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Description

[0001] The present invention relates to an arrange-
ment for the spatially resolved determination of mechan-
ical, physical, chemical and/or biological properties and
state variables and the change in these properties and
state variables in an examination area of an examination
object, into which magnetic particles with non-linear mag-
netization characteristics have been introduced. The
present invention furthermore relates to a method for the
spatially resolved determination of these properties and
state variables using the arrangement according to the
invention. In the diagnosis of tumors such as breast can-
cer for example, use is usually still made of the X-ray
mammography imaging method even though damage to
the irradiated tissue cannot be ruled out with certainty.
Nuclear spin tomography, ultrasound methods and infra-
red tomography, which are cost-intensive and complex
in terms of apparatus, are available as alternative exam-
ination methods. A particularly gentle tissue examination
can be carried out with the aid of light tomography meth-
ods in which the tissue that is to be examined is illumi-
nated with visible or infrared light and the reflected or
transmitted radiation is detected.

[0002] DE 195 0474 A1 describes an optical method
which can be used to detect physiological and patholog-
ical changes in a biological tissue in vivo. In this case,
tissue is irradiated with light of a specific intensity the
wavelength of which is changed continuously or in dis-
crete steps, and a transmission or reflection spectrum is
recorded by measuring the intensity of the transmitted or
reflected radiation as a function of the wavelength. In
said method, an in vivo transmission spectrum may be
recorded using a commercially available spectroradiom-
eter which has a white light source having a uniform and
high spectral radiation density, a grid monochromator, a
cut-offfilter and a fiber head. The radiation that is imaging
information not being restricted to regions of the exami-
nation object that are close to the surface.

[0003] The radiation thatis absorbed and scattered by
the tissue is detected on the side opposite the glass fiber
head via a fiberoptic cable.

[0004] An OCT-aided surgical system having an OCT
module (Optical Coherence Tomography module), com-
prising a surface scanner and an evaluation and display
unit, can be found in DE 199 30 408 A1. Such systems
may be used for example for a navigation-assisted spinal
column operation. For data generation purposes, the ex-
amination object is preferably scanned using an OCT
beam in the infrared region. Nevertheless, prior to a nav-
igation-assisted operation it is always necessary to
record the examination object by means of computer to-
mography (CT) and to store the CT data obtained in an
evaluation and display unit. According to this method it
is then possible, using optical coherence tomography, to
measure sectional images of biological samples and ex-
amine tissue structures up to depths of around 2 to 3
mm, with typical scanning fields making a volume of

10

15

20

25

30

35

40

45

50

55

about 50 mm X 50 mm X 50 mm accessible for the meas-
urement. However, larger examination areas or depth
information of tissue structures are not possible using
the method described in DE 199 30 408 A1.

[0005] DE 196 24 167 A1 discloses a method for co-
herence biometry and coherence tomography with an
increased transverse resolution for measuring the posi-
tion of nonreflective points along a measurement path at
the surface of and inside objects by means of a measur-
ing light beam of a short coherence interferometer. In this
case, the path length comparison needed to ensure co-
herence with the reference light is to be effected by mov-
ing a single optical component. Using the device de-
scribed in DE 196 24 167 A1, a good optical resolution
is then also said to be achieved transverse to the illumi-
nation direction, said resolution in particular being con-
stant over the entire depth of the object and free of static
interference, so-called speckles. The aforementioned
device is said to be particularly suitable for eye exami-
nations.

[0006] Although lighttomography methods such as op-
tical scattering tomography have the advantage of mak-
ing it possible to examine even biological tissue in a very
gentle and non-destructive manner, they supply reliable
data only in respect of small penetration depths in an
examination object. Moreover, essentially two-dimen-
sional imaging is usually not sufficient. Furthermore, re-
liable imaging is often only achieved in combination with
known complex examination methods such as computer
tomography for example.

[0007] It would therefore be desirable to be able to
make use of examination methods which do not attack
or damage the object or tissue that is to be examined,
regardless of the examination duration and the frequency
of examinations, and at the same time supply imaging
information in a manner that is simple in terms of appa-
ratus and reliable, said

[0008] US 4,537,861 discloses an apparatus and a
method for an immunoassay of a binding reaction be-
tween a ligand and an antiligand which are typically an
antigen and an antibody, including a spatial pattern
formed by a spatial array of separate regions of antiligand
material, and ligand material dispersed to interact with
the spatial array of separate regions of antiligand material
for producing a binding reaction between the ligand and
the antiligand in the spatial patterns and with the bound
complexes labeled with a particular physical character-
istic. A source of input energy and with the input energy
at a particular spectrum for interacting with particular
physical characteristic of the labeled binding reaction.;
Scanning the spatial pattern with the input energy at the
particular spectrum for producing output energy having
amplitude levels formed by a substantially random back-
ground component and a non-random component rep-
resenting the labeled bound complexes, and the non-
random component representing the labeled bound com-
plexes detected to produce an output signal in accord-
ance with the labeled binding reaction.
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[0009] Apart from some features disclosed in US
4,537,861, the invention disclosed therein has very little
in common with the present invention and relates to an-
other technical field.

[0010] Itis therefore an object of the present invention
to provide an arrangement and a method which can be
used to examine examination objects in a non-destruc-
tive manner and without causing any damage, at a high
resolution, both close to the surface and remote from the
surface.

[0011] The object on which the method according to
the invention is based is achieved by generating a mag-
netic field with a spatial profile of the magnetic field
strength such that there is produced in the examination
area a first part-area having a low magnetic field strength
where the magnetization of the magnetic particles is not
saturated and a second part-area having a higher mag-
netic field strength where the magnetization of the mag-
netic particles is saturated, generating a superposed os-
cillating or rotating magnetic field at least partially in the
first part-area having a low magnetic field strength, so
that at least some of these magnetic particles oscillate
or rotate, irradiating electromagnetic radiation into the
examination area by means of at least one radiation
source and detecting the reflected and/or scattered elec-
tromagnetic radiation by means of at least one detector
and determining the intensity, absorption and/or polari-
zation of the reflected and/or scattered electromagnetic
radiation

[0012] It may advantageously be provided that the, in
particular relative, spatial position of the two part-areas
in the examination area is changed so that the magnet-
ization of the particles changes locally, and the signals
which depend on the magnetization in the examination
area that is influenced by this change are detected and
evaluated so as to obtain information about the spatial
distribution and/or the change in the spatial distribution
of the magnetic particles in the examination area.
[0013] The method according to the invention makes
substantial use of an arrangement as described in the
German patent having the number DE 101 51 778. Ref-
erence is hereby also made to the aforementioned patent
application in respect of preferred embodiments of this
arrangement.

[0014] A spatially inhomogeneous magnetic field is
generated in the examination area by means of the ar-
rangement used according to the invention. In the first
part-area the magnetic field is so weak that the magnet-
ization of the particles differs to a greater or lesser extent
from the external magnetic field, that is to say is not sat-
urated. This first part-area is preferably a spatially coher-
ent area; it may also be a punctiform area or else a line
or a flat area. In the second part-area (i.e. in the rest of
the examination area outside the first part) the magnetic
field is strong enough to keep the particles in a state of
saturation. The magnetization is saturated when the
magnetization of virtually all particles is aligned in ap-
proximately the direction of the external magnetic field,
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so that the magnetization there increases much less with
a further increase in the magnetic field than in the first
part-area given a corresponding increase in the magnetic
field.

[0015] By changing the position of the two part-areas
within the examination area, the (overall) magnetization
in the examination area changes. If, therefore, the mag-
netization in the examination area or physical parameters
influenced thereby is/are measured, information about
the spatial distribution of the magnetic particles in the
examination area can then be derived therefrom.
[0016] Inorderto change the spatial position of the two
part-areas in the examination area or to change the mag-
netic field strength in the first part area, for example, a
magnetic field that can be changed locally and/or tem-
porally can be generated. It may also be provided that
the signals induced in at least one coil by the temporal
change in the magnetization in the examination area are
received and evaluated in order to obtain information
about the spatial distribution of the magnetic particles in
the examination area. Signals that are as great as pos-
sible can be obtained by the spatial position of the two
part-areas changing as rapidly as possible. A coil which
is used to generate a magnetic field in the examination
area can be used to detect the signals. However, at least
one special coil is preferably used.

