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Biological Tissue Characterization by Magnetic
Induction Spectroscopy (MIS): Requirements and
Limitations

Hermann Scharfetter*, Roberto Casarfias, and Javier Rosell

Abstract—Magnetic induction spectroscopy (MIS) aims at the excitation field and measure the object’s response field. Char-
contactless measurement of the passive electrical properties (PEP)acteristically they operate in the near field of the excitation
o, g, and p of biological tissues via magnetic fields at multiple fre- source. Typical applications are e.g., body impedance analysis,

quencies. Whereas previous publications focus on either the con-t. hvdrati t itori f diac functi
ductive or the magnetic aspect of inductive measurements, this ar- ISSue hydration measurement, monitoring ot cardiac tunction

ticle provides a synthesis of both concepts by discussing two dif- (Stroke volume estimation), monitoring of lung function,
ferent applications with the same measurement system: 1) moni- detection of malignant tissue, etc. [1]. A general trend found in
toring of brain edema and 2) the estimation of hepatic iron stores  g|| this techniques is the use of multiple frequencies trying to
in certain pathologies. We derived the equations to estimate the increase the accuracy and the diagnostic capability.

sensitivity of MIS as a function of the PEP of biological objects. . . . .
The system requirements and possible systematic errors are ana- In the field of biomedicine, the most important PEP are the

|yzed for a MIS-channel using a p|anar gradiome’[er (PGRAD) as electrical COI’ldUCtiVityJ and the dielectric permltthIt)t, but
detector. We studied 4 important error sources: 1) moving conduc- also the magnetic permeability can be of diagnostic interest
tors near the PGRAD; 2) thermal drifts of the PGRAD-parame-  (see Section I-C). Practically all established measurement
ters; 3) lateral displacements of the PGRAD; and 4) phase driftsin - \yath6ds of PEP require the connection of the patients via
the receiver. All errors were compared with the desirable resolu- lectrodes i der to iniect K alt fi lectrical t
tion. All errors affect the detected imaginary part (mainly related electrodes in order to Injec V\_’ea _a ernating electrica curre_n S
to o) of the measured complex field much less than the real part @nd to measure the potential differences across determined
(mainly related to e and u). Hence, the presented technique ren- sensing electrodes. The diagnostic information is extracted
ders possible the resolution of (patho-) physiological changes of the from the corresponding transimpedances of the segment under
electrical conductivity when applying highly resolving hardware investigation (bioimpedance methods). Measurements with a

and elaborate signal processing. Changes of the magnetic perme- . - . . . .
ability and permittivity in biological tissues are more complicated certain spatial resolution can be obtained with multichannel

to deal with and may require chopping techniques, e.g., periodic Methods, i.e., electrical impedance tomography (EIT).
movement of the object. All bioimpedance electrode-based methods suffer from the

Index Terms—Brain edema, impedance spectroscopy, iron over- following drawbacks._
load, magnetic induction tomograpy, passive electrical properties » The electrodes introduce measurement errors due to the

of tissue. poorly defined electrode—skin interface.

» The accuracy of absolute or static image reconstruction
methods for EIT depends critically on the exact knowl-

o edge of the electrode locations. This requirement is diffi-

A. Measurement Principle cult to fulfil because of the variability of the body surface

EASUREMENT of the passive electrical properties geometry.
(PEP) of biological tissues form the basis of several ° Intracranial applications are difficult to perform in adults
noninvasive diagnostic methods which are also suitable for due to the high resistivity of the skull.
online monitoring of organ function in the human body. If the latter restriction could be obviated, monitoring of the
All related measurement methods apply an electromagngBiEP would represent a valuable tool for applications in the cen-
tral nervous system, as suggested previously, e.g., for the early
, . . . detection of brain edema by monitoring of the conductivity [2],
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Fig. 1. Principle of magnetic induction spectroscopy. The eddy currents flc .

in closed loops around the axis of the coils, increasing in current density from

the axis toward a maximum the location of which depends on the particukig. 2. Single-channel measurement system.
geometry.

in fact, provide a useful method, as there exists still no noninva-

permeability in a target region cause a field perturbatidd . d i inst tation for the detecti  brai
due to the induction of eddy currents and magnetic dipolessfﬁle and continuous Instrumentation for the detection ot brain
dema. This application relies on the fact that water accumu-

the object under investigation. The perturbation field is th S L
measured via suitable receiver coils. ﬁatlons in tissue cause local changes of the BERde, as has

MIS, in contrast to bioimpedance approaches, offers seveF ?n demonstrated with invasive measurements, e.g., in[11] and

advantages.

* It does not require galvanic coupling between the devige g, o hje 2: Determination of Excess Iron Stores in Liver
and the object under measurement, hence avoiding the #|z o
defined electrode—skin interface. . . . . o

« The skull does not present a barrier for the magnetic field. An interesting biomedical application based on the char-
Hence, the method is particularly attractive for monitoringCterization of magnetic properties in biological tissue is the
in the central nervous system of adults. quantification of hepatic iron overload in cases of hereditary

« Due to the contactless operation, requirements for eldtemochromatosis or in patients subject to periodic blood trans-
trical safety are easier to fulfil than with electrode-basdgision. Magnetic induction methods have been tried previously
methods. for the characterization of the paramagnetic and diamagnetic

« The location of the sensing elements (coils) is always wdlroperties of biological tissues [13] but the sensitivity is
defined if they are mounted on a rigid support. Hencé&onsiderably low. To our knowledge, the only noninvasive
the boundary conditions are well reproducible, if the afin€asurement method so far tested for hepatic iron overload
between the coil system and the body under investigati#h humans is based on SQUIDs [14], [15] or on MRI [16].

is included into the target volume of the reconstructioffowever, also much simpler magnetic sensors are studied to
problem. allow the detection of physiological and pathophysiological

