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A Correlation Study of Averaged and Single Trial MEG 
Signals: The Average Describes Multiple Histories Each 
in a Different Set of Single Trials 

Lichan Liu* and Andreas A. loannides *^ 

Summary: Our understanding of the link between electrical events in the brain and behaviour is based on indirect measures. Positron Emission 
Tomography (PET) and functional Magnetic Resonance Imaging (fMRI) rely on haemodynamic processes which are slower by two to three orders of 
magnitude than the processes characterizing normal and pathological brain function, Direct invasive measurements of the electrical activity on the 
other hand produce too local a view which fails to show the large scale coherence which sustains awareness and cognition. On the opposite extreme, 
gross measures of the electrical activity like Electroencephalography (EEG) and single or few channel Magetoencephalography (MEG) had until 
recently to rely on simplistic point like models extracted from the averages of many repetitions of physiologically irrelevant stimuli. The introduction 
of multichannet probes with over 30 charmels (Ham~lainen et al. 1993), and the use of distributed source analysis (Ioannides et al. 1990a) opened up 
for the first time the possibility to study the response of single trials. In this work we address directly the question how representative is the description 
of events extracted from the analysis of the average signal. We use the simplest possible example: the cortical response to a simple 1 kHz tone, 
focusing on the early and by general admission "automatic" response around 100 ms after stimulus onset. To avoid the confounding inter-subject 
variability we have studied the responses over the left and right cortical areas to ipsi- and contralateral stimulation in a single subject; for testing 
reproducibility, we have used both the eyes open and eyes closed conditions. Since the computational demands involyed in extracting a full three 
dimensional description from each trial are too great,we have complemented the distributed source analysis with special techniques, which allow us 
to scan through each and every single trial and identify each cortical activation similar to the ones picked out in the average signal. We are thus able 
to show conclusively that the sequence of events suggested by the analysis of the average signal is not representative of what is happening in individual 
trials. The sequence is made up of events which occurred in different trials reflecting probably the existence of many parallel routes each of which 
leads from the input at the ear to a final "computation". 

Key words: Human auditory evoked fields; Magnetoencephalography (MEG); 40-Hz Oscillation; Single epoch analysis; Vector signal transformation 
V3; Spatiotemporal correlation measures. 

Introduction 

U n d e r s t a n d i n g  bra in  funct ion requires informat ion  
about  single n e u r o n  activity and  activity involv ing  m a n y  
thousands  of neu rons  behav ing  in a t empora l ly  organised  
way.  At  the single n e u r o n  l eve l  exper iments  des igned  to 
test the specificity of response  to a s t imulus  do indeed  
d e m o n s t r a t e  s u c h  specif ic i ty  in a r e m a r k a b l e  deg ree  
(Hubel  and  Wiese11962; Des imone  et al. 1984; O'Keefe and  

*Department of Physics, The Open University, Milton Keynes, U.K. 
'XInstitute of Medicine, Research Centre Jtilich, Jiilich, Germany. 
The methodology and computer tools were developed, and the 

early applications performed, as partial fulfillment of the requirements 
for the Ph.D degree by L.C. Liu, supported by a studentship from the 
Department of Physics, The Open University, U.K. 

Further support from the Leverhulme trust is also acknowledged. 
Correspondence and reprint requests should be addresed to A. A. 

!oannides, Institute of Medicine, Research Centre Jillich, D-52425 liilich, 
Germany. 

Fax: 49 (0)2461 612820 
E-mail: andy@imemegl.ime.kfa-juelich.de 
Copyright �9 1996 Human Sciences Press, Inc. 

Recce 1993). Other  exper iments  and  mode l l ing  studies 
s h o w  that the activity of ind iv idual  neu rons  a n d  their 

member sh ip  to neurona l  popu la t ions  associated wi th  a 
specific task can be h igh ly  variable (Vaadia et al. 1995). 
Fur thermore,  evidence has been  accumula t ing  s lowly  bu t  

steadily over  the years,  for correlates of  behav iou r  w h i c h  
involve synch ronous  mass  p o p u l a t i o n  activi ty (Nicolelis et 
al. 1995) and  sparse cod ing  (Mitzdorf  et al. 1994). 

Progress  in neurosc ience  d e p e n d s  on  in tegra t ing  the 
in fo rmat ion  gene ra ted  b y  the ever  m o r e  c o m p l e x  tech- 
n iques  and  analysis  me thods ,  cove r ing  w i d e l y  different  
t empora l  and  spatial  scales, and  reconci l ing  the seem- 
ingly  con t rad ic to ry  conc lus ions  that  one  obta ins  f r o m  a 

first in te rpre ta t ion  of  the  results  of  each  m e t h o d o l o g y .  
M u c h  effort  has  recent ly  been  d i rec ted  to the c o mb in a t i o n  
of h a e m o d y n a m i c  a n d  e lec t rograph ic  techniques ,  be- 
cause  the first p r o d u c e s  accura te  pos i t iona l  in format ion ,  
whi le  the latter has  the requ i red  t e m p o r a l  resolut ion.  In 
poo l ing  this in format ion ,  it is necessa ry  to be aware  of  the 
m e c h a n i s m s  invo lved  and  take a f resh  look  at the as- 
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Figure 1. Experiment set-ups in an axial view: each sensor 
is represented by a line along its baseline, and the side 
where the stimulus is delivered is marked by the heavy 
arrow. The source space used to confine the primary 
current density in the MFT analysis is a spherical segment 
which for display purposes is sectioned into 9 cuts (tomes), 
as shown in each diagram. For each case, the outline of 
the sphere used to define the source space is also drawn 
with its centre coinciding with the centre of the conduct- 
ing sphere, which is marked by a heavy dot. 

