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Abstract

There is at present no reliable clinical technique for the assessment of cardiac electrophysiologica activity in the fetus. There
are two primary requirements of this type of monitoring: (i) sequential assessment of morphological and temporal parameters of
cardiac electrical activity during advancing gestation, and (ii) description of the cardiac electrical activity in terms of an electrophysi-
ologically realistic model. Fetal electrocardiography may be performed using maternal abdominal electrodes but thisis only reliable
prior to the 27th week of gestation. This is primarily because of the electrically insulating effects of the vernix caseosa and the
existence of preferred conduction pathways between the fetal heart and maternal abdomen after this time. Fetal magnetocardiography
is largely unaffected by these factors and so enables a reliable assessment of fetal electrocardiological activity throughout the second
and third trimesters of pregnancy. This method can also be used to model fetal electrophysiological activity in terms of a current
dipole or magnetic dipole. The vectorcardiogram is a plot of the dynamic change in dipole parameters during the cardiac cycle,
allowing the study of growth-related or pathology-related electromagnetic changes in the heart. Fetal magnetocardiography and the
fetal vectorcardiogram may thus provide important additions to current methods of antenatal monitoring.
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1. Introduction

It is generally accepted that current methods of ante-
natal monitoring do not facilitate a comprehensive
assessment of fetal well being. Consequently, there is
continuing development of existing technologies and
research into possible new methods that might improve
current antenatal monitoring procedures. Antenatal
monitoring seeks to assess severa indicators of fetal
status, including the pattern of fetal growth and matu-
ration, oxygen availability, neurological function and
cardiac function.

Although fetal heart rate (FHR) monitoring derived
from ultrasonography is now routinely used for the
assessment of cardiac rhythm, no technique for the spe-
cific assessment of cardiac electromagnetic activity has
found routine clinical use. This is because fetal electro-
cardiography during the antenatal period (performed
using electrodes attached to the maternal abdomen) is
problematic. However, the magnetic analogue of this
technique, namely fetal magnetocardiography, enables a
more reliable assessment of the fetal heart’s electromag-
netic activity and may thus provide an important addition
to current methods of obstetric care.

A clinically usable technique for the assessment of
fetal electrocardiological integrity should facilitate the
following: (i) sequential assessment of the relative mag-
nitudes and temporal relationships of each phase of elec-
trical activity during the cardiac cycle, and (ii) modelling
of the electrical activity of the fetal heart in terms of
physically and electrophysiologically realistic sources.

2. Fetal eectrocardiography

The first fetal electrocardiogram (FECG) was demon-
strated by Cremer [1]. Since that time, there have been
many reported studies of the FECG during both the
intrapartum (labour) and antenatal periods [2,3]. Severd
authors have observed that the amplitude of the FECG
signals measured on the materna abdomen between
approximately the 27th and 35th week of gestation is
severely attenuated [4—7]. The poor quality of electrical
recordings during this period makes it difficult to
observe sequential changes in the FECG during the third
trimester of pregnancy. The FECG is also contaminated
by the maternal ECG signal, although signal processing
techniques can usually readily separate these two signals.

2.1. Temporal and morphological characteristics

Various attempts have been made to correlate the tem-
poral characteristics of the FECG waveform with fetal
status. The duration of the P wave has been reported to
show a linear increase between the 17th week and full-
term gestation [8]. The QRS duration has generally been

observed to obey a similar trend, and this may be
accounted for by the increase in ventricular mass during
this period. Regular measurement during pregnancy of
the duration of the fetal QRS complex may thus provide
a method for the evaluation of fetal growth and status.
It should be noted, however, that the QRS duration is
proportionally larger in the fetus than in the adult, prob-
ably owing to structural differences in the His-Purkinje
system in the fetus compared with in the adult [9]. Pol-
vani et a. [8] reported a significant correlation between
PR interval and gestational age, but only for fetuses
between 17 and 20 weeks or between 37 and 41 weeks
of gestation.

