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Abstract

A time-varying spatial temporal filter for enhancing mul-
tichannel magnetoencephalographic (MEG) recordings of
evoked responses is descrited. This filter is based on pro-
jections derived from a combination of ineasured data and
a priori models of the expected response. It produces es-
timaten of the evohed fields in single trial measurements.
These estimates can reduce the need for signal averaging in
some situations. The filter uses the a priont model infor-
mation to enhance responsen where they exist, but wvoids
creating responses that do not exist. Examples are included
of the filter's application to both MEG single trial data con-
taining an auditory evoked field and control data with no
evohed fleld.

1 Intreduction

In magnetoencephalography (MECG), the magnetic fields
produced by the electrical activity of the brain are inea-
sured on the surface of the head. In contrast, electroen-
cephalography (EEG) measures the potentials produced
by thin activity. MEG is used extensively in the study of
evolied neuromagnetic fields. Thene fields are produced by
the brain's involuntary responsen to simple stimuli, such as
tonen or light patterna. In evoked field (KF) studies, a con-
trolled net of stimuli are presented to the subject and the
magnetic fleld of the renponne in measured &t a number of
locations. Thin in not an eany task, as E¥x are quite weak,
ranging from 10 to 10* femtotesla (FI') [1]. To meanure
thene weak ficldn, multichannel sensors, hased on sup. reon-
ducting quantum intetference devices (SQUIDR), are uned.

In EF measurements, noine and interierence from a
number of sources must be overcome One nource of inter
lerence in external magnetic ficlds, which ean be of the order
of 10® to 10° 7T lor urban background noine and 7 - 10" T
for the earth's steady field 'l Iuterlerence fiom external
lieldn can by effectively eliminated by (aking measurements
in a magnetically shielded room and using SQUID sensors
wired an recond otder gradiometera i2|

More difticull sourcen of noise and interlerence are Len
ral background activity and intrinsic sepnor note. Neural
background a tivity m unrelated to the satinmli and can pro
duce temporally and spatially correlated fields of 107 to 10%
FF. Intringic sensor noine in ensentially white over the mea
surement hand and uncoreelsted lrom channel 19 Channel
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The magnitude of this noise depends on the particular sen-
sor, but is of the order of 20 fT/\ Hz, or about a 140 fT
standard deviation for a 50 Hz ban:l. Because of the pres-
ence of intrinsic sensor noise and neural background activ-
ity. the signal-to-noise (SNR) ratio of EF measurements in
quite poor, ranging from O to 20 dB and wornse.

To overcome the poor SNR and permit FFs tv be mea-
sured, signal averaging of a number (~ 25 1000) of distinct
trials is generally empiloyed. In the ideal case, where from
trial to trial the signal replicates exactly and the noise is un-
correlated, averaging of N trials improves the SNR by a fac-
tor of v/N. Although signal averaging is the predominant
technique used in MEG, it suffers from several drawbacks.
From a practical point of view, averaging requires a large
number of trials to obtain a ningle .F messurement. From
a theoretical point of view, the brain’s response varien from
trial to trial and averaging does not allow thin varation to
be observed.

2 Single Trial Enhancement

This paper addrennen the ianue of improving the SNR of
ningle trial EF measurementa. Although thin area has not
been previously studied in the context of MF.G signaln, i*
han heen addresned in the cloacly related realm of KK
evoked polentialn (EP's) [3]. Moat eflorts have concentrated
on single channel enhancement, in which the times serien of
each phynical measurement location in processed indepen:
dently. The predominant approach has been to approxi-
mate some sort of “Wiener-like® fiier in cither the time or
frequency domain. All of these single channel “temporal™
approaches banically rely on separating signal from noine
based on frequency difference alone For most EF and EP
meanurements, the nignal and noine bandr overlap connid
erahly, thereby severely limiting the potential of a single
thannel approach. Becaune both EF amd EPF measurements
are generally made with multiple recording channels, it is
pornible to use npatial information in enhancing single trinl
measurenments  Thin has been proposed by ane group
the context of EI' measurcients [4], but their approach
in quile involved and requires many siringent assmmnptions
about the natuie of both the signal and noine