sumptions and idiosyncrasies introduced to the analysis 
in each method by its history. The work we will report 
points to deficiencies in the conventional analysis of 
bioelectromagnetic signals. We will particularly point 
out why extreme care must be taken in interpreting the 
numerous recent studies which combine positional infor- 
mation from PET and fMRI with temporal information 
extracted from average Electroencephalographic (EEG) 
and/or  Magnetoencephalographic (MEG) signals. 

Traditional methods of analysis of bioelectro-mag- 
netic signals (EEG and/or  MEG) have relied on averaging 
a large number of responses from identical and well de- 
fined (in terms of physical properties) stimuli, but with 
little or no biological significance. The problem of how 
such a method can be justified when one knows that there 
is substantial trial to trial variability was acknowledged 
(Basar et al. 1989; Haig et al. 1995; Liitkenh6ner et al. 1995), 
but largely ignored in the overriding need to eliminate 
what was considered to be background (mainly biological) 
noise. The recent advent of multi-channel MEG systems 
make it possible to record brain activity in real time over a 
large area of the head; it is perfectly feasible to extract 
reliable estimates of brain activity, at least over the cortical 
mantle below the sensors, from single trial signals (Ioan- 

nides 1994a). Simple signal transformations and correla- 
tion measures which are based on these transformations 
make feasible for the first time the detection of specific 
cortical activation in each and every single trial (Liu 1995). 

We have used auditory evoked MEG signals from an 
experiment consisting of eight distinct cases (Singh et al. 
1994). For all eight cases the average signal was computed, 
and for seven out of eight cases (the raw signal for one case 
could not be used) 125 single trial signals were extracted 
from 500 ms before to 500 ms after the onset of the stimulus. 
We have chosen this very standard experiment to study m 
detail how the strong cortical activations observed in the 
average are reflected in each single trial. To achieve this 
we have used Magnetic Field Tomography (MFT) (Ioan- 
nides 1994a) and a simple vector signal transformation 
called V3 which highlights nearby sources (Liu and loan- 
hides 1995). MFT has been applied to the average MEG 
signals and some single trial records; the resulting esti- 
mates of millisecond by millisecond brain activity were 
superimposed with co-registered MRI images of the back- 
ground anatomy in, both static images (Singh et al. 1994) 
and animations (Ioannides 1993). MFT is however compu- 
tationally demanding and the follow up inspection of huge 
number of three-dimensional images makes it impractica- 
ble to apply to each and every single trial, despite the 
availability of a dedicated 30 node transputer system (Liu 
et al. 1993). By constructing correlation estimators based on 
~he V 3 over a finite time interval and areas of interest, we 
were able to scan through all single trial data and extract 
reliable measures about how each single trial compares 
with the average (Liu 1995). We will report our findings for 
the single trial manifestation of the MI00 component, 
which dominates the average signal, and the next strong 
component at about 135 ms. We also compare the 40-Hz 
signal component in the average signal and single trials for 
the same experiment, and we will use the results to com- 
ment on recent apparently contradictory conclusions 
about the significance of 40-Hz activity. 

Methods 

Experimental set-up 

We have used a set of auditory evoked measurements 
obtained with the KRENIKON 37 channel system (Singh 
et al. 1994). The experiment was carried out to measure the 
ipsilateral and contralateral response of the left and right 
hemisphere when an auditory stimulus (a 600 ms long, 
lkHz auditory tone) was applied monaurally to the left or 
right ear, and separately for each case for the eyes open or 
closed condition (8 cases in totali see figure 1). The subject 
was a normal right-handed 26 year-old male and in this 
experiment was asked to stay alert but not to pay attention 
to any particular feature of the stimulus. A three-label 
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Figure 2. Case L-CON-EC: the average signal for the 37 
MEG channels without digital filtering. The sketch of the 
head shows the relative position of the channels in relation 
to the head. The lower right part of the diagram shows 
the signals for channels t2 and 14, which have very similar 
high magnitude but opposite phase to each other; the 
difference mimicking the effect of V3 at channel 13 (be- 
tween channels 12 and !4) is displayed on the left. 

binary code was used to classify the 8 cases: the first index 
defines which temporal area the dewar was over, left (L) 
or right (R); the second index denotes the side which the 
simulation was used, ipsilateral (IPS) or contralaterat 
(CON) side in relation to the dewar; and finally the third 
index specifies whether the eyes were open (EO) or closed 
(EC). For example, case L-CON-EC means that the dewar 
was over the left temporal area, the stimulus was delivered 
to the right ear and the eyes were closed. 