[0017] The change in the spatial position of the part-
areas may also take place, for example, by means of a
magnetic field that can be changed temporally. In this
case a likewise periodic signal is induced in a coil. How-
ever, this signal may be difficult to receive since the sig-
nals generated in the examination area and the tempo-
rally changing magnetic field are active at the same time;
it is therefore not readily possible to distinguish between
the signals induced by the magnetic field and the signals
induced by changing the magnetization in the examina-
tion area. However, this can be avoided by a temporally
changing magnetic field acting on the examination area
in a first frequency band and, from the signal received in
the coil, a second frequency band which contains higher
frequency components than the first frequency band be-
ing evaluated so as to obtain information about the spatial
distribution of the magnetic particles. This makes use of
the fact that the frequency components of the second
frequency band can occur only by virtue of a change in
the magnetization in the examination area as a result of
the non-linearity of the magnetization characteristic. If
the temporally changing magnetic field has a sinusoidal
periodic profile, the first frequency band consists only of
asingle frequency component - the sinusoidal fundamen-
tal component. By contrast, besides this fundamental
component the second frequency band also contains
higher harmonics (so-called upper harmonics) of the si-
nusoidal fundamental component, which can be used for
the evaluation.

[0018] One preferred arrangement for the method ac-
cording to the inventionis characterized in that the means
for generating the magnetic field comprise a gradient coil
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arrangement for generating a magnetic gradient field
which in the first part-area of the examination area re-
verses its direction and has a zero crossing. This mag-
netic field is - if the gradient coil arrangement comprises
e.g. two identical windings which are arranged on either
side of the examination area but which are flowed through
by opposite currents (Maxwell coil) - zero at a point on
the winding axis and increases virtually linearly on either
side of this point with opposite polarity. Only in the case
of particles which are located in the region around this
field zero point is the magnetization not saturated. In re-
spect of particles outside this area the magnetization is
essentially in a state of saturation.

[0019] An arrangement may be provided with means
for generating a temporally changing magnetic field that
is superposed on the magnetic gradient field for the pur-
pose of moving the two part-areas in the examination
area. The area generated by the gradient coil arrange-
ment is in this case moved around the field zero point,
i.e. the first part-area, within the examination area by the
temporally changing magnetic field. Given a suitable tem-
poral profile and orientation of this magnetic field it is
possible in this way for the field zero point to pass through
the entire examination area.

[0020] The change in magnetization that is associated
with the movement of the field zero point may be received
by means of an appropriate coil arrangement. The coil
used to receive the signals generated in the examination
area may be a coil which is already used to generate the
magnetic field in the examination area. However, there
are also advantages to using a special coil for receiving,
since this can be decoupled from the coil arrangement
that generates a temporally changing magnetic field.
Moreover, an improved signal-to-noise ratio can be
achieved with one coil - but all the more so with a number
of coils.

[0021] The amplitude of the signals induced in the coil
arrangement is greater the quicker the position of the
field zero point in the examination area changes, that is
to say the quicker the temporally changing magnetic field
superposed on the magnetic gradient field changes.
However, it is technically difficult to generate on the one
hand a temporally changing magnetic field whose ampli-
tude is sufficient to move the field zero point to the point
of the examination area and whose rate of change is
sufficiently high to generate signals having a sufficient
amplitude. Particularly suitable for this are those arrange-
ments which have means for generating a first and at
least a second magnetic field that are superposed on the
magnetic gradient field, where the first magnetic field
changes slowly in time terms and with a high amplitude
and the second magnetic field changes rapidly in time
terms and with a low amplitude. Two magnetic fields
which change at different rates and with different ampli-
tudes are generated - preferably by two coil arrange-
ments. A further advantage is that the field changes may
be so fast (e.g. >20 kHz) that they are above the limit of
human audibility. It may likewise be provided that the two
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magnetic fields run essentially perpendicular to one an-
other in the examination area. This allows the movement
of the field-free point in a two-dimensional area. An ex-
pansion to a three-dimensional area is obtained by virtue
of a further magnetic field which has a component that
runs perpendicular to the two magnetic fields. An ar-
rangement having a filter connected downstream of the
coil arrangement is likewise advantageous, said filter
suppressing from the signal induced in the coil arrange-
ment the signal components in a first frequency band and
allowing through the signal components in a second fre-
quency band which contains higher frequency compo-
nents than the first frequency component. This makes
use of the fact that the magnetization characteristic in
the region in which the magnetization passes from the
unsaturated state to the saturated state is non-linear.
This non-linearity means that a magnetic field which runs
for example in a sinusoidal manner over time with the
frequency f in the range of non-linearity, brings about a
temporally changing induction with the frequency f (fun-
damental component) and integer multiples of the fre-
quency f (upper or higher harmonics). The evaluation of
the upper harmonics has the advantage that the funda-
mental component of the magnetic field that is active at
the same time for moving the field-free point does not
have any influence on the evaluation.

[0022] For the method according to the invention it is
particularly advantageous if the magnetic particles are
superparamagnetic particles, in particular with a low ef-
fective anisotropy, ferromagnetic monodomain particles
with an effective anisotropy that is sufficient for the par-
ticles still to behave in a superparamagnetic manner only
in a suspension, soft-magnetic particles, in particular
having a low demagnetization factor and a magnetic an-
isotropy, and/or hard-magnetic particles.

[0023] Suitable magnetic particles are those which can
become saturated state in the case of a sufficiently small
magnetic field. A necessary prerequisite for this is that
the magnetic particles have a minimum size or a mini-
mum dipole moment.

[0024] Suitable magnetic particles advantageously
have dimensions which are small compared to the size
of the voxels, the magnetization of which is to be deter-
mined by means of the method according to the invention.
Furthermore, the magnetization of the particles should
preferably become saturated at field strengths of the
magnetic field which are as low as possible. The lower
the field strength necessary for this, the higher the spatial
resolution capability and the weaker the (external) mag-
neticfield that is to be generated in the examination area.
Moreover, the magnetic particles should have a dipole
moment that is as high as possible and a high saturation
induction in order that the change in magnetization re-
sults in output signals that are as great as possible. When
using the method for medical examinations, it is also im-
portant that the particles are non-toxic.

[0025] Advantageously, the magnetic particles have
an anisotropy that is sufficient for the change in magnet-
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ization of the particle to take place essentially by geo-
metric (Brown’s) rotation. Although magnetization re-
versal via Neel's rotation may likewise occur, besides
Brown'’s rotation it often does not make a considerable
contribution to the magnetization reversal in the method
according to the invention.

[0026] According to a preferred refinement of the meth-
od according to the invention it is therefore proposed that
the magnetic particle is a monodomain particle the mag-
netization of which is reversed essentially by means of
Brown’s rotation.

[0027] Suitable magnetic monodomain particles are
preferably dimensioned such that only a single magnetic
domain (the monodomain) can form therein and a
number of white regions are not present. According to a
particularly preferred variant of the invention, suitable
particle sizes lie in the range from 20 nm to around 800
nm, with the upper limit also depending on the material
used. In respect of monodomain particles, use is prefer-
ably made of magnetite (Fe;0,), maghemite (y-Fe,Os)
and/or non-stoichiometric magnetic iron oxides. Of
course it is also possible for use to be made of larger
particles, e.g. having macroscopic dimensions.

[0028] Inafurther preferred refinement of the invention
magnetic particles are used the surface of which is par-
tially or fully reflective or is provided with a coating that
reflects light or is fluorescent.

[0029] Ingeneralitis advantageous if the monodomain
particles have a high effective anisotropy. The term ef-
fective anisotropy is in this case to be understood as
meaning the anisotropy resulting from the form anisotro-
py and the crystal anisotropy. In the aforementioned
case, a change in the magnetization direction requires a
rotation of the particles, that is to say that the magneti-
zation reversal upon application of an external magnetic
field takes place by means of Brown’s rotation or geo-
metric rotation.

[0030] According to an alternative embodiment of the
method according to the invention it may be provided that
the magnetic particle is a hard- or soft-magnetic, in par-
ticular a hard-magnetic, multidomain particle. These
multidomain particles are usually relatively large mag-
netic particles in which it is possible for a number of mag-
netic domains to form. Such multidomain particles ad-
vantageously have a low saturation induction.