Rosén et al. [10] reported elevated T/QRS ratios in
association with acidosis in the antenatal FECG for the
fetal sheep. It has been proposed that the relative ampli-
tudes of the FECG waves (such as PR, Q/R, S/R and
T/QRS ratios) may also provide an index for intrapartum
feta assessment [11]. However, there has been little
further investigation of FECG waveform amplitude
ratios during the antenatal period, particularly in the
human fetus.

The FECG can also be used to measure the RR inter-
val signal (the sequence of time intervals between suc-
cessive R-waves), from which the FHR and its varia
bility can be determined. Both of these parameters have
generally been described as good indicators of fetal
integrity. Pieri et a. [12] have described the develop-
ment of an abdomina electrode FECG system from
which FHR derivation was possible (implying a usable
FECG signal) in around 65% of recordings in preg-
nancies after the 20th week of gestation. However, the
authors noted that this success rate was reduced from
around the 28th to the 32nd week and that it was highly
variable for individual subjects.

3. Fetal magnetocardiography

The fetal magnetocardiogram (FMCG) is based on the
measurement of the magnetic fields produced in associ-
ation with cardiac electrical activity. The FMCG is
recorded using the technigue of SQUID
(Superconducting Quantum Interference Device) biom-
agnetometry. Appropriately designed SQUID systems
are highly sensitive to changes in magnetic flux density
and are capable of substantial ambient noise reduction,
making them well-suited for clinical FMCG measure-
ment.

The FMCG has broad morphological and temporal
similarity to the FECG. However, as the two methods
are based on the measurement of two distinct quantities,
namely the cardiac magnetic and electric fields, they
may provide different (either complementary or unique)
information. The FMCGs so far reported are generaly
of higher quality than most abdominal FECGs, with the
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FMCG having the additional advantage of exhibiting vir-
tualy no maternal signal interference. Fig. 1(a) and (b)
show, respectively, the raw and averaged FMCG data
for a single fetus at various stages during the latter half
(2240 weeks) of pregnancy [13]. These data demon-
strate the progressive change in morphology and
improvement in signal-to-noise ratio of the FMCG signad
with advancing fetal maturation.

3.1. Practical SQUID magnetometry

The FMCG is an example of a biomagnetic signal, the
amplitudes of which are many orders of magnitude
smaller than typical ambient magnetic fields (including
the Earth’s magnetic field). It is therefore instructive
here to briefly consider the technique of SQUID biomag-
netometry. The main aspects of the design and practical
use of a SQUID-based magnetometer will be briefly
reviewed.

When two superconductors are separated by a thin
(~10"° m thick) non-superconducting layer, a ‘ Joseph-
son junction’ is formed. The configuration of two
Josephson junctions in a loop is the basis of the widely
used ‘DC SQUID’. When a vector potential is placed
across a Josephson junction in a SQUID, the current
flowing across it varies as a function of the magnetic
flux passing through the SQUID loop. The SQUID mag-
netometer derives its name from this characteristic
relationship between electrical current and magnetic
flux. The SQUID system is designed so that the time-
averaged voltage across the SQUID loop is aso a per-
iodic function of flux, effectively making the SQUID a
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Fig. 1.

flux-sensitive voltage output device. There are many
comprehensive accounts of the theory of SQUID devices
and their use in low frequency magnetic field measure-
ments (for example [14]), and of their specific appli-
cation in biomagnetism [15].