MFT Analysis 

MFT uses probabllistic estimates for the (non-silent) 
primary current density vector Jp(r,t) at each timeslice of 
signals (Ioannides et al. 1990a). The logical and algorithmic 
steps of MFT are described elsewhere (Ioannides 1994b) as 
is the way MFT has broken away from the historical link 
with EEG methodology, which has slowed down the de- 
velopment of MEG analysis (Ioannides et al. 1994a). 

The original signal and the current density Jp(r,t) have 
positive and negative components, while the intensity 
P(r,t) (P(r,t)=Jp(r,t). Jp(r,t)) is a positive scalar. Hence op- 
erations like summation and subtraction can be per- 
formed on P(r,t) without the huge cancellations which 
occur when the same operations are applied to the signals 
or J(r,t). Furthermore, P(r,t) can be used in integrals over 

space and/or  time, to provide hints of how the brain 
activity changes over a specific area, i.e., region of interest 
(ROI), and/or  a longer period At (Ioannides 1994b; Ioan- 
nides et aL 1995b). We give for completeness the expres- 
sions for the integrals over space A(t, At) and time I(r, t, 
At), which are routinely used in MFT analysis: 

t + a_.k t 
I(r,t, At)= f t 2t P(r,t')dt' (1) 

2 

t+  AL 
A(t, At)= f t_2  dt' fRol P(r,t')ddr (2) 

The first integral can be thought of as an image which 
as the At integration period becomes very large it can be 
contrasted, but not identified (Ioannides 1995a), with 
corresponding fMRI or PET images. The second integral 
provides a measure of the time course of activity emanat- 
ing from a region which can be fairly small (a fraction of 
a centimeter across for superficial generators) or a large 
area. These measures are of course blind to the silent part 
of the source, i.e., any current flows which produce no 
external magnetic field. 

V 3 Analysis 

The full MFT computation is very time consuming, 
making it extremely difficult to process large amounts of 
data. Inspecting the signal traces directly is hard because 
the relationship between the generators and the radial 
component of the magnetic field they generate is not sim- 
ple: in fact directly above a superficial generator the radial 
component of the magnetic field is zero. The MEG signal 
need not be so unintelligible: a solution can be found in 
hardware, e.g., by measuring a tangential field component 
or the field derivative which is maximum above a superfi- 
cial generator. The first option is usually avoided because 
it leads to a dependence on return currents which compli- 
cates the analysis, while the second is likely to improve 
sensitivity to nearby superficial sources at the expense of 
sensitivity to deep generators. The Helsinki group have 
pioneered the hardware implementation of radial deriva- 
tives, and this is the option used in the current 128 channel 
NEUROMAG helmet system (Ahonen et al. 1992). A soft- 
ware solution can however be defined which has an iden- 
tical effect, and it preserves the sensitivity of the original 
measurements to deep sources. The idea is simply demon- 
strated in figure 2, which shows the average signal in case 
L-CON-EC without any digital filtering for the first 200 ms 
after the onset of the stimulus. The figure also provides a 
plan view of the sensor arrangement and the relative ori- 
entation with respect to the head. The signal is consistent 
with a strong focal source, roughly below channels 13 and 
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19, because the signals in these channels mark a transition 
between the neighbouring channels on either side (e.g., 
channels 12 and 14,18 and 20), which have large signals of 
opposite polarity. Channels 13 and 19 registered a very 
weak signal and hence are inappropriate as markers for 
nearby sources (the zero level crossing can be easily shifted 
if another generator is some distance away). The difference 
between channels 12 and 14 approximates the derivative 
at channel 13, and it is a strong signal (see the insert in the 
bottom left of figure 2), which is robust because it is not 
changed much by contributions from other more distant 
generators. 

The appropriate operator was first described by 
Hosaka and Cohen (Hosaka and Cohen 1976) who ap- 
plied it to cardiac biomagnetic data. The same operator 
was identified by Ioannides some years later (Ioannides 
1987; Ioarmides et al.1990b) in a systematic search to im- 
prove the intelligibility of the signal. Working through an 
orderly sequence of irreducible tensor representations of 
the measurements, the third vector operator had the re- 
quired properties and it was called accordingly V3. The 
V 3 operator has the following properties: it is a model 
independent transformation depending solely on the ex- 
perimental geometry; the contribution to the transformed 
signal from a single localized superficial source exhibits a 
pronounced feature in the neighbourhood of this source; 
it decays rapidly as it moves away from a (superficial) 
generator; the vector properties of the source are reflected 
in the transformed signal. 

