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Adaptive Frequency Dependent Gradiometry Applied
to SQUID Magnetocardiography

Marcel Bick, Grigory Panaitov, Michael Schiek, Yi Zhang, and Hans-Joachim Krause

~ Abstract—in the case of magnetocardiography (MCG), gra- tion fields [7], [8]. Furthermore, it was demonstrated that the
diometry is a commonly used method to reduce environmental determination of frequency dependent factg(y) leads to im-
noise. Here, the balance of the gradiometer is one of the main \,.4yeq nojse reduction especially at power line frequencies [4],

parameters determining the achievable noise reduction. In earlier - . -
work, we reported the use of frequency dependent gradiometer co- [9], [10]. This is due to the fact that noise sources generating

efficients to effectively balance a gradiometer consisting of signal high order gradient fields at different frequencies require dif-
and reference sensors. In this work, the advantages of adaptive ferent balancing coefficients.

determination of these coefficients during a measurement without ~ \When noise changes quickly in amplitude and phase, it is
perturbing the MCG signal are investigated. MCG measurements o 4antageous to recalculate balancing factors during the mea-

were recorded with first and second order high temperature L . .
SQUID gradiometers inside and outside magnetic shielding. It will surement. Kurikiet al. [11] have adaptively determined 50 Hz

be shown that the heart signal is not distorted by applying our filter coefficients to track temporal changes of power line distur-
software noise reduction technique. Furthermore, by recalculation bances. They used an oscillator to generate a sinusoidal signal

of gradiometer coefficients during the MCG measurement, an wjijth a fixed frequency of 50 Hz which was fed into a compensa-
improved signal-to-noise ratio is achieved. The optimum repetition tjnn coijl. As amplitude and phase of this signal were extracted
time for coefficient recalculation is determined. . . .
from the bandpass filtered signal of the sensing magnetometer,
Index Terms—Adaptive noise cancellation, gradiometry, magne- information about the source signal at this frequency is lost. Fur-
tocardiography. thermore, this method seems not to be suitable for noise reduc-
tion at multiple frequencies as it would require multiple oscilla-
|. INTRODUCTION tors.
In this work, we will show that recalculating frequency de-
L . : . "Aendent gradiometer coefficientisiring MCG measurements
magnetic disturbances requires high quality measulithds to an improved signal-to-noise ratio (SNR). In this way,

syst_ems and sophlstlcated noise cancel_lat|on techmques.tr %king of temporal noise changes at multiple frequencies is
avoid the use of high cost magnetically shielded rooms, seve dssible. Only a minor noise reduction is achieved when co-

HTS SQUID gradiometers have been developed to suppr Fficients are adapted to the local noise environnbefibrethe

environmental noise outside magnetic shielding, e.g., [1]-{ easurement. Furthermore, we will demonstrate that there is no

How_ever, to record high ql.Ja“ty MCG 5'9”?"3’ these Sy_SterB%tortion of the source signal when applying our noise reduc-
require the use of notch filters at power line frequencies fbn technique

a limited bandwidth of less than 130 Hz. Notch filters may
destroy signal information and MCG measurements require a I
bandwidth of 250 Hz [5]. Therefore, improved noise reduction
techniques are desirable. In earlier work, we reported on Frequency Dependent Gra-

HTS SQUID gradiometers often consist of signal and refefiometry (FDG) to improve noise reduction of HTS SQUID
ence sensors. These can be combinations of magnetometerg@idiometers [10]. The principles of FDG are described in [12].
[4] or intrinsic 1st order gradiometers [2]. The reference seH? summary, the time series of signal and reference sensors are
sors with amplitudé; are used to subtract environmental noiseourier transformed using overlapping Hanning windows. By
from signal sensors with amplitudesituated close to the signaldata averaging over several time windows, frequency dependent
source. The subtraction is performed either electronically or Bjadiometer coefficients;(f), are calculated. Subsequently,
software. Balancing coefficients; are determined, so that athe reference data are subtracted from the signal data in the fre-
noise reduced output= a — X k; - b; is generated [6]. guency domain to generate a noise reduced output.