[0031] Hard-magnetic multidomain particles essential-
ly have the same magnetic properties as monodomain
particles having a high effective anisotropy. Soft-mag-
netic multidomain particles with a low saturation magnet-
ization are particularly suitable if they have an asymmet-
ric external shape.

[0032] Suitable hard-magnetic materials comprise, for
example, Al-Ni, Al-Ni-Co and Fe-Co-V alloys and also
barium ferrite (BaO 6xFe,03).

[0033] According to the invention itis provided that the
magnetic particles become saturated upon application
of an external magnetic field, in particular having a
strength of about 100 mT or less. Of course, greater sat-
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uration field strengths are also suitable for the method
according to the invention.

[0034] For many applications, suitable magnetic field
strengths are even about 10 mT or less. This strength is
sufficient even for many tissue or organ examinations.
However, good measurement results can also be
achieved with field strengths in the region of 1 mT or less
or of around 0.1 mT or less. By way of example, concen-
tration, temperature or pH can be determined with a high
degree of accuracy and definition at magnetic field
strengths of around 10 mT or less, of around 1 mT or
less and at around 0.1 mT or less.

[0035] Within the context of the present invention, the
term external magnetic field in which the magnetic par-
ticles become saturated or are saturated is to be under-
stood as meaning a magnetic field in which around half
the saturation magnetization is achieved.

[0036] A particularly advantageous refinement of the
method according to the invention is characterized in that
the magnetic particles are in a liquid, viscous or gel-like
shell in the examination area or are introduced into said
shell.

[0037] The method according to the invention is fur-
thermore characterized in that the electromagnetic radi-
ation used is microwave, infrared, VIS, ultraviolet and/or
X-ray radiation.

[0038] The electromagnetic radiation irradiated onto
the examination object penetrates into the examination
object to varying depths depending on the nature thereof
and is reflected, absorbed or scattered to varying de-
grees in different slices of said examination object. The
scattered radiation used may be for example Raleigh ra-
diation or Mie radiation. In particular the intensity of the
scattered radiation is examined in a wavelength-depend-
ent manner.

[0039] It has furthermore proven advantageous if at
least one optical contrast agent, in particular a fluores-
cent contrast agent, is introduced into or present in the
examination area.

[0040] The optical contrast agent or fluorescent con-
trastagent used may be, for example, one which agglom-
erates or accumulates in a targeted manner in tumor tis-
sue. By means of the method according to the invention,
an imaging is then obtained which also makes three-di-
mensional structures clear and visible and can accord-
ingly be used in the surgical removal of such tumors.
Since the boundaries between healthy and diseased tis-
sue can be made clearly visible, the situation is avoided
whereby the healthy tissue is also attacked or parts there-
of are removed at the same time.

[0041] By means of the interaction of the oscillating or
rotating magnetic particles in the first part-area having a
low field strength with the irradiated electromagnetic
(scattered) radiation, it is possible for the tissue or tissue
properties to be three-dimensionally resolved, locally de-
limited and imaged to a great depth with a high resolution
from the detected (overall) magnetization and the, in par-
ticular wavelength-dependent, detection of the scattered
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and/or reflected radiation. Consequently, properties
thereof can be derived in a precise manner from the mag-
netic and optical response signals in the examination ar-
ea.

[0042] According to a further aspect of the method ac-
cording to the invention it is provided that the scattered
and/or reflected electromagnetic radiation is detected
and evaluated in a direction-dependent manner.

[0043] Furthermore, it has also proven to be particu-
larly expedient when the change in intensity of the scat-
tered and/or reflected electromagnetic radiation is de-
tected as a function of the oscillation mode or the rate of
rotation.

[0044] The location of the change in intensity and the
location of characteristic state variables in the examina-
tion area which interact with the irradiated electromag-
netic radiation can be obtained in a particularly reliable
manner when the scattered or reflected response signal
can be modulated via the change in rotation or oscillation
of the magnetic particles in the examination area. De-
pending on the orientation of the magnetic particles with
respect to the irradiated light, a periodic rise or fall in the
intensity of the scattered radiation can usually be ascer-
tained as a function of the movement behavior of these
particles. In this case, both the wavelength or frequency
and the intensity of the irradiated light are suitable for
characterizing, in particular physiological, state variables
in the examination area.

[0045] It may be provided that electromagnetic radia-
tion of at least one specific wavelength and/or wave-
length spectrum is used.

[0046] A further aspect of the invention provides that
the radiation source is an optical fiber or a number of
optical fibers, in particular integrated in a catheter or an
endoscope.

[0047] The use of, for example, optical fibers as radi-
ation source opens up the possibility of exposing the ex-
amination object to electromagnetic radiation from inside
and examining radiation, in particular scattered radiation,
emerging from the object on the opposite side (the out-
side). In this way the sensitivity of the measurement can
often be considerably improved.

[0048] By way of example, an examination object may
be examined in that the part-area having a low magnetic
field strength is moved by actuating and/or moving the
coil arrangement or in that in the case of a stationary
part-area having a low magnetic field strength the exam-
ination object is moved or in that the examination object
and the part-area having a low magnetic field strength
are moved relative to one another at the same time.
[0049] The objecton whichthe arrangementaccording
to the invention is based is achieved by an arrangement
comprising

a) at least one device for generating a magnetic gra-
dient field in at least one examination area of the
examination object, said device comprising a means
for generating a magnetic field with a spatial profile
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of the magnetic field strength such that there is pro-
duced in the examination area a first part-area hav-
ing a low magnetic field strength where the magnet-
ization of the magnetic particles is not saturated and
a second part-area having a higher magnetic field
strength where the magnetization of the magnetic
particles is saturated,

b) a means for changing the, in particular relative,
spatial position of the two part-areas in the exami-
nation area so that the magnetization of the particles
changes locally,

c) at least one radiation source for generating elec-
tromagnetic radiation and

d) at least one detector for recording reflected and/or
scattered electromagnetic radiation.

[0050] The arrangement for generating a magnetic
gradient field essentially corresponds to that of the Ger-
man patent having the number DE 101 51 778. PW light
diodes, halogen lamps, for example having a relevant
measurement range of from 500 nm to 1100 nm, and
conventional laser light sources are suitable by way of
example as radiation sources for generating electromag-
netic radiation. In respect of detectors for the recording,
in particular also for the wavelength-dependent record-
ing, of reflected and/or scattered radiation, particularly
Raleigh and/or Mie radiation, use may be made of sys-
tems known to the person skilled in the art.

[0051] One advantageous arrangement further com-
prises a means for changing the, in particular relative,
spatial position of the two part-areas in the examination
area so that the magnetization of the particles changes
locally, a means for detecting signals which depend on
the magnetization in the examination area that is influ-
enced by this change and a means for evaluating the
signals so as to obtain information about the spatial dis-
tribution of the magnetic particles in the examination ar-
ea.

[0052] It may be provided that the means for generat-
ing the magnetic field comprise a gradient coil arrange-
ment for generating a magnetic gradient field which in
the first part-area of the examination area reverses its
direction and has a zero crossing.

[0053] According to a further aspect, the arrangement
according to the invention has means for generating a
temporally changing magnetic field that is superposed
on the magnetic gradient field, for the purpose of moving
the two part-areas in the examination area.

[0054] Furthermore, this arrangement may have a coil
arrangement for receiving signals induced by the tempo-
ral change in the magnetization in the examination area.
[0055] Such arrangements moreover advantageously
have a means for generating a first and at least a second
magnetic field that are superposed on the magnetic gra-
dient field, where the first magnetic field changes slowly
in time terms and with a high amplitude and the second
magnetic field changes rapidly in time terms and with a
low amplitude.
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[0056] It may furthermore be provided that the two
magnetic fields run essentially perpendicular to one an-
other in the examination area.

[0057] Anarrangementaccording to the invention may
moreover provide that there is at least one monochro-
mator, chopper and/or polarizer between the radiation
source and the examination area.

[0058] In the same way it may be provided that there
is at least one analyzer, in particular in the form of a po-
larization filter, and/or one monochromator between the
detector and the examination area.

[0059] An arrangement according to the invention ad-
vantageously likewise has an evaluation unit for deter-
mining and/or evaluating the detected radiation signals.
[0060] According to a further aspect of the invention it
is possible that the detector is a camera or is connected
to or in effective connection with the latter and/or with an
evaluation unit, in particular a microprocessor.

