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Abstract. A fully automated method for quantitative analysis of dy-
namic contrast-enhanced MRI data acquired with low and high field
scanners, using spin echo and gradient echo sequences, depicting vari-
ous joints is presented. The method incorporates efficient pre-processing
techniques and a robust algorithm for quantitative assessment of dy-
namic signal intensity vs. time curves. It provides differentiated infor-
mation to the reader regarding areas with the most active perfusion and
permits depiction of different disease activity in separate compartments
of a joint. Additionally, it provides information on the speed of contrast
agent uptake by various tissues. The method delivers objective and easily
reproducible results, which have been favourably viewed by a number of
medical experts.

1 Introduction

Rheumatoid arthritis (RA) is an inflammatory disease associated with patholog-
ical alteration of microcirculation within the synovial lining of the diarthroidal
joints. It is an extremely painful condition that might result in severe disability.
More than 1 per cent of the adult population suffer from RA [I] corresponding
to several million people in the USA and about 0.5 million in the UK.

Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI) is a
technique that provides information about tissue vascularity, perfusion and cap-
illary permeability [2I3] and has evolved as an important method for evaluating
various diseases of the musculoskeletal system. Temporal changes of DCE-MRI
signal intensity during and immediately after a bolus injection of a contrast agent
reflect underlying changes in local concentration of the contrast agent, which are
proportional to the extent of tissues’ inflammation.
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Quantitative analysis of DCE-MRI data is needed for disease diagnosis and
after treatment progress evaluation. The analysis can be performed using phar-
macokinetic [4] or heuristic methods [Bl6]. The later quantify disease progression
in terms of heuristic parameters, such as maximum rate of enhancement (M E),
initial rate of enhancement (/RE), and time of onset of enhancement (Tpset)-
These parameters are extracted by examining individual signal intensity vs. time
curves derived from user defined regions of interest (ROI) or on a voxel-by-voxel
basis.

Currently, dynamic curves are derived from an approximately 2-3mm? ROI
positioned in the area of maximal visual enhancement [7]. Measurements of IRE
and M E contain both spatial and temporal information making the results vul-
nerable to the size and position of the ROI [8]. Voxel-by-voxel analysis does not
depend on ROI position, and therefore objective and suitable for automation;
however such methods [9] do not fully utilise available information and cannot
cope with the high degree of noise in dynamic frames.

In this paper we propose a method for automated and efficient extraction of
heuristics from signal intensity vs. time curves, making their estimation robust
to subjective opinion of the operator and noise effects. This method has been
tested on a number of DCE-MRI studies acquired by high and low field scanners
and has shown robust and efficient performance.

2 Materials and Methods

2.1 Patients

The following abbreviations will be used: TR, — repetition time; TE — echo time;
FOV —field of view; GRE — gradient echo sequence; SE — spin echo sequence; T'S
— total scanning time after contrast; Gd-DTPA — gadolinium diethylene triamine
pentacetic acid.

High field MRI: 10 patients with active RA in the metacarpophalangeal joints
(MCPJs) were avaluated. Data was acquired in axial direction (Fig. [lleft)
with a high field 1.5T MRI scanner (Gyroscan ACS NT, Phillips Medical
Systems, Best, The Netherlands), using 77 weighted spoiled GRE sequence,
TR/TE: 14/3.8; FOV /imaging matrix: 100 x 200mm / 128 x 256, slice thick-
ness 3mm. Dynamic sequences of 20 GRE images pre-positioned in 6 planes
were acquired every 7.1 s., T'S = 142s. Patients were positioned prone, with
arm extended in front of the head and a linear circular 11cm diameter surface
coil placed on the dorsum of the hand.

Low field MRI: 23 patients with active RA, 4 controls, and 1 patient with no
RA but occult wrist pain were scanned with 0.2T musculoskeletal dedicated
extremity scanner (E-scan, Esaote Biomedica, Genoa, Italy) (Fig. [ mid.,
right). The patients were examined in supine position with the hand along
the side of the body. Following the Gd-DTPA injection (0.2mmol/kg of body
weight), the dynamic sequence was performed resulting in 22-30 consecutive
fast SE (TR/TE 100/16, FOV /imaging matrix 150x 150/ 160 x128), or GRE
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Fig. 1. From the left: post-contrast MR image of MCPJs (high field scanner), post-
contrast MR images acquired by low field scanner from the wrist in axial through the
first carpal row (SE sequence) and coronal direction through the wrist joint (GRE
sequence)

images (TR/TE 60/6, FOV /imaging matrix 160x 160mm/ 256 x 128) in three
pre-positioned planes every 10 - 15s., slice thickness 4mm in the coronal plane
and dSmm in the axial plane; TS = 300s.