An additional feature of MIS is its inherent sensitivity to the " concentrations in human subjects [17], [18]

magnetic permeability: so that, in contrast to bioimpedance

methods, also changes of the magnetic properties of biological Il. METHODS

matter can be studied. The aim of this article is the detailed anal- _

ysis of the requirements and limitations of a MIS system for* General Measuring System

biomedical applications. As examples we studied one applica+ig. 2 shows the principle of a single measuring channel for

tion which is based on conductivity changes in the target regianMIS system, as published previously in [8], [19]. The exci-

and another where changes,oére of diagnostic interest; tation coil (EXC) is fed by a power amplifier (PA) with a si-

nusoidal current. The magnetic fieB, and its perturbation

AB are picked up in form of voltagdg, andAV, respectively,

which are induced in receiver coils (REC). The sigh# is de-
Unless detected in time, brain edema can lead to life threabmposed into real and imaginary parts by digital synchronous

ening hazards by increasing the intracranial pressure upd®modulation. The respective reference signal is derived either

values, which cause tissue damage. As reviewed in [3] ischerdicectly from the excitation circuit, or, as depicted, from a refer-

states or lesions can be detected from changes in the bmraiite sensor (REF) which detects the main excitation field. The

conductivity within minutes whereas in computed tomograplsignals from the REC and REF are preconditioned by differen-

(CT) or magnetic resonance imaging (MRI) the first changeisl preamplifiers with a differential current output [19]. The am-

appear with a marked delay. Magnetic brain monitoring coulglifiers should be located very close to the coil system in order

B. Example 1: Brain Edema Monitoring
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to keep phase errors due to long cables as small as possible. qiemntity AV /V}, shall be called the “signal/carrier ratio” (SCR)
transmission to the mainframe has been realized via twisted 8. It is a function of the locatiox of the perturbation and of
cables in order to guarantee minimum magnetic interferencethe coil system [7].

From (2), the following important properties of the SCR be-

B. Expected Sensitivities

come obvious.

The sensitivity of an inductive measuring system can be ex- 1) The real part is associated with changes of the relative

pressed as the voltage chan§& in the receiver coil due to a
small change\x and Ay of the PEP in the spade filled with

permeability and permittivity whereas the imaginary part
reflects changes of the conductivity

the electromagnetic field. A general expression can be derived2) The imaginary part is proportional o and the radian

from the law of reciprocity for a linear two-port system with
ports A and B fed by a current | [20]

AV = % Aﬁ/(vq) +jwAg) - (VU + jwAg)dQ
Q

Q

with ®, Ag: electrical scalar potential and magnetic vector po-
tential when feeding the system from port W; Ay : electrical
scalar potential and magnetic vector potential when feeding the

frequencyw

3) The contribution of the relative permittivity. to the real

part of the SCR is proportional te?. Taking into account
that the relative permittivity for biological tissue at low
frequencies (10 Hz-1 kHz) can be in the rangé — 10°

[1], its contribution can be in the same order of magnitude
as that of the conductivity, at moderate frequencies.

The term associated with,, does not depend on the fre-
quency. The dielectric contribution can be neglected at
low frequencies (some kilohertz) due to its dependence
on w? if the permittivity is not excessively high. More-
over, below a certain frequency, also changes of the imag-
inary part fall below the noise level of the detectors due

system from port BH s, Hy: the corresponding magnetic field
intensity vectors.

The general solution of this equation requires elaborate nu-
.”.‘e”ca' methods. For araw estlmat_|on of the e_xpecteq sensne/_— Application Example 1: Detection of Conductivity Changes
ities, however, some simple analytical or semi-analytical solz’% = 0)
tions can be derived for special cases with a simple geometry™ —

For a small object in the empty space, the spatial sensitivity dis-Many tissue properties, especially the hydration state, are
tribution could be approximated with the scalar product of thgell reflected by the frequency-dependence of the conductivity,
magnetic fields when feeding the system from port A and 8specially in the range 10 kHz—10 MHg-flispersion range,
[7]. A more simple, but illustrative closed solution can be olf22]-[24]. The conductivity at low frequencies reflects essen-
tained for a cylindrical sample with radiug and thickness tially the extracellular fluid volume whereas with increasing
(t < 2a) positioned coaxially halfway between two small coil§requency the additional contribution of the intracellular fluid
with distance2a. The relative change of the magnetic field involume causes a significant increase of the conductivity. From
the receiver coil and, hence, the corresponding relative voltagevious investigations, e.g., [27] magnetic methods are not ex-
change can be expressed by (2) pected to work at frequencies lower than 10 kHz due to phys-
ical limitations. Hence, the range accessible for MIT will extend

to the dependence an In this case, changes of the per-
meability become entirely predominant in the signal.

AB = AV from several tens of kHz up to several tens of MHz, the upper

Bo Vo limit being determined by the penetration depth of the elec-
_a’t R?*(8a> - R*) . P tromagnetic field and the desired sounding depth. This range
T2 M @@+ Rry)t 3(0 + jweoerJwhio covers fairly well the3-dispersion. The SCR is considerably

analytical model in [8] a conducting sphere in empty space (ra-
diusr = 25 mm,o = 1 S/m ande,. = 80) positioned halfway

on the axis between two coils (35 mm radius, inter-coil distance
250 mm) produces a SCR ef1.8 - 10710 — j8.9.10~7 at 50
wherey,, denotes the magnetic susceptibility of the materidkHz. As analyzed in [19] the sensitivity map for conductive per-
The second term on the right-hand side of (2) has been deritatbations embedded in a conducting background is completely
previously in [21], the first term is derived in Appendix | ac-different from that of conductors in empty space, but the signals
cording to [17]. Equation (2) is valid only for the case of “weakemain in the same order of magnitude. The SCR increases near
perturbation,” i.e., if the alteration of the excitation field by th¢he sending or receiving coils, but remains betw#en® and
response field is negligible and jf. is close to 1. This is the 1076,

case for biological objecteonductivity < 2 S/m) up to about ~ The absolute voltage changel’ determines the signal-to-
10 MHz. A semi-analytical solution which remains valid alsmoise ratio (SNR) of the measurement system. It depends lin-
at very low penetration depths has been presented in [8] foearly on the excitation curreffizxc and the number of turns
small conducting and paramagnetic sphere located in an anbixc andngrgc Of the excitation and receiver coils. The above
trary point between two circular coils. In the following, the keyexample yields—3.9 - 10~'2 — j2 - 10~8 V at 50 kHz with

a® (a2 + R2)?

