IMAGING  ELECTRICAL RESISTIVITY IN A SIMULATED LIMB BY MAGNETIC INDUCTION TOMOGRAPHY
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Abstract: Magnetic induction tomography (MIT) is a non-contact technique for imaging the electrical resistivity of biological tissues which may be applicable to the detection of lymphoedema in limbs. In this study a limb was modelled as a cylinder of diameter 10cm, length 20cm and homogeneous conductivity 1 Sm-1. A finite difference model was used to compute the sensitivity distribution within the limb for two coil array geometries. For a single compartment volume of homogenous conductivity, the resulting sensitivity distributions were biased towards the periphery of the object with little sensitivity near the centre. Changing the dimensions of the coils and scanning them past the object produced no improvement in central sensitivity. The introduction of an insulating layer of fat, dividing the compartment in two, dramatically changed the computed sensitivity distribution however with areas of high sensitivity produced within the centre of the limb at the insulating boundaries. The results show the need for the development of more anatomically realistic models for the assessment of MIT in this application.
Introduction

Magnetic induction tomography (MIT) is a non-contact technique for imaging the electrical resistivity of biological tissues. Coils induce eddy currents within the tissue and detect the resulting magnetic field perturbations the eddy currents produce, allowing the resistivity of the tissues to be determined [1]. The technique may be applicable to the detection of oedema, such as lymphoedema in limbs. A contactless MIT system could allow fast measurement and imaging of tissue fluid status and distribution along a limb and should be relatively easy to apply in a clinical setting in comparison to, for example, an EIT imaging system requiring electrodes to be attached.

The ability of a MIT system to accurately measure and image resistivity distributions within a conductive object is directly related to the system's sensitivity to resistivity changes throughout the object's volume. Low-frequency magnetic fields easily penetrate into biological tissues and for this reason it may be thought that high sensitivity within central volumes should be achievable. An MIT system's sensitivity distribution depends however on the eddy current distribution within the object. Scharfetter et al [2] computed the sensitivity maps for low-contrast perturbations in a conducting background and found that, for the coil geometry they employed, the maximum sensitivity lay on the periphery of the object and that the sensitivity maps were strongly dependent on both the conductivity contrast and the shape of the object. 

 The aim of this study was to assess the MIT sensitivity distributions likely to be obtained within human limbs. The distributions within two simple limb models were computed for two coil geometries. Coil parameters in the model such as dimensions and position were then varied to determine the factors which strongly influenced the sensitivity distributions.

Materials and Methods

A limb was modelled as a cylinder of diameter 10cm, length 20cm and homogeneous conductivity 1 Sm-1. The quasi-static finite-difference algorithm described in [3] was employed to calculate the eddy-current distribution produced within the limb by each coil configuration. The sensitivity maps within the limb were computed using the reciprocity theorem [4], with the ‘lead fields’ in this case being the eddy current densities produced by the excitation coils 
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and detection coils 
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. For a given pair of coils, the sensitivity is independent of which coil is used as the excitor and which is used as the detector. For each excitation/detection coil combination, the sensitivity Si of voxel i with conductivity (i is given by
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Figure 1. Illustration of the first two coil geometries simulated. The limb’s axis lies along Oz and its cross-section is shown in grey. E=excitation coil, D=Detector coil
The two coil geometries employed are shown in Figure 1. In Figure 1(a) both coils’ axes are oriented in the x-direction with the excitation coil at position (-12.5, 0, 0) (units in cm) and the detector coil at  (12.5, 0, 0). In Figure 1(b) the coils are positioned as in the first case but coil D is oriented such that its axis points in the y-direction (normal to page) to minimise coupling with the primary field, thereby greatly improving the system’s SNR; this has been termed the ‘right-angle’ or ‘zero-flux’ method [5, 6] . All the coils were 5 cm in diameter.
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Figure 2. Simple limb model amended to include ‘muscle’ (gray shaded) and ‘bone’ and ‘fat’ (white shaded) compartments 
The simple single compartment limb model was then amended as shown in figure 2. The limb was now modelled as a cylinder of 8cm diameter, length 20cm, with conductivity 0.6Sm-1 representing muscle tissue. This was surrounded by a 1cm thick layer of low conductivity (0.01Sm-1) representing the subcutaneous fat layer. The fat compartment however was extended across the diameter of the limb on the line x=0cm to produce a 1cm thick insulating layer dividing the muscle into two separate compartments, ie into two separate muscles separated by a layer of fat. Also incorporated into the model was a cylinder of diameter 4cm, length 20cm and conductivity 0.01Sm-1 representing bone. Sensitivity maps for this volume for both coil geometries were then computed.
Results

The normalised sensitivity maps produced by the first two geometries (Figures 1(a) and 1(b)) are shown in Figure 3 for six cross-sections of the simulated limb,  z = 0, 2, 4, 6, 8 and 10. 