2.2 Quantitative Data Analysis

The behaviour of signal intensity vs. time curves may be explained by underlying
phases of the data acquisition. Starting from a baseline, the perfused tissues
absorb the contrast agent, and their intensity climbs up (wash-in phase); it
usually increases up to a certain point and then exhibits a plateau (of variable
width) followed by wash-out phase (gradual signal intensity decrease).

We propose to use this knowledge of the underlying temporal pattern of the
contrast agent uptake to classify and approximate signal intensity vs. time curves
normalised over a baseline (.f ), as an aid to noise reduction. We imply linear
piece-wise approximation; based on the phases of data acquisition observed for
DCE-MRI studies involved in RA assessment, we distinguish 4 models (My —
Ms).

My — negligible enhancement. Some tissues within cortical and trabecular bone,
inactive joints, skin and disease unaffected areas do not absorb Gd-DTPA
and are not expected to show intensity enhancement in the later frames of
temporal slices.

M, - base/wash-in. There is often a proportion of curves in which by the end
of the scanning procedure the maximal intensity has not been reached, indi-
cating constant leakage into locally available extra-cellular space. The Gd-
DPTA absorption and signal intensity vs. time curves enhancing continue
after the scanning has been completed.

My — base/wash-in/plateau. Full absorption of the Gd-DTPA by the tissues.

M3 — base/wash-in/plateau/wash-out. The wash-out phase is observed at the
end of the scanning procedure.

To decide on the ‘best” model for a particular voxel, we firstly estimate a noise
distribution in the temporal slice (in-slice noise distribution) by approximating
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the first 3 values of I (unaffected by any enhancement) and signals correspond-
ing to voxels within the bone interiors by a constant (the local signal mean),
with variations being explicit noise measurements. We have illustrated that ag-
gregation of these two noise distributions can be taken as an in-slice noise model
] A

Then, individual I are approximated by each of the My — M3 shapes in a
least-squares sense; each such ‘fit’ then implies a number of noise measurements,
that are compared using the Kolmogorov-Smirnov statistic to the in-slice noise
distribution.

The model in which we have the highest confidence (according to the statis-
tical test) is chosen. Note that we are interested in matching noise distributions
and not minimising noise observation; the latter would always preclude the sim-
pler models such as My — M in favour of Ms. I derived from the temporal
slices acquired with the low field scanner and corresponding models are shown
in Fig.

I me. 1,
and IRE My

are not defined

1 1 Tonset 1 Tonset

Fig. 2. Estimation of heuristics for each approgimation model: Mo—Ms. M E has not
been reached for model Mj. £ is a slope of the [ that be taken as TRE.

When each voxel is approximated by the ‘best’ model, we estimate heuristics
from the approximations rather than raw data (as shown in Fig.[2) and plot para-
metric maps (PM) that depict activation events. PMs of M E constructed for tem-
poral slices corresponding to images in Fig. [l are shown in Fig. [ each PM is
accompanied by the Gd-DTPA uptake map (each voxel is colour-coded accord-
ing to the model it has assumed: My-no colour, My-red, Ms-green, Ms-blue).

Due to the pre-processing techniques applied [TTIT2] artefactual enhancement
has been minimised in PMs constructed with this technique; PMs show prefer-
able characteristics such as sharpness, permitting easier differentiation of struc-
tures of interest.

Voxels allocated within blood vessels usually assume M3, indicating the pres-
ence of the wash-out phase; an affected area is split into several clusters of
blue and green, and some areas are coloured red, which allows identification of
tissues at which signal intensity did not peak during the acquisition of DCE-
MRI data. This image allows assessment of the Gd-DTPA kinetics and tissue
behaviour classification based on its temporal pattern of the contrast agent up-
take. Enhanced voxel count Ny is used as a statistic for quantification of
inflammation.



Fast and Robust Analysis of Dynamic Contrast Enhanced MRI Datasets 265
3 Results and Discussion

The algorithm for quantitative analysis of DCE-MRI data has been tested on
datasets acquired by high and low field scanners, using SE and GRE sequences,
depicting different joints. The disease activity was scored according to the
OMERACT RAMRIS [13] evaluation standard for synovitis, bone marrow edema
and erosions. Patients processed with low field MRI scanner had a reference fluid
in a 10ml plexiglass, attached along the ulnar long axis of the hand. This was
used as a reference for the dynamic calculation.

