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Description

[0001] The invention relates to a method of determining a spatial distribution of magnetic particles in an examination
zone. Furthermore, the invention relates to an apparatus for implementing the method according to the invention and
to a computer program for controlling the apparatus according to the invention.
[0002] A method comprising the features of the preamble of claim 1 is known from DE 101 51 778. In the case of the
method described in that publication, first of all a magnetic field having a spatial distribution of the magnetic field strength
is generated such that a first sub-zone having a relatively low magnetic field strength and a second sub-zone having a
relatively high magnetic field strength are formed in the examination zone. The position in space of the sub-zones in the
examination zone is then shifted, so that the magnetization of the particles in the examination zone changes locally.
Signals are recorded which are dependent on the magnetization in the examination zone, which magnetization has been
influenced by the shift in the position in space of the sub-zones, and information concerning the spatial distribution of
the magnetic particles in the examination zone is extracted from these signals, so that an image of the examination zone
can be formed.
[0003] The disadvantage of this known method is that the quality of the resulting image of the examination zone is
often not satisfactory, for example, for the purposes of medical diagnostics.
[0004] It is therefore an object of the present invention to specify a method of the kind mentioned initially, in which the
quality of the image formed is improved.
[0005] That object is achieved by a method of determining a spatial distribution of magnetic particles in an examination
zone with a first, time-constant magnetic field and a second, time-variable magnetic field, wherein the second, time-
variable magnetic field has a fundamental frequency and an amplitude in each spatial component and the time derivative
of the second magnetic field is substantially identical for each spatial component, or the second, time-variable magnetic
field encompasses a sum of several second, time-variable partial magnetic fields, each partial magnetic field having a
fundamental frequency and an amplitude in each spatial component and the time derivative of the second magnetic field
and/or of the second partial magnetic fields being substantially identical for each spatial component.
[0006] When the speed at which the first sub-zone moves in the examination zone is substantially identical in all
directions in space, then the resolution of an image that contains information concerning the spatial distribution of the
magnetic particles is also substantially identical in each direction in space, whereby the quality of the resulting image is
increased compared with the prior art mentioned at the beginning.
[0007] In particular, a time derivative of the second magnetic field for a spatial component is substantially identical
within the scope of the invention to a time derivative of the second magnetic field for a different spatial component, when
a measure of the magnitude of the time derivative for the one spatial component yields a value that is not less than one
fifth and not greater than five times a value that is determined by applying this measure to the time derivative for the
other spatial component. This measure of the magnitude of the time derivative is preferably the quadratic mean of the
time derivative over time for the respective spatial component. Alternatively, for each spatial component the maximum
of the time derivative could be used as measure.
[0008] A time derivative of the second magnetic field, which is substantially identical for all spatial components, is
realized in an especially simple manner in claim 2, owing to the fact that the product of amplitude and fundamental
frequency is substantially identical for each spatial component. In particular, two products are substantially identical
when one product is not greater than five times or less than one fifth of the other product. This applies correspondingly
to two frequencies that are substantially identical.
[0009] In the embodiment as claimed in claim 3, the fundamental frequencies for each spatial component of the second
magnetic field are substantially identical. The effect of substantially identical fundamental frequencies for each spatial
component and hence in each direction in space is that the signals acquired in step c) have a substantially identical
frequency in each direction in space, the result being that the signal-to-noise ratio is substantially identical in each
direction in space, which in turn improves the quality of the image that contains information concerning the spatial
distribution of the magnetic particles in the examination zone.
[0010] The acquired signals, which are used to extract information, are induced in a suitable acquisition means, for
example, in a coil, by changing the magnetization in the examination zone. As is generally known, the signal values of
the induced signals become larger as the rate of change in the magnetization increases. In the embodiment as claimed
in claim 4, a temporal Fourier transform of the second magnetic field has values in a first frequency range, which are
caused by slowly changing offsets of the second magnetic field, wherein the first frequency range contains values that
are smaller than each of the fundamental frequencies. That is, the fundamental frequencies are larger than the frequencies
of the Fourier transform of the second magnetic field caused by the offsets. In particular, as claimed in claim 5, the
fundamental frequencies are larger than ten times and preferably one hundred times the largest frequency lying in the
first frequency range, with the result that the first sub-zone is quickly shifted in the examination zone. This leads to rapid
magnetization changes in the examination zone and hence to large induced signal values. The second magnetic field
according to the invention therefore enables induced signals having a good signal-to-noise ratio to be acquired, with the
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result that the quality of the information concerning the spatial distribution of the magnetic particles in the examination
zone is further improved.
[0011] Furthermore, besides the rapid movement of the first sub-zone caused by the portions of the second magnetic
field oscillating at the fundamental frequencies, the offsets changing slowly with time cause an additional, slow shift of
the first sub-zone, with the result that a larger area of the first sub-zone can be recorded and the examination zone is
enlarged. The offsets change so slowly that they make no or hardly any contribution to the signals evaluated in step d),
since the signals induced by the change in the offsets are very small owing to the slow movement of the first sub-zone.
[0012] An improvement in the contrast of the image and hence in the image quality is obtained when at least one of
the fundamental frequencies changes with time, as claimed in claim 6, and when in particular at least one of the funda-
mental frequencies increases with time.
[0013] An embodiment as claimed in claim 7 ensures that the position of the two sub-zones in the examination zone
is changed in such a way that the first sub-zone approaches each point of the examination zone at least as far as a
predetermined minimum distance. Thus it is possible, by suitable selection of the minimum distance, to record each
point in the examination zone as the method according to the invention is being carried out.
[0014] The selection of a minimum distance as claimed in claim 8 ensures that the resolution of the method according
to the invention is not reduced by a minimum distance that is too large.
[0015] The acquisition of the signals dependent on the change in the position of the sub-zones, as claimed in claim
9, by inducing signals in at least one acquisition means, especially in at least one receiving coil, is technically simple to
accomplish and following evaluation of the signals provides high-quality information concerning the spatial distribution
of the magnetic particles in the examination zone.
[0016] An apparatus adapted for carrying out the method in accordance with the invention is described in claim 10.
Claim 11 describes an embodiment with which a second magnetic field according to the invention can be generated
especially easily. Claim 12 defines a computer program for control of an apparatus according to claim 10.
[0017] These and other aspects of the invention are apparent from and will be elucidated, by way of non-limitative
example, with reference to the embodiments described hereinafter.
[0018] In the drawings:

Fig. 1 shows a schematic representation of an apparatus in accordance with the invention for carrying out the method
in accordance with the invention,

Fig. 2 shows one of the magnetic particles present in the examination zone,
Fig. 3 shows the field line pattern of a first, time-constant magnetic field in the apparatus of Fig. 1,
Fig. 4 shows a block diagram of the apparatus of Fig. 1,
Fig. 5 shows a circuit diagram of a single-resonance coil system,
Fig. 6 shows a circuit diagram of a multiresonance coil system,
Figs 7 to 10 show two-dimensional representations of two spatial components orthogonal to one another of the time-

variable second magnetic field, and
Fig. 11 shows a flow chart of a method in accordance with the invention.

