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Abstract:

This paper discusses the treatment of the constant
phase term that is used to fit the phase of a cross-
spectrum in the estimation of the time delay between
the record of electrical activity of a brain, the elec-
troencephalogram (EEG), and the record of electrical
activity of a contracted muscle, the electromyogram
(EMG). Commonly, when the EEG-EMG time delay
is estimated as a slope of the phase of an EEG-EMG
cross-spectrum the phase spectrum is fitted with a line
given by a slope and an additive constant phase term.
We point out that if analyzed signals are short the per-
manent use of the constant phase term may be unwise.
First, based on the analysis of EEG-EMG data sets
(with the record length of 2.5 minutes), we show that
the constant phase term is often not significantly dif-
ferent from zero. Second, we illustrate that the use of
the constant phase term provides results with much
greater variance than without it. As a consequence,
we suggest to limit the use of the constant phase term
only to the cases where it is showed to be significantly
different from zero, and we provide a statistical test to
indicate these instances.

Introduction

The examination of the time delay between EEG and
EMG signals provides additional information to their co-

herence analysis. While the coherence analysis reveals

that there is coupling between EEG and EMG signals, the
estimation of their mutual time delays sheds more light
on the mechanism of this relation. In particular, the hith-
erto reported time delays suggest that EEG record pre-
cede EMG, which led to the conclusion that it is actually
a cortical drive of muscles that the EEG-EMG coherence
represents.

When choosing a time delay estimator (TDE) we have
to ensure that it can sufficiently cover the relationship be-
tween examined signals (for instance it may have to deal
with different time delays at different frequencies). If a
TDE uses a too simple model to represent the relationship
between analyzed signals, its results will be most proba-
bly biased. This bias can be reduced only by using a TDE
with a model complex enough to fit the relation between
signals. However, it is not necessarily true that the over-
all precision of the results increases with the complexity

of a TDE. In fact, a more complex estimator with more
parameters to estimate will provide results with greater
variance. Or, in other words, with increasing complexity
of a TDE, more data is needed to reach a given variance
of the results. Therefore, there is a trade-off between the
reduction of a bias (by increasing the complexity of the
TDE) and the increase of the variance of the results. In
this paper we show that for short EEG-EMG data records
it may be worth reducing the complexity of the time delay
estimator to obtain results with reasonable variance.

From the plethora of TDEs, the analysis of the time
delay between EEG and EMG has mostly been based on
a cross-correlation [1, 2, 3, 4, 5, 6,17nd the phase of
a cross-spectrum [2, 3, 4, 5, 8, 9, 10, 41]There also
have been a few attempts to use a more complex non-
linear TDE [12], but due to the complexity of the issue,
we will limit ourselves only to the methods exploiting the
second order statistics. In particular, we will concentrate
on the time delay obtainable from the EEG-EMG cross-
spectrum.

The phase of EEG-EMG cross-spectrum is said to be
given by two factors [10] - a slope of the spectrum and
an additive constant phase term. The former corresponds
to the time delay while the latter arises when the relation
between EEG and EMG cannot be described by a simple
time delay model

un] = sn] + na[n},
vn] = s[n— D]+ nz[n], @)
whereu[n] andv[n] are the measured signals composed
of a signals[n], its time delay versios[n — D] and mu-
tually uncorrelated noisg4[n] andnz[n]. A complexity

we would like to address is the additional constant phase
term. We of course do not expect that EEG and EMG
signals are merely time shifted signals with some noise.
As signals in neural networks, EEG and EMG can be ex-
pected to have rather complex, most probably non-linear
relationship. However, we believe that if the amount of

150 called back-averaging of EEG with respect to EMG, also used
in the EEG-EMG time delay estimation, is basically a cross-correlation
method, where EMG signal is represented by a series of unity pulses at
the positions of EMG onsets

2Some of these works actually deal with MEG-EMG time delays
(and coherence). MEG stands for the magnetoencephalogram - the
record of magnetic activity of a brain. Methods of the MEG-EMG time
delay estimation are essentially equivalent to those used for EEG-EMG
records.
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recorded data is limited, it may be valuable to constrain
our model of the EEG-EMG relationship to a simpler one.
In fact, we show that if EEG-EMG relationship is mod-
elled as a simple delay with additive noise (1), the ob-
tained results may surpass those provided by more com-
plex methods.