Biomagnetic measurements are usualy carried out
inside a magnetically shielded room (an enclosure with
walls constructed from interleaved layers of materials
with a high-permeability and a high-conductivity) but
these are expensive and not readily available. Electronic
noise suppression systems can be used to measure the
ambient noise vector and thereby diminish low fre-
gquency (<2-3 Hz) noise. Detection coil arrangements
known as gradiometers provide an affordable and practi-
ca means of gspatially discriminating against distant
noise sources in favour of nearby biomagnetic signals.
In most SQUID-based magnetometers, the SQUID loop
is placed within a superconducting shield and induc-
tively coupled to the detection coil by means of a closed
superconducting circuit known as a ‘flux transformer’.
The entire assembly containing the low-temperature
components (SQUID sensor, gradiometer and flux
transformer) is mounted on a cryogenic probe. The probe
is inserted into a liquid helium dewar to maintain the
temperature of the SQUID below the superconducting
transition temperature. Fig. 2 shows the main compo-
nents of atypical SQUID-based magnetometer (Cryoton
UK Ltd.).

During practical biomagnetic recordings the SQUID
magnetometer arrangement is positioned close to the
anatomical region of interest. No part of the magnet-
ometer is in contact with the body, and this eliminates
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(8 Raw FMCG data from a fetus at different stages of maturation [13]. Each data set is of 1.2 s duration. (b) Averaged FMCG data

calculated from the data in (a) over a period of 25 cardiac cycles [13]. Each data set is of 0.5 s duration. Fetal age is indicated on the right

(w=week, d=day).
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Fig. 2. Components of a multi-channel SQUID system: (A) a variety
of cryogenic liquid helium dewars; (B) multi-channel cryogenic probes
containing the SQUID sensors; (C) associated control electronics
(courtesy of Cryoton UK Ltd.).

the problems associated with poor e ectrode contact and
DC contact potentials. Fig. 3 shows a SQUID system
positioned close to (but not touching) a pregnant
mother’s abdomen in order to detect the magnetic field
produced by the fetal heart (Cryoton UK Ltd.). Of the
three orthogonal magnetic field components, the one per-

pendicular to the body surface is usually measured as it
is least influenced by differences in the electrical con-
ductivities of body tissues.

The development of physical and mathematical mod-
els to describe and explain biomagnetic phenomena is
an important aspect of biomagnetic investigation. The
so-called ‘biomagnetic inverse problem’ is concerned
with determination of the source of bioelectrical activity
from the measured biomagnetic field. The most common
approach to the solution of this problem is to approxi-
mate the current distribution (assumed to be localised
according to redlistic anatomical and physiologica
congtraints) using a finite number of current dipoles of
differing magnitudes and orientations [16,17]. The gen-
eral form of atypical ‘isofield map’ of the magnetic flux
density produced by the fetal heart, measured using a
SQUID magnetometer, is shown in Fig. 4. Sarvas [18]
has given a comprehensive review of the fundamental
mathematical and electromagnetic concepts associated
with the biomagnetic inverse problem.

3.2. Temporal and morphological characteristics of
the FMCG

One of the earliest recordings of the FMCG was
reported by Kariniemi et al. [19] using a SQUID biom-
agnetometer in a magnetically shielded room. The
FMCG recordings showed al of the main waveforms
associated with the normal adult MCG, athough the
maximum amplitude of the fetal signals (~5 pT) was an
order of magnitude weaker than those obtained from the
adult. Even from these preliminary studies, it was con-
cluded that the FMCG was potentially a much better
method than the FECG for electrocardiological monitor-

Fig. 3. SQUID system positioned close to a pregnant mother’s abdo-
men in order to detect the magnetic field produced by the fetal heart
(courtesy of Cryoton UK Ltd.).

Fig. 4. Isofield map of magnetic flux density measured over a rec-
tangular region of the thorax and abdomen.
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ing during certain periods of gestation. The FMCG has
since been successfully recorded and studied by a num-
ber of investigators [7,20-25], with Dunajski and Peters
[7] reporting that an averaged FMCG could be derived
from measurements made as early as the 13th week of
gestation.

