wo 2017/194475 A1 | 0000 O RO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
16 November 2017 (16.11.2017)

(10) International Publication Number

WO 2017/194475 Al

WIPO I PCT

(51) International Patent Classification:
A61B 5/04 (2006.01) GOIR 33/035 (2006.01)
GOIR 33/00 (2006.01) GOIR 27/26 (2006.01)

(21) International Application Number:
PCT/EP2017/060934

(22) International Filing Date:
08 May 2017 (08.05.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
102016 108 524.3
09 May 2016 (09.05.2016) DE

(71) Applicant: BIOMAGNETIK PARK GMBH [DE/DE];

Forsthohe 26, 21149 Hamburg (DE).

(72) Imventors: KIM, Byeongsoo; Rudolf-Klug-Weg 3,
22455 Hamburg (DE). KIM, Bonggun; Elise-Averdieck-
Strale 29, 20535 Hamburg (DE). EHRLEN, Malte;

Miiggenkampstrafie 55, 20257 Hamburg (DE).

(74) Agent: STUVEN, Ralf et al.; POHL & PARTNER Paten-

tanwilte, Kirchenhang 32b, 21073 Hamburg (DE).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

(54) Title: APPARATUS FOR MEASURING A BIOMAGNETIC FIELD

|=|y
aaa-# Oz
O F & b & &+ F
O % +% + %40
o +** 4o
ﬁﬁqﬂ

Fig. 2

(57) Abstract: The invention relates to an apparatus for measur-
ing a biomagnetic field. It is an object of the invention to provide
an improved biomagnetic field measuring apparatus, in partic-
ular a biomagnetic field measuring apparatus enabling reliable
biomagnetic field measurements in clinical practice. For solving
the problem, the invention provides an apparatus for measuring
a biomagnetic field comprising a plurality of magnetic field sen-
sors being arranged in an array in a sensor plane, the plurality of
magnetic field sensors consisting of a plurality of first magnetic
field sensors being designed and configured to measure a first
component of the magnetic field, a plurality of second magnetic
field sensors being designed and configured to measure a second
component of the magnetic field, and a plurality of third mag-
netic field sensors being designed and configured to measure a
third component ot the magnetic field, the first, second and third
components of the magnetic field being orthogonal to each other,
and wherein, viewed from a direction perpendicular to the sen-
sor plane, the first magnetic field sensors and the second mag-
netic field sensors are arranged essentially centrally and the third
magnetic field sensors are arranged essentially around the first
and second magnetic field sensors.
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APPARATUS FOR MEASURING A BIOMAGNETIC FIELD

The invention relates to an apparatus for measuring a biomagnetic field.

Apparatus for measuring biomagnetic fields are well known. Examples for such apparatus
measuring faint biomagnetic fields, e.g. generated by muscle or nerve tissue, are
Magnetocardiographs and Magnetoencephalographs, measuring very weak magnetic fields
generated by the electric activity of the heart and the brain, respectively. Biomagnetic field
mesuring apparatus are ¢.g. described in US 5,113,136, US 5,644,229, US 6,230,037 B1, US
6,424 853 B1, US 6,842,637 B2, or US 7,194,121 B2. Magnetocardiography (MCG) and
Magnetoencephalography (MEG) are established non-invasive methods used e.g. for examining

subjects for abnormal conditions or diseases of the heart or brain.

There have been several attempts to improve biomagnetic field measuring apparatus, ¢.g. in
using vector magnetocardiographic systems (see. e. g. Thiel et al. 2005, The 304 SQUIDs
vector magnetometer system for biomagnetic measurements in the Berlin Magnetically
Shielded Room 2, Biomed. Technik (Biomedical Engineering) 50, 169-170; Schnabel et al.
2004, Discrimination of Multiple Sources Using a SQUID Vector Magnetometer, Neurology &
Clinical Neurophysiology 2004:67; Jazbinsek et al., 2000, Cardiac multichannel vector MFM
and BSPM of front and back thorax, In: Nenonen J, I[lmoniemi RJ, Katila T, (ed.), Biomag2000,
Proceedings of the 12th Int Conf on Biomagnetism; 2000 Aug 13-17; Espoo, Finland; Espoo:
Helsinki Univ. of Technology; 2001, 583-6; Drung, D., 1995, The PTB 83-SQUID system for
biomagnetic applications in a clinic, IEEE Transactions on Applied Superconductivit 5, 2112-

2117, doi: 10.1109/77.403000; US 5,644,229).

