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Synopsis

New bone formation (causing spinal fusion) and bone loss are both key features of spondyloarthritis, and contribute to significant morbidity and
disability. However, these processes are difficult to monitor using conventional MRI, which provides minimal information about bone mineral
density (BMD). Here, we show that bone marrow susceptibility can be used as a marker of BMD, using data from a fat-water-bone phantom and
from subjects with spondyloarthritis. Susceptibility values are significantly increased in areas of fat metaplasia compared to normal marrow,
suggesting that this lesion represents a form of local bone loss, which could be monitored using susceptibility mapping.

Purpose

The spondyloarthritides are a group of inflammatory diseases involving the spine, lower limb joints, and entheses'. New bone formation (in the form of
spinal fusion) and bone loss are both key features of spondyloarthritis?, and contribute to morbidity and disability in these patients. However, the T-
weighted and T,-weighted short tau inversion recovery (STIR) images which are currently used in clinical practice®® provide minimal information on bone
density, making this aspect of disease difficult to monitor. Previously, Bray et al. have proposed R,* as a quantitative biomarker of trabecular bone mineral
density (BMD) as the diamagnetic nature of bony trabeculae is expected to increase the rate of signal decay’. They found a correlation between BMD and
R,* in a fat-water-bone phantom (a mixture of peanut oil, agar solution, and granules of bovine bone matrix), and also significantly reduced R,* in areas of
fat metaplasia in patients with sacroiliitis (sacroiliac joint inflammation). However, R,* measurements cannot differentiate between para- and diamagnetic
structures®. Moreover, R,* measurements might be confounded by bone fat content as fat has been repeatedly found to be more paramagnetic than water-
based tissue®'!. Here we extend the aforementioned study using susceptibility mapping®'?'2 in the phantom and patient images acquired by Bray et al. to
evaluate susceptibility as a more accurate biomarker of BMD.

Methods

The fat-water-bone phantom (Figure 1a,b) and 19 subjects (10 patients with sacroiliitis and 9 healthy controls) were scanned using chemical shift encoded
MRI on a 3-Tesla (Philips, Ingenia) clinical system” with parameters shown in Figure 1c. Susceptibility maps were obtained using: 1. 3-point Dixon
method'* to estimate a field map without fat-water chemical shift effects, 2. Laplacian phase unwrapping'®, 3. Projection onto dipole fields'® to remove
background fields, and 4. k-space inversion using Tikhonov regularisation'” to calculate the susceptibility maps. Masks were obtained in each case by
thresholding the inverse noise map calculated from the multi-echo magnitude images'”"'® except in bony voxels that were not excluded from the tissue
masks despite their low signal. Artifact-inducing structures were manually segmented and excluded from the phantom mask.

For the phantom, regions of interest (ROIs) were manually drawn on the first-echo magnitude image (Figure 2a). For the subjects, areas of normal bone
marrow, oedema, and fat metaplasia were manually segmented on T,-weighted STIR and T4-weighted images and then transferred to fat fraction (FF) and
susceptibility maps by an experienced radiology resident (T.J.P.B.). Mean susceptibilities were calculated in all segmented ROIs. A 2D linear function
(Figure 2c) was fitted to the susceptibilities measured in the phantom as a function of FF and BMD. Multi-level mixed-effects linear regression was used to
determine whether there are significant differences in susceptibilities measured in normal bone marrow, oedema, and fat metaplasia. ROls which were very
close to fat-water chemical shift artifacts in the susceptibility maps were excluded from the analysis (this included all ROIs from two subjects, and two
additional ROIs from a third subject).

Results and Discussion

In the fat-water-bone phantom, measured susceptibility increased with increasing FF (as fat is more paramagnetic than water®'") and decreasing BMD
(due to the diamagnetic trabeculae) as expected (Figure 2b-d). The fitted plane (Figure 2c) seemed to model the measured values well (Figure 2c-f), with
p-values<0.01 for all model parameters (Figure 2g).

Normal bone marrow had negative susceptibility values (-0.19+£0.22 ppm), presumably due to the diamagnetic nature of bony trabeculae (Figure 3a). Areas
of fat metaplasia demonstrated significantly increased susceptibility values compared to normal marrow (0.14+0.23 ppm, p=2-10°5), likely due to the
presence of paramagnetic fat, whereas there was no significant difference between oedema and normal marrow (p=0.4). Note that the four highest
susceptibility values in normal bone (red circle) were measured in the same subject, so these unrealistically high values could be due to a processing issue
in this subject. Since both diamagnetic and paramagnetic components were absent in areas of oedema, these appear to be closer to the susceptibility of
water/tissue (-0.08+0.24 ppm). Example susceptibility maps and first echo magnitude images are shown in Figure 3b.

Conclusions

Bone marrow susceptibility is increased in areas of fat metaplasia compared to normal marrow, reinforcing previous suggestions that this lesion represents
a form of local bone loss. Furthermore, marrow susceptibility is a promising biomarker for monitoring BMD in patients with sacroiliitis. Future work may
involve scanning a more realistic fat-water-bone phantom using lard rather than peanut oil and separating the total susceptibility maps into fat- and bone
trabeculae-induced susceptibility maps using the FF maps for a more accurate measure of BMD. We also aim to optimise the acquisition parameters for
susceptibility mapping.
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Figure 1: The fat-water-bone phantom (a, b) and the acquisition parameters (c). The vials in the phantom had varying fat content (FF) and bone mineral
density (BMD).
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Figure 2: Susceptibility values measured in the fat-water-bone phantom. (a) and (b) show the magnitude and the calculated susceptibility maps. A 2D plane
(c, opaque) was fitted to the mean susceptibilities (c, transparent) measured in the manually drawn ROls (a, highlighted in red). The measured (d) and
estimated (e) susceptibilities were in good agreement. A summary of the fitted model parameters is shown in (g).
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Figure 3: Susceptibilities measured in areas of normal bone marrow, oedema and fat metaplasia (a). p-values were calculated for each pair and the
asterisks indicate statistical significance. Example susceptibility maps and magnitude images with different ROls are also shown (b).
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