Kahler et al. [26] examined the temporal character-
istics of the FMCG in 163 uncomplicated pregnancies.
Significant correlations were observed between ges-
tational age (in the period 2142 weeks) and duration of
the QRS complex, P wave and QT interval. Gestational
age is also weakly correlated with PR interval in the
period 17-41 weeks gestation [27] and with both PQ and
QT intervas in the period after the 20th week of ges-
tation [28]. Reductions in the duration of the P wave,
PQ interval and QRS complex have been observed in
intra-uterine growth retarded fetuses (IUGR, defined as
a Doppler ultrasound-derived mass less than the 10th
percentile) [29]. Golbach et al. [30] have presented refer-
ence ranges of the main temporal characteristics of the
FMCG in uncomplicated pregnancies between 15 weeks
and full-term gestation. These data were compiled from
the pooled data of nine different FMCG research centres.

The source-detector distance has an effect on the
amplitude of the recorded FMCG and so individua
amplitudes do not in general yield clinically useful infor-
mation. However, it is possible to meaningfully compare
amplitude ratios, with the T/QRS ratio having received
most attention. Wang et a. [24] and Van Leeuwen et al.
[23] reported that the T/QRS ratio in the FMCG was
approximately constant for different gestational ages,
thereby suggesting its use as an index of fetal well-being,
athough Kandori et al. [31] found that the T/QRS ratio
varied substantially in normal fetuses. However, it is
generdly difficult to determine the instant of T wave
deflection from (and return to) the baseline level in the
FMCG. (One possible explanation of this is that if the
RT interval is variable then a signal averaging procedure
that synchronises to the R wave of each cardiac cycle,
acommon procedure in many FM CG studies, would blur
the features of the T wave [32].) This could affect the
calculation of parameters involving the amplitude of the
T wave, such as the T/QRS ratio. ‘Current arrow maps
(which describe the spatial distribution of electrica
activity) have been used to quantify the low-amplitude
T wave in fetuses with prolonged QT syndrome [31],
and this method might also be used to improve the calcu-
lation of the T/QRS ratio.

Van Leeuwen et al. [33] examined the utility of the
FMCG for the diagnosis of fetal arrhythmias. These
authors observed a variety of arrhythmic events
(episodes of bradycardia, extrasystoles, supraventricular
ectopic beats, bigeminy, trigeminy, SA block, AV con-
duction disturbances), concluding that the FMCG is suit-
able for the identification and classification of these ano-
malies. The FMCG has adso facilitated the diagnosis of

atria flutter [34] and Wolff—Parkinson—White syndrome
[35,36], these diagnoses being confirmed by neonatal
ECG. Quartero et a. [37] demonstrated an uncoupling
of the P wave and QRS complex in fetuses with com-
plete AV block. These authors aso found that the P
waves of fetuses with atrial flutter were of greater ampli-
tude than in uncomplicated pregnancies, and this was
suggested to reflect atrial hypertrophy. It was concluded
that the fetal MCG is superior to M-mode ultrasound in
the diagnosis of fetal arrhythmia.

Severa authors have reported the diagnosis of long
QT syndrome using the FMCG [38-40]. Indeed, Hosono
et a. [40] have indicated that the FMCG may be the
most reliable tool for the prenatal diagnosis of long QT
syndrome. The FMCG is the only modality that can be
used to determine the duration of ventricular repolaris-
ation in the fetus [41]. Ménendez et al. [41] have noted
that the FMCG ‘could add substantial information to
classify complex arrhythmias', citing its capability of
indicating both the source of ectopic activity and the
severity of conduction abnormalities. FMCG mapping
allowed Hosono et a. [42] to diagnose an alternating
ventricular pacemaker in a case of complete AV block
with QT prolongation (confirmed by postnatal ECG).