There is, however, still a need for improving biomagnetic field measuring apparatus, e.g. in

view of sensitivity and signal quality.

It is therefore an object of the invention to provide an improved biomagnetic field measuring
apparatus, in particular a biomagnetic field measuring apparatus enabling reliable biomagnetic

field measurements in clinical practice.
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For solving the problem, the invention provides an apparatus for measuring a biomagnetic field
comprising a plurality of magnetic field sensors being arranged in an array in a sensor plane,

the plurality of magnetic field sensors consisting of a plurality of first magnetic field sensors
being designed and configured to measure a first component of the magnetic field, a plurality of
second magnetic field sensors being designed and configured to measure a second component
of the magnetic field, and a plurality of third magnetic field sensors being designed and
configured to measure a third component of the magnetic field, the first, second and third
components of the magnetic field being orthogonal to each other, and wherein, viewed from a
direction perpendicular to the sensor plane, the first magnetic field sensors and the second
magnetic field sensors are arranged essentially centrally and the third magnetic field sensors are

arranged essentially around the first and second magnetic field sensors.

It has been found that the sensor arrangement and configuration of the biomagnetic field
measuring apparatus of the invention enables sensitive and robust measurements of weak
biomagnetic fields, e.g. origination from the heart or brain. The apparatus of the invention is
particularly sensitive for small changes in the magnetic field source, e.g. the heart or brain.
Thus, the apparatus of the invention is, for example, particularly suitable for the examination of
conditions, in which small changes in electric current/magnetic moment are of particular
interest, ¢.g. in the Isolated Left Anterior Descending Coronary Artery Disease (“LAD
disease”). The apparatus of the invention also provides for a better inverse solution
performance, i.e. a more accurate reconstruction of the electric currents or magnetic moments in
the source from the measured magnetic field data. Further, the apparatus of the invention is
comparatively insensitive to an offset in relation to the source, ¢.g. the heart center, making the

apparatus of the invention especially suitable for use in a clinical environment.

The term “biomagnetic field” relates to magnetic fields generated by electric currents in cells,

tissue or organs, ¢.g. heart or brain tissue.

The term “magnetic field sensor” as used herein means a sensor being able to measure
(bio)magnetic fields. SQUIDs (“superconducting quantum interference devices”, see e.g.
Fagaly, R.L., 2006, Superconducting quantum interference device instruments and applications,

Rev. Sci. Instrum. 77, 101101, doi: 10.1 063/ 1.235 4545) are preferred as sensors. The terms
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“1-axis magnetic field sensor”, ‘“2-axis magnetic field sensor” or “3-axis magnetic field sensor”
refer to magnetic field sensors measuring only one, two or three of the three orthogonal
components (X, y, z) of the magnetic field, i.e. the . A “3-axis magnetic field sensor” is e.g. a
magnetic field sensor measuring the components of the magnetic field in all three dimensions.
The term “2-axis magnetic field sensor” encompasses sensors being composed of at least two
magnetometers or gradiometers measuring the orthogonal x- and y-, x- and z- or y- and z-
components of a magnetic field. Likewise, the term “3-axis magnetic field sensor” encompasses
sensors being composed of at least three magnetometers or gradiometers measuring the

orthogonal x-, y-, and z-components of a magnetic field.

The term “sensor plane” relates to the plane, in which the sensors, in particular the magnetic
field sensing elements, thereof, e.g. detection coils, lie. The term “sensor plane” is not meant to
define a plane in a strictly mathematical sense, i.c. a two-dimensional structure, but relates to a
two- or three-dimensional (virtual) layer in which the sensors are arranged. In many cases, the
sensor plane is essentially parallel to the x-y plane.