The V 3 operator was originally designed as an unbi- 
ased estimator for focal as well as extended sources, which 
highlights the nearby dominant contributions to the MEG 
signal. It was first used to obtain an initial two-dimensional 
estimate for a DC current flow in the human leg (Grimes 
et al. 1985); this estimate was used as the starting configu- 
ration in an iterative procedure leading to a three-dimen- 
sional line-current source configuration(Grimes and 
Ioannides 1988). For measurements of the z-component of 
the magnetic field, Sz , using a planar system, e.g., the 
KRENIKON 37 channel system, Vg(x,y) is defined as 

u = V(Sz)x &z (3) 

A spatial smoothing operation is also applied to limit 
the high sensitivity of derivatives to noise (Liu 1995; 
Ioannides et al. 1990b): 

o~rc'r ~ e - T V 3 ( x - - x ' , y - y  ') (4) 

For a given arrangement of sensors a fixed distribu- 
tion of (smoothed) V3 can be approximated by a weighted 
linear sum of the signal values. Hence, for a fixed set of 

points and fixed sensor locations, all computationally 
demanding operations can be done once, allowing the 
computation of a large number of timestices (typically 
1000 x number of trials x number of conditions) to be 
performed very fast (Liu 1995). 

Comparisons of momentary V 3 distributions are 
more reliable than comparing the signal itself, but still 
unsafe. Comparing the spatially smoothed V3 distribu- 
tions across finite spatial and temporal domains: pro- 
duces a robust measure. We define the overlap of two V 3 
segments of equal length, each defined over the same area 
A in the measurement plane (i.e., xy plane), one from 
epoch i (from t 1 - ~ to t 1 + -~ ) and the other from epoch 

j (from t 2 - -~  to t 2 + -~ as follows, 

<i:&lA, AtIj:t2) = 
/at 

2 

(5) 

Since the V 3 transformation acquires high values 
whenever a strong superficial generator is present, the 
overlap provides a similarity measure of superficial ac- 
tivity directly beIow area A in the measurement plane 
between the two segments. A measure of similarity 
which is independent of the magnitude is provided by 
the normalized correlation coefficient: 

ij (i:tllA, Atlj:t2) 
C 1 (tl, t2) (6) 

(i:tllA'Atli:tl) (j:t21A, Atlj:t2) 

Even with this simplified analysis a comparison of 
single epochs with each other is prohibitively long. The 
average response provides an obvious comparison tar- 
get. First MFT is used to identify strong superficial activ- 
ity and then a V3 template for the event is constructed for 
the average signal. The normalized similarity measure 
between the average and epoch i is: 

(aver: t 1]A, At li: t 2 ) 
ci2(&,t2)= ~/(aver:tllA'AtIaver:& ) (i:tzIA'Atli:t2) (7) 

It is advantageous to maintain in the similarity meas- 
ure the relative magnitude of the single trials which 
match the average in comparison with the average itself. 
This is provided by  the second correlation measure: 

C~(t1,~2) = Kaver:tllA, atlaver:t.,}l (8) 
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Figure 3. The template of length zXt, centered at t] in the 
average (top) is matched with corresponding template 
of the same length At, centered at t 2 in the/th single trial 

record, and the correlation Cl(tl, t2) or Ci2(tl, t2) is com- 

puted. The process is repeated by sliding time the single 
trial template in time, to provide a quantitative measure 
of how often and strongly the pattern selected in the 
average is encountered in the single trial record, at differ- 
ent times in relation to the stimulus onset. 

Figure 3 shows schematically the scanning through single 
trials with the target template selected from the average 
signal; the similarity measures (C 1 and C2) are computed 
between the target template and the transformed V 3 signal 
over the same region and for each segment of the same 
length in each single trial. For all cases considered in this 
paper the similarity measures are computed with the 
t a rge t  t e m p l a t e  in the ave r age  s ignal  f rom 
t 1 - -~ to t 1 + -~,  and the template of the single trials (1 

second long signals, 500 ms on either side of the onset of 
the stimulus) sliding from -500 + -~ to 500 - ~ ms . 

Results 

Compar ison of MFT and V3 

At the M100 peak the MFT estimate is focal and 
superficial. In the lower half of figure 4 an arrow is used 
to mark the maximum of the current density vector at 
the most superficial slice of the MFT source space at the 
latency of the prominent M100 peak. In the top part of 
the figure the maximum of the V 3 is computed (in the 
plane of the sensors) and projected onto the cortical 
surface. The respective maxima are displayed for left 
and right ear stimulation, and for each case separate 
figures show the ipsi- and contra-lateral MFT and V3 
maxima. 

Average  and Single Trial Correlat ion for M100 and 
M135 

In order to investigate how the M100 pattern ex- 
tracted from the average is represented in the single trials, 
we have used the average signal at t1=80 ms as the target 
template (see figure 3). During this period, the area of the 
strongest V 3 corresponded to sensors placed above the 

V3 
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Figure 4. The instantaneous MFT estimate for the M100 is 
compared with the instantaneous projection of the V3 
estimate onto the cortical surface for all the cases with the 
eyes open. For each case, the arrow represents the loca- 
tion and direction of the maximum value of the respective 
MFT or V 3 distribution. Each comparison is done in a fixed 
sagittal plane through the auditory cortex and in the axial 
plane closest to the maximum of the MFT or V 3. The axial 
slice number (slice) is printed, and successive axial MRI 
slices are separated by 1.563 mm. The mismatch of slice 
between MFT and V 3 maximum is of the order of grid 
separation in the MFT display, which is about 1 cm. in each 
window, the latency lat (ms) and the modulus mag of the 
computed V 3 and MFT are also printed. The units for the 
V 3 are T/m while for MFT are arbitrary. 