Thin paper presents & simple adaptive moltichannel en
hancement Lechnique, based on linear projections, that uny
An with all
previously propomed techniques, it requites the a priors
knowledge of the general ahape of the underlying mgnaln at

liten hoth spatial and temporal iformation



each measurement point. In a clinical setting, this knowl-
edge may come from previous measurements, in which case
the technique can serve to both enhance the single trial
measurements and reduce the overall number »f trials nec-
esasary for signal averaging. In a research setting. tLhis
knowledge may come directly from an ensemble average.
In this case the goal is not Lo reduce the number of trials to
be averaged, but rather to perform an a postericri estimate
of the varying response i each trial.

Given that a set of model signals exist for each of the
measurement channeis, the crux of the enhancemment prob-
lem 18 how to use this information in a manner that en-
hances evoked responses when they exist but does not cre-
ale them where Lthey do not exist. To satisfy this condition
involves a tradeoff. Utilization of the model information
involves forcing the measured data to take on some subset
of the model’s characteristics, If the subset is Loo small,
no enhancement takes place. If the subset is oo large, the
moaodel s just recreated, independent of any characteriatics
of the actual underlying signal. The approach outlined in
the next two sections uses time-varying projection opera-
tions to selectively force Lhe data to take on selected prop-
erties of the model, without totally constraining the vutput
a priort.

3 Enhancement Via Spatial Pro-
jection

One method of usiug the model mformation to enhance
the single trial measurementsis foree the sample-by-sample
spatial distribution of the measurements to match that of
the model  The ellect 18 to use the spatial information
of the model to enhance the temporal information of tne
measurements  Mathematically, this is accomphshed by a
linear projection Denoting the o channel model and mea-
sureinent signals by the n-diimensional vector time series g,
and y respecuveby, the result of spatial projection enhance
ment, 1, can be expressed as b

iy v, {n

.‘\".\,

Under ideal conditions in winch the spatial distributions
of the underlying signal are the «ame as those of the model
and the noe s distributed wifarmly over all n dumensiona,
th approach vielde an SNR pmprovement of - n

An example of the apphontion ol tis technigue sl
Tastrated oo Figs, 15 The BF o data used i this wnd ol
lowing exarnples were collected at the MEEG facility of the
Los Alamos “ational Luboratory The B wonre responses to
an anditory stanudus tecorded will w seven sensor SQUID
myrtent Fach of the seven senmons i onfigured ax nsecond
otder gradiometer The measurenients were handpass fi)
teted ta 150 s e digitired a0 Hy sainphe rale
Data were collected Lath with and without the stianulus
preacnt

Fagure 1 shows the seven madel agnanls used  Theae
were decved by Jow paves Bilterig (05 Hr) 100 trind aver
agen  Figure 2 shown enght imdnoddoal trds collected w
channel 1oalong with thew avernge  Nootenponse s dis
cermble m the anediondual tomls ) bt s regponae e (00 1

v ahile o then average Fignre 3 ~hawa n contral set o)

cight individual trials, along with their average. These tri-
als were collecved under the same conditions, except that
no stimulus was provided to the subject. The individual
trials are not noticeably different irom those of Fig 2. but
no response is visible in the average.

A spatial projection filter was applied to both sets of
sigaals, using the signal model of Fig. 1 Figure 4 shows
the enhanced results for the data in which a stimulus was
present. The signals are still noisy, but consistent responses
are visible at 100 ms. Their average i cleaner than the cor-
responding average of the unfiltered signals. In contrast,
Fig. 5 shows the results of the spatial projection fiiter ap-
phed to the control data. Here the variance of the individ-
ual trials has been reduced. but no clear temporal pattern
ir apparent in either the individual trials or their average
Hence this filter has enhanced the response where it exists,
but has not “created™ a response where it does not exist.