The terms “first component”, “second component” or “third component” in relation to a
magnetic field refer to the orthogonal components of a magnetic field. Instead, also the terms
“x-component” (for e.g. the first component), “y-component” (for e.g. the second component)
and “z-component” (for ¢.g. the third component may be used. The terms refer to the
components of any set of orthogonal magnetic field components, without being restricted to a
specific meaning of the terms in relation to e.g. a plane or axis of, for example, a human body.
In particular, the terms “x-component” and “y-component” preferably refer to the components
of the magnetic field in direction of the x- and y-axis, respectively, of a plane (x-y plane)
formed by or parallel to a body surface, e.g. the front or back of a human thorax, or the surface
of the cranium. The term “z-component” preferably relates in particular to the component in
direction of the z-axis, i.e perpendicular to the x-y plane. A reference to an x-axis when
measuring magnetic fields of the heart of a human being preferably corresponds to a reference
to a right-to-left axis, a reference to an y-axis preferably corresponds to a reference to a head-
to-foot axis, and a reference to the z-axis preferably corresponds to a reference to a
anteroposterior axis, wherein “right”, “left”, “head”, “foot”, and “anteroposterior” relate to the

body of a human being.
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The term “source” as used herein means a source of a biomagnetic ficld or biogmagnetic fields,
¢.g. the heart or brain. The term encompasses a reference to a reference point source, i.c. to a
point taken as the source of all electric and/or magnetic activity of the heart or brain or a heart

or brain tissue.

The term “inverse solution” means a solution to the inverse problem. The skilled person is
familiar with this problem, and with methods to find an inverse solution, i.c. methods to solve
an inverse problem. In the context of the invention the term “inverse solution” refers to methods
for reconstructing e.g. the heart or brain activity (i.e. the real electric and/or magnetic activity in
the “source space”, the source being the heart or brain, in particular the heart) with data

measured in the “sensor space”, i.e. outside the heart or brain.

The term “inverse solution performance” relates to the quality of an inverse solution for a given
source calculated from measured magnetic field data for that source. The “inverse solution
performance” can e.g. be evaluated by taking/simulating a given current source, calculating a
forward solution for the source and comparing the forward solution with the inverse solution

calculated from the measured or simulated magnetic field data of the source.

The term “subject” as used herein refers preferably to a vertebrate, further preferred to a

mammal, and most preferred to a human.

The expression according to which a magnetic field sensor is designed and configured to
measure a specific component, i.e. the first, second and third component (x-, y- or z-
component) of a magnetic field means that the magnetic field sensor is constructed and adapted
in a manner that only the respective component of the magnetic field is measured. This does not
exclude that a magnetic field sensor is constructed in a manner enabling it to measure one or
both of the other components of the magnetic field. Thus, a magnetic field sensor may e.g. be
constructed to comprise magnetometers or gradiometers for detecting each of the three
magnetic field components, such that the magnetic field component the detector measures can
be changed, if desired. The expression according to which a magnetic field sensor is designed

and configured to measure e.g. the x-component of a biomagnetic field thus means that a
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magnetic field sensor may be built to be able to also measure the y and/or z-component of the
magnetic field, but is configured to only measure the x-component. Such a configuration may

¢.g. be established via respective switches or via software.

According to the invention, there are three portions or groups of magnetic field sensors
measuring different components of a biomagnetic field and being spatially arranged in a
specific manner. A first group of magnetic field sensors measures the first component (x-
component) of a biomagnetic field, a second group of magnetic field sensors measures the
second component (y-component) of the biomagnetic field, and a third group of magnetic field
sensors measures the third component (z-component) of the biomagnetic field. The first, second
and third magnetic field sensors are arranged in such a manner, that, viewed from a direction
perpendicular to the sensor plane, the first magnetic field sensors and the second magnetic field
sensors are arranged essentially centrally and the third magnetic field sensors are arranged
essentially around the first and second magnetic field sensors. As already mentioned, the first,
second and third magnetic field sensors can all be constructed in a manner that they are also
able to measure one or both of the other components of the magnetic field, if configured to do
s0. According to the invention, the first group of magnetic field sensors is, however, configured
to measure the x-component of a biomagnetic field, whereas the second and third group of
magnetic magnetic field sensors are configured to measure the y- and z-compent of the
biomagnetic field. The plurality of magnetic field sensors are preferably contained in an

appropriate housing, e.g. a Dewar vessel as known from the prior art.

In a preferred embodiment the biomagnetic field measuring apparatus of the inveniton the
number of first magnetic field sensors, measuring the first component (x-component) of the
biomagnetic field, equals the number of second magnetic field sensors, measuring the second

component (y-component) of the biomagnetic field.