4, Effects of feto-maternal anatomy on
electromagnetic sour ce investigations

4.1. Volume conduction effects

The electrical impedance of tissue surrounding a
source of bioelectrical activity can have a substantial
effect on both the electric and magnetic fields measured
external to the body. This ‘volume current’ effect [43]
must be considered when interpreting these fields in
terms of their electromagnetic sources. The simplest
models of tissue conductivity assume a homogeneous,
isotropic volume conductor format. More redlistic
inhomogeneous volume conductor models consist of dis-
crete regions of tissue that are themselves homogeneous
and are characterized by different electrical conduc-
tivities (or impedances). Electromagnetic investigations
of the fetal heart have used models that consider the dif-
fering electrical conductivities of several different fetal
and maternal tissues.

During the third trimester of pregnancy a protective
covering known as the vernix caseosa develops around
the fetus. This fatty substance, which appears as a cover-
ing on the skin of the newborn infant, protects the fetus
from the liquor amni, the fluid surrounding the fetus
within the uterus. The vernix caseosa has electrically
insulating properties, with a resistivity that is substan-
tially greater than that of the surrounding tissues and
amniotic fluid [44]. The vernix therefore significantly
attenuates the electrical potentials transmitted from the
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feta heart to the maternal abdomen. Other substances
such as the amniotic fluid, blood and maternal abdominal
tissues are also generally understood to affect the con-
duction of electrical signals from the fetal heart.

The FECG signa originates from both primary and
volume currents in the heart, but the magnetic signal
recorded near the maternal abdominal surface was orig-
inally thought to be associated with the primary cardiac
current source alone [7]. This suggested that magnetic
fields emanating from the fetal heart are not significantly
affected by the presence of high electrical impedance
tissues. It was therefore assumed that the FMCG would
facilitate a more accurate anaysis of the fetal heart’s
electrical activity than is available from the FECG.

Peters et al. [32] used finite-element and boundary-
element models to investigate the influence on FMCG
morphology of the volume conductor surrounding the
fetal heart. It was reported that the vernix caseosa does
in fact have an effect on the FMCG waveform. In an
extension of this work, Stinstra and Peters [45] perfor-
med simulation studies of the effect of the volume con-
ductor model on the FM CG produced by electric current
dipole sources. These authors used magnetic resonance
images of fetuses in the 36th week of gestation to create
a single-compartment (homogeneous) and a three-com-
partment (inhomogeneous) model of feto-maternal anat-
omy. The three-component model (separately describing
the fetus, amniotic fluid and materna abdomen) was
considered an appropriate model in pregnancies prior to
the 28th week of gestation. However, a one component
volume conductor was considered more appropriate dur-
ing the later stages of pregnancy owing to the presence
of the vernix caseosa (this model assumes there are no
volume currents outside the vernix). The magnetic fields
produced by current dipole sources using these two vol-
ume conductor models were compared with those using
a half-space (semi-infinite homogeneous) model. Both
volume conduction models produced markedly different
results from the half-space model, implying that volume
currents have a substantial effect on the FMCG. The
authors concluded that an individual anatomical model
might be needed for the accurate construction of the fetal
vectorcardiogram. Further information regarding the
effects of feto-maternal volume conduction has been
obtained from comparative studies of the FECG and
FMCG.

4.2. Comparative studies of the FECG and FMCG

Hukkinen et a. [5] demonstrated that in contrast to
the observed monotonic increase in the amplitude of the
FMCG signals with increasing gestational age, there is
a marked decrease in the FECG signal amplitude meas-
ured on the maternal abdomen between the 27th and 35th
week of gestation. Dungjski and Peters [7] compared
their FMCG measurements on a small group of subjects

with the FECG data of Oostendorp et al. [44]. A linear
increase in the amplitude of the FMCG R-wave with
increasing fetal age was observed, this increase being
continuous throughout the period between the 27th and
35th week of gestation. These results were in marked
contrast to the FECG data, which showed a marked
reduction in amplitude during this period. Crowe et al.
[46] investigated the relationship between the FECG and
FMCG by performing both magnetic and abdominal
electrode measurements on a 38-week-old fetus in an
unshielded hospital ward. It was observed that FECG
morphology is almost independent of electrode position.
These FECG observations during the later stages of
pregnancy are inconsistent with a volume conduction
model of the fetal heart, in contrast with the situation
prior to 28 weeks gestation [6]. Whilst variation in fetal
orientation might be a contributing factor, it alone cannot
account for these anomaous observations. Conse-
quently, the concept of ‘preferred conduction pathways
has been hypothesised.