K =0 4 jweger;

low at the low end of thej-dispersion. According to the semi-
[ 1 a® + 2R? }

and  Xm = pr — 1 2
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Igxc = 1 A, ngxc = 10 ananEc = 40. As 1} in (2) is !

proportional tav, Im(AV') increases with the square of the fre: 95

quency. At 50 kHz, the imaginary part lies in the range of se <

eral nV. In a practical setting, the excitation current is limite l18

by safety regulations for the maximum allowed specific absor - N >

tion rate produced by the eddy currents. As it increases quadi excitation coil, n=17

ically with the frequency, the maximum allowable current mu: solenoid Ay

decrease with the square of the frequency. At 50 kHz, excitati 210 p | 105 |

currents in the range of some tens of A are admissible. In ¢ D ——
experiments, we applied maximum values of 2Q,Aso that gradiometer, ”=2Q - ‘70 «
Im(AV) for the above example increasestto10~7 V. As a : \' = ﬁg"—*
conclusion, we can expect signals around/Ifor a coaxial coil Y o i o

system with 250 mm distance and a spherical perturbation o

S/m with a diameter of 50 mm. Thinking of resolving CO!’Id.UCpreamp“ﬁer board
tivity changes of at least 10 mS/m (a reasonable upper limit f

biological tissues) signals of 10 nV must be detected.

reference coil, n=6

|

|

|
D. Application Example 2: Detection of Dia- and i
Paramagnetic Perturbation§y,, # 0) vz

Soft biological tissues and water are both diamagnetic m@g. 3. Coil system consisting of excitation coil, reference coil and PGRAD.
terials with a magnetic susceptibilify,,,) around—10 - 10=¢  All measures in millimeters.
[13], [14].

The storage iron in the body is found in two iron-protein comcustom-made amplifiers with less than 1 nV/sqrt(Hz) can be
plexes, ferritin and hemosiderin, which possess paramagnelisigned when employing several ultra-low-noise differential
conduct; thus, accumulation of iron in the liver produces a dgansistor pairs or whole differential amplifiers in parallel.
crease of its diamagnetism. The iron concentration in a normalThe desirable SNR of a MIS-system depends much on the ap-
adult liver lies around 25@,g of Fe/g of wet liver tissue with plication. Image reconstruction requires the highest SNR values
arange of 50-50Qg/g being considered normal [14]. An ironof 40-60 dB. In less demanding cases 20 dB may be sufficient.
content of more than 1 g in the liver is considered as hepatic irplence, taking into account AV of 10 nV as estimated for
overload(> 700 ;:.g/g). In very strong iron overload, the liver application example 1, the noise voltage must remain below 1
can contain up to 14 g (9 mg/g of liver tissue) [13]. The magV,,,,. This means that, even with the best available amplifiers,
netic susceptibility(x.,,) of hepatic tissue will be in the rangethe bandwidth must be kept below 1 Hz, which excludes appli-
—9-107% (normal) to+5.2 - 106 (overload) [13], [25]. cations with fast signal changes. However, during brain edema

The expected Re(SCR) for a cylinder of watgr, = —10- monitoring no fast changes are expected. Further improvement
10~°) with radius 25 mm, with a volume equal to the spheref the SNR can only be achieved with averaging, thus, further
used in the application example 1-46.36-107¢. Foranormal increasing the acquisition times.
liver sample,(x,, = —9 - 107%) Re(SCR) = —0.32 - 107° 2) Suggested Coil Syster#ss the SCR of a coaxial coil
and for a strong overloady,, = 5.2 - 107%) Re(SCR) = system is very small the signal is below the quantization noise
0.19 - 1075, of most analog-to-digital converters. An appropriate design of

Following the previous example, with a current of 20,A the coil system can increase the SCR significantly. A simple
and taking into account the diamagnetism of water, the expectgsbroach is to subtract from the signal a voltage as close as
signal isRe(AV) = —2.3- 1077 V. possible toV, while maintaining AV approximately at the

This is in the same order of magnitude as the imaginary paitginal level. This can be achieved easily with a gradiometer,
due to the physiological conductivity, and shows that the contfje., two coils which are connected in counter-phase. In an
bution of permeability must be taken into account measuringideally adjusted gradiometer the voltage induced in the absence
low frequencies. Also, the contribution of diamagnetism (peof an object is zero because both halves of the coil experience
meability) produces a signal 4 orders of magnitude bigger théfe same magnetic flux.
the contribution of the permittivity in the case of water at 50 kHz In contrast to previous approaches [3], [26], [27], we intro-
(e, = 80). duced as receiver a planar gradiometer (Fig. 3). This coil system

Nevertheless, for biological tissue the strong increase of #ghibits an antisymmetric sensitivity with respect to thaxis
permittivity when decreasing the frequency must be taken intg] and shall be referred to as “COIL-PGRAD.” The reference
account. As an example, the liver has a permittivity &f- 10*  coil REF is mounted on the same board (PCB) as the PGRAD,
at 10 kHz and5.0 - 107 at 10 Hz [1]. This effect can, at leasthence providing a mechanically robust and thermically well-
partly, compensate the quadratic frequency term in (2). coupled receiver.