In a particular preferred embodiment the biomagnetic field measuring apparatus of the
inveniton each of the first magnetic field sensors is spatially associated with a second magnetic
field sensor, such that both measure the magnetic field components at essentially the same
location of a source. In this embodiment of the biomagnetic field measuring apparatus of the

inveniton the first and magnetic field sensors form sensor pairs measuring the x- and y-
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component of the biomagnetic field. It is to be noted here that the sensor pairs may be included
in the same housing and may thus form a 2-D-sensor, i.¢. a sensor combining two (or more) 1-
D-sensors measuring two components of a biomagnetic field, in this case the x- and y-
components. As mentioned above, a 3-D-sensor could also be used, i.e. a sensor combining
three 1-D-sensors, which are, however, configured to only measure the x- and y-components of

the biomagnetic field.

The array of magnetic field sensors can have several forms in terms of its cross-section or arca
covered when viewed from a direction perpendicular to the sensor plane, e.g. an essentially
circular, elliptical, polygonal or rectangular form. In any case, the first and second groups of
magnetic field sensors are arranged centrally and the third group magnetic field sensors is
arranged in the periphery. In a preferred embodiment of the biomagnetic field measuring
apparatus according to the invention (a) the array of magnetic field sensors is, when viewed
from a direction perpendicular to the sensor plane, essentially circular, (b) the first magnetic
field sensors and the second magnetic field sensors are arranged centrally in an essentially
circular region of the array, and (c) the third magnetic field sensors are arranged essentially in a

circular region around the first and second magnetic field sensors.

The biomagnetic field measuring apparatus according to the invention may have any suitable
number of magnetic field sensors, ¢.g. 32, 64, 102, or higher number of magnetic field sensors.
Preferably, the number of first and second magnetic field sensors is higher than the number of
third magnetic field sensors. Preferably, the relation of the number of first and second magnetic
field sensors to the number of third magnetic field sensors is about 2—5:1, preferably 2.5-4:1 or

2.5-3:1.

In one embodiment, the biomagnetic field measuring apparatus according to the invention may
e.g. comprise 64 magnetic field sensors, wherein 24 first magnetic field sensors and 24 second
magnetic field sensors are arranged centrally in an essentially circular portion of the array, and
16 third magnetic field sensors are arranged essentially in a circle region around the circular

region containing the first magnetic field sensors and the second magnetic field sensors.
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In the following, the invention is described in more detail by way of an example and the

attached figures for illustration purposes only.

Fig. 1. Schematic illustration of a sensor arrangement according to the prior art.

Fig. 2. Schematic illustration of a sensor arrangement according to an embodiment of the

invention.

Fig. 3 and 4. Schematic illustration of examples of comparative sensor arrangements (not

according to the invention).

Figure 1 shows a sensor arrangement according to a prior art 64-channel biomagnetic field
measuring apparatus. Circles with dotted outlines denoted with the reference numeral 2
represent measuring points on a magnetic source, here the heart. Magnetic field sensors 3
measuring the z-component of the biomagnetic field generated by the heart at the measuring
points are arranged in an essentially circular array 1. All of the 64 magnetic field sensors 3 of
the prior art apparatus are of one type, i.¢. a type measuring only the z-component of the

biomagnetic field.

Figure 2 shows a sensor arrangement according to an embodiment of the invention for a 64-
channel biomagnetic field measuring apparatus, in this case an MCG. For comparison, the 64
measuring points 2 of the prior art apparatus of Fig. 1 are also depicted here. 24 first magnetic
field sensors 4 and 24 second magnetic field sensors 5 are arranged in an essentially circular
region 6 of the array 1. Each of the 24 first magnetic field sensors 4 is associated with a
corresponding second magnetic field sensor 5, such that sensor pairs thus formed measure the
x- and y-components of the biomagnetic field at the same measuring point. 16 third magnetic
field sensors 3 measuring the z-component of the biomagnetic field are arranged in an
essentially circular or annular region 7 around or in the periphery of the first and second

magnetic field sensors 4, 5.

Figure 3 and 4 show two other sensor configurations (not according to the invention) used for

the purpose of comparison. In Figure 3 a sensor configuration is shown in which all sensors are
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distributed over the cross-section of the central circular region 6. The arrangement is composed
of 4 sensors measuring only the z-component of the magnetic field at the corners of a
quadrangular area within the central circular region 6, and 3 x 20 sensors measuring the x-, y-
and z-components at corresponding 20 measuring points, respectively. Figure 4 depicts an
arrangement, in which each of the 64 measuring points 2 is associated with one of 64 magnetic
field sensos, 18 of the 64 sensors measuring the x-component of the magnetic field, 17 sensors
measuring the y-component of the magnetic field and 29 sensors measuring the z-component of

the magnetic field.