posterior end of the Sylvian fissure. For each epoch, 
C1(80,t) and C2(80,t) were computed for 1000- At ms (from 
-500 + -~ to 500 - -~ ms, see figure 3). Figure 5 shows the 

total number of single trials, for case L-CON-EC, having 
Cl(80,t ) and C2(80,t) above the threshold as a function of 
time (0 to 200 ms after the onset of the stimulus), for 
template lengths of At = 0, 10, 20 and 40 ms respectively. 
The figure demonstrates that for the M100, which has a 
relatively long and stable activation pattern from 60 to 
100 ms, varying the template length At changes little the 
correlation coefficients. However, when the template tar- 
get is moved to other peaks of the average signal, care 
must be taken to choose an optimal template length in 
order to reflect the simultaneity and pattern of the brain 
activity over a short period. The correlation analysis was 
also applied to all single trials with the target template in 
the average around 135 ms (i.e., t1=135 ms) and the tem- 
plate length of 10 ms (i.e., At=10 ms). In the following 
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and C2 >- 1.0) is p lot ted as a function of time, for templa te  
lengths At = 0, 10, 20 and 40 ms, respectively. 

discussion of the M100 correlation, we choose At=10 ms 
as the template length. 

Figure 6 shows the correlation between the average 
and single trials for the M100 during the first 200 ms 
after the onset of the stimulus. In all 7 cases, one or more 
single trials could be found that matched the M100 
pattern seen in the average for any one latency selected. 
The number  of matching epochs however increases dra- 
matically around the M100, i.e., at around 77-91 ms, the 
total number of high matching epochs reaches the peak. 
For the cases when the probe was placed over the left 
hemisphere, about 60-65 epochs out of 125 epochs (48%- 
52% of all epochs) have high matching at the peak 
latency. In agreement with earlier studies based solely 
on the average signals (Liu 1995; Singh et al. 1994), we 
also find that the M100 peak is reached earlier in single 
epochs when the stimulus was from the contralateral 
side than that from ipsilateral side. Note, however, the 
qualitatively different interpretation of our single trial 
analysis: for each condition the M100 onset is described 
by a distribution of the high matching trials with the 
average in time, with shifts in latency of the maximum 
of matching trials being consistent with the shifts in the 
peak latency when the average signal for each condition 
is analysed. 

Figure 7 shows the M135 correlation for the eye 
closed condition (4 cases) superimposed onto the M100 
correlation. At around the M135 peak (131-154 ms), the 
number of epochs matching the M135 target template in 
the average reaches the peak in all cases. The left hemi- 
sphere has higher number of epochs (39-44 epochs, 31%- 
35% of all epochs) than the right hemisphere (16-24 
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Figure 6. The total number of high matching epochs with 
the M100 seen in the average  in all 7 cases from 0 to 200 
ms: The left vertical axis indicates the total number  of the 
high matching epochs, while the right vertical axis is the 
corresponding pe rcen tage  in all the epochs. The solid 
and dot ted lines stand for the eyes open  and closed 
condit ion, respectively. The latency where the number of 
matching epochs reaches its maximum, for the eyes open 
condit ion, is marked by a solid vertical line. 
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Figure 7. The total number of high match ing epochs for 
the M100 (solid) and M135 (dotted) for the 4 cases with 
the eyes closed from -500 to 500 ms. 

epochs, 13%-19% of all epochs). At the M100 peak, the 
total number of the epochs having the M135 is at mini- 
mum, while at the M135 peak, the epochs having high 
M100 correlation is at minimum. 

Tables 1 and 2 show the total number of epochs 
matching the average templates at around M100 and 
M135, respectively. The tables also contain information 
about how many epochs match one or other template 
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Table I. A summary table for all the available single trial 
data (7 out of 8 cases) in the M100 correlation. The first 
column identifies the case, and the second column shows 
the average number of trials ( ] ) having high M100 corre- 
lation (C1 >- 0.6 and C2 -> 1.0) during the 500 ms long 
pre-stimutus interval. The next three columns summarize 
the M100 correlation during the M100 peak period (from 
77 to 91 ms): the average number of trials having high 
M100 correlation (~]) ,  the latency where the number of 

high matching trials is maximum (71) and the maximum 
number of high matching trials [N~), which are spilt into 
trials which have high M 100 matching only and trials which 
have both high M100 and M135 matchings, as stated by 
the numbers in the bracket. Column 6 shows the total 
number of epochs (Sl), and in bracket the corresponding 
percentage, which, for at least one latency between 60 
and t00 ms, match the M100 average. Columns 7 to 9 
summarize the M100 correlation during the M135 peak 
period (from 13l to 154 ms): the average number of high 
matching trials ( ~2 ), the latency where the M 135 correla- 

tion is at peak (t2) and the number of high matching trials 
(n2) at the latency of (t2). 

case pre- MIO0 period 
label stm. 