[0061] The presentinventionisbased onthe surprising
knowledge that very clear three-dimensional images
having a high resolution can be generated, even away
from the surface, by combining a magnetic gradient field
with the irradiation of electromagnetic waves into an ex-
amination area. By way of example it is possible to pre-
cisely locate areas of tissue, for example tumor tissue,
that can be delimited by means of the inventive arrange-
ment. This may be used inter alia in order that the sur-
rounding healthy tissue is not removed at the same time
as tumor tissue. In the method according to the invention
it is also advantageous that the entire frequency band of
electromagnetic radiation can be used. Since, for exam-
ple, Raleigh scattering and/or Mie scattering can be de-
tected, it is possible to use known light sources and de-
tectors, as a result of which the outlay in terms of appa-
ratus is kept low. The frequency band for examination
possibilities can be expanded even more by using optical
contrast agents.

[0062] The invention will be further described with ref-
erence to an example of embodiment shown in the draw-
ing to which, however, the invention is not restricted.
[0063] The figure schematically shows an examination
objectin a gradientfield with a radiation and detector unit.
[0064] Inthistestarrangement, the examination object
1 is located in a gradient field 2 which around the field-
free point 6 has an area 4 (the first part-area) the field
strength of which is so low that the magnetization of mag-
netic particles located there is not saturated, said area 4
being shown in dashed line. The magnetic particles
present in the examination object 1 are not shown. Out-
side the weak-field area 4 the magnetic particles are in
a state of saturation (second part-area 8). The size of the
part-area 4, which determines the spatial resolution of
the device, depends on the one hand on the strength of
the gradient magnetic field and on the other hand on the
size of the magnetic field required for saturation. A suit-
able magnetic field may be generated for example by
way of a pair of Maxwell coils 10.

[0065] Inthe examination area, a further magnetic field
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which oscillates or rotates in at least one spatial direction
is superposed on the gradient magnetic field. The fact of
superposing the gradient magnetic field with a further
magnetic field in principle leads to a movement of the
weak-field area 4 in the direction of said magnetic field,
with the extent of the movement increasing as the
strength of the magnetic field increases. In the case of
an oscillating or rotating magnetic field, the position of
the weak-field area 4 accordingly changes temporally
and locally.

[0066] Three further pairs of coils (not shown) may be
provided for generating changing magnetic fields in re-
spect of any desired direction in space. It has proven
advantageous if the temporally constant gradient mag-
netic field and the temporally changing vertical magnetic
field are generated by one and the same coil arrange-
ment.

[0067] The light source 12 used may be for example
aPWdiode, a halogen lamp serving as white light source,
having a relevant measurement range of from 500 nm <
A <1100 nm, or a conventional laser light source. For
some applications, it has proven advantageous to pro-
vide a monochromator 16, a chopper 18 and/or a polar-
izer 20 in the radiation path between the light source and
the lens 14. When using laser light, there is no need for
the three optional components 16 to 20 mentioned
above. The light radiation is directed onto the examina-
tion object 1 via suitable optics 14, with the weak-field
area 4 being adjusted so that it is still in the active range
of the light radiation scattered at the examination object.
The magnetic particles which are oscillating or rotating
in the weak-field area 4 on account of the superposed
magnetic field lead to a temporally changing interaction,
depending on the orientation with respect to the radiation
penetrating into the examination object. If the oscillating
or rotating movement behavior, for example the oscilla-
tion frequency or the rate of rotation, is known, this knowl-
edge may be used in the evaluation of the scattered sig-
nals obtained via the detector 22. The scattered and/or
reflected electromagnetic waves coming from the exam-
ination object 1 are focused onto the detector in a suitable
manner via imaging optics 24 in the form of a lens. It has
proven advantageous to connect therebetween one or
more analyzers 26, for example polarization filters and/or
monochromators 28. The light signals reaching the de-
tector 22 may be recorded and evaluated by way of an
evaluation and display unit 30 that is in effective connec-
tion with the detector.

[0068] An optical contrast composition for magnetic
particle imaging comprises optical contrast particles hav-
ing anisotropic optical properties and which particles
comprise magnetic particles or a coating of a magnetic
material. The magnetic particles have a magnetic anisot-
ropy or can be induced to have a magnetic anisotropy
along a main magnetic direction in combination with a
main direction of the anisotropic optical properties.
[0069] Inparticular, inthe optical contrast composition,
the optical contrast particles have a main magnetic di-
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rection and a main optical anisotropy direction, which
main magnetic direction and main optical anisotropy di-
rection are correlated such that, when the optical contrast
particles in the optical contrast composition align their
main magnetic direction in an external magnetic field,
their optical anisotropy direction is at least partly aligned.
The optical anisotropy can be achieved in various differ-
entways. For example, the optical contrast particles can
have an anisotropic shape. Preferably, the anisotropic
shape is a disc or a plate shaped. The advantage of this
shape is that the particles can easily be aligned along a
main optical anisotropic direction by depositing the par-
ticles on a surface. In this way, it is also easy to provide
an optical active coating on only one site of the particle.
[0070] Ina preferred embodiment, a part of the surface
of the optical contrast particles has optical properties dif-
ferent from rest of the surface. Preferably, the surface of
the optical contrast particles is partly coated or covered
with an optically active coating material having a specific
interaction with light, in particular a fluorescent material,
a reflective material, a dye or a pigment.

[0071] In order to be able to rotate the optical contrast
particle by means of an external magnetic field is that is
preferred that in the optical contrast composition accord-
ing to the invention the magnetic particles comprise an-
isotropic magnetic particles having an anisotropy field of
atleast 2mT, so particles can rotate by applying external
fields. Preferably, the anisotropy field of the magnetic
particles is at least 5 mT, more preferably atleast 10 mT.
Preferably however the optical contrast particles also
comprise soft magnetic particles, preferably isotropic
magnetic particles, because these particles respond
quicker to the external magnetic field and are more suit-
able for concentration imaging contrast improvement.
[0072] A process for the manufacture of an optical con-
trast composition comprises aligning particles having op-
tical anisotropic properties along a main optical anisot-
ropy direction and depositing magnetic particles on said
optical anisotropic particles in the presence of a prefer-
ably homogeneous magnetic field along a main magnetic
direction. The anisotropic optical particles are anisotropic
shaped particles, preferably disc shaped particles, which
are aligned by depositing them on a surface. Further-
more, the process comprises aligning in a magnetic field
magnetic particles having magnetic anisotropic proper-
ties along a main magnetic direction and providing an
optically active coating along a main optical anisotropy
direction. A convenient way to achieve a main optical
anisotropic direction is to deposit anisotropic shaped par-
ticles on a surface and subsequently to provide one side
thereof with an optically active coating material. In a next
step the magnetic particles can be deposited on the op-
tically active coated particles in the presence of a homo-
geneous magnetic field.

[0073] A method for imaging optical properties in an
examination area comprises the steps of introducing an
optical contrast composition, irradiate the examination
area with light, scanning the examination area with the
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field free region according to the method for magnetic
particle imaging according to the invention as described
above and recording reflected optical signals as a func-
tion of the position of the field free point to spatially resolve
the optical properties in the examination area.

[0074] In general the magnetic particles in the mag-
netic particle administering composition, are chosen
such that good magnetic particle images, in particular a
good resolution can be obtained in a given field gradient.
In German patent number DE 101 51778 a magnetic par-
ticle imaging method is described. It is generally de-
scribed that magnetic mono-domain particles having a
size between 20 and 800 nanometres or a glass beat
coated with a magnetic coating can be used in this meth-
od. However, in order to achieve a good magnetic imag-
ing contrast and resolution at relatively low magnetic field
gradients, improved magnetic particle compositions are
highly desirable. described above corresponds to an H
field of 2 mT/n0 = 1.6 kA/m, that is the equivalent H field
that would produce a B field of 2 mT in vacuum.

[0075] Preferably, the optical contrast composition and
the method according to the invention as described
above comprise magnetic particles that meet the speci-
fied step change The inventors have found magnetic par-
ticles having improved magnetic particle imaging prop-
erties.