An MCG having a sensor configuration according to the embodiment of the invention shown in
Fig. 2 was compared with MCGs set-up with a prior art sensor configuration according to the
one depicted in Fig. 1 and with MCGs set-up with the sensor configurations of Fig. 3 and 4,
respectively. Small changes of the current dipole pattern on the frontal area of the heart were

simulated. The prior art 64-channel MCG calculated 298 dipoles on the heart.

The results showed that the sensor configuration of the invention (Fig. 2) and the configuration
according to Fig. 3 are superior to the configurations according to the prior art (Fig. 1) and

according to Fig. 4 in order to explain the small changes.

Further, the inverse solution performance of the different sensor arrangements was evaluated. A
forward model was calculated from a given source and the inverse solution was calculated from
the measured magnetic field data. It could be shown that, by comparing the original source and
the inverse solution, that the sensor configuration according to the invention (Fig. 2) and the
sensor configuration according to Fig. 3 have a better inverse solution performance than the

prior art sensor configuration and the sensor configuration according to Fig. 4.

The robustness of the compared sensor configurations in view of an offset from the heart center
was evaluated. For this purpose a position offset in x-direction (right hand to left hand) was
simulated. It could be shown that the prior art sensor configuration has a bigger anle error than
the sensor configuration according to the invention and the sensor configuration according to

Fig. 4.
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In summary, it was shown that an MCG having a sensor configuration of the invention

according to Fig. 2 is superior in view of sensitivity and robustness compared to the prior art.
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CLAIMS

1. Apparatus for measuring a biomagnetic field comprising a plurality of magnetic field
sensors (3, 4, 5) being arranged in an array (1) in a sensor plane, the plurality of magnetic
field sensors (3, 4, 5) consisting of a plurality of first magnetic field sensors (4) being
designed and configured to measure a first component of the magnetic field, a plurality of
second magnetic field sensors (5) being designed and configured to measure a second
component of the magnetic field, and a plurality of third magnetic field sensors (3) being
designed and configured to measure a third component of the magnetic field, the first,
second and third components of the magnetic field being orthogonal to each other, and
wherein, viewed from a direction perpendicular to the sensor plane, the first magnetic
field sensors (4) and the second magnetic field sensors (5) are arranged essentially
centrally and the third magnetic field sensors (3) are arranged essentially around the first

and second magnetic field sensors (4, 5).

2. The biomagnetic field measuring apparatus according to claim 1, wherein the number of

first magnetic field sensors (4) equals the number of second magnetic field sensors (5).

3. The biomagnetic field measuring apparatus according to claim 2, wherein each of the first
magnetic field sensors (4) is spatially associated with a second magnetic field sensor (5),
such that both measure the magnetic field components at essentially the same location of

a source.

4.  The biomagnetic field measuring apparatus according to one of the preceeding claims,
wherein the array (1) of magnetic field sensors (3, 4, 5) has, viewed from a direction
perpendicular to the sensor plane, an essentially circular, elliptical, rectangular or

polygonal shape.

5. The biomagnetic field measuring apparatus according to claim 4, wherein (a) the array (1)
of magnetic field sensors (3, 4, 5) is, viewed from a direction perpendicular to the sensor
plane, essentially circular, (b) the first magnetic field sensors (4) and the second magnetic

field sensors (5) are arranged centrally in an essentially circular region (6) of the array,
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and (c) the third magnetic field sensors (3) are arranged essentially in a circular region (7)

around the first and second magnetic field sensors (4, 5).

The biomagnetic field measuring apparatus according to claim 5, comprising 64 magnetic
field sensors (3, 4, 5), wherein 24 first magnetic field sensors (4) and 24 second magnetic
field sensors (5) are arranged centrally in an essentially circular portion of the array, and
16 third magnetic field sensors (3) are arranged essentially in a circular region (7) around
the circular region (6) containing the first magnetic field sensors (4) and the second

magnetic field sensors (5).

The biomagnetic field measuring apparatus according to one of the preceeding claims,

wherein the biomagnetic field measuring apparatus is a magnetocardiograph.
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