3) Analysis of the Systematic Errorgis AV is extremely
small it is susceptible to interference and drift. The most impor-

1) SNR: Modern differential amplifiers with a spectraltant sources for systematic errors in a COIL-PGRAD channel
noise density<7 nV/sqrt(Hz) are commercially available.are as follows:

E. Technical Requirements
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* moving well-conducting and/or ferromagnetic material
near the object space;

« thermal drifts of the receiver’s electrical properties;

« displacements of the receiver coil with respect to the ex-
citation coil;

» phase-mismatch between the channels for reference coil
and gradiometer.

Also, capacitive coupling between transmitter and receiver
could be another important error if electrostatic screening is not
adequate. There are two ways of avoiding this effect: the use
of symmetric structures with differential amplifiers [with a high
common mode rejection ratio (CMRR)] and the use of electro-
static shields connected to ground to reduce the coupling be-
tween parts at high voltage and the receivers. Both methods were
implemented in the presented system.

We evaluated the errors as relative changds/V;, of the
voltage due to artifacts. The individual contributions were then _
compared with a desired resolution limit o8~ 7 which is the Fi9-4- Electiical model of the PGRAD.
value which we could achieve in previous experiments.

Moving conducting or ferromagnetic parts in the surround- The temperature coefficients &f o, L and C include the
ings of the transmitter causge(AV/V;)| in the same order thermal expansion coefficient of the conductors and, hence, the
of magnitude or even much bigger thdm(AV/V;)|. This oc-  thermal change of the effective coil area. We evaluated (3) for
curs due to a violation of the condition for “weak perturbation,3 AT of 0.1 K between both halves of the PGRAD. The model
i.e., due to the very small penetration depth of the electromagarameters wereR = 11 Q; L = 106 pH; thermal expan-
netic field in metals. Note that this case cannot be describg@dn coefficient of Cul.6 - 10~> K~! [28]; thermal expansion
correctly by (2). We define as indifference surfdger the set coefficient of the PCB3.5 - 10~° K1 [29]; ¢ of the PCB: 4.5
of all possible centers of a metallic sphere (radiys conduc- [29]; de /(dT) of the PCB:10~4 K1 [30]; anddR¢ /(RgdT):
tivity o2/) which causes #m(AV/Vy)| = 107 when moved 0.004 K~' [31]. The equivalent parallel capacitance C was 16
from infinity toward the coils. Analogously we define an indif-pF. This value was obtained by measuring the resonance fre-
ference surfac&'rg for the real part of the signal. Evidently,quency of the PGRAD.

I'nv is relevant for the measurement of conductivity whereas A small lateral displacementz of the receiver coil with re-
I'rg is relevant for measurements of the magnetic permeabil§pect to the excitation coil leads to a change of the magnetic

and permitivity. For estimating the allowable distance betweenjgy in both halves of the gradiometer. The resulting spurious
small conductor and the transceiver, we calculated the intersegy /v, is

tion curve betweet'ry; and thez—z plane (see Fig. 1). Anal-

ogously alsal'rg was determined, which becomes important AV 1 AV

for the detection of susceptibility changes. Due to the invalidity Vo T Vo oz Az. (4)
of (2) for this case we applied the algorithm described in ap-

pendix A2 of [8]. The parameters of the model were: 2cm,  To estimate the effect of a displaceméft\1')/(9z) was

o =3.7-107 S/m (Al), andf = 150 kHz. calculated from the magnetic flux balance for the PGRAD be-
In order to estimate the thermal drift, we modeled the PGRAf3re and after the displacement. The magnetic field distribu-

as a network of inductances (L), resistances (R) and capafn was calculated with the program described in [8]. The re-

tances (C), i. e. a LRC-network (Fig. 4) witlii;, L¢', coil  sults were compared with experimental data when laterally dis-

inductancesC, C¢', parallel capacitances due to mutual coylacing the gradiometer by 0.1 mm. Moreover, we measured

pling between the windings and between the coils and the shielgé variation of the real and imaginary part of the gradiometer

Re, R/, effective resistances of the coil§j o, V2,0, EMF in-  voltage by exposing the coil system to lateral vibrations with a

duced in the coilsV; andV> cancel out mutually only if both frequency of 5 Hz and an amplitude of 1 mm.

coils are mechanically adjusted to receive the same magneti@ phase mismatclt between the amplifiers of PGRAD and

flux and if the electrical parameters of both halves are identic®EF introduces spurious components (crosstalk) in the detected
Inhomogeneous temperature changes in the PGRAD provgka| and imaginary parts

a mismatch of the electrical parameters and’pandV;. As-
suming a change df; only by keeping the second gradiometer
half at a perfectly constant temperature the/V; due to a tem-

perature differencaT" is detectedm(SCR) = Imn(SCR) cos(4))

— Re(SCR) sin(?)
detectedRe(SCR) = Im(SCR) sin(¢#)
(3) + Re(SCR) cos(¥). (5)

AV 1 { OVi dVig  OVidR OVidL OVi dC’} AT

Vo VolOVie dT T OR AT AL AT 9C dT
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0.35 - ' T " i T B. Thermal Drift

A AT of 1 K between both halves yields dm(AV/Vjy)
of 4.8 - 10~7 at 100 kHz and a nearly linear increase with the
frequency up to 1 MHz wherém(AV/V,) was4.8 - 1075,
The nearly linear increase with the frequency disappears when
approaching the resonant frequengy, (2.8 MHz) where
dIm(SCR)/dT" reaches a value as high &s- 102 K1,
Im(AV/Vy) is essentially affected by R /dT, contributing
by 2-3 orders of magnitude more thak./dT, dC/dT,and
dV1,0/dT. Re(AV/Vy) is with 3.2 - 107 (100 kHz) and