[0019] Fig. 1 shows an embodiment of an apparatus 9 in accordance with the invention. An object, in this case a
patient 1, is arranged on a patient support table 2. Magnetic particles, which have been administered to the patient, for
example, in liquid or meal form, are present in the patient, for example, in his gastrointestinal tract, and in an examination
zone of the apparatus 9. The dimensions of the examination zone depend in particular, as will be explained in detail
below, on the magnetic fields and magnetic particles employed.
[0020] A magnetic particle is illustrated in Fig. 2. It comprises a spherical substrate 100, for example, of glass, which
is covered with a soft-magnetic layer 101, which has a thickness of, for example, 5 nm and consists, for example, of an
iron-nickel alloy (for example, permalloy). This layer can be covered, for example, with a cover layer 102, which protects
the particle against acid. The strength of the magnetic field required for the saturation of the magnetization of such
particles is dependent on their diameter. In the case of a diameter of 10 Pm, a magnetic field of 1 mT is required, whereas
in the case of a diameter of 100 Pm, a magnetic field of 100 PT is sufficient. If a coating having a saturation magnetization
lower than permalloy is chosen, the magnetic field that is required for saturation is naturally further reduced.
[0021] The magnetic field strengths mentioned within the scope of the invention are specified in tesla for the sake of
simplicity. This is not quite correct, as tesla is the unit of magnetic flux density. In order to obtain the particular magnetic
field strength, the value specified in each case still has to be divided by the magnetic field constant P0.
[0022] The invention is not restricted to the magnetic particles just described. On the contrary, the method in accordance
with the invention can be carried out with any magnetic particle that has a non-linear magnetization curve, that is, in
which the gradient of the magnetization of the magnetic particle is non-linear in dependence on a magnetic field strength
acting on the particle.
[0023] What are known as monodomain particles of ferromagnetic or ferrimagnetic material can also be used. These
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particles have dimensions in the nanometer range and are so small that no magnetic domains or Weiss zones can form
therein. These particles can be injected into the blood stream of a patient in a suitable colloidal dispersion. Such disper-
sions are already injected as a contrast agent in the field of magnetic resonance (MR). The magnetic particles used
therein have a size of from 5 to 10 nm. This size is not the best for the method in accordance with the invention, however,
since the magnetic field strength required for saturation decreases with three times the particle diameter. The magnetic
particles should therefore be as large as possible, but not so large that magnetic domains are able to form. Depending
on the magnetic material, the most favorable size of a magnetic monodomain particle lies at a value of between 20 and
800 nm. A material suitable for monodomain particles is, for example, magnetite (Fe3O4). Such particles can be inhaled,
for example, for examination of the lungs.
[0024] Within the scope of the invention, the expression "magnetic particle" includes also particles that are magnet-
izable.
[0025] Above and beneath the patient 1 there is a first pair of coils 3a, 3b (first magnetic means), which comprises
two identically constructed coils 3a, 3b arranged coaxially above and beneath the patient 1 (see Fig. 1) and through
which currents of identical magnitude flow, but in opposite directions; the coils generate a first, time-constant magnetic
field. The first magnetic field is represented in Fig. 3 by the field lines 300. In the direction of the common coil axis 8 it
has a substantially constant gradient, and at a point on this coil axis reaches a zero value. Starting from this field-free
point, the magnetic field strength increases in all directions in space as the distance from this point increases. In a first
sub-zone 301, which is indicated by a dashed line in Fig. 3 and is arranged around the field-free point, the magnetic
field strength of the first magnetic field is so low that the magnetization of magnetic particles present therein is not
saturated. In contrast, in a second sub-zone 302, which lies outside the first sub-zone 301, the magnetization of the
magnetic particles is saturated.
[0026] By means of second, time-variable magnetic field, which is superimposed on the first magnetic field, the first
sub-zone 301 of the first magnetic field can be shifted within the examination zone towards the field strength of the
second magnetic field.
[0027] The movement and the dimensions of the first sub-zone 301, the magnetic properties and the distribution of
the magnetic particles determine the size of the examination zone. Each region of the object to be examined, that is, for
example, the patient 1, that contains magnetic particles of which the magnetization is changed by virtue of the position
change of the first sub-zone 301, is encompassed by the examination zone.
[0028] To generate the second, time-variable magnetic field, second magnetic means are used, comprising three coil
pairs. The coil pair 4a, 4b generates a magnetic field component of the second magnetic field that extends in the direction
of the coil axis 8 of the first coil pair 3a, 3b. For that purpose, equal currents flowing in the same direction of rotation
flow through the coils 4a, 4b. The effect that can be achieved with the coil pair 4a, 4b can in principle also be achieved
by superimposing currents flowing in the same direction on the oppositely directed equal currents in the first coil pair
3a, 3b, with the result that the current decreases in the one coil pair and increases in the other coil pair.
[0029] To generate magnetic field components of the second magnetic field in directions that are oriented perpendic-
ularly to the coil axis of the coil pair 3a, 3b, two further coil pairs 5a, 5b and 6a, 6b are used. Like the coil pairs 3a, 3b
and 4a, 4b, these coil pairs 5a, 5b and 6a, 6b could be Helmholtz-type coils, but then the examination zone would be
surrounded in all three directions in space by the coil pairs, which would impede access to the examination zone. The
coils 5a, 6a are therefore arranged above and the coils 5b, 6b beneath the patient 1. The coils 5a, 5b generate a magnetic
field component of which the direction is oriented perpendicular to the coil axis 8. Furthermore, the coils 6a, 6b generate
a magnetic field component of which the direction is oriented perpendicular to the coil axis 8 and perpendicular to the
direction of the magnetic field component that is generated by the coil pair 5a, 5b. The coils 5a, 5b, 6a, 6b thus generate
magnetic field components that are oriented perpendicular to their coil axis. Such coils are not of the Helmholtz type
and are known from magnetic resonance apparatuses having open magnets (open MRI), in which a high-frequency coil
pair that is able to generate a horizontal, time-variable magnetic field is arranged above and beneath the patient. The
construction of these known coils 5a, 5b, 6a, 6b is not explained in detail here.
[0030] The coil pairs 4a, 4b...6a, 6b thus generate the time-variable, second magnetic field, by means of which the
first sub-zone 301 of the first magnetic field in the examination zone, which is here three-dimensional but may alternatively
be two-dimensional, can be moved.
[0031] The movement of the first sub-zone 301 in the examination zone leads to a change in the magnetization of the
magnetic particles 102, with the result that signals are induced in a suitable receiving coil.
[0032] Fig. 1 shows schematically a receiving coil 7, which is adapted in such a way that signals can be induced in
the receiving coil 7 on the basis of a changing magnetization in the examination zone. In principle, any of the field-
generating coil pairs 3a, 3b ... 6a, 6b could be used for that purpose. However, one or even several separate receiving
coils 7 have the advantage that they can be arranged and switched independently of the field-generating coils 3a, 3b ...
6a, 6b and produce an improved signal-to-noise ratio.
[0033] If the magnetization change is to be determined in all three directions in space, then at least one receiving coil
that is able to receive the corresponding directional component of the magnetization change is required for each direction
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in space.
[0034] The induction of signals in a receiving coil on the basis of the changing magnetization of the magnetic particles
is described in more detail in DE 101 51 778, to which the reader is referred.
[0035] Fig. 4 shows a block diagram of the apparatus 9 shown in Fig. 1. The coil pair 3a, 3b is shown schematically
in Fig. 4 and for the sake of clarity is denoted by the reference numeral 3. The same applies to the coil pairs 4a, 4b ... 6a, 6b.