Investigations of the anomalies outlined above led
Kahn [47] and Roche and Hon [48] to suggest the exist-
ence of preferred conduction pathways (of low electrical
impedance) for conduction of the cardiac electrica
potentials between the fetus and the maternal abdominal
surface between 27 and 35 weeks gestation. These path-
ways were attributed to the lower electrical impedance
of the oronasal cavity/amniotic fluid pathway [48] and
of the umbilical cord/placenta pathway [47] in compari-
son with the much larger electrical resistivity of the ver-
nix caseosa which surrounds the fetus during this time.
(The second of these pathways has since been discounted
by Oostendorp et a. [44].) In this situation, the shape
of the QRS potentials measured at different locations on
the maternal abdomina surface would be very similar
[6]. The non-uniform distribution of both the vernix
caseosa and the amniotic fluid further complicate the
situation as pregnancy progresses. The conductive
patches which develop in the vernix caseosa during late
gestation, while having a variable effect upon the FECG,
have negligible influence on the FMCG [49].

An interesting investigation of the role of the vernix
caseosa has been performed by Wakai et a. [50], who
recorded the FECG and FMCG from a fetus with the
condition ectopia cordis during weeks 26, 29 and 31 of
gestation. This condition is characterised by the heart
lying outside the chest wall and therefore the electric
and magnetic signals from the fetal heart do not pass
through the fetal skin and vernix. Several unusua obser-
vations were made regarding this subject: (i) FECG sig-
nal amplitude and the signal-to-noise ratio were very
high; (ii) signal transmission properties of the FECG
were consistent with a volume conduction model at each
gestational age, with substantial spatial variation in sig-
nal morphology at different locations on the maternal
abdomen; (iii) FECG signal amplitude increased
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between 25 and 30 weeks gestation. The FMCG signd
was similar to that of normal fetuses, but the spatial vari-
ation in morphology was more consistent with a homo-
geneous volume conductor model for the ectopia cordis
fetus than for normal fetuses (confirmed by dipole
location fitting using a homogeneous sphere model).
This implied that the FMCG signal from a normal fetus
is distorted by the skin and vernix caseosa to a certain
extent.

5. Fetal vectorcardiography
5.1. Vector models of cardiac electrical conduction

It is assumed that the far-field electrical activity of
the heart can be represented by an electric dipole that is
spatialy fixed but temporally variable in magnitude and
orientation. This representation of the electrical activity
of the heart is referred to as the ‘equivalent current
dipole’ (ECD). A point ECD, which is assumed for the
fetus, is identical to the clinical concept of the electric
heart vector (EHV) [51]. Source parameters of the ECD
(i.e. dipole moment and orientation) can be determined
in the adult from electrical potential ‘mapping’ at the
surface of the thorax. Lead field theory [52-55] can be
used to reconstruct the ECD from both electrical poten-
tial and magnetic flux measurements, whilst the recip-
rocity theorem [56] can be used to model the ‘ equivalent
magnetic dipole (EMD) [57,58] from the measured
magnetic flux. There is a close association between the
ECD and EMD [58], but the two representations may
give different (unique or complementary) information.
Higher order models of cardiac electrical activity have
also been investigated, including current and magnetic
quadrupoles [59].

A plot of the dynamic temporal variation of the mag-
nitude and orientation of the ECD or EMD during the
cardiac cycle is known as a vectorcardiogram. Often
vectorcardiogram analysis is restricted to the period of
ventricular depolarisation (corresponding to the QRS
complex of the ECG or MCG). Frank [60] and Spekhorst
et a. [61] observed extensive spatial rotation of the equi-
valent cardiac dipole during the period of ventricular
depolarisation for adults and children, as well as for full
term and prematurely born infants. However, there have
been few reports in the literature regarding investigation
of the fetal vectorcardiogram (fetal VCG).