037

0251
line of indifference
for SCR = 107

x coordinate [M]
2 o
(3] N

©
=

gradiometer coil 1

EXC (half) 3.7-107° (1 MHz) significantly larger than the imaginary part,
0.051 the most important factors beiny/ 1 o/d7" and, to less extent,
: % ‘ . dL/dT anddC/dT.
%2 o1 0 0.1 03 04 05

z coordinate [M] C. Displacement of the Receiver Coil

The lateral shift of the PGRAD by 0.1 mm yields a cal-
Fig. 5. Intersection of the indifference surfaEe, with the +— plane for culated ORe(AV/Vy)/dz of —0.0113 mm~! compared
a SCR of10~". Data are given for a 4-cm-diameter aluminum sphere and\@ith —0.0111 mm~! measured. According to the simulation
Rt Olm(AV/Vy) /0 is by e lower than dRe(AV/Vp) /o,
Without vibration the STD of the real and imaginary part of
F. Instrumentation the voltage changedV at the PGRAD werg.9 - 10~7 V and

Two differential amplifiers (MAX 435) were mounted below3-8- 1077 V, respectively. Under vibration, tHI'D(Im(AV'))
the receiver board in the zone of minimal sensitivity. To avoiffMained witht.2- 10~V nearly constant anfTD (Re(AV'))
errors due to capacitive coupling, all coils (EXC, REF, anticreased t@.5 - 107 V.

PGRAD) were electrostatically shielded. The signals were

further amplified in two wideband amplifiers, the total gain IV. DISCUSSION

being 698 (PGRAD) and 88 (REF). For each measurem%t

point, 16480 samples of both signals were sampled with" &

digital storage oscilloscope HP54520A (DSO) at 10 MS/s. As demonstrated in previous publications [8], [17], [18], the

Real and imaginary part of the PGRAD signal with respegesented magnetic induction technique renders possible the

to the reference voltage were calculated by digital coherg@solution of (patho-)physiological changes of both the elec-

demodulation on a PC. trical conductivity and the magnetic permeability in biological
tissues. Whereas previous publications focus on either the

. RESULTS conductive or the magnetic aspect of inductive measurements

in tissues, this article aims at a synthesis of both concepts by

With a previous version of the coil system shown in Fig. 3 thgiscussing two different applications with one and the same
resulting SNR allows to resolve objects with a SCR@f" [7], measurement system.

[8]. In [8], we demonstrated the feasibility of MIS for biological  Ajthough based on several simplistic assumptions, (2) re-
tissue in a frequency range of 30-500 kHz. flects this synthesis in a quite intuitive way by relating the sen-

When using the MAX435 as preamplifier we obtaineditivities of a coaxial coil-coil system to the different PEP and
an equivalent noise voltage density at the amplifier input @he most important measurement parameters. It allows the es-
~ 11nV//Hz, i.e. 1.4 times more than theoretically expectegmation of the expected SCR and reveals how to separate the
Part of the excess may be due to interferences with exterggterent contributions by selecting appropriate frequency bands
field sources. With an excitation current of 800 mAthe STD  gng synchronous demodulation.
of the SCR was somewhat bela@~° (without averaging). The  However, bearing in mind the complexity of the general elec-
cancellation factoey of the gradiometer changed froml000  romagnetic theory behind the problem [see (1)] the limits of

to about 150 when varying the frequency between S0 kHz apgidity of (2) must be stressed. The two most important limita-
1 MHz, thus providing satisfactory wideband operation. tions are as follows:

Sensitivity Considerations

1) equation (2) is only valid in case of weak perturbation as
defined in the introduction;
Fig. 5 shows the intersection between the indifference sur-2) it has been derived for an isolated object in the empty
face 'y and thez—z plane forSCR = 10~7. In the most space.
sensitive zone (at = 0.08 m), the allowable distance from Limitation 2 becomes important when studying target ob-
the axis is somewhat above 0.3 m. When calculatigg the jects (organs) which are embedded in a surrounding conducting
corresponding point is by a factor of 2.34 farther away, i.e., ahd/or diamagnetic background.
about 0.7 m from the axiRe(AV/V}) is 62 times larger than ~ When focussing on the magnetic term (measuremegf,Qf
Im(AV/Vp). the total magnetization in the volunte can be obtained by

A. Moving Well-Conducting Objects
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linear superposition of the weighted contribution of the magradiometer coils by 0.15 K introduces dm(AV/V,) of
netization in individual volume elements. The total response 87, i.e. the desired resolution limit. In the presented PGRAD,
then obtained by spatial convolution of the distribution of magim(AV/V;)/dT increases linearly with the frequency up to
netic moments with the 3-D sensitivity map of the measuring MHz. As Im(SCR) of a biological conductor also increases
system. The sensitivity map can be calculated with (2), whéinearly with the frequency, the relative error remains constant.
discretizing the space into small volume elements in cylind&he effect gets worse with increasing resistafge, making
coordinates. This means that the reconstruction of images fréme latter an important design parameter for the PGRAD. The
different projections is, in principle, possible with classical deerror can be reduced by proper coil design of the PGRAD
convolution techniques or simply with weighted backprojectiofgood thermal coupling between coils, thermal insulation from
like in X-ray CT. the environment, lowR¢g, high fies).