[0076] Preferably, the magnetic particles in the mag-
netic particle administering composition have a magnet-
ization curve having a step change, the step change be-
ing characterized in that the magnetization change, as
measured in an aqueous suspension, in a first field
strength window of magnitude delta around the inflection
point of said step change is at least a factor 3 higher than
the magnetization change in the field strength windows
of magnitude delta below and/or in the field strength win-
dows of magnitude delta above the first field strength
window, wherein delta is less than 2000 microtesla, pref-
erably less than 1000 microtesla, and wherein the time
in which the magnetisation step change is completed in
the first delta window is less than 0.01 seconds, prefer-
ably less than 0.005 sec, more preferably less than 0.001,
most preferably less than 0.0005 seconds. It has been
found, that such magnetic particles are particularly suit-
able for magnetic particle imaging, in particular for ob-
taining a good resolution of the image. It is further pre-
ferred, that the magnetic particle composition has a mag-
netisation curve, wherein the step change is atleast 10%,
preferably at least 20 %, more preferably at least 30 %
and most preferably at least 50% of the total magnetisa-
tion of the particle composition as measured at an exter-
nal magnetisation field of 1 Tesla. It is further preferred,
that the magnetization change in the first field strength
window of magnitude delta around the inflection point of
said step change is at least a factor 4, preferably at least
a factor 5 higher than the magnetization change in the
field strength windows of magnitude delta below or in the
field strength windows of magnitude delta above the first
field strength window.
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[0077] The magnetic particle composition is particular-
ly useful for use in a magnetic particle imaging technique.
The particles show good spatial resolution at relatively
low field strength gradients. Further, the magnetic parti-
cle composition allows for a relatively high scanning
speed for examining a large examination area. For ex-
ample, for application in medical magnetic particle imag-
ing, where the step change occurs preferably at a delta
value below 1000 microTesla, the particle composition
has a resolution value better than between 0.1 and 10
mm at magnetic field strength gradients between 10 and
0.1 T/m. With the magnetic particle imaging technique
using the magnetic particle compositions according to
the invention extremely good resolution can be obtained,
for example in a range from 0.1 to 10 micrometres in
applications, where are very high magnetic field is gra-
dients can be achieved, for example in microscopy. It is
noted that strictly speaking, magnetic field strength is ex-
pressed in H (A/m). However, in the present application,
when reference is made to magnetic field strength, B-
fields are meant. A magnetic fields B of 2000 n.T as re-
quirements of the magnetic particle composition accord-
ing to the invention as described above.

[0078] A method for measuring the magnetisation
curve and the required step change is as follows. A sam-
ple of a magnetic particle composition is suspended in
water, optionally with the help of a simple detergent. To
prevent clumping and/or to de-agglomerate the magnetic
particles an ultrasound treatment possible can be used.
The concentration of the magnetic particle composition
is less than 0.01gr core mass per liter of solvent. With
core mass is meant the mass of the magnetic material
in the magnetic particle composition. The suspension is
brought into a fast magnetometer. (i.e. a device that
measures the magnetization of the sample while an ex-
ternal field is applied). Suitable fast magnetometers are
known to the expert. The magnetometer is equipped with
means allowing to produce an external field at the sample
position in at least two orthogonal directions simultane-
ously, i.e. to produce any magnetic field below a given
maximum amplitude and a given maximum speed of
change. The magnetisation is measured also in at least
two orthogonal directions in the same plane.

[0079] Firstthe saturation magnetisation is measured.
For this, a magnetic field of about one Tesla is applied
in one direction and the magnitude of magnetization is
measured after at least 10 seconds. Then the measure-
ment sequences for determining the step change starts.
The sequence starts with choosing a field vector with an
external field magnitude below 20mT. This field is applied
for at most 100 seconds. Then a second direction is cho-
sen. This direction defines the scalar values of the field
H and the magnetization M. The field is rapidly changed,
preferably less than 1 millisecond, so that it lies now in
-H direction with some magnitude below 20 mT. Then
the field is changed from -H to +H e.g. in a linear way
and the (now scalar i.e. projected) magnetization is re-
corded. The magnetization curve is recorded in less than
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0.01s but longer than 1us. Where the magnetisation
curve shows a step change, a first window of size delta
is positioned centrally on the inflection point of the mag-
netisation step change. Similarly, a window of size delta
is positioned below and above the first window, and the
required step change is evaluated by determining the
change in magnetisation in each of the windows.
[0080] Whether or not a given magnetic particle com-
position has the required step change depends in a com-
plicated way on many variables, for example of the size
of the particles, the particle size distribution, the shape
of the particles, the damping constant for Neel rotation,
the type of magnetic material, the crystallinity and the
stochiometry of the composition of the magnetic material.
It has been found that it is particularly important that the
particle size distribution of the particle composition is nar-
row. Preferably, the magnetic particle composition ac-
cording to the invention has a narrow particle size distri-
bution wherein at least 50 weight % of the particles have
a particle size between plus or minus 50%, preferably
25%, more preferably 10% of the average patrticle size.
Preferably, the amount of particles within the specified
windows, is at least 70 wt %, preferably at least 80 wt %,
and most preferably at least 90 wt %. Particularly good
results are obtained with mono-domain particles have a
low magnetic anisotropy with a field needed for inducing
Neel rotation of substantially below 10mT, preferably be-
low 5 mT, more preferably below 2 mT. Preferably, the
magnetic particles are mono-domain particles having an
average particle size between 20 and 80 nanometres,
more preferably between 25 and 70 nanometres, must
preferably between 30 and 60 nanometres, wherein at
least 50, preferably at least 60, more preferably at least
70 weight % of the particles have a particle size between
the average particle size plus or minus 10 nanometre.
[0081] In an alternative embodiment of the magnetic
particle composition, the magnetic particle is a multi-do-
main particle having substantially a needle shape having
a demagnetisation factor of less than 0.001. This mag-
netic particle composition is particularly useful in non-
medical applications where the needles shape is not a
disadvantage. In another alternative embodiment, the
magnetic particle composition according to the invention
comprises magnetic particles comprising a non-magnet-
ic core covered with a magnetic coating material, wherein
the thickness of the coating is between 5 and 80 nano-
metres and wherein the demagnetisation factor is less
than 0.01 and a diameter below 300p.m. Also in these
alternative embodiments it is advantageous to have a
small particle size distribution as described above. The
physical parameters of the magnetic particles in these
embodiments are preferably chosen to meet the step
change requirement as described above for achieving
good imaging properties.

[0082] The magnetic particle composition can be man-
ufactured by first forming magnetic particles, for example
by precipitation, for example by contacting a solution
comprising ferrous and ferric ions with a solution com-
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prising sodium hydroxide as described above. In princi-
ple, a known precipitation process can be used. Itis also
possible to grind the particles from bulk material, for ex-
ample using a high speed ball mill. The essential next
step for obtaining a good magnetic particle composition
is the selection and separation of the particles. The first
step is to perform a size selection process by filtering
and/or centrifuge methods. The next step is to perform
a selection process based on the magnetic properties of
the particles, for example, using oscillating magnetic gra-
dient fields.

[0083] The features of the invention that are disclosed
in the above description, the claims and the drawing may
be essential for the implementation of the invention in its
various embodiments both individually and in any desired
form.

LIST OF REFERENCES

[0084]

1 arrangement

2 gradient field

4 first part-area having a low field strength
6 field-free point

8 second part-area having a higher field strength
10  pair of Maxwell coils

12 light source

14 lens, mirror optics

16 monochromator

18  chopper

20  polarizer

22  detector

24  lens, imaging optics

26  analyzer

28  monochromator

30 evaluation and display unit

A examination object
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Claims

1. A method for the spatially resolved determination of
mechanical, physical, chemical and/or biological
properties or state variables and/or the change in
mechanical, physical, chemical and/or biological
properties or state variables in an examination area
of an examination object, into which magnetic parti-
cles with non-linear magnetization characteristics
have been introduced, by means of the following
steps:

a) generating a magnetic field with a spatial pro-
file of the magnetic field strength such that there
is produced in the examination area a first part-
area having a low magnetic field strength where
the magnetization of the magnetic particles is
not saturated and a second part-area having a
higher magnetic field strength where the mag-
netization of the magnetic particles is saturated,
b) generating a superposed oscillating or rotat-
ing magnetic field at least partially in the first
part-area having a low magnetic field strength,
so that at least some of these magnetic particles
oscillate or rotate,

c) irradiating electromagnetic radiation into the
examination area by means of at least one ra-
diation source and

d) detecting the reflected and/or scattered elec-
tromagnetic radiation by means of at least one
detector and determining the intensity, absorp-
tion and/or polarization of the reflected and/or
scattered electromagnetic radiation.