It has been shown that adaptation of these coefficients to thelhe choice of two free FDG parameters mainly determines
local noise environment is advantageous compared to fixed ¢ae effectiveness of the method: the threshold parameter,

efficients predetermined in homogeneous and gradient calibf@d the repetition time for coefficient recalculatian,. The
number of averages in the Fourier domain determines the stan-
_ _ dard deviationg, of the calculated coefficients. By definition,
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following ranges0.1% < o < 50%, and4s < 74 < T.
Coefficients with standard deviations larger thanwere set to
Fig. 1. Magnetic field noise in unshielded environment of a) magnetometgr,ero' Forry =T, the coefficients are Calcu"g.lted Only once;, for
b) bottom FOG of the SOG and ¢) SOG. (d) shows the field noise of the highfys = 4 S, they are recalculated every 4 s to improve the adapta-
sensitive FOG described in [13] recorded inside the MSR. tion to noise changes.

To investigate the preservation of the MCG signal while ap-
ratio because the noise of the reference sensor is not addeB¥§"9 the FDG algorithm, we recorded the heart signal of the
the overall system noise [12]. To track noise changes, the M€ Subject inside a magnetically shielded room (MSR) with
efficients can be recalculated during the measurement withif% Nighly sensitive 1st order gradiometer described in [13]. The
time intervalr4 . Ideally, they are known at every point in timeMadnetic field noise of this system inside the MSR (Fig. 1(d))
(r4 — 0). This is not possible due to the need to average ovérMuch lower compared to the SOG in unshielded environ-
several time windows. Therefore, a short repetition timg, MenNt (Fig. 1(c)). Therefore, the recorded MCG signal is of high
for recalculation will reduce the achievable accuracy of the cgu@lity and can be taken as a reference for comparison with the
efficients, as this depends on the number of averages usedTBiC corrected signal measured outside magnetic shielding.
calculation. On the other hand, a sm@a{lwill improve the rate
of adaptation to changing noise sources. Thus, an optimum pa- IV. RESULTS
rameterr, has to be determined for the given noise environmept Adaptive Noise Reduction

to achieve maximum noise reduction. This will be analyzed in .
detail in Section IV. An MCG sequence recorded with the bottom FOG of the 2nd

order gradiometer is displayed in Fig. 2(a). The signal is domi-
nated by external noise. Only the main component of the heart
signal is visible. Fig. 2(b) shows the reference signal simulta-
To investigate the possibility of adaptive determination afeously recorded with the top FOG. The measurements were
frequency dependent gradiometer coefficients, we performpérformed in unshielded environment.
MCG measurements with a 2nd order gradiometer (SOG) inApplying FDG, we first investigated the influence of the
an unshielded environment. The SOG consisted of 3 axiatlyreshold parameter; on the achievable SNR without coef-
arranged HTS rf SQUID’s with baseline distances of 7.5 cfitient recalculation during the measurement, g.,= 1. T
[3]. The system noise was 150 fJ/Hz (Fig. 1(c)). The bottom denotes the total length of the time series of 110 s. We found
and center and the center and top magnetometer, respectivalypptimum SNR fow, = 6% [Fig. 3(a)]. In this case, nine
formed two 1st order gradiometers (FOG), which were electrogradiometer coefficients could be determined with a standard
ically balanced achieving a common mode rejection 6t The deviation of ¢ < 6%, mainly at power line frequencies
background noise in our laboratory and the magnetic field noigeig. 3(b)]. At all other frequencies, no noise was detected,
of FOG and SOG are displayed in Fig. 1. the coefficients were set to zero, and the signal data was not
To apply FDG, the upper gradiometer of the SOG was usedrrected for noise. Far,, = 0.5%, only two coefficients could
as a reference. MCG time series of signal and reference senssicalculated — at the most dominant noise frequencies of 50
(bottom and top FOG) were simultaneously recorded with a PBz and 150 Hz [Fig. 3(c)]. In this case;. is chosen too small
A bandwidth of 250 Hz, including a high-pass filter at 0.05 Hzand existing noise sources at other frequencies are not detected
and a sample rate of 1 kHz were used. No notch filters welng the algorithm. Thus, the SNR decreases dramatically
employed. The total recording timé&, was 110 s. Noise reduc-[Fig. 3(a)]. If o is too large, the number of coefficients with a
tion of the time series of the signal sensor was achieved by dalrge standard deviation is high [Fig. 3(d)]. This also leads to a
culating frequency dependent coefficients and subtracting ttegluction of the SNR [Fig. 3(a)]. Therefore, a suitable choice
reference from the signal data in the frequency domain as aé;, is crucial to achieve optimum noise reduction.
scribed in Section II. The threshold parameter, and the time  Next, we investigated if adaptive determination of balancing
interval for coefficient recalculation,4, were varied within the coefficients during the MCG measurement lead to an enhanced
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Fig. 3. \Variation of the threshold parameter for 74 = T': The optimum
SNR of the MCG time series is achieved for = 6% (a). (b)-(d) show
calculated balancing coefficients f) for different threshold parameters: (b)
o is optimum, (c)oy. is too small, (d)o,. is too large. Description see text.