This is not true, however, for the conductive part of the sensi-Re(SCR) is much more affected by a thermal mismatch of
tivity relation. As the underlying electromagnetic phenomendhe gradiometer halves than the imaginary part. At 150 kHz, a
is that of eddy currents, the sensitivity map cannot be deriveemperature difference of 0.003 K can already introduce an error
by linearly superposing the contributions of isolated volumie the range of the desired resolutionl®f 7. In contrast to the
elements when dealing with inhomogeneous conductors. Ataaginary part, the thermal coefficient of the real part does not
though several authors claimed the applicability of backprojechange all too much with the frequency, maintaining the error
tion, this technique cannot be valid, except in some exceptiomlan approximately constant level also at very low frequencies.
cases[19]. In many biomedical situations (2) and other solutiomle main reason for this behavior is the strong dependence of
for isolated conducting objects in the empty space [7], [8], [LB}e(SCR) onlV(/dT which is due to the thermal expansion of
loose their validity and the complete eddy current problem h#tse printed board and, hence, does not depend on the frequency.
to be solved by numerical methods. However, as shown in [19],3) Displacement of the Receiver CoiDur analysis refers to
the expected sensitivities remain in the same order of maghiteral displacements of the gradiometer because these are re-
tude as those calculated with (2). Hence, with some caution, t@rded as the most severe case. Translations in diregtonl
obtained data can still be used for the estimation of the systenas well as rotations about theandz axis do not introduce

requirements, such as the SNR. signal changes due to symmetry considerations. However, rota-
_ tions about they axis can lead to similar effects as lateral dis-
B. Measurement System and Systematic Errors placements in direction. Im(AV/V}) is theoretically byl /)

We analyzed different systematic errors. Drifts of the excitéower thanRe(AV/Vp), ¢ denoting the phase mismatch be-
tion current have been excluded from the analysis as they carfygen both halves of the gradiometer. Thus, Im(SCR) remains
compensated easily by calculating the ratio between the sigr@$sentially unaffected by lateral vibrationgifs small enough.
in gradiometer and reference coil. Assuming a displacement by 0.01 mm anda) af 103 rad

1) Moving Well-Conducting ObjectsMoving conductors (0.057) Im(AV/V;)is1.2-1077,i.e., close to the desired reso-
mimic a change of botk andy in the region of interest, unlesslution limit. This desirable property diminishes with increasing
located far outside the indifference surface. An Al-sphere withase mismatch between REF and PGRAD amplifiers as then,
a radius of 2 cm locateet40 cm away from the receiver yieldsaccording to (5)Re(AV/Vp) is projected into the imaginary
anIm(AV/V,) which is close to the desired resolutionlof 7 axis.
for conductive perturbations. It produces the same Im(SCR)In contrast to the imaginary part, the real part of the SCR is
as a nonmagnetic sphere with the same radius and 0.02 Sgfy sensitive to mechanical shifts of the receiver with respect to
atz = 0.025 m, z = 0.18 m. Assuming a desired resolutionthe EXC. A displacement by 0.01 mm andbaof 10~ yields

of 0.01 S/m small moving metallic parts should remain eveqRe(AV/V;) of 1.2 - 107*. In order to reduce, this spurious
farther away. signal to the desired level d0~7, the lateral movement must
The real parRe(AV/Vp) is much bigger than the imaginarynot exceed 1@m, a condition which is very difficult to meet in
part, in our example by a factor of 62. Hence, moving metallgractice.
objects can be distinguished relatively easily from biological 4) Phase Mismatch Between the Channefsphase mis-
material the Re(SCR) of which is usually lower than Im(SCRyatchy between the amplifiers in the REF and PGRAD chan-
at frequencies below 1 MHz. nels does not produce a distortion of Im(SCR) by itself. Its ef-
When measuring pathophysiological changes of the magnégét is seen in combination with an important real part of the
permeability [Re(SCR) down to0~7] metallic moving objects Signal, which may stem from strong conductors outside the ob-
must be kept even significantly farther away from the systel@ct space. This error is calibrable by measuring the SCR of a
than for conductivity measurements (in our example by a factéeak conductor and correctinggby solving (5).
of 2.34). In this paper, we examined only the influence of a non- When measuring dia- or paramagnetic effects at high frequen-
magnetic perturbation, the situation is expected to deterior&i€s, IM(SCR) can become considerably higher than Re(SCR).
further if moving magnetic materials exist in the surrounding8 this case also, care must be taken in order not to project imag-
of the sensor system. inary components into the real axis due to a phase mismatch
2) Thermal Drift: AV/V, changes with the temperature?- If the imaginary part is not of interest, it is, hence, recom-
whereby the real part is again much more affected than thndable to carry out the measurements at very low frequen-
imaginary part if the frequency is sufficiently belofy... At Cies, where the imaginary part becomes negligible (e.g., at 5
150 kHz, a change of the temperature difference between bét#z) and, as a side effect, usually alddecomes negligible.
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Clearly, in this case, the SNR of the system must be increase By, dm’
e.g., by increasing the number of turns of both the EXC and th B,
PGRAD. M
5) Overall Error: It appears possible to keep the sum of all Sensor
systematic errors of the imaginary part of the SCR in the rang Coll
of 10~7. However, lower values (as still desirable) may not be?
reached with a system without magnetic shielding and withou | 0

>

active control of the thermal mismatch between the gradiomete = m \4@ >
L
0

t— o
@
N

coils. In contrast, the real part may be corrupted heavily by al @
discussed kinds of errors. Evaluation of the real part for the ex ™ Excitation
traction of the imaginary part of appears more difficult dueto | col a M a
its low level at low frequencies, also considering the increase ¢
the permittivity at very low frequencies.

In the absence of fast therr_na_l drifts and_ moving m_eta"'ﬁg. 6. Model of the electromagnetic coupling between a cylindrical sample
parts, errors due to thermal drift in the receiver are calibraldgd a coil system.
by repeated data acquisition with the empty system between in-

dividual measurements.