L-IPS- n nl Tl(ms)Nl(O./b.) S1(%) 

EO 3.0 58.7 83 65(42/23) 83(66) 

I L-IPS- 60(38/22) EC 6.3 49.7 91 79(63) 

L-CON- 
3.8 54.5 77 65(44/21) 87(70) EO 

L-CON- 
EC 5.1 55.8 81 64(45/19) 82(66) 

RqPS- 
2.1 22.4 89 29(27/2) 69(55) EO 

R-IPS- 
EC 1.4 25.3 87 33(24/9) 79(63) 

R-CON- 
7.7 47.7 79 52(44/8) 83(66) EC 

M135 period 

t 

1~2 t2(ms ) n2 

0.5 144 0 

3.1 154 2 

0.7 140 1 

2.0 i 135 1 

0.4 146 0 

0 131 1 

4.8 133 2 

Table II. A summary table for all the available single trial 
data (7 out of 8 cases) in the M135 correlation. The first 
column identifies the case, and the second column shows 
the average number of trials ( ~ ) having high M 135 corre- 
lation (C1 >- 0.6 and C2 > 1.0) during the 500 ms long 
pre-stimulus interval. The next three columns summarize 
the M135 correlation during the M100 peak period (from 
77 to 91 ms): the average number of trials having high 
M135 correlation (n l ) ,  the latency where the M100 cor- 

relation is at peak (tl) and the number of high matching 
trials (nl) at the latency of (tl). Columns 6 to 8 summarize 
the M135 correlation during the M135 peak period (from 
131 to 154 ms): the average nCr~qber of high matching trials 
(n2), the latency where the number of high matching 

trials is maximum (72) and the maximum number of high 
matching trials (N2), which are spilt into trials which have 
high M135 matching only and trials which have both high 
M100 and M135 matchings, as stated by the numbers in 
the bracket. CoLumn 9 shows the totat number of epochs 
($2), and in bracket the corresponding percentage,  
which, for at least one latency between T2-5 and 7-2+5 ms 
in each case, match the M135 average. 

case pre- MIO0 period M135 period 
label stm. 

'tl(ms) rl n 1 n 1 n2  T2(ms ) N2(o./b.) S2(%) 

L-IPS- 
EO 14.7 0 83 0 36.6 144 43(20/23) 53(42) 

L-IPS- 
EC 15.6 0 91 1 36.1 154 42(20/22) 51(41) 

L-CON-I 
9.1 1.0 77 1 37.6 140 44(23/21) 62(50) EO 

L-CON- 16.0 0.9 81 0 32.8 135 39(20/19) 47(38) EC 
R-IPS- 
EO 6.3 0.8 89 0 10.1 146 17(14/2) 39(31) 

RqPS- 
EC 6.7 2.5 87 1 '10.3 131 16(7/9) 53(42) 

ERc CON- 8.8 2.5 79 6 15.0 133 24(16/8) 50(40) 

only, and how m any  epochs match well both the M100 
and M135 average template.  In the tables we also give the 
cumulat ive  epoch numbers  with high matching, i.e., the 
total num be r  of epochs, showing a matching with the 
M100 or M135 average pattern,  at some latency around 
the peak value, i.e., 60-100 ms for the M100. The popula-  
tion of epochs tends to divide in two, particularly on the 
left hemisphere,  about  50% of the epochs match the aver- 
age, which  are d iv ided in a ratio of 2:1 between those 
matching only the M100 and those matching both the 
M100 and M135. About  one third of the trials show a 
matching with the M135 peak and they are equally di- 

v ided  be tween those only matching the M135 and those 
also matching the M100. The most  striking feature of the 
tables is the reduct ion in matching of one component  at 
the latency of the other. It is also wor th  not ing that dur ing 
the pre-s~imulus interval more  single trials behave like 
the M135 than the M100. 

40-Hz studies 

The correlation measures with spat iotemporal  V 3 

templates was first applied to the filtered data in the 35-45 
Hz band. On that occasion we have used the first 50 ms 
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Figure 8. Epoch summary for the single trial signals in the 
6 cases bandpass filtered in 35-45 Hz from -500 to 500 ms: 
an empty dot corresponds to C] > 0.85, and a filled dot 
corresponds to 0.7 < C~ < 0.85. The size of the dots indi- 
cates C2, i.e., the big dots stand for C2 > 7.0, and the small 
dots are for those 3.47_< C 2 < 7.0. For avoiding clutter, every 
other 5th single trial is shown. 
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Figure 9. Epoch summary for the single trial signals in the 
6 cases bandpass filtered in 35-45 Hz from -25 ms to 25 ms. 
All the epochs have high matching with the average 
between -25 and 25 ms are shown with the same display 
symbols defined in figure 8. 

of the average signal as a target template and computed 
the two correlation measures for all single trials, again for 
500 ms before to 500 ms after the onset of the stimulus 
(Liu 1995; Liu and Ioannides 1995). The 40-Hz oscillation 
identified in the first 50 ms of the average signal is 
matched in single trials, well before and well after stimu- 
lus onset. In figure 8, we use dot diagrams to show how 
widespread the 40-Hz oscillation is in time. In figure 9, 
we zoom in to the period around the onset of the stimulus 
to show when and how strongly the 40-Hz pattern iden- 
tified in the average occurs in single trials. Note that in 
only a small number of trials a matching is observed with 
nearly zero phase lag with the average. Although the 

number of trials with high matching and zero phase lag 
with the average is small, typically 5-10% of all the single 
trials, it is higher than the matching occurring spontane- 
ously and randomly throughout the period studied. 