For both coil geometries, the maximum sensitivity lay at the periphery of the object on the cross-sections z=0 to 6 and was observed to be very low near the centre of the object. The area of slightly higher sensitivity observed near the centre of the cross-section at z=10cm for coil geometry (a) is believed to be a boundary effect, the eddy currents being ‘compressed’ at the ends of the cylinder.

To test the effect of coil diameter on the sensitivity distributions, the diameters of the excitation and detection coils were changed to four different pairs of values ( in cm): 1 and 5, 5 and 1, 1 and 1, 15 and 15. The sensitivity maps were again computed. In each case it was found that although the magnitude of the sensitivity varied with the coil dimensions, the spatial distribution of the normalised sensitivity did not change; hence the coil diameter was not found to be important. 

With the diameters of both coils set again at 5 cm, the coil pair was now scanned in the y-direction in 2 cm steps from y=0, to y=4 as shown in Figure 4. The resulting sensitivity maps produced for each position are shown in Figure 5 for the cross-section z=0. 
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Figure 3. Sensitivity distributions at cross-sections z=1, 3, 5, 7 and 9. The second and third columns represent the distributions for the coil geometries of figure 1(a) and 1(b) respectively. The dashed line shows the profile used for the sensitivity plot in figure 7.


Figure 4. Scanning the coils towards the edge of the simulated limb.
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Figure 5. Sensitivity distributions at cross-section z = 0 for the scan positions y = 0, 2 and 4. The second and third columns represent the distributions for the coil geometries of figure 1(a) and 1(b) respectively.
Scanning the coils in the y-direction did not appear to result in an increase in the sensitivity within the central volume of the limb. The area of maximum sensitivity again appeared on the periphery in each case and the outcome of scanning the coil pair was simply to increase the sensitivity on one side of the volume relative to the other side. 

The sensitivity maps derived using the multi-compartment leg model (figure 2), are displayed in figure 6. The computed sensitivity distributions can be seen to be very different from the simple single compartment case. For coil geometry (a) (figure 6 column 2) high sensitivity was produced within the centre of the volume above and below the boundaries of the low conductivity layer. This was also observed for coil geometry (b) (figure 6 column 3) but the sensitivity was observed to fall to zero and reverse polarity at the centre of the volume.
Figure 7 shows sensitivity profiles taken across the cross-section z=6 for coil geometry (a) for both the single and multi-compartment models.
Discussion

For the two MIT coil geometries simulated, the sensitivity within a simulated limb with homogeneous conductivity was found to be distributed towards the periphery with little or no sensitivity at the centre. Varying the coil dimensions or displacing the coils to one side of the object (figure 4) were found to produce no benefit as regards increasing the central sensitivity. The shape of the limb itself was the dominant factor in determining the sensitivity distribution. The fall-off in sensitivity with depth for the coil geometry of figure 1(a), shown in figure 7, was such that 50% of the received signal would be derived from tissues within 1 cm of the surface and 90% from within 2.5 cm.
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Figure 6. Sensitivity distributions at cross-sections z=1, 3, 5, 7 and 9 computed using the multi-compartment model. The second and third columns represent the distributions for the coil geometries of figure 1(a) and 1(b) respectively.
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Figure 7. Senstivity profiles for coil geometry (a) for the single homogeneous conductivity compartment model (solid line) and for the multi-compartment model (dashed line).

If the limb model is partitioned however into areas of higher conductivity (e.g. muscle, blood) separated by lower conductivity regions (e.g. fat) then the distribution of sensitivity changes dramatically. Areas of high sensitivity are now seen within central volumes of the limb at the insulating boundaries of the high / low conductivity compartments (dashed line of figure 7).

The non-contact nature of MIT makes it attractive for a range of biomedical applications such as detection of oedema within limbs, torso and brain [7] and in body composition studies [8]. The conventional MIT coil geometries used in this study involving small coils at the periphery of the object appear to have very limited sensitivity at depth for single compartment volumes of homogeneous conductivity. The received signal will be predominantly produced by muscle tissue within the first few centimetres of the skin surface. The presence of insulating layers within tissue however greatly influences the sensitivity distribution and appears to suggest that sensitivity is available not just at the periphery of the limb itself, but on the periphery of muscle tissue compartments within the limb which are surrounded by insulating layers of fat. The development of more anatomically realistic models will now be undertaken to assess the potential of MIT for applications such as the monitoring of regional oedema in limbs. 
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