: : . rmeability. However, due to the extremely low signal levels,
A possible way of separating system drifts and tempor . . 4
L g o e data can be corrupted by various disturbing effects. The real
changes of the conductivity data is the exploitation of the

multifrequency information, e.g. in terms of the Cole-Col art of the signal is always much more affected by artifacts than

. he imaginary part. For instance, an aluminum sphere moving
aics of the conductiiy spect are evaluated (‘paramerf?! e Oblect space ntroduces a spurias'; the real par
Y SP b 3f which is by a factor of 62 larger than the imaginary part. A

Imaging,” see for a review, e.g., [34]), errors in th? _ab;olu{ ermal mismatch of 0.15 K between both gradiometer halves
values do not affect the results strongly. A prerequisite is tha roduces arim(AV/Vp) of 10~7 at 150 kHz whereas the
0

. o S
the systematic errors exhibit a stable or at least Callbrak(J:Pﬁange in the real part is by a factor of 50 larges(AV/Vp)

frequency dependence. This condition is not self-evident a%used by small lateral displacements of the receiver can

should be investigated carefully in future work. be by a factor of more than 1000 (cancellation factor of the

The effect of displacements of the receiver QOes, atleast th‘I%%RAD) higher than the imaginary part which does not exceed
retically, not depend on the frequency. Thus, it can be separai%d7 for a displacement of 10m. It appears possible to keep

entlze_gl ?y me(zjz_;\surements at low frequencies, where the Oﬂi’ﬁé sum of all systematic errors of the imaginary part of the

contribu |ons. 'SapPear- i SCR in the range ol0~7. This error allows the resolution
Due to their considerable real part, all important systematig 10-3 s/m or better in medium-sized (some cm of radius)

errors can be detected but not entirely separated. They canyfgqgical target objects, provided the amplifier noise does not

filtered out if their frequency content is significantly differentyy -eeq 1 nY,/Hz. Above 100 kHz, measurements of the real
from that of the desired signal. If this is not the case a correctig ¢ . of the conductivity are considerably less prone to drifts

pf the _imgginary part by correlation with the regl part.is Possibie an measurements of the permeabilityHowever, long-term

if a priori knowlgdge about th? perturbations 1S available.  measurements without repetitive calibration of the system may
As Re(SCR) is very sensitive to all of the discussed erroissovide poor reliability of the data.

measurement of the magnetic permeability is difficult in mo- |, conclusion, further investigations shall concentrate on

tionless objects. However, if it is possible to move the objeghth the exploitation of multifrequency information as well as

periodically (mechanical chopping), the signal can be extractggh: development of appropriate calibration techniques.
more easily by correlation analysis. As has been demonstrated in

previous experiments [17], [18], this technique allows to mea-
sure changes of Re(SCR) downo 10~ 7, even with an un-
shielded system. APPENDIX |

Calibration without removing the object under measurement DERIVATION OF THE PERMEABILITY CONTRIBUTION IN (2)
(on-line monitoring) may become possible by coupling a cali-
bration field into the receiver coil system in such a way, that the Consider two coils positioned coaxially (Fig. 6) and spaced
sensitivity for the object is negligible. This can be achieved withy a distanc&a. A sinusoidal current, of angular frequeney

a symmetrically arranged small calibration coil directly on thi& the excitation coil produces a magnetic fidhd that is mea-
receiver board. sured at the receiver coil. Both coils are supposed to have a small

radius with respect to their distance and are, thus, modeled as
magnetic dipoles. Suppose a circular disc of radiythickness
t (t < 2a), conductivityk = o + jweoe,, and relative per-
V. CONCLUSION meability ..., placed coaxially and centrally between the coils.
The magnetic field3, will induce eddy currents and magneti-
MIS offers the possibility of measuring physiologicakation in the disc. Eddy currents produce a perturbatids,
changes of the complex conductivity and of the magnetji2zl] of By. Moreover, the magnetic field magnetizes the disc,

— | |
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thus causing an additional perturbati&B3,,,. The magnitude  For¢y < 1 |AV| reaches a minimum value &+ if &k = 1
of the excitation fieldB, in the plane of the disc is given by (1)and¢ = =/2. Hence,V; cannot be suppressed by more than
(see Fig. 6), where m is the dipole moment of the excitation cailfactor1/¢ and the minimumAYV is in quadrature with/;.

) The terml /4 equals the maximum possible cancellation factor.
_ pom(4a® 4 p*)® W, V; andV; depend on the parameters of the LRC-network in
By="" 0 ©®
47r(p2 + a2) Flg 4,

This field induces a dipoldm in the differential element of B. Thermal Mismatch of the Gradiometer Coils
volume inp, p+ dp andy, ¢ + dp; the magnitude of this dipole

S The electrical parameters of the model depend on the temper-
is given by

ature T. Assuming a perfect matching®i” = 0, V; equalsls
in the adjusted gradiometer. A temperature chafgéin coll
] dyd,. (7) 1 provokes the following:
» changeAR due to the temperature coefficient of copper;
Every dipole produces a differential perturbation field in the * changeAL due to a thermal expansion of the conductors;
sensor coil. After integration over the entire disc volume the * changeAC due to a thermal expansion of the conductors
total relative perturbation due to magnetization in the sensing and the temperature coefficient of the dielectric permit-

1
I — (pr — D)mt(4a® + p?)%p
dm(p? + a?)’pir

coil (only z component) is tivity;
4 200 o ) » changeAV; o due to a change of the thermal expansion of
AB,, _ [0*tR?(8a® — R?)(pr — 1)] 8) effective coil area and, hence, of the magnetic flux.
By |:2HT(a2 + R2)4] A spurious chang@&V/V}, can be calculated according to
. AV 1dv
For ay, close to 1, the terrfy.,. — 1) /1, can be approximated Vo W a7 AT (11)

by (i — 1) = Ap,-. This approximation is valid for paramag-
netic and diamagnetic materials.
Above 60 K and low frequency, the complex part of the mag?—s