2. A method as claimed in claim 1, characterized in
that the, in particular relative, spatial position of the
two part-areas in the examination area is changed
so that the magnetization of the particles changes
locally, and the signals which depend on the mag-
netization in the examination area that is influenced
by this change are detected and evaluated so as to
obtain information about the spatial distribution
and/or the change in the spatial distribution of the
magnetic particles in the examination area.

3. A method as claimed in claim 1 or 2, characterized
in that the magnetic particles are superparamagnet-
ic particles, in particular with an effective anisotropy,
ferromagnetic monodomain particles with an effec-
tive anisotropy that is sufficient for the particles still
to behave in a superparamagnetic manner only in a
suspension, soft-magnetic particles, in particular
having an anisotropy, and/or hard-magnetic parti-
cles.

4. A method as claimed in any of the preceding claims,
characterized in that the magnetic particles are in
a liquid, viscous or gel-like shell in the examination
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area or are introduced into said shell.

A method as claimed in any of the preceding claims,
characterized in that the electromagnetic radiation
used is microwave, infrared, VIS, ultraviolet and/or
X-ray radiation.

A method as claimed in any of the preceding claims,
characterized in that at least one optical contrast
agent, in particular a fluorescent contrast agent, is
introduced into or present in the examination area.

A method as claimed in any of the preceding claims,
characterized in that the scattered and/or reflected
electromagnetic radiation is detected and evaluated
in a direction-dependent manner.

A method as claimed in any of the preceding claims,
characterized in that the change in intensity of the
scattered and/or reflected electromagnetic radiation
is detected as a function of the oscillation mode or
the rate of rotation.

A method as claimed in any of the preceding claims,
characterized in that electromagnetic radiation of
at least one specific wavelength and/or wavelength
spectrum is used.

A method as claimed in any of the preceding claims,
characterized in that the radiation source is an op-
tical fiber or a number of optical fibers, in particular
integrated in a catheter or an endoscope.

A method as claimed in any of the preceding claims,
characterized in that the part-area having a low
magnetic field strength is moved by actuating and/or
moving the coil arrangement or in that in the case
of a stationary part-area having a low magnetic field
strength the examination object is moved or in that
the examination object and the part-area having a
low magnetic field strength are moved relative to one
another at the same time.

An arrangement (1) for carrying out the method as
claimed in any of claims 1 to 11, comprising

a) at least one device (10) for generating a mag-
netic gradient field (2) in at least one examina-
tion area of the examination object (A), said de-
vice comprising a means for generating a mag-
netic field with a spatial profile of the magnetic
field strength such that there is produced in the
examination area a first part-area (4) having a
low magnetic field strength where the magneti-
zation of the magnetic particles is not saturated
and a second part-area (8) having a higher mag-
netic field strength where the magnetization of
the magnetic particles is saturated,
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b) at least one radiation source (12) for gener-
ating electromagnetic radiation and

c) atleast one detector (22) for recording reflect-
ed and/or scattered electromagnetic radiation,

characterised by

d) means for generating a superposed oscillat-
ing or rotating magnetic field at least partially in
the first part-area having a low magnetic field
strength, so that at least some of these magnetic
particles oscillate or rotate.

An arrangement (1) as claimed in claim 12, further
comprising a means for changing the, in particular
relative, spatial position of the two part-areas in the
examination area so that the magnetization of the
particles changes locally, a means for detecting sig-
nals which depend on the magnetization in the ex-
amination area that is influenced by this change and
a means for evaluating the signals so as to obtain
information about the spatial distribution of the mag-
netic particles in the examination area.

An arrangement (1) as claimed in claim 12 or 13,
characterized in that the means for generating the
magnetic field comprise a gradient coil arrangement
for generating a magnetic gradient field which in the
first part-area of the examination area reverses its
direction and has a zero crossing.

An arrangement (1) as claimed in any of claims 12
to 14, characterized by means for generating atem-
porally changing magnetic field that is superposed
on the magnetic gradient field, for the purpose of
moving the two part-areas in the examination area.

An arrangement (1) as claimed in any of claims 12
to 15, characterized by a coil arrangement for re-
ceiving signals induced by the temporal change in
the magnetization in the examination area.

An arrangement (1) as claimed in any of claims 12
to 16, characterized by means for generating a first
and at least a second magnetic field that are super-
posed on the magnetic gradient field, where the first
magnetic field changes slowly in time terms and with
a high amplitude and the second magnetic field
changes rapidly in time terms and with a low ampli-
tude.

An arrangement (1) as claimed in claim 17, charac-
terized in that the two magnetic fields run essen-
tially perpendicularto one anotherin the examination
area.

An arrangement (1) as claimed in any of claims 12
to 18, characterized by atleast one monochromator
(16), chopper (18) and/or polarizer (20) between the
radiation source (12) and the examination area.
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An arrangement (1) as claimed in any of claims 12
to 19, characterized in that the radiation source is
a laser.

An arrangement (1) as claimed in any of claims 12
to 20, characterized by at least one analyzer (26),
in particular in the form of a polarization filter, and/or
one monochromator (28) between the detector (22)
and the examination area.

An arrangement (1) as claimed in any of claims 12
to 21, characterized by an evaluation unit (30) for
determining and/or evaluating the detected radiation
signals.

An arrangement (1) as claimed in any of claims 12
to 22, characterized in that the detector (22) is a
camera or is connected to or in effective connection
with the latter and/or with an evaluation unit (30), in
particular a microprocessor.

Patentanspriiche

1.

Verfahren zur rdumlich aufgel6sten Bestimmung
von mechanischen, physikalischen, chemischen
und/oder biologischen Eigenschaften oder Zu-
standsgréRen und/oder der Anderung von mecha-
nischen, physikalischen, chemischen und/oder bio-
logischen Eigenschaften oder ZustandsgréRenin ei-
nem Untersuchungsbereich eines Untersuchungs-
objekts, in das magnetische Teilchen mit nicht linea-
ren Magnetisierungseigenschaften eingebracht
wurden, anhand der folgenden Schritte:

a) Erzeugen eines Magnetfeldes, dessen ma-
gnetische Feldstarke ein derartiges raumliches
Profil hat, dass in dem Untersuchungsbereich
ein erster Teilbereich mit einer geringen magne-
tischen Feldstarke erzeugt wird, in dem die Ma-
gnetisierung der magnetischen Teilchens nicht
gesattigtist, und ein zweiter Teilbereich mit einer
groReren magnetischen Feldstarke erzeugt
wird, in dem die Magnetisierung der magneti-
schen Teilchen gesattigt ist,

b) Erzeugen eines uberlagernden oszillieren-
den oder rotierenden Magnetfeldes zumindest
teilweise in dem ersten Teilbereich mit geringer
magnetischer Feldstarke, so dass zumindest ei-
nige dieser magnetischen Teilchen oszillieren
oder rotieren,

¢) Durchstrahlen des Untersuchungsbereichs
mit elektromagnetischer Strahlung mit Hilfe zu-
mindest einer Strahlungsquelle, und

d) Detektieren der reflektierten und/oder ge-
streuten elektromagnetischen Strahlung mit Hil-
fe zumindest eines Detektors und Bestimmen
der Intensitat, Absorption und/oder Polarisation

10

15

20

25

30

35

40

45

50

55

12

derreflektierten und/oder gestreuten elektroma-
gnetischen Strahlung.

Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass die im Besonderen relative raumli-
che Position der beiden Teilbereiche im Untersu-
chungsbereich verandert wird, so dass sich die Ma-
gnetisierung der Teilchen lokal &ndert und die Si-
gnale, die von der Magnetisierung im Untersu-
chungsbereich abhangen, die durch diese Verande-
rung beeinflusst wird, detektiert und derart ausge-
wertet werden, dass Informationen Uber die raumli-
che Verteilung und/oder die Anderung der
raumlichen Verteilung der magnetischen Teilchen in
dem Untersuchungsbereich erzielt werden.