We have considered 33 patients with active RA (129 temporal slices), 4 healthy
controls (12 temporal slices) and 1 patient with no RA (3 temporal slices), but
suffering from the wrist pain. Heuristics M E, IRE, and pixel count Nyytq; com-
puted with the new technique are significantly higher in the patients with active
RA comparing to the controls (Fig. [3). In a temporal slice acquired from the

05 L

0.1

I =

Active RA, N=33 Controls, N=4 Active RA, N=33 Controls, N=4

ME_
o 3
}-H} HMM+ -
Niotal
8
-

Fig. 3. Box-and-whisker plot of the MFE (left) and Niotqr (right) for patients with
active RA and healthy controls N - is a number of patients

Fig. 4. 1st row: PMs of M E for patients with active RA; data from high field scanner
(a.); low field scanner, SE sequence (b); low field scanner, GRE sequence (c.); PM
of ME for a healthy control (d.). The colour coding here considers ME and plots
lower values in red, moving to yellow then white as the values increase. 2nd row:
corresponding Gd-DTPA takeup maps.
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Fig.5. Parametric map of MFE constructed for a patient re-scanned 3 times after
injection of the steroid

Fig. 6. Pre-, post-contrast images; PM of M E and Gd-DTPA for patient with no RA

patients with active RA by high and low field scanners M E is on average be-
tween 2.5 and 4 with maximum reaching 14, and Nyiq; (computed as a ratio
between a number of active voxels and the total number of voxels within the
joints’ exterior) is between 0.3 and 0.4 (depending on the degree of inflamma-
tion); for healthy controls M FE is on average lower than 1.2 with maximum at
2 and Niptar € [0,0.05]. These numbers correlate highly with number of swollen
joints.

We have analysed two patients with follow-up scans two weeks after intra-
articular glucocorticoid injection; one scanned in the axial plane and the other in
the coronal plane. PMs constructed for one of the patients suggest a diminished
perfusion in the visible pannus (an expected treatment effect). Such information
is not available with conventional 77 weighted images after Gd-DTPA contrast
or in ultrasound (US) examination, where the patient had high and unchanged
MRI synovitis and US colour fraction (inflammation) scores at follow-up.

Another patient had a short clinical relief, but relapsed a few days after each
injection with pain and discomfort in the wrist. US as well as static MRI showed
no treatment response. This information is reflected by PMs constructed for
follow-up examinations (Fig. B).
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A frequent problem is disease assessment in healthy controls. Usually post-
and pre-contrast images are compared and ROI is chosen presumptively based
on anatomical landmarks. One of the subjects participating in our experiments
had no RA, but suffered from occult wrist pain — possibly due to a ganglion
in the wrist joint, that we could not find in the post contrast sequences. Pre-,
post-contrast images and PM of M E and Gd-DTPA constructed for this subject
are shown in Fig.

Visual and quantitative inspection of results obtained with this method allows
us to conclude that the patient does not have an inflammatory arthritis, however
some tissues exhibit reaction to the contrast agent (Nipter = 0.06, M E is on
average 1.3 with maximum at 2.4); healthy controls normally have less then 0.02
of enhanced pixels; which correspond well to the fact that the ultrasound Doppler
showed mild colour Doppler activity in the wrist leading to the conclusion that
the patient suffered from a mild unspecific irritation of the wrist.

Our results show that the new method permits depiction of different disease
activity in separate compartments of a joint. The method delivers more differen-
tiated information to the reader regarding the areas with most active perfusion.
This information is not currently achievable from static 77 weighted images, but
can to some degree be obtained from the US Doppler images. US on the other
hand has the disadvantage of inter observer variations as well as problems with
spatial orientation between examinations.

Distribution of the coloured pixels in PMs gives reliable information in the
relevant and expected areas of high inflammatory activity. Based on our expe-
riences these areas are in hierarchical order from most to least: the radial and
ulnar areas of the proximal part of the wrist, around the ulnar head and to a
lesser degree within the inter-carpal and carpo-metacarpal areas. Thus the PMs
obtained give the reader information on areas where the patient has most perfu-
sion, and provide more comprehensive information of localised disease activity.
This is valuable for disease diagnosis and guidance of intra-articular therapy.

Analysing several corresponding slices, the reader gets a 3D impression of the
inflammatory distribution in the imaged area. It remains to be tested which
image plane (axial or coronal) as well as sequence type (SE or GRE) pro-
vide the best platform to evaluate the patient’s treatment effect in the short
and long terms. The proposed method seems to be the most suitable for such
judgements.

4 Conclusion

Among the randomly chosen patient cohort in this pilot study, PMs are notice-
ably different, corresponding to our clinical and imaging experiences. Reduction
in joints’ inflammation has been detected accurately, even when it was not clin-
ically present. Our results demonstrate that the method is sensitive and may be
useful in the diagnosis and follow-up examinations of patients who are receiving
disease-controlling treatment.
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The method provides a numeric result upon which clinical and research de-
cisions can be confidently made. It is objective and user-independent, which
permits generation of easily reproducible and reliable results. Moreover, it al-
lows visual assessment of inflammation and Gd-DTPA uptake previously
unavailable.

The possibility of acquisition of the data from low field MRI further extends
the usability of the method as low field scanners are more patient friendly and
costs are far lower compared to high field scans.

Standardisation of DCE-MRI assessment techniques is crucial and further
research will focus on finding correlation between the treatment response seen
with different modalities (US, static MRI and dynamic MRI (ROI approach))
and this technique.
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