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Magnetopneumography is a non-invasive method for estimation of amount and spatial distribution of ferromagnetic dusts deposited 
in lungs of metal workers. Our setup consisting of a set of fluxgate probes is sensitive enough to detect remanent fields of small 
amounts (<8 mg) of previously magnetized magnetite dust. Utilization of a smart camera and retro-reflective optical markers 
makes the scanning independent of operator’s errors and helps to scan the magnetic field independently of the actual subject body 
position on the bed. The bias caused by wrong positioning and inadvertent movement of the subject on scanning bed otherwise de-
grades the data so that they are not suitable for inversion based on linear least-square optimization that we use. Methodology of po-
sition reference based on multiple markers is under development. Modelled and phantom results of inversion of magnetic data are 
shown. 
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1  INTRODUCTION 

 
 
 
 

Magnetopneumography, a method for examining fer-
romagnetic dusts inhaled and deposited in lungs, dates to 
1970s [1]. Potentially it is applicable to some workers like 
grinders and welders or – to some extent – miners. Prior 
to scanning the subject has to be magnetized in a strong 
DC field from an electromagnet. This type of measure-
ment of remanent magnetic field in front of thorax is usu-
ally carried out by SQUID. Similarly to the setup of 
Zheng et al [2] we use fluxgate probes as the best vectori-
al room-temperature sensors. 

The noise of our 10 cm-baseline gradiometer is 
350 pT/m/√Hz at 1  Hz. The best reported [3] fluxgate 3-
axial gradiometer has noise of 30 pT/m/√Hz at 1  Hz, but 
for a baseline of 60 cm. There is potential to further de-
crease this noise level to approximately 1 pT/m/√Hz with 
race-track fluxgate sensors [4]. The whole device consist-
ing of scanning bed and separate portal, which holds the 
gradiometer (Fig. 1), is constructed to be used in a non-
shielded urban environment, like in similar approach for 
monitoring the stress distribution in structural steel [5]. 

Potentially even other sensors might be suitable for 
this application. Sensitivity below 1 nT/m/√Hz at 1  Hz 
with promise of 100 fT/m/√Hz at 1  Hz is reported for di-
rect string magnetic gradiometer [6]. Possibly even for 
building of an array of gradiometers single-sensor MEMS 
gradiometers [7] could be used as they have very high 
spatial resolution, but their noise is too high for our appli-
cation. Magnetoelectric gradiometers [8] are also less sen-
sitive. For refrigerated high-temperature SQUID gradiom-
eter [9] the achieved noise is 3 pT/cm/√Hz 
(ie 300 pT/m/√Hz) at 1  Hz with a baseline of only 4 mm. 
Relatively cheap liquid nitrogen cooled high-temperature 
SQUID gradiometer with 18 mm baseline [10] has noise 
level of 1 pT/cm/√Hz ( ie 100 pT/m/√Hz) at 1  Hz. 

 
 

Fig. 1. The gradiometer suspended above the scanning bed 
 
 

Our measurement setup is sensitive enough to detect 
small amounts (<8 mg) of magnetite dust (corresponding 
to magnetic moment of 34×10-6Am2). We scan gradient 
field maps over a phantom in needed resolution and pro-
cess the data to estimate magnetite dust amount – ie rema-
nent magnetic moment and its location [11, 12]. We have 
shown before [13], that inversion – ie an estimate of mag-
netic sources from magnetic field data can be obtained by 
direct calculation (multiplication by an inverse matrix 
obtained by linear least-square optimization). However, 
inversion needs almost perfect data without too much dis-
tortion. This made us to incorporate smart camera to 
achieve a more robust and real-world ready measurement 
procedure that would be tolerant to subject movement and 
to incorrect manual setting of scanning positions during 
necessary phantom calibrations of the current setup. Lat-
eral and angular movement of a subject during scanning 
can be monitored by the camera (set of coordinates of 
several markers on the subject) and the field-map then 
may be mathematically corrected. In an unshielded envi-
ronment we also have to reduce noise by advanced 
gradiometric configurations. 

 

2  METHODS 
 
 

In order to have the manual positioning of the scanning 
bed independent of any operator’s error and partially also 
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of subject’s actual body position we have incorporated a 
smart camera and retro-reflective optical markers as we 
have described in [14]. Geometrical ordering of the sam-
ples is critical. The bias caused by wrong positioning and 
inadvertent movement of the subject on the scanning bed 
in both lateral and angular way would degrade the data so 
that they would not be suitable for inversion. Position of 
the bed may be tracked even by a single marker however 
movements of the subject lying down with the face up 
related to the bed have to be tracked by several more 
markers, eg we also need to compensate for breathing. 
Tracking of multiple markers is a basic feature of our 
software, however the automation of image processing is 
not finished yet. Correct field maps may then be recon-
structed after completion of the scanning and after inver-
sion the results can be easily integrated to the image of the 
subject. The scene with simple phantom is observed (see 
Fig. 2) by top-mounted smart camera, 2 m above scanning 
bed surface. Our in-house developed smart camera that 
enables the needed multiple position measurement in real 
time, is based on the Blackfin® digital signal processor 
(ADSP-BF532). Although this solution has lower perfor-
mance compared to FPGA (field programmable gate ar-
ray) based approach [15] the advantage is that a measure-
ment reconfiguration is very simple [14]. 

