive parameters in DCE‐MRI, one
significant limitation is that its implementation is far from straightforward. The absolute
contrast agent concentrations must be calculated from the MR signal, a process that
requires additional scans, and the AIF needs to be either measured or approximated. In
both cases, potential errors are introduced. In our study, a low temporal resolution
(21 seconds) was used to favor spatial resolution and coverage of the whole knee, and
a correction method was therefore needed to estimate the AIF. The calculation of the
contrast agent concentration is hampered by the fact that some constants, such as the
hematocrit, relaxivity, and blood T1 constants, have not been measured, and therefore
values from the literature have been used. All this contributes to the inaccuracy of the
PKM parameters.58
Moreover, noise and inadequate temporal resolution severely limit the robustness of
the (nonlinear) fitting procedure: it is thus important to exclude pixels that are not
suitable for fitting. A thorough optimization of the protocol is essential to ensure
sufficient signal‐to‐noise ratio. The standardization of the infusion technique is also
important. To control for variability as much as possible, we standardized several
parameters in our study, such as the diameter of the needle and duration of the
infusion. Although routine use of this model in clinical practice may be challenging due
to these limitations, we think it is feasible to implement DCE‐MRI PKM in clinical
practice in specific cases.
Taken together, our results indicate that the DCE‐MRI PKM parameters Ktrans, kep, and ve
are thought to provide absolute measures of microvessel integrity, allowing comparison
between patients and between studies, and therefore offering a great advantage over
the use of DCE‐MRI descriptive parameters. We demonstrated that these PKM
parameters correlated with the expression of the EC marker vWF in synovial tissue from
patients with early arthritis, which can be of use in the context of translational research
bridging aspects of tissue microcirculation and angiogenesis with advanced imaging
techniques. Our results also suggest that the Ktrans, kep, and ve can be used as diagnostic
biomarkers in early inflammatory joint disease. Finally, these PKM parameters may be
used to detect synovial inflammation in patients with early arthritis, which could
facilitate the evaluation of joints inaccessible to proper clinical examination or joints
with suspected, but not definite, synovitis or the detection of subclinical synovitis in
patients at risk of developing RA.
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Supplemental material
Table S8.1

Dynamic contrast‐enhanced magnetic resonance imaging pharmacokinetic parameters in
different diagnostic and arthritis outcome groups.

A

trans

‐1

K , min
(median (IQR))
‐1
Kep, min
(median (IQR))
ve (no units)
(median (IQR))
B

trans

‐1

K , min
(median (IQR or range))
‐1
Kep, min
(median (IQR or range))
ve (no units)
(median (IQR or range))

RA
(n=14)
0.026
(0.008‐0.044)
0.072
(0.018‐0.141)
0.143
(0.088‐0.236)
Self limiting
(n=3)
0.006
(0.005‐0.022)
0.033
(0.007‐0.117)
0.078
(0.073‐0.176)

UA
(n=22)
0.028
(0.015‐0.042)
0.162
(0.082‐0.195)
0.172
(0.133‐0.230)

SpA
(n=6)
0.050
(0.041‐0.069)
0.207
(0.097‐0.259)
0.359
(0.177‐0.503)

Persistent nonerosive
(n=5)
0.041
(0.024‐0.045)
0.137
(0.044‐0.213)
0.186
(0.136‐0.237)

Other
(n=5)
0.003
(0.000‐0.036)
0.003
(0.001‐0.135)
0.048
(0.009‐0.270)
Erosive disease
(n=3)
0.027
(0.000‐0.083)
0.120
(0.000‐0.138)
0.232
(0.001‐0.384)

P value
0.026
0.024
0.094

P value
0.212
0.262
0.357
tran

Parameters are described as median (interquartile range) as appropriate. In A, the median (IQR) K , kep, and
ve of patients with early arthritis who were classified as rheumatoid arthritis (RA), unclassified arthritis (UA),
tran
spondyloarthritis (SpA), or other arthritides at baseline. In B, the median (IQR) K , kep, and ve per arthritis
outcome group (self limiting disease, persistent nonerosive disease, or erosive disease) in patients fulfilling
the ACR/EULAR 2010 criteria for RA after 2 years of followup.

Severity of swelling of the biopsied joint per diagnosis.

Diagnosis
RA (median (IQR)) (n=14)
UA (median (IQR)) (n=22)
SpA (median (IQR)) (n=6)
Other (median (IQR)) (n=5)

Severity of swelling biopsied joint (n=47; 0‐3 median (IQR))
1 (0‐1)
2 (1‐2)
2 (1‐2)
1 (1‐1)

Parameters are described as median (interquartile range) as appropriate. RA = rheumatoid arthritis, UA =
unclassified arthritis, SpA = spondyloarthritis.
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