[0036] The coil pair 3 is supplied with a direct current from a controllable current source 31, which is controlled by the
control unit 10. The control unit 10 is connected to a computer 12 with a monitor 13 for displaying the distribution of
magnetic particles in the examination zone and with an input unit 14, for example, a keyboard 14.
[0037] The coil pairs 4, 5, 6 are connected to current amplifiers 41, 51, 61, from which they receive their currents. The
current amplifiers 41, 51, 61 are in turn connected to a respective alternating current source 42, 52, 62, which determine
the time characteristic of the currents Ix, Iy, Iz to be amplified. The alternating current sources 42, 52, 62 are controlled
by the control unit 10.
[0038] Furthermore, the receiving coil (acquisition means) 7 is illustrated schematically in Fig. 4. The signals induced
in the receiving coil 7 are supplied to a filter unit 71, which filters signals oscillating at the fundamental frequency or the
fundamental frequencies. The filtered signals are then transferred via an amplifier unit 72 to an analog-to-digital converter
73 (ADC). The digitized signals produced by the analog-to-digital converter 73 are supplied to an image-processing unit
(evaluating unit) 74, which reconstructs the spatial distribution of the magnetic particles from these signals and from the
particular position that is assumed by the first sub-zone 301 of the first magnetic field in the examination zone during
reception of the respective signal and is received by the image processing unit 74 from the control unit 10. The recon-
structed spatial distribution of the magnetic particles is finally transferred via the control unit 10 to the computer 12, which
displays it on the monitor 13.
[0039] Figures 5 and 6 show preferred circuit diagrams of two magnetic means, which contain the field-generating
coil 4a and the current amplifier 41. The field-generating coils 4b ... 6b and the associated current amplifiers 41, 51, 61
are preferably correspondingly configured.
[0040] Fig. 5 shows a single-resonance coil system 86, which comprises the field-generating coil 4a that is connected
in parallel with an adjustable capacitor 81. The field-generating coil 4a is thereby rendered resonant for one fundamental
frequency, wherein the resonant fundamental frequency can be set by adjusting a desired capacitance at the capacitor
81 and by selecting a coil 4a with desired inductance. This resonant circuit comprising the field-generating coil 4a and
the capacitor 81 is connected in parallel with the current amplifier 41, which delivers a time-variable current. Using such
a resonant circuit, a second magnetic field can be generated having a higher amplitude than if the current amplifier 41
is connected directly to the field-generating coil 4a, that is, without the additional parallel capacitor 81. If, therefore, a
specific amplitude of the second magnetic field is needed, then with the use of the illustrated resonant circuit it is possible
to use a current amplifier that has a lower amplification factor and is therefore less expensive than a current amplifier
that is needed when no such resonant circuit is used.
[0041] To generate the slowly variable offsets of the second magnetic field, a low-frequency current source 87 can
be used, which is connected parallel to the resonant circuit comprising the capacitor 81 and the field-generating coil 4a.
Such a low-frequency current source 87 has a low impedance for the high fundamental frequencies, however, so that
the resonant circuit would be short-circuited by the current source 87. The circuit must therefore have additional com-
ponents that have a high impedance for the high fundamental frequencies, but at the same time allow low frequencies
through, that is, the frequencies at which the offsets oscillate. A simple technical solution is a rejector circuit, comprising
a further coil 83 and parallel thereto a capacitor 85, which is arranged between the current source 87 and the resonant
circuit comprising the capacitor 81 and the field-generating coil 4a.
[0042] The exact dimensions of the coils and capacitors and the practical construction of the coils (e.g. annular coil
with large geometrical dimensions), which are required in order to render the field-generating coil 4a resonant for a
fundamental frequency and at the same time to allow slowly variable offsets of the second magnetic field, are known to
the person skilled in the art, so that further detail is unnecessary here.
[0043] Preferably, the inductances of the coils in Fig. 5 are substantially identical, that is, they differ at most by one
order of magnitude. In order to excite the field-generating coil 4a technically, as is generally known the current amplifier
41 can be provided with a suitable matching circuit, which comprises, for example, a transformer with a series-connected
capacitor, or a suitable capacitive voltage divider, the total capacitance of which is preferably identical with the capacitance
of the capacitor 81 and/or with the capacitance of the capacitor 85. Alternatively, coupling to the field-generating coil 4a
can be effected inductively.
[0044] Since the circuit according to Fig. 5 has just one resonant fundamental frequency, this circuit is known as a
single-resonance coil system 86. In order to change the resonant fundamental frequency, the capacitance of the capac-
itors 81, 85 can be changed. In order to change the resonant fundamental frequency during a measurement, so as to
pass through a frequency range, the capacitors are automatically variable, for example, by add-on smaller capacitors
or because the capacitors 81, 85 are motor-adjustable variable capacitors. Alternatively, other known methods can be
used to change the resonant fundamental frequency of the single-resonance coil system 86; for example, adjustable
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auxiliary coils can be used or magnetic materials can be brought towards the coils shown in Fig. 5.
[0045] If a second magnetic field is desired, which is generated by the field-generating coil 4a and has two fundamental
frequencies, then a multiresonance coil system 88 as shown in Fig. 6 can be used. To the right of the mirror line 89 in
Fig. 6, the multiresonance coil system 88 comprises the field-generating coil 4a, with which the capacitor 81 is connected
in parallel. The coil 4a is additionally connected to the current amplifier 41. The multiresonance coil system moreover
comprises to the right of the mirror line 89 in Fig. 6 a further coil 82 and a further adjustable capacitor 84. The effect of
this circuit arranged to the right of the mirror line 89 in Fig. 6 is that the field-generating coil 4a has two resonant
fundamental frequencies, that is, this field-generating coil 4a can be used to generate a second magnetic field that
oscillates with two resonant fundamental frequencies. If, for example, the further coil 82 has a larger inductance than
the field-generating coil 4a and if the capacitances of the capacitors 81 and 84 are identical, then the resonant fundamental
frequency that is generated by the additional components 82, 84 is lower than the fundamental frequency that is generated
with a circuit without the additional components 82, 84, as illustrated in Fig. 5.
[0046] If a low-frequency current source is connected to the circuit illustrated to the right of the mirror line 89 in Fig.
6, in order to generate the slowly variable offsets of the second magnetic field, then as described above in connection
with Fig. 5 the circuit would be short-circuited, since the current source for the high fundamental frequencies has a low
impedance. The capacitors and coils are therefore reflected at the mirror line, so that the capacitors 81’ and 84’ and the
coils 4a’ and 82’ are arranged mirror-symmetrically with respect to the mirror line 89 to the capacitors 81, 84 and the
coils 4a and 82. The low-frequency current source 87 is connected in series with the coil 4a’.
[0047] If more than two resonant fundamental frequencies are to be generated, then for each further desired resonant
fundamental frequency the portion of the circuit that is outlined in Fig. 6 by a dotted line 90 can be arranged an additional
number of times between the mirror line 89 and the resonant circuit comprising the capacitor 81 and the field-generating
coil 4a. The added coils and capacitors would then have to be reflected in turn at the mirror line 89, of course.
[0048] The invention is not limited to the represented single-resonance and multiresonance coil systems. On the
contrary, in accordance with the invention use can be made of any circuit arrangement of coils and capacitors that
enables a second magnetic field to be generated that has both one or more high fundamental frequencies as well as
low frequencies that lie close to zero frequency. In known manner, also other resonant structural elements can be used,
such as, for example, electromechanical resonators (piezos) or resonators that are based on transit-time effects.
[0049] The time-variable second magnetic field H2(t) can be parameterized as follows: 