Theoretical Background

To allow a solid discussion about methods used in the
EEG-EMG time delay estimation, we first need to outline
the principle of several TDEs and the spectral character-
istics these TDEs are based on.

Definition and Estimation of Spectral Characteristics

The power and cross spectral densities of sigufalsand
v[n| are defined as [13]

Su(Q) =E[U(Q)7], S(Q)=E
Sw(Q) = EU(QV*(Q)], @)

whereU (Q) andV (Q) are Fourier transforms afin] and
v[n].

The magnitude squared function (MSC) is defined as
(13]

V(@)

2 ISw(@)?
NP = g @) ©)

To estimate these spectral characteristics we will use
the modified Welch method [13]. Signal$n] andvin],
N samples long, are first segmented ihtsegments [n]
andv [n], which areM samples long. The individual seg-
ments are then weighted with a windawn], and their
Fourier transforms are computed

Ui(Q) = Z{wnju[n]} Vi(Q) =F{wlnv[n]}. (4)
Next, S,(Q), S,(Q) andS,y(Q) are estimated as
R 1 L . 1 L
S@ =3 M@F, S@=f5 M@F,
L
S(@)= [ F U@V (@ ©)

To setup the estimation procedure properly, we suggest
the use of the Hamming window and at least 70% seg-
ment overlap.

The magnitude squared coherence is estimated as

|Sw(Q)1?

VQ)P = L 6
IV(Q)] 39 5@ (6)

Methods of Time Delay Estimation

In this section we outline basic TDEs, which are based on
the second order statistics. We will show the variations of
these TDEs with and without the additive constant phase
term

Cross-Correlation The most simple approach to es-
timate the time delaip is the cross-correlation method

B = arg maxRu[d] @)

whereD is the time delay estimate, arﬁ?d.v[m} is the es-
timate of the cross-correlation afn] andvn|

. 1 N—d-1

Ru[d] = N ; u[njvin+d. (8)

This method is capable of dealing with the simple delay
model (1), but is rather imprecise. It fails in presence of
noise, disperse signal propagation or nonlinearities [13].

Phase of Cross-Spectral DensithA more sophisti-
cated method utilizes the phase of the cross-spectrum of
signalsu[n] andv[n]. Under the assumption of the simple
time delay model (1), the phase of the cross-spectrum is
a line with a slope given by the time del@y

P(Q) =argSw(Q) =-D-Q. 9)
Consequently, the time delay can be estimated by fitting
the line (9) to the estimate of the phase spectf(f).

The expected phase spectrum (9) can be somewhat
generalized by adding a constant phase tégnwhich
could account for deviations from the simple delay model
@)

P(Q)

—D-Q+dp. (10)

The usefulness (or redundancy) of the constant phase
termdg is what the latter sections of this paper will focus
on.

Now, the actual fitting of (9) or (10) (i.e. the time
delay estimation) is performed with the weighted least
squares methody is set to zero if (9) is assumed)

[6,60] arg max Wi ms (Qq)

~ 2
(®(Qa) - @+d04)
4% ofzs

(1
whereB denotes the frequency band of inter&{Qy) is
the phase 08,,(Qq), andQq denotes the points

k=1..M/2-1, (12)

™M
where®(Qq) is evaluated. The weights_ys(Qq) were
suggested to be disproportional to the variance of the
phase spectrum estimaté Q) [14]

VQo? 1
—|V(Qd)|?  vaf®(Qq)]

A hitch is that any point of a phase spectrum, as a
complex argument, is ambiguous, meaning that all values
®(Q) + 2nk, wherek is integer, are equivalent. There-
fore, the phase OEJV(Q) can be unambiguously com-
puted only if it is limited to the interva{—rt, 7T) corre-
sponding to the principal value of the arctangent function.

(13)

Wims (Qq) = 1
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However, the fitted expressions (9) and (10) are continu-
ous lines, which are not limited to any interval. There-
fore, to allow (9) and (10) to be properly fitted, the phase
spectrum estimate must be transformed to form a contin-
uous curve through a procedure called unwrapping.

The properties of the TDE based on the phase of a
cross-spectrum are following.

The advantage is that it can focus on a chosen fre-
guency band, and so avoid frequency bands where the
signal to noise ratio is poor or the propagation delay
varies (as a result of disperse propagation). Additionally,
in the chosen frequency bamithe individual spectral
lines can be weighted with (13) according to their vari-
ance, putting more emphasis on the spectral lines less ef-
fected by noise.