Verfahren nach Anspruch 1 oder 2, dadurch ge-
kennzeichnet, dass die magnetischen Teilchen su-
perparamagnetische Teilchenim Besonderen mit ei-
ner effektiven Anisotropie, ferromagnetische Eindo-
manenteilchen mit einer effektiven Anisotropie, die
ausreicht, damit sich die Teilchen nur in einer Sus-
pension noch superparamagnetisch verhalten,
weichmagnetische Teilchen im Besonderen mit ei-
ner Anisotropie und/oder hartmagnetische Teilchen
sind.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, dass die magneti-
schen Teilchen in einer flissigen, viskosen oder ge-
lartigen Hulle in dem Untersuchungsbereich vorlie-
gen oder in die genannte Hille eingebracht werden.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, dass die verwen-
dete elektromagnetische Strahlung Mikrowellen-, In-
frarot-, VIS-, Ultraviolett- und/oder Rontgenstrah-
lung ist.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, dass zumindest
ein optisches Kontrastmittel, im Besonderen ein fluo-
reszierendes Kontrastmittel, in den Untersuchungs-
bereich eingebracht wird oder in ihm vorliegt.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, dass die gestreute
und/oder reflektierte elektromagnetische Strahlung
detektiert und richtungsabhéngig ausgewertet wird.

Verfahren nach einem der vorhergehenden Ansprii-
che, dadurch gekennzeichnet, dass die Verande-
rung der Intensitat der gestreuten und/oder reflek-
tierten elektromagnetischen Strahlung als Funktion
des Oszillationsmodus oder der Rotationsgeschwin-
digkeit detektiert wird.

Verfahren nach einem der vorhergehenden Anspri-
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che, dadurch gekennzeichnet, dass elektroma-
gnetische Strahlung mit zumindest einer spezifi-
schen Wellenldnge und/oder einem spezifischen
Wellenlangenspektrum verwendet wird.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, dass die Strah-
lungsquelle eine optische Faser oder eine Anzahl
optischer Fasern ist, die im Besonderen in ein Ka-
theter oder ein Endoskop integriert ist.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, dass der Teilbe-
reich mit geringer magnetischer Feldstarke durch
Betatigen und/oder Bewegen der Spulenanordnung
bewegt wird oder dass im Falle eines stationdren
Teilbereichs mit geringer magnetischer Feldstérke
das Untersuchungsobjekt bewegt wird oder dass
das Untersuchungsobjekt und der Teilbereich mit
geringer magnetischer Feldstarke gleichzeitig relativ
zueinander bewegt werden.

Anordnung (1) zum Ausfiihren des Verfahrens nach
einem der Anspriche 1 bis 11, die Folgendes um-
fasst:

a) mindestens eine Vorrichtung (10) zum Erzeu-
gen eines magnetischen Gradientenfeldes (2)
in zumindest einem Untersuchungsbereich des
Untersuchungsobjekts (A), wobei die genannte
Vorrichtung Mittel zum Erzeugen eines Magnet-
feldes umfasst, dessen magnetische Feldstarke
ein derartiges rdumliches Profil hat, dass in dem
Untersuchungsbereich ein erster Teilbereich (4)
mit einer geringen magnetischen Feldstarke er-
zeugt wird, in dem die Magnetisierung der ma-
gnetischen Teilchens nicht gesattigt ist, und ein
zweiter Teilbereich (8) mit einer gréReren ma-
gnetischen Feldstarke erzeugt wird, in dem die
Magnetisierung der magnetischen Teilchen ge-
sattigt ist,

b) Mittel zum Erzeugen eines iberlagernden os-
zillierenden oder rotierenden Magnetfeldes zu-
mindest teilweise in dem ersten Teilbereich mit
geringer magnetischer Feldstarke, so dass zu-
mindest einige dieser magnetischen Teilchen
oszillieren oder rotieren,

¢) mindestens eine Strahlungsquelle (12) zum
Erzeugen elektromagnetischer Strahlung, und
d) mindestens einen Detektor (22) zum Erfas-
sen von reflektierter und/oder gestreuter elek-
tromagnetischer Strahlung.

Anordnung (1) nach Anspruch 12, die ferner Folgen-
des umfasst: Mittel zum Verandern der im Besonde-
ren relativen rdumlichen Position der beiden Teilbe-
reiche im Untersuchungsbereich, so dass sich die
Magnetisierung der Teilchen lokal &ndert, Mittel zum
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Detektieren von Signalen, die von der Magnetisie-
rung im Untersuchungsbereich abhangen, die durch
diese Veranderung beeinflusst wird, und Mittel zum
Auswerten der Signale derart, dass Informationen
liber die raumliche Verteilung und/oder die Ande-
rung der rdumlichen Verteilung der magnetischen
Teilchen in dem Untersuchungsbereich erzielt wer-
den.

Anordnung (1) nach Anspruch 12 oder 13, dadurch
gekennzeichnet, dass die Mittel zum Erzeugen des
Magnetfeldes eine Gradientenspulenanordnung
zum Erzeugen eines magnetischen Gradientenfel-
des umfassen, das in dem ersten Teilbereich des
Untersuchungsbereichs seine Richtung umkehrt
und einen Nulldurchgang aufweist.

Anordnung (1) nach einem der Anspriiche 12 bis 14,
dadurch gekennzeichnet, dass sie Mittel zum Er-
zeugen eines sich zeitlich &ndernden Magnetfeldes
umfasst, das das magnetische Gradientenfeld Gber-
lagert, mit dem Zweck, die beiden Teilbereiche in
dem Untersuchungsbereich zu bewegen.

Anordnung (1) nach einem der Anspriiche 12 bis 15,
dadurch gekennzeichnet, dass sie eine Spulen-
anordnung zum Empfangen von Signalen umfasst,
die durch die zeitliche Anderung der Magnetisierung
im Untersuchungsbereich ausgeldst werden.

Anordnung (1) nach einem der Anspriiche 12 bis 16,
dadurch gekennzeichnet, dass sie Mittel zum Er-
zeugen eines ersten und mindestens eines zweiten
Magnetfeldes umfasst, die das magnetische Gradi-
entenfeld tberlagern, wobei sich das erste Magnet-
feld zeitlich langsam und mit einer hohen Amplitude
verandert und sich das zweite Magnetfeld zeitlich
schnell und mit einer niedrigen Amplitude verandert.

Anordnung (1) nach Anspruch 17, dadurch ge-
kennzeichnet, dass die beiden Magnetfelder im
Untersuchungsbereich im Wesentlichen senkrecht
zueinander stehen.

Anordnung (1) nach einem der Anspriiche 12 bis 18,
gekennzeichnet durch mindestens einen Mono-
chromator (16), einen Zerhacker (18) und/oder einen
Polarisator (20) zwischen der Strahlungsquelle (12)
und dem Untersuchungsbereich.

Anordnung (1) nach einem der Anspriiche 12 bis 19,
dadurch gekennzeichnet, dass die Strahlungs-
quelle ein Laser ist.

Anordnung (1) nach einem der Anspriiche 12 bis 20,
gekennzeichnet durch mindestens einen Analysa-
tor (26) im Besonderen in Form eines Polarisations-
filters und/oder einen Monochromator (28) zwischen




22,

23.

25
dem Detektor (22) und dem Untersuchungsbereich.

Anordnung (1) nach einem der Anspriiche 12 bis 21,
gekennzeichnet durch eine Auswerteeinheit (30)
zum Bestimmen und/oder Auswerten der detektier-
ten Strahlungssignale.

Anordnung (1) nach einem der Anspriiche 12 bis 22,
dadurch gekennzeichnet, dass der Detektor (22)
eine Kamera ist oder mit letzterer verbunden oder in
einer wirksamen Verbindung mit der letzteren und/
oder einer Auswerteeinheit (30), im Besonderen ei-
nem Mikroprozessor, steht.