[0050] Here, ax,y,z(t) are amplitudes, ωx,y,z(t) are fundamental frequencies, ϕx,y,z(t) are phase shifts and νx,y,z(t) are
offsets. The amplitudes, fundamental frequencies, phase shifts and offsets vary more slowly with time t than sin(ωxt),
sin(ωyt) and sin(ωzt), that is, the respective Fourier transform of ax, y, z(t), ωx,y, z(t), ϕx,y,z(t) and νx,y,z(t) has exclusively
values at frequencies that are smaller than any of the fundamental frequencies ωx,y,z.
[0051] Alternatively, the time-variable second magnetic field can be parameterized by the following equation: 

[0052] That is, the second magnetic field H2(t) can alternatively comprise a sum of partial magnetic fields , wherein
here too for each partial magnetic field the amplitudes , fundamental frequencies and phase shifts vary more slowly with
time t than , and , that is, the respective Fourier transform of , and has exclusively values at frequencies that are smaller
than any of the fundamental frequencies .
[0053] Within the scope of the present invention, only the time dependency of the second magnetic field H2(t) is
considered. It is clear, however, that because of the finite dimensions of the field-generating coils, it is impossible for
there to be a completely spatially homogeneous second magnetic field present, so that the second magnetic field is also
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dependent on location H2(x, y, z, t). The separate consideration of the time dependency is possible here, given that the
wavelength is large compared with the dimensions of the coils 4, 5, 6, that is, H2(x, y, z, t) =F(x, x, z) · H2(t), in which F
(x, y, z) is a function that describes the location-dependency of the second magnetic field. In this context, the wavelength
is the wavelength of the electromagnetic wave of the second magnetic field. This wavelength is in the kilometer range
in the case of the fundamental frequencies used here, so that it is large in comparison with the coils, the dimensions of
which lie at most within the meter range.
[0054] In this exemplary embodiment the second magnetic field H2(t) has three spatial components H2,x(t), H2,y(t) and
H2,z(t) orthogonal to one another, so that the first sub-zone 301 can be moved in three-dimensional space. In different
constructions, the second magnetic field H2(t) could also have just two spatial components orthogonal to one another,
so that the first sub-zone 301 could be moved in one plane.
[0055] The spatial components of the second magnetic field generated by field-generating coils need not be oriented
orthogonal to one another. The field-generating coils can also generate spatial components of the second magnetic field
that are directed in different directions in space not orthogonal to one another. A second magnetic field with spatial
components oriented in this manner is easily transformable to a second magnetic field as per the equation (1) or (2), so
that the explanations for the second magnetic field with orthogonally oriented spatial components are applicable corre-
spondingly.
[0056] The time variation of the offsets νx,y,z(t) leads to frequency components of the second magnetic field H2(t) that
lie in a first frequency range ∆ωv, that is, when the second magnetic field H2(t) is subject to Fourier transform the time
variation of the offsets νx,y,z(t) leads to values of the Fourier transforms in the first frequency range ∆ωv. The first frequency
range ∆ωv comprises exclusively values that are smaller than any of the fundamental frequencies. In particular, the first
frequency range ∆ωv comprises preferably values that lie close to zero frequency and amount to only a few Hertz, that
is, for example, 0.1 to 100 Hz. The width of the first frequency range is preferably less than ten times and especially
less than one hundred times the smallest fundamental frequency. Furthermore, preferably every fundamental frequency
is greater than ten times and especially greater than one hundred times the largest frequency in the first frequency range
∆ωv.
[0057] High fundamental frequencies lead to a more rapid movement of the first sub-zone of the first magnetic field
and hence to higher signals in the receiving coil 7, but also increase the known patient noise, which increases as the
fundamental frequency increases. Preferred fundamental frequencies at which the signal-to-noise ratio of the signals
acquired with the receiving coil 7 is sufficient in order to reconstruct images of very good quality, as described below,
lie in a range from 20 kHz to 1 MHz. If SQUID detectors known from magnetic resonance spectroscopy are used as
acquisition means, then the fundamental frequencies can be selected to be smaller by a factor of 1000.
[0058] The slow variation in the offsets, in addition to the rapid movement of the first sub-zone 301 caused by the
portions of the second magnetic field oscillating at the fundamental frequencies, causes an additional slow shift of the
first sub-zone 301, with the result that a larger region can be covered by the first sub-zone 301 and the examination
zone is enlarged. The offsets change so slowly that they make no or hardly any contribution to the reconstruction
explained below of an image of the examination zone, since the signals induced by the change in the offsets are very
small owing to the slow movement of the first sub-zone and have no or hardly any influence on the signals acquired by
the receiving coil 7.
[0059] The time variation of the offsets, that is, the shift of the first sub-zone 301 caused thereby, should be selected
so that the first sub-zone 301 of the first magnetic field covers the entire examination zone, which has been defined by
a radiologist for example.
[0060] As is known, for example, from magnetic resonance spectroscopy, the application of time-variable magnetic
fields to biological tissue leads to warming and, if warming is immoderate, to damage of the tissue. Warming depends
substantially on the product of amplitude and fundamental frequency, the form of the magnetic field and the type of
tissue exposed to the magnetic field. The amplitudes and fundamental frequencies of the second magnetic field are to
be selected so that no tissue is damaged. For example, if a large region, such as, for example, the gastrointestinal tract
of a human patient, is to be exposed to the second magnetic field, the amplitude should be less than 20 mT and the
fundamental frequency should be less than 100 kHz.
[0061] The slow time variation of the amplitudes, phase shifts and fundamental frequencies, as is known from known
amplitude, phase and frequency modulation techniques, leads to frequency components of the second magnetic field
that are arranged around the fundamental frequencies. Preferably the apparatus 9 according to the invention is con-
structed so that the result of the time variation of the amplitudes, phase shifts and fundamental frequencies is that the
Fourier transform of the second magnetic field comprises values in frequency ranges ∆ωx,y,z and arranged around the
fundamental frequencies, which ranges have a relative breadth of respectively ωx,y,z/ωx,y,z < 0.1 and more preferably of
< 0.01 respectively ωx,y,z/ωx,y,z < 0.01. In absolute terms, the breadth of the frequency ranges that are arranged around
the fundamental frequencies is preferably of the same order of magnitude as the breadth of the first frequency range
∆ων. In particular, the breadths of the frequency ranges arranged around the fundamental frequencies and of the first
frequency range are preferably the same.
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[0062] In another preferred embodiment, the amplitudes, phase shifts and fundamental frequencies are preferably
independent of time.
[0063] Outside the frequency ranges that are arranged around the fundamental frequencies, and outside the frequency
range ∆ων, the Fourier transform of the second magnetic field preferably has no values. The effect of this is that the
signals induced by the rapid changes in the second magnetic field are not disrupted by frequency components that do
not lie within the frequency ranges, whereby the image quality is improved.
[0064] Figures 7 to 10 are representations of the second magnetic field, wherein in each case a spatial component
of the second magnetic field is plotted over a spatial component of the second magnetic field orthogonal thereto.
[0065] In Fig. 7, a spatial component H2,y(t) = cos(29t) + 0.1 cos(30t) of one embodiment of the second magnetic field
H2(t) is plotted against a second spatial component H2,x(t) = sin(29t) - sin(30t) orthogonal thereto of this second magnetic
field. The numerical values at the vertical and at the horizontal axis in Fig.7 are specified in arbitrary units. The same
applies to the numerical values in Figures 8 to 10.
[0066] In Fig. 8, a spatial component H2,y(t) = cos(29t) + cos(30t) of a different embodiment of the second magnetic
field H2(t) is plotted against a spatial component H2, x(t) = sin(29t) - 0.5sin(30t) orthogonal thereto of this embodiment
of the second magnetic field.
[0067] In Fig. 9, a spatial component H2,y(t) = cos(29t) + 0.5cos(30t) of a further embodiment of the second magnetic
field H2(t) is plotted against a spatial component H2,x(t) = sin(29t) - 0.5sin(30t) perpendicular thereto of this embodiment
of the second magnetic field.
[0068] In Fig. 10, a spatial component H2,y(t) = cos(29t) + cos(30t) of a further embodiment of the second magnetic
field H2(t) is plotted against a spatial component H2,x(t) = sin(29t) - sin(30t) perpendicular thereto of this embodiment of
the second magnetic field.
[0069] The use of a second magnetic field according to the embodiments shown in Figures 7 to 10 leads to good
quality images of the spatial distribution of magnetic particles in the examination zone.
[0070] The spatial components of the second magnetic field specified in Figures 7 to 10 and in the associated description
can easily be rendered in a form according to equation (1) by trigonometric conversions, as described in the following.
These spatial components can be represented generally by 