 
 

 

 
Fig. 2. The phantom on the positioning bed as seen by position referencing 
smart camera - width of the bed is 0.5m, white circle - reflective marker, 

green dots - chosen scanning grid 
 
 

The image sensor (CMOS) has effective resolution 
1280×1024 pixels and 6µm pixel size. For the required 
resolution of about 1 mm in a field of view 1 m×0.8 m we 
used an on-chip pixel-averaging function and down sam-
pled the image to the resolution of 640×512 pixels (hence 
a virtual pixel size is 12 µm). The camera module is 
equipped with universal serial bus USB 2.0 High-speed 
interface (compare with similar realization [16]) that al-
lows simultaneous real-time transfer of measurement re-
sults and actual image of the measured object [14]. A 
built-in digital processing algorithm – centroid calculation 
[17] – provides accurate tracking of one or multiple tar-
gets (retro-reflective markers) so that their position is al-
ways available to the magnetic data acquisition software. 
Overall position measurement precision is better than 
1 mm in the full range. For more detailed description and 
parameters of the camera see [14]. 

The gradiometer consisting of six co-axially suspended 
fluxgate probes with 10 cm spacing (gradiometric base-
line) is set as close to the chest as possible (less than 5 cm 
– see Fig. 1). We are measuring several first-order gradi-
ents of magnetic field. Rather than about true gradients we 
should speak about measurement of a relation between 
spatial magnetic field and magnetic sources. We do not 
follow in detail the rules of optimal gradiometer design as 
discussed eg in [18] or in [19]. The used fluxgates have 
noise of about 15 pT/√Hz at 1  Hz. The sensitivity (ie 
transfer function slope) of each fluxgate is about 
133 mV/μT (ie 133 kV/T). In the gradiometric configura-
tion, as written above, the resulting gradient noise is about 
350 pT/m/√Hz at 1  Hz with baseline of 10 cm. The gradi-
ent fields are processed by means of linear least-square 
optimization, which from specific calibration process pro-
vides inverse matrix that then enables a direct one-step 
estimate of the magnetic source from the measured data – 
ie distribution of magnetic moment in phantom’s elements 
[12]. 

 
 
 
 
 
 

3  MODELED RESULTS 
 
 
 
 

In order to find limits of the setup our experiments fo-
cus much on modeling of magnetic sources and their cor-
responding magnetic field-maps. We always assume phan-
tom volumes composed of a definite number of unit vol-
umes (cubes), which are perfectly aligned to the scanning 
grid. This, of course, enables working also with rotated 
sources which are mapped to the orthogonal grid. In case 
of physical measurements on phantom there we work with 
remanent moment of magnetite powder homogenously 
dispersed in the 4×4×4 cm3 cube volume. Cubes are mag-
netized in an electromagnet (0.5T). (Alternative approach 
[20] is to apply small coils supplied by selectable currents 
as an adjustable electronic phantom.) Right lung is com-
posed of 45 cubes (5×3×3) and left lung - heart side - of 
30 cubes (5×2×3) separated by a one-cube thick gap. For 
the purpose of better robustness a one-cube thick margin 
has been added around this volume, except of lower and 
upper bases. Thus the model height is 12 cm as it has just 
three layers. The method proved to be very unstable in 
depth so before adding more layers to the phantom, it 
would be better to add gradiometer also below the bed or 
rotate the subject and scan twice to obtain more data. The 
model therefore now consists of 168 elements. 

The computer model has been arranged similarly, see 
Fig. 3. Due to the X-Y view of a 3D graph in Matlab the 
blue margins are not shown at outer sides of the graphs. 
The source demonstrated in Fig. 3 contains rectangular 
volume of randomly selected magnetic cubes, 4×4×4 cm3 
each. Blue are clear, magnetic cubes have moment either 
300 (red) or 150×10-6 Am2 (green). The results of inver-
sion of modeled magnetic field of the source are for scan-
ning resolution 2 cm and height of the centre of the first 
probe above the bed 16.79 cm. 
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Fig. 3. Visualization of a three-layer modeled source with individual cubes 
Top graphs are simulation of inversion results, compare with ideal source in 

the bottom - the axes labels indicate cubes within the model. 
 