The disadvantage is the need of the phase unwrap-
ping. Unwrapping procedures tend to fail in the distinct
present of noise, which is the very case of EEG-EMG
data sets, which have rather low MSC of about 0.1.

Generalized Correlation The last of the reviewed
TDEs is based on the generalized correlation. The gener-
alized correlation is defined as [15]

I =7 H{wec(Q) Sw(Q)},  (14)
and the time delay is estimated as
D=arg maxAGC[d] (15)

whereREC[d] is the estimate oRSS[d] obtainable from
(14) whenS,(Q) is replaced with its estimat8,,(Q).
The weightsnvgc(Q) were suggested to be [15]
V(Q)[? '
1Sv(Q)]- (1= ¥(Q)[?)

For computational purposes, (15) can be rewritten as [16]

(16)

WGc;(Q) =

D= arg mdax Z Wec(Qq) -cos(a(Qd) +de) , (A7)
QqeB

- Qq)[2

D was shown to have asymptotically (i.e. fdr— oo,
M — o andM /N — 0) normal distribution with variance
[16]

(18)

M
N Y oep QiWec(Qq) |

Hence, thea - 100% confidence limit ofD can be esti-
mated as

P[— varD]-zys <D-D < \/var[f)]-zlm} =a,
2 2

(20)
wherez, denotes tha- 100%quantile of the normal dis-
tribution.

In form (15) the generalized correlation estimates the
delayD that determines the slope of the phase spectrum
in (9), and is suitable for signals that correspond to the

varfD] = (29)

simple time delay model (1). Additionally, this method
can be generalized to allow the estimation of both the
slope of the phase spectrum and the constant phase term.
In particular, according to [16]

arg max ZWGC (Qq) cos(fb (Qq)+dQq— qb)

[d.»] oges
(21)
During the computation, expression (21) does not have to
be maximized simultaneously with respectitand¢. It
suffice [16] to first estimate the time delay as

[67 (/1\30]

D=arg mdax z Wec(Qq) . el (P(Qg)+dQq) . (22)

Qq4€B

and then compute the constant phase therm
o = arg < z WGC(Qd).eJ(6(9d>+BQd)) . (23)
Q4B

Additionally, D and ®, were claimed [16] to have
asymptotically (i.e. foN — c, M — o and MlN —0)
jointly normal distribution with the variance @

M

varD] = —— ,where (24)
N 5 (Qd—Q)*Wec(Qa)
Qq€B
Q= 3 Qufic(Q)/ T Woc(Qu), (25)
QdEB QdEB
and the variance 050
var®g) = — - -~ ! —, where (26)
N 5 Wec(Qq)—Q
QqeB
— 2
Q= 5 (Quec(Qu) /) T Q%fiec(Qu).  (27)
QqeB QqeB

Consequently, the - 100%confidence interval of the
delay estimate is given by (20), anky is expected to
differ from zero witha - 100%probability if

|ao‘ >

var®q] - Z1ga (28)

The properties of the generalized correlation are quite
favorable — it keeps all the advantages of the method us-
ing the phase of a cross-spectral density, but it needs no
phase unwrapping. This can be deduced from the com-
parison of estimation formulas (11) and (21). They dif-
fer only in the function applied on the expression in the
parenthesis — in (11) it is the quadratic function, in (21)
it is the cosine function. Since cosine is locally quadratic
in the proximity of zero, both procedures will give simi-
lar results when the fit is good and the expressions in the
parenthesis are small. Additionally, the periodicity of the
cosine function will provide the same behavior even if
the expression in parenthesis is close to any integer mul-
tiply of 2r, therefore, there is no need to unwrap the
phase spectrum. Ultimately, the generalized correlation
was shown to be the maximum likelihood estimator, and
so it provides the lowest possible variance for an unbiased
estimator given by the Craén-Lao lower bound [15, 16].
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Currently Used Methods for EEG-EMG Time Delay
Estimation

In the published papers dealing with the EEG(MEG)-
EMG time delay estimation mostly the cross-correlation
and the phase spectrum approaches were’used

The cross-correlation was used in [1, 2, 3, 4, 5, 6, 7].
Except [1], the reported time delays were approximately
comparable to those measured with the transcranial mag-
netic stimulation (TMS) of the motor cortex. Nonethe-
less, the correlation method uses data insufficiently, mak-
ing no difference between useful information and noise,
thus is not very suitable for the time delay estimation.