Fig.5. MCG sequences recorded in unshielded environment with a bandwidth
of 250 Hz without the use of notch filters: Frequency dependent balancing
coefficients adaptively determined during the MCG measurement lead to
a significantly improved noise reduction (b) compared to predetermined
frequency independent coefficients (a).
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noise reduction. The results are shown in Fig. 4. A short repeti- Time [s]

tion time, 74, for coefficient recalculation should lead to a high

,rate of adaptanon to a given noise environment. ,Howevep‘ if Fig. 6. Comparison of averaged MCG signals of the same subject: (a) noise

is smaller than about 10 s, the SNR of the MCG signal decreasgficed using FDG in unshielded environment, (b) recorded inside the MSR as

dramatically (Fig. 4). This is due to the fact that the numbeyrreference with a highly sensitive FOG.

of averages in the frequency domain —i.e., the number of time

windows — is not large enough to calculate the coefficients with standard gradiometry with predetermined balancing coeffi-

sufficient accuracy. This leads to a minor noise reduction agénts.

consequently to alow SNR. If a very long repetition timg, is ) .

chosen (e.g54 = T), the adaptation to changing noise sourcdd Signal Preservation

is reduced and thus the SNR decreases again (Fig. 4). Therefor@he usability of a noise reduction technique significantly de-

a compromise between optimum adaptation to noise changesids on the achievable preservation of the source signal. To

and sufficient coefficient accuracy has to be found. As showniimvestigate possible signal distortion due to the FDG algorithm,

Fig. 4, the optimum SNR is obtained with a repetition time adveraging of the still noisy FDG data is necessary. In this way,

15 s for our noise environment. even small MCG details can be analyzed. In Fig. 6, two 100
Fig. 5 demonstrates that the choice of optimum FDG paranténes averaged MCG signals of the same subject are compared.

ters,o, = 5% andr4 = 15 s for our noise environment, resultsFig. 6(a) shows the data recorded in unshielded environment

in a significantly improved quality of MCG signals comparedising FDG. Fig. 6(b) shows the data recorded inside magnetic
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shielding which can be taken as a reference. Both MCG signalg2]
exhibit the same small structures (1 and 2 in Fig. 6). This shows
that the FDG algorithm does not distort the source signal every
in the presence of large magnetic disturbances.

V. CONCLUSION [4]

We have investigated the potential of adaptive determination
of frequency dependent balancing coefficients to improve ex-
ternal noise rejection of gradiometers. MCG measurements i 5
an unshielded environment with HTS SQUID gradiometers con-
sisting of signal and reference sensors were performed. It waffl
shown that recalculation of balancing coefficients during the
MCG measurement leads to an improved adaptation to changingy)
noise sources and thus to an improved signal-to-noise ratio of
the MCG time series. A minor noise reduction was achieved 4
using predetermined balancing factors. The optimum repetition
time 74 for coefficient recalculation depends on the achievable
accuracy of the coefficients and on the local noise environment.
It was found to be-4 = 15 s for our laboratory. [9]
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