D i s c u s s i o n  

The need to consider single trials has been recog- 
nised for a long time, but the notion that most of the signal 
in single trials is "brain noise" has prevailed. MEG analy- 
sis has adopted averaging for different reasons than EEG 
(Ioannides 1994a), but continued with its use when mul- 
tichannel MEG probes made single trial analysis per- 
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fectly feasible. Even in EEG, processing of unaveraged 
signal is gaining ground (Haig et al. 1995; Liberati et al. 
1992; Tomberg and Desmedt 1995). The main problem 
with single trial analysis of MEG signals is the computa- 
tional burden incurred and the huge amount of output 
that such analysis produces. The V 3 based methods we 
have described use spatial and temporal integrals and 
correlations together with the specificity of the V 3 sensi- 
tivity to minimize the effect of random variations. They 
are designed to handle efficiently the computational bur- 
den associated with single trial analysis and they produce 
meaningful summaries of the results. 

The MFT estimates for the average signal we are 
using in this s tudy was compared with the equivalent 
current dipole (ECD) solution (Singh et al. 1994). In agree- 
ment with earlier similar studies (Ioannides et al. 1993a; 
Ioannides et al. 1993b), it was found that the MFT esti- 
mate and the ECD solution are in excellent agreement 
whenever the ECD solution fits the data very well. This 
usuatIy is the case at the peaks of the average signal and 
particularly the M100 peak. In between the intervals 
where the ECD fits the data well, the ECD prediction 
varies widely and erratically in location; in contrast the 
MFT solution behaves in a much more stable manner 
showing a decline of activity in the areas seen at the main 
peaks and /o r  other areas becoming active as well. The 
excellent agreement between the MFT and the V 3 maxima 
at the M100 peak, as evidenced in figure 4, allows us to 
be confident about the use of the V8 operator to provide 
specificity for focal nearby generators. By constructing 
the correlation estimator from the u integrated over a 
period of time and/or  a region, we were able to extract 
reliable measures about how a specified pattern seen in 
the average signal is represented in the single trials. The 
V3 is for MEG, a vector operator analogous to the well 
known scalar operator of EEG, the Laplacian (Hjorth 
1975); we are confident that our C1 and C2 correlation 
measures can be applied to EEG, by replacing the V3 with 
the Laplacian. 

In most researchers' mind, the realization of single 
trial analysis was anticipated as an addition to the exist- 
ing edifice, building on top of what the "safe, noise-free" 
average has established. The work we have discussed 
here and other work applying single trial analysis to 
pathological signal (Bamidis et al. 1995) has provided an 
explanation why some of the crudest models for the 
generators can be very successful in providing good de- 
scriptions of the average data and can even be used as 
markers of pathology (Rieke et al. 1995; Schwartz et al. 
1995; Grummich et al. 1995). The MFT estimates extracted 
from unaveraged and minimally filtered MEG signals are 
highly variable from timeslice (ms) to timeslice (ms), as 
one would  expect if the single trial signals are dominated 
by noise. A closer inspection of the MFT solutions points 

to a different conclusion. We have constructed instanta- 
neous MFT solutions, and their integrals of intensity, 
with increasing integration time At, from 5 ms to 100 ms. 
We have compared corresponding MFT slices extracted 
from the average and its constituent single trials, and for 
the intensity distributions we have identified the order of 
activations of the main areas within each distribution 
(Liu 1995). If the single trial signal was dominated by 
noise, we should find no resemblance between the aver- 
age and single trial MFT solutions. We find instead the 
same highly focal solutions in each case (Liu 1995; Ioan- 
nides et al. 1995b) but at different latencies in single trials, 
as long as At is small, particularly below 30 ms. As the 
integration time At increases the agreement improves 
dramatically and by 100 ms the areas identified and the 
order of activation become increasingly similar (Liu 1995; 
Ioannides et al. 1995b). The picture that emerges is not 
that of a rigid sequence, but of a range of temporal 
windows with trial to trial variability steadily decreasing 
as At increases. Within temporal windows of 30 ms or 
less we find little consistency in time (in the order of 
activations), although the same areas are identified in 
different trials, supporting the idea of a breakdown of 
time order at this temporal scale (P6ppel 1994). Even for 
At _> 100 ms the order is not identical in each trial, but 
rather the trials are grouped into sets, each set accounting 
for a different sequence in the average. The V 3 based 
correlation single trial analysis for the M100 and M135 
peak further elaborates the same point, and strengthens 
the conclusion by allowing us to consider all single trials. 
In addition to the evident latency jitter, the analysis 
shows again that the features identified in the average 
need not be, and in all likelihood do not reflect a sequence 
of events. 