[0071] These spatial components can be converted so that they have the following construction: 

and 

[0072] The variables a and b are arbitrary real numbers, so that the equations (5) and (6) correspond to a form of the
second magnetic field according to equation (1).
[0073] A time-variable second magnetic field according to Figures 7 to 10 causes a movement of the first sub-zone
301 substantially along the path shown in the respective Figures. The qualification "substantially" is used here since the
correlation between the time variation of the second magnetic field in a direction in space and the shift of the first sub-
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zone 301 is not linear, since the second magnetic field does not change linearly with location. The result of this is that
the first sub-zone 301 of the first magnetic field does not move exactly on the paths shown.
[0074] Alternatively, the second magnetic field can be adjusted so that the path on which the first sub-zone 301 moves
through the examination zone describes a Lissajous figure.
[0075] The proportions of the second magnetic field of which the Fourier transforms lie in the first frequency range
∆ων, that is, the slowly variable components of the second frequency range that are caused by the time dependency of
the offsets νx,y,z(t), lead to an overall shift in the paths shown in Figures 7 to 10, the result of which is that the first sub-
zone 301 spreads over a relatively large region in the patient 1, whereby the examination zone is enlarged.
[0076] The second magnetic field is designed in such a way that the time derivative of the second magnetic field is
substantially identical in each direction in space, that is to say, values that are produced by applying a measure of the
magnitude of the time derivative for the particular spatial component differ at most by a factor of five. This means two
time derivatives for different spatial components are identical, when this measure applied to the time derivative of a
spatial component of the second magnetic field yields a value that is not greater than five times and not less than one
fifth of the value that is produced when this measure is applied to the time derivative of the other spatial component of
the second magnetic field. The first sub-zone is therefore moved in different directions in space at speeds that do not
differ significantly, whereby the resolution of an examination zone image, reconstructed as described below, is not
significantly different in different directions in space, which improves the image quality.
[0077] A measure of the magnitude of the time derivative is, for example, the quadratic mean of the time derivative
of a spatial component over time. Alternatively, the measure can be the maximum of the time derivative of a spatial
component of the second magnetic field.
[0078] A substantially identical speed of the first sub-zone 301 for different spatial components can be achieved, for
example, for the reason that the product of fundamental frequency and amplitude for each spatial component of the
second magnetic field H2(t) or for each spatial component of each partial magnetic field is substantially the same.
[0079] Preferably, the second magnetic field is designed in such a way that fundamental frequencies for each spatial
component of the second magnetic field or for each spatial component of each partial magnetic field are substantially
identical. This has the advantage that the signal-to-noise ratio for signals that have been acquired during movement of
the first sub-zone in different directions is not significantly different, which leads to an improved image quality.
[0080] In other embodiments, the fundamental frequency can vary with time and in particular can increase with time.
The remarks made above in connection with the Fourier transform then relate to a piecewise temporal Fourier transfor-
mation; that is to say, a Fourier transform is formed over a predetermined period which is preferably of the same order
of magnitude as the reciprocal value of the breadth of the frequency ranges that are arranged around the fundamental
frequencies owing to the time dependency of amplitudes, phase shifts and fundamental frequencies.
[0081] A minimum distance can be entered in the apparatus 9 via the input device 14, the control unit 10 controlling
the alternating current sources 42, 52, 62 in such a way and hence constructing the second magnetic field in such a
way that the position of the first sub-zone changes so that for each point in the examination zone the distance between
the middle of the first sub-zone and the respective point is at least at one instant less than the entered minimum distance.
In this manner it is possible to ensure that each portion of the examination zone is covered by the first sub-zone 301. It
should be borne in mind here that, as already remarked above and stated in DE 101 51 778, there is a non-linear
correlation between the shift of the first sub-zone 301 and the change in the second magnetic field in a specific direction
in space. The correlation between the change in the second magnetic field and the shift of the first sub-zone can be
determined, for example, empirically, and can be saved in table form in the memory 10. If a minimum distance is specified,
then having regard to the tables the control unit can determine a path of the first sub-zone 301 in the examination zone
and the associated time-variable second magnetic field so that the minimum distance is taken into account.
[0082] In order not to reduce the resolution of the apparatus 9 by specifying a minimum distance that is unduly large,
the minimum distance is specified to be less than ten times the resolution limit of the apparatus 9. Alternatively, the
minimum distance is specified to be less than three times the resolution limit.
[0083] The resolution limit is defined by means of two areas in the examination zone that contain magnetic particles
and are as small as possible but large enough to generate signals that can be acquired by the receiving coil. The
resolution limit is the distance between these two areas at which these areas can still just be differentiated in a recon-
structed image of the examination zone, that is to say, with a smaller distance it would no longer be possible to distinguish
between these two areas in the reconstructed image. The smaller the resolution limit is, the greater therefore the resolution.
[0084] The spatial resolution of the apparatus 9 is determined by the size of the first sub-zone 301. This size depends
firstly on the gradient strength of the gradient field that is generated by the coil pair 3a, 3b, and also on the magnitude
of the magnetic field required for a saturation of the magnetization of the magnetic particles. The magnitude of this
magnetic field amounts to 1 mT at a diameter of the sphere illustrated in Fig. 3 of 10 Pm and to 100 PT at a diameter
of 100 Pm. In the case of the last-mentioned value and at a gradient of the magnetic field of 0.2 T/m, the first sub-zone
301 has a diameter of about 1 mm.
[0085] Using the flow chart from Fig. 11, there follows a description of how an examination zone image containing
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information concerning the distribution of the magnetic particles in the examination zone can be reconstructed from the
signals acquired at the receiving coil 7.
[0086] First of all, in step 401 a delta probe, that is, to say, a probe of finite yet very small dimensions, for example,
1 mm3, is placed at one of a predetermined quantity of points in the examination zone. This quantity of points can
comprise, for example, points that are arranged in Cartesian format in the examination zone, adjacent points having a
spacing that is identical with the resolution limit.
[0087] Then, in step 402, the first and the second magnetic fields are switched on, so that the first sub-zone 301 moves
within the examination zone owing to the effect of the second magnetic field. At the same time, the receiving coil 7
acquires signals that are induced in the receiving coil 7 owing to the changing magnetization in the examination zone.
[0088] In step 403, it is ascertained whether the delta probe has been placed at all predetermined points in the
examination zone. If this is the case, then the process continues with step 204. Otherwise, in step 401 the delta probe
is placed at a point at which it has not yet been placed, and induced signals are acquired in step 402 for this new location
of the delta probe.
[0089] In step 404, an object containing magnetic particles is placed in the examination zone, the distribution of which
magnetic particles in the object is to be determined. The object can be, for example, a patient, who has ingested a liquid
or a meal containing magnetic particles, which are located in his gastrointestinal tract at the time of measuring.
[0090] In step 405, the first and second magnetic fields are switched on, so that the first sub-zone 301 moves within
the examination zone owing to the effect of the second magnetic field. At the same time, induced signals are acquired
in the receiving coil 7.
[0091] In step 406, an image of the examination zone is reconstructed from the signals acquired in steps 402 and
405. For that purpose the following assumption is made: 