A more sophisticated phase spectrum approach was
usedin [2, 3, 4,5, 8,9, 10, 11]. In these papers the time
delay was estimated using (11) with the constant phase
term applied. Except the work [3], the results roughly
corresponded to the time delays measured by TMS of the
motor cortex. Nevertheless, several limitations were ap-
plied. First, the frequency band was limited to 15-40Hz
(or higher), because 9-12Hz (or lower) band did not seem
to provide tolerable results [8]. Next, the time delay com-
putation was sometimes limited to the EEG-EMG data
sets with the strongest coherence [4, 10] or to those with
a linear phase only [9].

We suppose that fitting of the phase of an EEG-
EMG cross-spectrum with a straight line is quite sensi-
ble. It was repeatedly reported that the phase of EEG-
EMG cross-spectrum manifest a frequency band where
the phase is linear. Thus it appears reasonable to try de-
ducing the time delay from its slope. However, we find it
rather questionable if the fitted line must always include
the additive constant phase term. In fact, according to the
published papers, the constant phase term was either di-
rectly measured in the proximity of O (e.g. see results in
[11]) or it was close tatrT [5, 9, 10], which only means
that it would be close to zero again if the polarity of ei-
ther EEG or EMG was switched. Therefore, the constant
phase term often appears redundant, its including into the

method (11) appears unnecessary, and, as a consequence,

the variance of the time delay estimates is needlessly big.

To our knowledge, there is no paper that would use the
generalized correlation method for the EEG-EMG time
delay estimation.

Suggested Method

Since both the cross-correlation and the method based on
the phase of a cross-spectrum are inferior to the general-
ized correlation TDE, we suggest the generalized correla-
tion to be used for the EEG-EMG time delay estimation

To deal with the constant phase term we suggest the
use of the following procedure (based on the suggestions

3There has also been one work [12] dealing with MEG-EMG co-
herence that used a non-linear TDE based on the phase of envelope of
analyzed signals.

“Nonetheless, the conclusions related to the use of the constant
phase thermdg hold true even for the method based on the phase of
a cross-spectrum thanks to its similarity to the generalized correlation.

in [16]). First use formulas (21), (24), (20) and (23) to es-
timate the time dela, its variance, confidence interval
and the constant phase te. Then use the test (28)
to check if®g significantly differs from zero. If not, re-
compute the time delay estimate with formula (15), and
compute its confidence limits with (19) and (20).

This procedure should limit the use of the constant
phase term only to those cases, where it is clearly neces-
sary. Thus the procedure will provide results with smaller
variance for the EEG-EMG data sets with the constant
phase term indistinguishable from zero.

Results

To test the proposed method we analyzed 88 EEG-EMG
data sets.

Data were measured on 11 subjects that performed
extension and flection of an index finger with four differ-
ent weights. EEG was measured with 82 electrode sys-
tem that covered frontal, paretial, temporal and occipital
areas. Surface EMG was measured over the muscles ex-
tensor indicis (during extension) and flexor superficialis
(during flexion). The recorded signals were 2.5 minutes
long and sampled at 512Hz.

After the rectification of EMG, the EEG signals were
spatially filtered with the Taylor series based surface
Laplacian filtration [17], and the electrode providing the
highest EEG-EMG MSC was chosen. Then, EEG-EMG
MSC was computed with (6). The EEG-EMG MSC was
considered significant if it exceeded its confidence limit
by 1.3 times at no less than one frequency in the band
14-35Hz (for the confidence limit computation see [18]
in these proceedings). Otherwise, the EEG-EMG time
delay was not computed. The time delay was estimated
with the proposed generalized correlation method with
and without the constant phase term. The frequency band
used for the estimation was limited to 14-35Hz. The ob-
tained EEG-EMG delays and their 95% confidence limits
are shown in Table 1. Asterisks indicate the cases where
e constant phase term was found to be significantly dif-
ferent from zero with 95% probability.