In all the correlation studies for the 7 cases, we 
noticed that the number of matching epochs for the probe 
placed over the right hemisphere is slightly lower than 
the left hemisphere, 29-52 epochs out of 125 epochs (23%- 
42% of all epochs). The difference of the matching 
number between the left and right hemisphere canbe due 
to a number of factors. All experiments with the probe 
over the right hemisphere were conducted first, 2 days 
before the experiments with the probe over the left hemi- 
sphere, so this may reflect some learning effect. More 
likely this is a reflection of the more tight within region 
organization on the left hemisphere, compared to the 
more between region connectivity on the right (Semmes 
1968). 

The 40 Hz work is intriguing, but in no way  conclu- 
sive. The experiment we have used does not require 
much mental effort, nor does it involve a high level of 
attention, attributes which have been associated with 
increasing 40 Hz activity. The basic finding is however 
consistent with the work of Llin4s and collaborators 
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(Ribary et al. 1991; Llin~s and Ribary 1993; Joliot et al. 
1994), suggesting that the processes associated with the 
generation of the 40 Hz signal occur spontaneously and 
intermittently as well as being reset in a subset of epochs 
by the introduction of the stimulus. The reset was found 
to be a rather rare event occurring in only a small fraction 
of epochs. Our results suggest that the increase in 40-Hz 
activity with cognitive load observed in some experi- 
ments (Tiitinen et al. 1993) is due to more trials partici- 
pating in a fixed time lock sequence reset with the 
stimulus, rather than any increase in the 40-Hz intensity 
in individual single trials. 

Our work does not resolve the recent controversy 
regarding the generation of the 40-Hz oscillation, but it 
provides some useful pointers. The thatamo-cortical ori- 
gin of the gamma band activity advocated by Llin~s 
(Llin~s et al. 1994) was supported by an earlier MFT 
analysis of the early response (Ribary et al. 1991). The 
analysis reported here emphasizes deliberately the corti- 
cal contributions (the V3 operator reduces drastically the 
contribution from deep sources) so we can not address 
the question of deep generators directly. Franowicz and 
Barth (1995) observed in lightly anesthetized rats a 40-Hz 
response in the primary auditory cortex, with reduced 
activity at the onset of the stimulus and no evidence for 
deep activity. Llin~s has shown that 40-Hz oscillation is 
related to the state of the subject (Llin{~s and Ribary 1993; 
Llin~s and Pare 1991), namely, the 40-Hz is not seen in 
delta sleep but  it is present in the awake state and REM 
sleep, and the reset of the 40-Hz is absent in all stages of 
sleep. The Franowicz observations (Franowicz and Barth 
1995) were made on lightly anesthetized preparations, 
while the human observations were made when the sub- 
ject was awakG alert and focusing on a demanding task 
(Joliot et al. 1994). Galambos has shown many years ago 
that the classical auditory path remains active in anesthe- 
tized cats (Galambos et al. 1961), but another more medial 
pathway must be involved in awake animals. It is likely 
that the thalamo-corfical oscillations may involve this 
second pathway, while the purely cortical events in the 
primary auditory cortex the classical route. The best way 
of examining these questions is through the design of 
experiments, where not only the physical properties of 
the stimulus are varied, but also the subject's response 
and perception of the stimulus properties and signifi- 
cance are recorded in every single trial, 

In Conclusion, we have demonstrated that the analy- 
sis of single trialMEG data is perfectly feasible. Although 
our primary aim was to develop a methodology capable 
of tackling single trial data, the application of the tools we 
have developed to rather innocuous auditory evoked 
fields has provided powerful hints about cortical process- 
ing. Our results cast doubt on the idea that the analysis 
of the average MEG or EEG signal relate directly to the 

temporal dynamics of brain processes. 1"he most parsi- 
monious explanation of our results is that the average is 
a superposition of histories each reflected in different 
subsets of the epochs. Alternative explanations could be 
made along the lines suggested by Galambos (Galambos 
t995), i.e., a more holistic activation following the onset 
of the stimulus with oscillations spanning many brain 
centers in competing networks. Different subsets of ep- 
ochs could correspond to different networks or different 
"response modes" of the same network. Whatever the 
explanation the warning is clear: the early imposition of 
constraints either in time (e.g,, unnecessary filtering) or 
on the basis of anatomy (Fuchs et al. 1995~ may eliminate 
significant information. The use of averaging is very 
effective in eliminating noise, but it also eliminates infor- 
mation and makes the interpretation of results difficult; 
this is especially relevant to the many recent studies using 
either fMRI (Simpson et al. 1995) or PET (Snyder et al, 
1995) loci of activity to constrain EEG and/or  MEG 
solutions. We repeat the advice earlier given (Ioannides 
et al. 1995a): at this stage of functional brain imaging, it 
is wise, in EEG and MEG studies, to impose as few prior 
constraints as necessary so that we can test the solutions 
against anatomical reality rather than irr~pose constraints 
which make interpretation difficult. Given how- much 
information is lost by averaging and heavy filtering, any 
agreement or consistency between fMRI and average 
EEG or MEG reveals less about dynamics and more about 
the limitations of heamodynam~c measures! 
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