[0092] It is thus assumed that with no disruptive external influences a signal So(r(t)) that has been acquired by the

receiving coil while the object was located in the examination zone and the first sub-zone was located at the point r(t)

in the examination zone equals the sum  In this connection, αp is a factor that is a measure of the

concentration of the magnetic particles at the particular point in the examination zone, here denoted by p. Furthermore,
Sp(r(t)) is the signal acquired while the delta probe was located at the point and the first sub-zone 301 was located at

the point r(t) in the examination zone.
[0093] The factors αp are adapted by means of the known least square fitting method, that is to say, the factors αp
are determined so that the expression 

is minimized. The integration over time t is in this case carried out across the entire period T during which signals that
are used for the reconstruction were acquired.
[0094] The resulting factors αp are a measure of the concentration of magnetic particles at the particular point denoted
by p in the examination zone and are thus the image of the examination zone that yields information concerning the
distribution of the magnetic particles in the examination zone.
[0095] The method according to the invention is not limited to the reconstruction described. On the contrary, the
invention includes any reconstruction method that can extract information concerning the distribution of the magnetic
particles in the examination zone from the acquired signals. For example, the reconstruction methods disclosed in DE
101 51 778 can be used.
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Claims

1. A method of determining a spatial distribution of magnetic particles (102) in an examination zone with a first, time-
constant magnetic field and a second, time-variable magnetic field, wherein the first magnetic field is generated
such that in a first sub-zone (301) the magnetic field strength of the first magnetic field is so low that the magnetization
of magnetic particles present therein is not saturated, whereas in a second sub-zone (302), which lies outside the
first ub-zone (301), the magnetization of the magnetic particles is saturate, and wherein the second, time-variable
magnetic field has a fundamental frequency and an amplitude in each spatial component, characterised in that
the time derivative of the second magnetic field is substantially identical for each spatial component, or
the second, time-variable magnetic field encompasses a sum of several second, time-variable partial magnetic
fields, each partial magnetic field having a fundamental frequency and an amplitude in each spatial component and
the time derivative of the second magnetic field and/or of the second partial magnetic fields being substantially
identical for each spatial component, wherein a time derivative for a spatial component is substantially identical to
a time derivative for a different spatial component when a measure of the magnitude of the time derivative for the
one spatial component yields a value that is not less than one fifth and not greater than five times a value that is
determined by applying this measure to the time derivative for the other spatial component.

2. A method as claimed in claim 1, characterized in that the second magnetic field (H2) and/or each second partial

magnetic field  are generated so that for the second magnetic field (H2) and/or for each second partial

magnetic field the product of the fundamental frequency and the amplitude

for a spatial component is substantially identical to the product of the fundamental frequen-

cy  and the amplitude for any other spatial component.

3. A method as claimed in claim 1, characterized in that the second magnetic field (H2) and/or each second partial

magnetic field are generated so that for the second magnetic field (H2) and/or for each second partial

magnetic field the fundamental frequency for a spatial component is substantially identical

with the fundamental frequency for any other spatial component.

4. A method as claimed in claim 1, characterized in that the second magnetic field (H2) is generated so that at least

one or each spatial component of the second magnetic field (H2) has a time-variable offset (νx,y,z), wherein a temporal

Fourier transform of the
 second magnetic field (H2) has values in a first frequency range (∆ωv), which are caused by the offsets (νx,y,z), the

first frequency range (∆ωv) exclusively containing values that are smaller than any of the fundamental frequencies

.

5. A method as claimed in claim 4, characterized in that each of the fundamental frequencies is larger than ten times
and preferably larger than one hundred times the largest frequency lying in the first frequency range (∆ωv).

6. A method as claimed in claim 4, characterized in that at least one of the fundamental frequencies

changes with time and in particular increases with time and in that the temporal Fourier transform

is a piecewise temporal Fourier transform, which is determined for a predetermined time interval.

7. A method as claimed in claim 1, characterized in that the second magnetic field (H2) is generated so that the
position of the first sub-zone (301) changes in such a way that for each point in the examination zone the distance
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between the center of the first sub-zone (301) and the respective point is at least at one instant smaller than a
predetermined minimum distance.

8. A method as claimed in claim 7, characterized in that the minimum distance is less than ten times a resolution
limit or alternatively less than three times the resolution limit.

9. A method as claimed in claim 1, characterized in that by changing the position in space of the two sub-zones (301,
302) in the examination zone, signals are induced in at least one acquisition means (7), especially in at least one
receiving coil, which signals are evaluated to extract information concerning the spatial distribution of the magnetic
particles (102) in the examination zone.

10. An apparatus adapted for determining a spatial distribution of magnetic particles (102) in an examination zone with
a first, time-constant magnetic field and a second, time-variable magnetic field, wherein the first magnetic field is
generated such that in a first subzone (301) the magnetic field strength of the first magnetic field is so low that the
magnetization of magnetic particles present therein is not saturated, whereas in a second sub-zone (302), which
lies outside the first ub-zone (301), the magnetization of the magnetic particles is saturate, and wherein the second,
time-variable magnetic field has a fundamental frequency and an amplitude in each spatial component,wherein the
second, time-variable magnetic field (H2) has a fundamental frequency (ωx,y,z) and an amplitude (ax,y,z) in each

spatial component and the time derivative of the second magnetic field is substantially identical for each spatial
component, or
the second, time-variable magnetic field (H2) encompasses a sum of several second, time-variable partial magnetic

fields ( ), each partial magnetic field ( ) having a fundamental frequency ( ) and an amplitude

( ) in each spatial component and the time derivative of the second magnetic field (H2) and/or of the second

partial magnetic fields ( ) being substantially identical for each spatial component, wherein a time derivative for

a spatial component is substantially identical to a time derivative for a different spatial component when a measure
of the magnitude of the time derivative for the one spatial component yields a value that is not less than one fifth
and not greater than five times a value that is determined by applying this measure to the time derivative for the
other spatial component.

11. An apparatus as claimed in claim 10, characterized in that the second magnetic means comprise a single-resonance
or multiresonance coil system (86, 88) having at least one coil (4a) generating the second magnetic field.

12. A computer program for a control unit (10) for controlling first magnetic means (3a, 3b), second magnetic means
(4a, 4b, 5a, 5b, 6a, 6b), at least one acquisition means (7) and at least one evaluating means (74) of an apparatus
as claimed in claim 10 the computer program being adapted , for carrying out the method as claimed in claim 1.