Revendications

Procédé pour la détermination par résolution spatia-
le de propriétés mécaniques, physiques, chimiques
et/ou biologiques ou de variables d’état et/ou du
changement de propriétés mécaniques, physiques,
chimiques et/ou biologiques ou de variables d’état
dans une zone d’examen d’un objet d’examen, dans
lequel des particules magnétiques ayant des carac-
téristiques de magnétisation non linéaires ont été
introduites, au moyen des étapes suivantes consis-
tanta:

a) générer un champ magnétique avec un profil
spatial d’intensité de champ magnétique de telle
sorte que soit produite dans la zone d’examen
une premiére partie de zone ayant une faible
intensité de champ magnétique ou la magnéti-
sation des particules magnétiques n’est pas sa-
turée et une seconde partie de zone ayant une
intensité de champ magnétique plus élevée ou
la magnétisation des particules magnétiques est
saturée,

b) générer un champ magnétique oscillant ou
rotatif superposé au moins partiellement dans
la premiere partie de zone ayant une faible in-
tensité de champ magnétique, de telle sorte
gu’au moins certaines de ces particules magné-
tiques oscillent ou tournent,

c) irradier le rayonnement électromagnétique
dans la zone d’examen au moyen de I'au moins
une source de rayonnement, et

d) détecter le rayonnement électromagnétique
réfléchi et/ou diffusé au moyen d’au moins un
détecteur et déterminer l'intensité, I'absorption
et/ou la polarisation du rayonnement électroma-
gnétique réfléchi et/ou diffusé.

Procédé selon la revendication 1, caractérisé en
ce que la position spatiale, en particulier relative des
deux parties de zone dans la zone d’examen est
modifiée de telle sorte que la magnétisation des par-
ticules change localement, et les signaux qui dépen-
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dent de la magnétisation dans la zone d’examen qui
est influencée par ce changement sont détectés et
évalués afin d’obtenir des informations concernant
la répartition spatiale et/ou le changement de la ré-
partition spatiale des particules magnétiques dans
la zone d’examen.

Procédé selon la revendication 1 ou 2, caractérisé
en ce que les particules magnétiques sont des par-
ticules superparamagnétiques, en particulier a ani-
sotropie effective, des particules monodomaine fer-
romagnétiques avec une anisotropie effective qui est
suffisante pour que les particules ne se comportent
encore de maniére superparamagnétique que dans
une suspension, des particules a aimantation tem-
poraire, ayant en particulier une anisotropie, et/ou
des particules a aimantation permanente.

Procédé selon I'une quelconque des revendications
précédentes, caractérisé en ce que les particules
magnétiques se trouvent dans une enveloppe liqui-
de, visqueuse ou gélifiée dans la zone d’examen ou
sont introduites dans ladite enveloppe.

Procédé selon 'une quelconque des revendications
précédentes, caractérisé en ce que le rayonne-
ment électromagnétique utilisé est un rayonnement
micro-onde, infrarouge, VIS, ultraviolet et/ou de
rayons X.

Procédé selon 'une quelconque des revendications
précédentes, caractérisé en ce qu’au moins un
agent de contraste optique, en particulier un agent
de contraste fluorescent, est introduit dans la zone
d’examen ou présent dans celle-ci.

Procédé selon 'une quelconque des revendications
précédentes, caractérisé en ce que le rayonne-
ment électromagnétique diffusé et/ou réfléchi est dé-
tecté et évalué d’'une maniére dépendante de la di-
rection.

Procédé selon 'une quelconque des revendications
précédentes, caractérisé en ce que le changement
d’intensité du rayonnement électromagnétique dif-
fusé et/ou refléchi est détecté en fonction du mode
d’oscillation ou de la vitesse de rotation.

Procédé selon I'une quelconque des revendications
précédentes, caractérisé en ce que le rayonne-
ment électromagnétique d’au moins une longueur
d’onde et/ou d'un spectre de longueur d’'onde spé-
cifique est utilisé.

Procédé selon I'une quelconque des revendications
précédentes, caractérisé en ce que la source de
rayonnement est une fibre optique ou un nombre de
fibres optiques, en particulier intégrée(s) dans un ca-
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théter ou un endoscope.

Procédé selon I'une quelconque des revendications
précédentes, caractérisé en ce que la partie de zo-
ne ayant une faible intensité de champ magnétique
est déplacée en actionnant et/ou déplagant I'agen-
cement de bobine ou en ce que dans le cas d'une
partie de zone fixe ayant une faible intensité de
champ magnétique, I'objet d’'examen est déplacé ou
en ce que I'objet d’'examen et la partie de zone ayant
une faible intensité de champ magnétique sont dé-
placés I'un par rapport a I'autre simultanément.

Agencement (1) pour mettre en oeuvre le procédé
selon 'une quelconque des revendications 1 a 11,
comprenant

a) au moins un dispositif (10) pour générer un
champ de gradient magnétique (2) dans au
moins une zone d’examen de I'objet d’examen
(A\), leditdispositif comprenant des moyens pour
générer un champ magnétique avec un profil
spatial de l'intensité du champ magnétique de
telle sorte que soit produite dans la zone d’exa-
men une premiére partie de zone (4) ayant une
faible intensité de champ magnétique ou la ma-
gnétisation des particules magnétiques n’est
pas saturée et une seconde partie de zone (8)
ayant une intensité de champ magnétique plus
élevée ou la magnétisation des particules ma-
gnétiques est saturée,

b) des moyens pour générer un champ magné-
tique oscillant ou rotatif superposé au moins par-
tiellement dans la premiére partie de zone ayant
une faible intensité de champ magnétique, de
telle sorte qu’au moins certaines de ces particu-
les magnétiques oscillent ou tournent,

€) au moins une source de rayonnement (12)
pour générer le rayonnement électromagnéti-
que, et

d) au moins un détecteur (22) pour enregistrer
le rayonnement électromagnétique réfléchi
et/ou diffusé.

Agencement (1) selon la revendication 12, compre-
nant en outre des moyens pour modifier la position
spatiale, en particulier relative des deux parties de
zone dans la zone d’examen de telle sorte que la
magnétisation des particules change localement,
des moyens pour détecter des signaux qui dépen-
dent de la magnétisation dans la zone d’examen qui
est influencée par ce changement et des moyens
pour évaluer les signaux afin d’obtenir des informa-
tions sur la répartition spatiale des particules ma-
gnétiques dans la zone d’examen.

Agencement (1) selon la revendication 12 ou 13, ca-
ractérisé en ce que les moyens de génération du
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champ magnétique comprennent un agencementde
bobine de gradient pour générer un champ de gra-
dient magnétique qui, dans la zone de premiére par-
tie de la zone d’examen, inverse sa direction et pré-
sente un passage par zéro.

Agencement (1) selon I'une quelconque des reven-
dications 12 a 14, caractérisé par des moyens de
génération d’'un champ magnétique variable dans le
temps qui est superposé au champ de gradient ma-
gnétique, dans le but de déplacer les deux parties
de zone dans la zone d’examen.

Agencement (1) selon 'une quelconque des reven-
dications 12 a 15, caractérisé par un agencement
de bobine destiné a recevoir les signaux induits par
le changement dans le temps de la magnétisation
de la zone d’examen.

Agencement (1) selon 'une quelconque des reven-
dications 12 a 16, caractérisé par des moyens de
génération d’un premier et au moins d’'un second
champ magnétique qui sont superposés au champ
de gradient magnétique, ou le premier champ ma-
gnétique change lentement en fonction du temps et
avec une forte amplitude et ou le second champ ma-
gnétique change rapidement en fonction du temps
et avec une faible amplitude.

Agencement (1) selon la revendication 17, caracté-
risé en ce que les deux champs magnétiques sont
essentiellement perpendiculaires I'un a l'autre dans
la zone d’examen.

Agencement (1) selon I'une quelconque des reven-
dications 12 a 18, caractérisé par au moins un mo-
nochromateur (16), un hacheur (18) et/ou un pola-
riseur (20) entre la source de rayonnement (12) et
la zone d’examen.

Agencement (1) selon 'une quelconque des reven-
dications 12 a 19, caractérisé en ce que la source
de rayonnement est un laser.

Agencement (1) selon 'une quelconque des reven-
dications 12 a 20, caractérisé par au moins un ana-
lyseur (26), en particulier sous la forme d’un filtre de
polarisation, et/ou un monochromateur (28) entre le
détecteur (22) et la zone d’examen.

Agencement (1) selon 'une quelconque des reven-
dications 12 a 21, caractérisé par une unité d’éva-
luation (30) pour déterminer et/ou évaluer les si-
gnaux de rayonnement détectés.

Agencement (1) selon 'une quelconque des reven-
dications 12 a 22, caractérisé en ce que le détec-
teur (22) est un appareil photo ou est connecté ou
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en connexion effective avec ce dernier et/ou avec
une unité d’évaluation (30), en particulier un micro-
processeur.
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