5.2. Summary of previous investigations

The first fetal VCG investigation of the human fetal
heart was presented by Oldenburg and Macklin [6],
using abdominal FECG data and a model consisting of a
current dipole located within a homogeneous conductor.
These fetal VCG loops showed extensive vector rotation

(i.e. an ‘open’ shape) and a well-defined planar structure
prior to 28 weeks gestation. These authors showed that
the initially open loops became progressively more ‘clo-
sed’ as pregnancy proceeded. It was also suggested that
the fetus in utero could be described in terms of a homo-
geneous volume conductor model during early preg-
nancy (before 28 weeks). However, the lack of spatia
rotation of the ECD indicated that a non-uniform con-
duction model was more appropriate during later preg-
nancy. Oostendorp et a. [62] calculated the vectorcar-
diogram from abdominal electrode FECG measurements,
assuming a homogeneous volume conductor model for
the fetus/maternal abdomen and an ECD source of fetal
cardiac electrical activity. Similar to the observations of
Oldenburg and Macklin [6], the fetal vector loops
obtained before the 28th week of gestation were
described as ‘ open’. However, for pregnancies later than
32 weeks, the vector loops calculated in the fetal refer-
ence frame showed little spatial rotation.

Horigome et a. [63] used a nine channel SQUID mag-
netometer in a magnetically shielded room to estimate
the magnitude of the ECD from the FMCG in 95 fetuses.
These authors used a simple half-space model of
fetal/maternal conductivity to determine the magnitude
of the ECD [64]. The transverse diameter of the heart
was determined from echocardiography (using a four
chamber view), and this was compared with the magni-
tude of the ECD. In this way, the authors assessed both
normal growth-related hypertrophic and cardiomegalic
changes to the myocardium (such as occur in Galen mal-
formation, endocardial cushion defect or twin—twin
transfusion syndrome). The calculated dipole magnitude
increased with advancing gestational age and showed a
tendency to be greater in fetuses with cardiomegaly. The
authors concluded that their method was suitable for the
assessment of cardiac hypertrophy, but recognised that
fetal (and dipole) orientation should also be considered
when quantifying the ECD. These initial results suggest
that the FMCG could provide both electrophysiological
and anatomical information in a single assessment
modality.

Rassi et al. [65] used a three channel SQUID magnet-
ometer to record the FMCG from six normal fetuses of
gestational age 29-38 weeks in a magnetically unshi-
elded hospital ward. The ECD and EMD were modelled
during the period of ventricular depolarisation using the
reciprocity theorem and lead field analysis. Fetad VCG
measurements in utero yield data in the materna refer-
ence frame (rather than the fetal reference frame) and
quantitative inter-individual comparison of vector loops
is not possible unless accurate fetal anatomical infor-
mation is available. (In thisregard, afetal frame of refer-
ence defined by the spinal axis and biparietal diameter,
i.e. the diameter of the fetal head between the two par-
ietal eminences, should be sufficient.) The three-dimen-
sional vector loops calculated by Rassi et a. [65] were
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therefore transformed into the ‘maximum area reference
frame' [6]. (The maximum area reference frame is ident-
ified by spatially rotating the fetal VCG loop to the
orientation that has maximal area in the observer’s line
of sight. Subsequent three-dimensional coordinate trans-
formation of the origina vector (materna reference
frame) enables a standardised comparison of the vector
loops from different fetuses.) The ECD and MCD vector
loops demonstrated an open, ‘near circular’ planar struc-
ture for al subjects, with smaller ‘tail loops' that were
attributed to the Q and S waves. It was also observed
that the ECD and EMD vector loops were approximately
orthogonal, similar to the situation in the adult [58].