The enhancement shown in Fig. 4 is apparent, but not
dramatic. This is Lo be expected  Because there are only
seven measurement channels, the rost SNR improvement
that could be expected 15 a factor 0° 7 = 26 or R.6 dB
The SNR of the data is approximately O dD for the initial
10 dB tor the
later peaks. One way Lo increesc the enhancement is to

large peak (at 100 aws) and approxiniately

use SQUID arrays with a larger number of channels. This
approach may be feasible in the future, out seven-channel
arrays are about the limit of currently available technology
In the next section, a method is presented for partially cir-
cumventing the chanuel limitation by utilizing some of rthe
temporal pattern information of the model signals

4 Enhancement Via Spatial and
Temporal Projection

s are transient responses and are fimite i duration. As
a result, projection can alse he apphied along the teinporal
patterns Define the fn-dimensional “stacked” vectors

t Y,
Y .l . cand L, ‘ - (2)
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In theory this total spatind and teiporal projection should
moreane the SNIE Iy i However i reality the over
constrant problem diacussed i Section 2 appeins This
total wpatial and temparal projection forces the meaan e
ments to e Foth the spatinl and teraporal shape of
the model, loaving no degrees ol freedam to necount o
am vatimbion between the sinedes Iy signad and the model
This s appavtent becnuse the tesult of this progection s sl
wivy a scaled vermion ol the angmal jnodel Henoe the
enhancement b been consdramed te the pomt at whach ot
produces no new itormation

Tonllow vee of ternporal panttern oformation vet avond
complete o o apes theatian of the anderbyving, wagnal, wo
dowing can be cmploved  The Tonction o aowidow a0 o
Bt the mueace of the temporal pociion of the pioges

tinn vo e docal neghhorbood Phere o a buvac tradeofl



between the enhancement obtained. which increases with
window size, and the flexibility of the final estimate, which
decreases with window size. At one extreme is the total
spatial and temporal projection, whereas at the other is
the spatial projection discussed in the previous section.
Many types of windows can be empioved. Some of the
variable factors are whether the window is one sided or two
sided, and whether it as finite or not  Experiments have
heen conducted at Los Alamos with a filter employing an
inlinite one-sided exponential decay window. This window
was picked because it 11 causal and easilv implemented.
With this window, the enhancement at each time sample
is obtained lrom an exponentially weighted projection over
the current and previous time samples. This windowed

projection is defined by

by

IAI

L7e3
>

l.ll ' (4)
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diag 1A"TA'L -
agonal matrix and 0 -\ -

A '1} s & tn - tn block di
1. The enhanced signal at f is
then aken from the first n rows of 1, This enhancement

where A,

can be defined recursively as
~t [ t
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I, (5)
The exponential parameter A controls the effective nize of
the window and consequently the tradeoff between enhance
ment and solution constraint. Note that for A 0, (5)
simplifien to the spatial projection {1} of Section 3.

Figure 6 shows the result of this windowed apa-
tial temporal projection filter applied to the EF data of
Fig. 2. A value of A
al 100 ms s clearly visible in all of the single trials and the

0.84 was used. An evoked response
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average signal is much less noisy than in the previous exam-
ples. Figure 7 shows the results of this same filter applied
to the control data of Fig. 3. Here no consistent response
in seen in the individual trials and no response is evident in
the average. This example demonsirates that careful use
of tempeoral information can improve the basic spatial pro-
jection filter without overly constraining the solution and
crealing responses where none exist.
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Fig. 2. Data containing auditory EFs. The upper eight Fig. 3. Control data unthout EFs. The upper eight curves

curves are singls trial measurements from channel 1. The are mingle trial measurementa from channel I. The bottom
bottom curve 11 thetr average. curve 13 therr average.
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Fig 4. Spatwal projection filtering of the EF data. Fig 5 Spatial projection filt=ring of the control data.
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