 

 
 

 

Fig. 4. Differences between real source and inverted one 
using modeled data 

 
 

The computer modeling provides much information 
about limits of the chosen inversion method as well as 
about possible gradiometric configurations. We have also 
successfully proved that inversion matrix works normally 
also in case of angularly displaced (ie rotated in horizontal 
plane) or laterally moved phantoms [14]. This was the 
reason to provide substantial margin of free space on all 
sides around lung volume so that lung volume elements 
rotated from their normal positions can map to these spac-
es. In case we do not count with the whole volume, where 
the sources potentially may be present, the illustrated 
method could not work properly. With subjects the camera 
will play very important role in compensation for the 
movement during scanning. Automation of that is not pre-
pared yet. 

The results show quite good match of inversion-found 
estimate of the sources in comparison to the ideal sources 
used for generation of the modeled field. The worst result 
is for the deepest third layer. This seems to be because of 
not proper scanning resolution and/or too big scanning 
distance so that the problem becomes ill-posed and not 
suitable for linear least-squares optimization. The perfor-
mance is still better than in [14] where we used height 
13.4 cm but scanning resolution only 4 cm. 

 
 
 
 
 

4  PHYSICAL PHANTOM DATA 
 
 

Although our physical phantom experiments are in 
good relation to the computer models, the modelled data 

could not be used for inversion. It is because of noise in 
the data, slight axial and angular misalignments of the 
sensors together with non-ideal perpendicularity of the 
gradiometer to the bed and not ideal angle of magnetiza-
tion of the phantom cubes. All the necessary data for in-
version had to be obtained by means of calibration meas-
urements. Here the camera helps much as it ensures that 
the field was measured in known coordinates, not several 
millimetres plus or minus from the wanted ones as it was 
usual during manual positioning. This reduces bias in the 
data much. 

The principle of the calibration is the same as in case 
of the computer model [13]. For each elementary volume 
of the phantom we need to measure its corresponding 
magnetic field maps when the particular element contains 
unit magnetic moment, while the others are clear. This 
would mean 168 scans for the whole volume of the phan-
tom or 3 scans for each layer but in as big dimensions as 
the map covers all possible measuring nodes. These big 
field maps can be then cut in our software to get the prop-
er sections corresponding to particular phantom elements. 
This set of data is used to calculate an inverse matrix for 
the current setup. Unfortunately such dimensions of scan-
ning array are behind the bounds of the positioning bed, 
therefore we had to reduce the phantom volume. The test-
ing example consists of just 16-cube single-layer phan-
tom. Another possibility is to prepare precise holder of the 
cubes (in fact just 4 scans per layer with magnetic cubes 
in the corners of the phantom volume are needed) or an 
electronic phantom [20], which would enable quicker and 
reliable measurement of the necessary calibration data. 

In the tested phantom there were just 2 magnetized cu-
bes, while the rest was clear. The first gradiometer probe 
was just 3 cm above the phantom cubes (8.4 cm from the 
bed to the centre of the probe).The result of inversion is 
shown in Fig. 5. For illustration of the measurements the 
closest 1st order gradient is depicted in the first graph. The 
next two graphs show the sources. The magnitudes are 
drawn in contours to better depict differences. The ideal 
inversion should show two peaks – magnetic cubes be-
tween clear ones – on the diagonal of the figures. The 
peaks have magnitude 1, which corresponds to the mag-
netic cube. Zero is for the non-magnetic cubes. The real 
phantom inversion shows even slightly negative values. 
This is supposed to be mainly due to various sources of 
errors mentioned above. 

 
 
 

5  CONCLUSIONS 
 
 

The results of modelling indicate that inversion can be 
computed for sources of quite coarse resolution - elemen-
tary volumes of 64 cm3. In this resolution the phantom 
data provided good results for scanning grid of 2 cm. 
When utilizing the camera we might map the sources to 
the image of the subject as the measurement nodes and 
their corresponding sources-containing volume are linked 
by the inverse matrix. The camera not only enables com-
pensation for movement of the subject during scanning, 
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but also compensates for wrong manual setting of the po-
sition. The calculation of inversion is by its nature very 
sensitive to errors therefore suppression of distortions in 
the measured data contributes much to improvement of 
the quality of estimation of the magnetic sources. The re-
al-world phantom data inversion proved suitability of the 
models, though we were not able to calibrate the set-up in 
the complete target phantom volume yet. We suppose to 
introduce higher order gradients, further noise suppression 
and we will work also on better robustness of the inver-
sion algorithm as well as on a proper calibration phantom. 

 
 

 
Closest measured gradient 

 
Inverted data 

 
Ideal phantom 

 

Fig. 5. The proof of the inversion model by real-world phantom data 
(the phantom is simplified just to a single layer). 
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