Patentansprüche

1. Verfahren zur Bestimmung der räumlichen Verteilung von Magnetpartikeln (102) in einer Untersuchungszone mit
einem ersten, zeitlich konstanten Magnetfeld und einem zweiten, zeitlich variablen Magnetfeld, wobei das erste
Magnetfeld derart erzeugt wird, dass die Magnetfeldstärke des ersten Magnetfelds in einer ersten Teilzone (301)
so niedrig ist, dass die Magnetisierung von dort vorhandenen Magnetpartikeln nicht gesättigt ist, während die Ma-
gnetisierung der Magnetpartikel in einer zweiten Teilzone (302), welche sich außerhalb der ersten Teilzone (301)
befindet, gesättigt ist, wobei das zweite, zeitlich variable Magnetfeld eine Fundamentalfrequenz und eine Amplitude
in jeder räumlichen Komponente hat, dadurch gekennzeichnet, dass die Zeitableitung des zweiten Magnetfelds
im Wesentlichen für jede räumliche Komponente identisch ist, oder das zweite, zeitlich variable Magnetfeld eine
Summe aus mehreren zweiten, zeitlich variablen partiellen Magnetfeldern umfasst, wobei jedes partielle Magnetfeld
eine Fundamentalfrequenz und eine Amplitude in jeder räumlichen Komponente hat und die Zeitableitung des
zweiten Magnetfelds und/oder der zweiten partiellen Magnetfelder im Wesentlichen für jede räumliche Komponente
identisch ist, wobei eine Zeitableitung für eine räumliche Komponente im Wesentlichen identisch mit einer Zeita-
bleitung für eine andere räumliche Komponente ist, wenn ein Maß der Magnitude der Zeitableitung für die eine
räumliche Komponente einen Wert ergibt, der nicht kleiner als ein Fünftel und nicht größer als das Fünffache eines
Wertes ist, der durch Anwenden dieses Maßes auf die Zeitableitung für die andere räumliche Komponente bestimmt
wird.
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2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das zweite Magnetfeld (H2) und/oder jedes zweite

partielle Magnetfeld ( ) derart erzeugt werden, dass für das zweite Magnetfeld (H2) und/oder für jedes zweite

partielle Magnetfeld ( ) das Produkt der Fundamentalfrequenz (ωx,y,z, ) und der Amplitude (ax,y,z, )

für eine räumliche Komponente im Wesentlichen identisch ist mit dem Produkt der Fundamentalfrequenz (ωx,y,z,

) und der Amplidute (ax,y,z, ) für jede andere räumliche Komponente.

3. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das zweite Magnetfeld (H2) und/oder jedes zweite

partielle Magnetfeld ( ) derart erzeugt werden, dass für das zweite Magnetfeld (H2) und/oder für jedes zweite

partielle Magnetfeld ( ) die Fundamentalfrequenz (ωx,y,z, ) für eine räumliche Komponente im Wesent-

lichen identisch ist mit der Fundamentalfrequenz (ωx,y,z, ) für jede andere räumliche Komponente.

4. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das zweite Magnetfeld (H2) derart erzeugt wird, dass

mindestens eine oder jede räumliche Komponente des zweiten Magnetfelds (H2) einen zeitlich variablen Versatz

(νx,y,z) hat, wobei eine zeitliche Fourier-Transformation des zweiten Magnetfelds (H2) Werte in einem ersten Fre-

quenzbereich (∆ωv) hat, die durch die Versätze (νx,y,z) verursacht werden, wobei der erste Frequenzbereich (∆ωv)

ausschließlich Werte enthält, die kleiner als jede der Fundamentalfrequenzen (ωx,y,z, ) sind.

5. Verfahren nach Anspruch 4, dadurch gekennzeichnet, dass jede der Fundamentalfrequenzen (ωx,y,z, )

größer als das Zehnfache und vorzugsweise größer als das Einhundertfache der größten Frequenz ist, die in dem
ersten Frequenzbereich (∆ωv) liegt.

6. Verfahren nach Anspruch 4, dadurch gekennzeichnet, dass sich mindestens eine der Fundamentalfrequenzen

(ωx,y,z, ) mit der Zeit ändert und insbesondere mit der Zeit zunimmt, und dass die zeitliche Fourier-Transfor-

mation eine stückweise zeitliche Fourier-Transformation ist, die für ein vorgegebenes Zeitintervall bestimmt wird.

7. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das zweite Magnetfeld (H2) derart erzeugt wird, dass
sich die Position der ersten Teilzone (301) auf derartige Weise ändert, dass für jeden Punkt in der Untersuchungszone
der Abstand zwischen der Mitte der ersten Teilzone (301) und dem betreffenden Punkt mindestens zu einem Zeit-
punkt kleiner ist als ein vorgegebener Mindestabstand.

8. Verfahren nach Anspruch 7, dadurch gekennzeichnet, dass der Mindestabstand kleiner als das Zehnfache eines
Auflösungsgrenzwerts oder alternativ kleiner als das Dreifache des Auflösungsgrenzwerts ist.

9. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass durch Ändern der räumlichen Position der beiden
Teilzonen (301, 302) in der Untersuchungszone Signale in mindestens einem Erfassungsmittel (7) induziert werden,
insbesondere in mindestens einer Empfangsspule, wobei die Signale ausgewertet werden, um Informationen be-
züglich der räumlichen Verteilung der Magnetpartikel (102) in der Untersuchungszone zu extrahieren.

10. Gerät, das vorgesehen ist, um die räumliche Verteilung von Magnetpartikeln (102) in einer Untersuchungszone mit
einem ersten, zeitlich konstanten Magnetfeld und einem zweiten, zeitlich variablen Magnetfeld zu bestimmen, wobei
die Magnetfeldstärke des ersten Magnetfelds in einer ersten Teilzone (301) so niedrig ist, dass die Magnetisierung
von dort vorhandenen Magnetpartikeln nicht gesättigt ist, während die Magnetisierung der Magnetpartikel in einer
zweiten Teilzone (302), welche sich außerhalb der ersten Teilzone (301) befindet, gesättigt ist, wobei das zweite,
zeitlich variable Magnetfeld (H2) eine Fundamentalfrequenz (ωx,y,z) und eine Amplitude (ax,y,z) in jeder räumlichen

Komponente hat und die Zeitableitung des zweiten Magnetfelds im Wesentlichen für jede räumliche Komponente
identisch ist, oder
das zweite, zeitlich variable Magnetfeld (H2) eine Summe aus mehreren zweiten, zeitlich variablen partiellen Ma-

gnetfeldern ( ) umfasst, wobei jedes partielle Magnetfeld ( ) eine Fundamentalfrequenz ( ) und eine
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Amplitude ( ) in jeder räumlichen Komponente hat und die Zeitableitung des zweiten Magnetfelds (H2) und/

oder der zweiten partiellen Magnetfelder ( ) im Wesentlichen für jede räumliche Komponente identisch ist,

wobei eine Zeitableitung für eine räumliche Komponente im Wesentlichen identisch mit einer Zeitableitung für eine
andere räumliche Komponente ist, wenn ein Maß der Magnitude der Zeitableitung für die eine räumliche Komponente
einen Wert ergibt, der nicht kleiner als ein Fünftel und nicht größer als das Fünffache eines Wertes ist, der durch
Anwenden dieses Maßes auf die Zeitableitung für die andere räumliche Komponente bestimmt wird.

11. Gerät nach Anspruch 10, dadurch gekennzeichnet, dass die zweiten magnetischen Mittel ein Einzelresonanz-
oder Mehrfachresonanz-Spulensystem (86, 88) mit mindestens einer Spule (4a) umfassen, das das zweite Magnet-
feld erzeugt.

12. Computerprogramm für eine Steuereinheit (10) zur Steuerung erster magnetischer Mittel (3a, 3b), zweiter magne-
tischer Mittel (4a, 4b, 5a, 5b, 6a, 6b), mindestens eines Erfassungsmittels (7) und mindestens eines Auswertungs-
mittels (74) eines Geräts nach Anspruch 10, wobei das Computerprogramm vorgesehen ist, um das Verfahren nach
Anspruch 1 auszuführen.