In terms of the model parametet/, /dT can be expressed

netic susceptibility is essentially zero for paramagnetic mate- i _ d < Vio )

rial [35]. Therefore, the complex behavior pf is not consid- d  dT' \1 - w?LC — jwRC

ered for biological tissues at norrr21al temperatures. By d.efinition d (Vio(l —w?LC + jwRC)

ftr = 1+ Xm andy,, = pueNm?/3KT (weak magnetism), =TT\ 1107 0T (12)
wherey, is the permeability of the free space, N the number of (1-w )"+ (wRCO)

magnetic dipoles per unit volume, m the magnetic moment of Decomposition into real and imaginary part gives
each dipole, K the Boltzman constant, and T the absolute tem- dRe(V1) ORe(V1)dVio ORe(Vi)dR

perature. dr  9Vig dT OR dT
ORe(V1) dLL  ORe(V) dC

oL 4T T oc ar
dim(Vy)  Olm(Vy)dVip =~ Olm(Vy) ﬁ

APPENDIX I
ANALYSIS OF THE SYSTEMATIC ERRORS

A. Parameter Mismatch of the Gradiometer Coils dT ~ 0Vig dT OR dT
This analysis refers to the equivalent LRC-network as de- Olm(Vi) dL | 9lm(Vi) dC (13)
picted in Fig. 4. The voltagédg, andV; experience a phase shift oL dT oC  dT

with respect to the EMF'$/ o and Vs induced in the coils.  The calculation of the partial derivative®e(V;)/d(.) and

Imperfect matching of the electrical parameters yields a phaggn (1) /4(.) of (13) was carried out automatically with the
mismatchy) betweenV; andV;. The corresponding differencesympolic toolbox of MATLAB.

voltageAV' is calculated according to The thermal coefficient of the resistanekR/(RdT) of
. : 5 copper was looked up in the literature. The temperature co-
|AV] = \/(|V1| — [Va|cos(¢))” + (|Va]sin(y)) efficient of L was calculated for a quadratic coil with n turns

Va| sin(4 and a medium edge length &&s follows: The unperturbed
[Va|sin(¢)
¢ = atan Z (®) inductance is given by., — DI*n?, D being a geometrical
[Vi| = [V2| cos(v))
i ) _constant. Hence
wherebyy is the phase angle afV with respect td/;. Obvi- dL dl 2L dl
ously AV cannot be cancelled completely just by adjusting the — =2Dnl— = /" — (14)

. o . dr ar 1 dT
magnitude of/; as itis the case by a lateral displacement of theh bvdl /(14T s the th | . ficient
gradiometer. Setting/s| = k|V4| a minimum value oAV is WNErebY /(1) represents the thermal expansion coefficien

obtained fork = cos(v). With this definition the real and imag- of the c_onductordVLO/dT is derived from th? change O.f the
inary part of AV can be expressed as mutual inductance M between EXC and gradiometer coil

Viop = — jwlgxcM
Re(AV) = |V1] (1 — kcos(v)) Vi o A dM Vi,

Im(AV) = |Vi|ksin(1). (10) i _ijEXCd_T = 9T M (15)
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Since at a constant number of turhé is proportional tal,
one can also write

dVio dLVig 2LoVig dl
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With the definition ofk [see (10)] and substituting (20) and
(21) into (22), one obtains

= _— 0 . 1 dv 24 (B(z2) — B(x
dr ~ dT L [ dr (16) ap =2 24 B = Blo))
Vo A [T Bdx
The termdC/dT is much more complicated to estimate. In dk B(ws) — B
: . : _ 2) — B(x1)
the simplest approach, we assume C to be essentially determined dr = 22— (23)
by the capacitance between the individual windings, thus ne- Jor Bia
glecting the shield. The capacitanc&ls= cl.g, with [.¢ SOme . . . .
effective length of the coil conductor anthe per length ca- Differentiation of (10) with respect to yields
pacitance between two parallel infinitely long copper strips. For AV
dC/dT, we obtain dRe (7) (LN
o e dk dx WY
c c
@y et dim (£Y)
ar =T T . i (3) an e (24)
dk dx dx’

Sincel.¢ does not appear in the final analysis, it needs not be
specified.cis given by [36]

For a small phase mismatgh< 1 and assuming a small lateral

displacemeni\z, AV/V;, can be expressed as

e

In(%+1) (18)

c=

wherebya is the distance between the center lines of the strips
andb is the sum of width and height of one stripis the per-
mittivity of the medium. The temperature coefficient«at ob-
tained by

dc ¢ de c? 1 da 2

ge_ce ¢ s _ ¢ ad (19)
dI'  edT me(%+1)bdl  7e (% +1) b2 dI"

da/dt is determined by the thermal expansion coefficient of Cu g
and of the PCB whereas db/dT is essentially determined by thg2]

expansion coefficient of Cu.

3
C. Lateral Receiver Displacement el
For evaluating (5) the derivativéAV/dz is required AV 4]
being the voltage differencé, — V5. V; andV; are calculated
from the magnetic fluxb; and®, in the coils 1 and 2 of the 5]
gradiometer according to
(6]
Vi = —jwdy; Vo =—jwdyexp(jo)). (20)
(7]
With the gradiometer adjustdd = V, = V4. Assume that
the magnetic induction B varies only in directiorso as to ex- (8]
hibit a maximum in the center of the gradiometer. A displace-
ment dx produces a change of the magnetic fldxin coil 1
according to &
(10]
d® = A(B(z2) — B(z1)) dx (21)
11]

with A a geometrical factor angd, andzs the z-coordinates

of the inner and outer border of the rectangular coil. The shift
provokes a decrease of the flux in coil 1 and an equal increase A2
coil 2 which leads to a differential voltage chanfJé according

to [13]

dVv dV
V1=V0—7; VZZVO-F?
dV = jwd®.

[14]
(22)

AV dk
Re[ =) =- —=A
e(Vo) dx o
AV dk
I — | =¢Y—Auz. 25
m(%) VBT (25)

Equation (25) shows that the imaginary part is by the fattdr
lower than that of the real part.
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