6. Discussion

There is evidence that fetal magnetocardiography
might be a more appropriate method than the FECG for
the evaluation of cardiac electromagnetic source para-
meters in the fetus. The existence of the electrically insu-
lating vernix caseosa and preferred electrical conduction
pathways diminish the utility of fetal electrocardio-
graphy during the later stages of pregnancy. Conse-
quently, the FMCG is the only method that will permit a
sequential assessment of cardiac electromagnetic source
parameters as a function of gestational age throughout
the second and third trimesters of pregnancy. Fetal mag-
netocardiographic data can aso be readily transformed
into a vectorcardiographic representation and thereby
interpreted in terms of either the ECD or EMD.

Notwithstanding the apparent advantages of the
FMCG compared with the FECG, it is important to con-
sider the practical application of these techniques. Identi-
fication of appropriate recording locations is usually per-
formed using ultrasonography prior to both FECG and
FMCG recordings. Measurement of the FECG requires
the relatively simple application of maternal abdominal
electrodes and, apart from the smaller amplitude of the
signals, the assessment is similar to recording an adult
ECG. Recording the FMCG can be more problematic as
we need to detect a magnetic flux density of the order
1 pT (1072 T) in the presence of the much larger ‘back-
ground’ magnetic flux densities produced by the Earth
(<107 T), large nearby metallic objects (~10~7 T) and
even jewellery or metallic clothing fasteners worn by the
patient. The biomagnetometer system used to detect the
FMCG must therefore have the best possible sensitivity
and noise-rejection capabilities. Preparation of a
SQUID-based biomagnetometer prior to performing a
magnetic measurement thus requires considerable tech-
nical skill; the cryogenic probe and dewar must be care-
fully set up and the electronic noise-canceling system
must be properly ‘balanced’.

Modern portable SQUID magnetometers suitable for
recording the FMCG are substantialy less expensive

than the large multi-channel instruments used for
detecting the magnetic fields produced by the heart and
brain in the adult. However, the ongoing costs associated
with both the employment of trained personnel and the
purchase of consumables (mainly liquid helium) must
also be borne in mind in evaluating the practical utility
of the technique. Furthermore, biomagnetic measure-
ments are usualy performed in magnetically shielded
rooms. From aclinical perspective thisis usually incon-
venient and often prohibitively expensive. However,
Crowe et a. [46] and Rassi et a. [65] have proven that
it is possible to successfully record the FMCG in mag-
netically unshielded environments throughout a substan-
tial period of gestation.

There is ample scope for the continued investigation
of fetal vectorcardiography. Of primary importance
would be characterisation of the fetal vector MCG with
advancing gestation during both normal and complicated
pregnancies. Accurate determination of fetal orientation
within the maternal abdomen (which isreadily attainable
using ultrasonographic imaging) would enable the vector
loops to be defined in a standard ‘fetal’ reference frame.
However, the development of more advanced mathemat-
ical models will aso be necessary for evaluating the
influence on the fetal vector MCG of fetal orientation,
volume conductor geometry, measurement system con-
figuration and non-dipolar source terms.

Differences in the morphology of the fetal VCG
should enable a differential assessment of normal
growth-related changes and pathological hypertrophy of
the myocardium. The identification of possible corre-
|ation between changes in the fetal VCG and fluctuations
in physiological variables such as neural activity, chemi-
cal imbalance, blood pressure, etc., would aso be of
interest. Future studies might also involve the investi-
gation of morphological changes in the fetal VCG in
response to remedial therapy, and a comparison of fetal
and neonatal VCGs.

In summary, there is growing evidence to suggest that
fetal magnetocardiography and fetal vectorcardiography
represent valuable additions to current methods of ante-
natal monitoring. Further development of feto-maternal
models of electromagnetic conduction, together with
larger-scale clinical trials, should consolidate our under-
standing of the clinical utility of these techniques.
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