Revendications

1. Procédé de détermination d’une distribution spatiale de particules magnétiques (102) dans une zone d’examen
avec un premier champ magnétique constant dans le temps et un deuxième champ magnétique variable dans le
temps, dans lequel le premier champ magnétique est généré de sorte que, dans une première sous-zone (301), la
force de champ magnétique du premier champ magnétique est suffisamment basse pour que la magnétisation des
particules magnétiques présentes à l’intérieur de celui-ci ne soit pas saturée, tandis que, dans une deuxième sous-
zone (302) se trouvant à l’extérieur de la première sous-zone (301), la magnétisation des particules magnétiques
est saturée, et dans lequel le deuxième champ magnétique variable dans le temps a une fréquence fondamentale
et une amplitude dans chaque composante spatiale, caractérisé en ce que la dérivée dans le temps du deuxième
champ magnétique est sensiblement identique pour chaque composante spatiale, ou le deuxième champ magné-
tique variable dans le temps englobe une somme de plusieurs deuxièmes champs magnétiques partiels variables
dans le temps, chaque champ magnétique partiel ayant une fréquence fondamentale et une amplitude dans chaque
composante spatiale et la dérivée dans le temps du deuxième champ magnétique et/ou des deuxièmes champs
magnétiques partiels étant sensiblement identique pour chaque composante spatiale, dans lequel une dérivée dans
le temps pour une composante spatiale est sensiblement identique à une dérivée dans le temps pour une composante
spatiale différente lorsqu’une mesure de la grandeur de la dérivée dans le temps pour une composante spatiale
donne une valeur qui n’est pas inférieure à un cinquième et pas supérieure à cinq fois une valeur qui est déterminée
en appliquant cette mesure à la dérivée dans le temps pour l’autre composante spatiale.

2. Procédé selon la revendication 1, caractérisé en ce que le deuxième champ magnétique (H2) et/ou chaque deuxiè-

me champ magnétique partiel ( ) sont générés de sorte que pour le deuxième champ magnétique (H2) et/ou

pour chaque deuxième champ magnétique partiel ( ) le produit de la fréquence fondamentale (ωx,y,z, )

et de l’amplitude (ax,y,z, ) pour une composante spatiale est sensiblement identique au produit de la fréquence

fondamentale (ωx,y,z, ) et de l’amplitude (ax,y,z, ) pour n’importe quelle autre composante spatiale.

3. Procédé selon la revendication 1, caractérisé en ce que le deuxième champ magnétique (H2) et/ou chaque deuxiè-

me champ magnétique partiel ( ) sont générés de sorte que, pour le deuxième champ magnétique (H2) et/ou

pour chaque deuxième champ magnétique partiel ( ), la fréquence fondamentale (ωx,y,z, ) pour une

composante spatiale est sensiblement identique à la fréquence fondamentale (ωx,y,z, ) pour n’importe quelle

autre composante spatiale.
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4. Procédé selon la revendication 1, caractérisé en ce que le deuxième champ magnétique (H2) est généré de sorte

qu’au moins une composante spatiale ou chaque composante spatiale du deuxième champ magnétique (H2) a un

décalage variable dans le temps (νx,y,z), dans lequel une transformée de Fourier temporale du deuxième champ

magnétique (H2) a des valeurs dans une première plage de fréquence (∆ων), qui sont provoquées par les décalages

(νx,y,z), la première plage de fréquence (∆ων) contenant exclusivement des valeurs qui sont inférieures à n’importe

laquelle des fréquences fondamentales (ωx,y,z, ).

5. Procédé selon la revendication 4, caractérisé en ce que chacune des fréquences fondamentales (ωx,y,z, )

est supérieure à dix fois et de préférence est supérieure à cent fois la plus grande fréquence se trouvant dans la
première plage de fréquence (∆ων).

6. Procédé selon la revendication 4, caractérisé en ce qu’au moins l’une des fréquences fondamentales (ωx,y,z,

) change dans le temps et en particulier augmente dans le temps et en ce que la transformée de Fourier

temporale est une transformée de Fourier temporale par morceau, qui est déterminée pour un intervalle de temps
prédéterminé.

7. Procédé selon la revendication 1, caractérisé en ce que le deuxième champ magnétique (H2) est généré de sorte
que la position de la première sous-zone (301) change de telle manière que, pour chaque point dans la zone
d’examen, la distance entre le centre de la première sous-zone (301) et le point respectif est au moins à un instant
inférieure à une distance minimale prédéterminée.

8. Procédé selon la revendication 7, caractérisé en ce que la distance minimale est inférieure à dix fois une limite
de résolution ou en variante inférieure à trois fois la limite de résolution.

9. Procédé selon la revendication 1, caractérisé en ce que, en changeant la position dans l’espace des deux sous-
zones (301, 302) dans la zone d’examen, des signaux sont induits dans au moins un moyen d’acquisition (7),
particulièrement dans au moins une bobine de réception, lesquels signaux étant évalués pour extraire des informa-
tions concernant la distribution spatiale des particules magnétiques (102) dans la zone d’examen.

10. Appareil apte à déterminer une distribution spatiale de particules magnétiques (102) dans une zone d’examen avec
un premier champ magnétique constant dans le temps et un deuxième champ magnétique variable dans le temps,
dans lequel le premier champ magnétique est généré de sorte que, dans une première sous-zone (301), la force
de champ magnétique du premier champ magnétique est suffisamment basse pour que la magnétisation des par-
ticules magnétiques présentes à l’intérieur de celui-ci ne soit pas saturée, tandis que, dans une deuxième sous-
zone (302) se trouvant à l’extérieur de la première sous-zone (301), la magnétisation des particules magnétiques
est saturée, et dans lequel le deuxième champ magnétique variable dans le temps (H2) a une fréquence fondamentale

(ωx,y,z) et une amplitude (αx,y,z) dans chaque composante spatiale et la dérivée dans le temps du deuxième champ

magnétique est sensiblement identique pour chaque composante spatiale, ou
le deuxième champ magnétique variable dans le temps (H2) englobe une somme de plusieurs deuxièmes champs

magnétiques partiels variables dans le temps (), chaque champ magnétique partiel ( ) ayant une fréquence

fondamentale ( ) et une amplitude ( ) dans chaque composante spatiale et la dérivée dans le temps

du deuxième champ magnétique (H2) et/ou des deuxièmes champs magnétiques partiels ( ) étant sensiblement

identique pour chaque composante spatiale, dans lequel une dérivée dans le temps pour une composante spatiale
est sensiblement identique à une dérivée dans le temps pour une composante spatiale différente lorsqu’une mesure
de la grandeur de la dérivée dans le temps pour une composante spatiale donne une valeur qui n’est pas inférieure
à un cinquième et pas supérieure à cinq fois une valeur qui est déterminée en appliquant cette mesure à la dérivée
dans le temps pour l’autre composante spatiale.

11. Appareil selon la revendication 10, caractérisé en ce que le deuxième moyen magnétique comprend un système
de bobine à résonance unique ou à résonances multiples (86, 88) ayant au moins une bobine (4a) générant le
deuxième champ magnétique.
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12. Programme informatique pour une unité de commande (10) afin de commander un premier moyen magnétique (3a,
3b), un deuxième moyen magnétique (4a, 4b, 5a, 5b, 6a, 6b), au moins un moyen d’acquisition (7) et au moins un
moyen d’évaluation (74) d’un appareil selon la revendication 10, le programme informatique étant apte à effectuer
le procédé selon la revendication 1.
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