Discussion

From the 71 EEG-EMG data sets which manifested sig-
nificant coherence, the constant phase term was found
significantly different from zero with 95% probability in

15 cases. This is 21% of 71 cases so it cannot be caused
by the errors of the test. Therefore, the non-zero constant
phase term does occur. On the other hand, its occurrence
is not so frequent. In 56 out of 71 EEG-EMG data sets the
constant phase term was not found significantly different
from zero.

Another detail worth noticing is the variance of the
obtained time delays, which is reflected in the width of
their confidence intervals. While the estimation without
the constant phase term provided quite sensible variance
and confidence intervals with relative width raging from
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Subject Number

®y=0| ®p#0 Subject #1 Subject #2
5 1. 5.6+1.7| 17.8+15.7 1 8.94+0.7 3.1+ 4.3(%)
@ delays | delays 2. 6.1+1.6| 11.0+ 5.5 2 9.9+0.5 0.3+ 3.5(*)
g [ms] [ms] 3. 49414 | 7.0+ 4.8 3 9.6+0.7 2.6+ 4.7(%
() 4, 4.6+£1.9| 2.2£125 4. 7.5+1.0 8.2+ 4.6
%T 1. 4.8+2.5] 32.8+41.9 1. 8.7+15 8.6+ 6.3
< delays | delays 2. 4.2£1.8| 25t115 2 7.0£1.2 9.5+ 5.9
= [ms] [ms] 3. 6.8+£2.0| 2.2+20.3 3 8.3+0.8 9.5+ 4.6
4. 6.4+1.6| 22.2- 9.6(*) 4. 11.4:1.5| -12.2+13.9(%)
Subject #3 Subject #4 Subject #5
1. 8.0+3.3]| -60.0+11.4 1. 17.142.3| 25.0+17.6
2. 10.8+3.3 | -60.0+57.9 2. 15.8+2.7 7.5+12.7
3. 7.5+32| -35t154 3. 20.6£2.9| 17.0+12.3 3. 20.2£3.2 | -3.0+26.0
4. 243424 | 46.7413.1(*) 4. 10.3£2.0| 18.0+ 9.0
1. 11526 | -60.0+16.6 1. 17.0+3.8 | -60.0+17.0
2. 14325 -17.4+ 89 2. 16.4+2.3| -38.5t15.7
3. 54.0+4.1 | -19.5+15.9
4. 13.0+6.6 | -15.8£57.6 4. 15.8+3.0 | 40.0£14.5(*)
Subject #6 Subject #7 Subject #8
1. 16.8:1.8| 15.0+16.4 1. 9.0+1.5] -17.1+ 6.8(*) 1. 155+2.8| -3.6+ 8.7(*)
2. 17.6+1.4 | 16.7+159 2. 17.3t1.1| -7.6+ 6.4(*) 2. 14.0:3.5| 26.0+23.7
3. 187416 | 174159 3. 6.8+1.7 6.7+12.9 3. 13.4+24 | -22.1+17.4
4., 14.1+1.8| -4.04220 4. 59+15| 4.7+ 82(*) 4. 12.4+2.4 9.8+15.7
1. 15.3+3.2| -5.1+39.1 1. 8.0+2.0| -2.5+ 8.3(*) 1. 12.6+£3.9| -46.7+22.2
2. 175+19| 7.0+£232 2. 6.1+14 0.8+ 8.3 2. 12.6+2.6 3.1+15.5
3. 18.2+2.1 | 21.2+21.5 3. 4.5+2.2 | -28.5+15.6 3. 14.6+3.9 9.3+17.0
4. 19.0+2.0 | 12.6+16.5 4. 8.9+2.2| -8.3+12.3(*) 4. 22.5:3.0 | -60.0+26.1
Subject #9 Subject #10 Subject #11
1. 10.5+:2.8 | 11.2+36.0 1 7.3+1.7 | 13.6:12.9
2 7.1+1.2 | 21.0+10.1(%)
3. 9.9+16 3.8+17.7 3. 4.6t1.0 1.7+ 8.1 3. 14.8+2.9 5.5+18.0
4, 57+1.4| -8.1+12.7(*) 4. 5.8+0.5 8.1+ 3.9 4. 30.5t+3.2 | -50.0+17.7
1. 13.3:3.5| 12.0+37.7 1. 18.43.3| 35.2+19.5 1. 15.A42.8 | -60.0+34.9
2. 5.94+3.3| -34.5+22.2 2. 23.5+2.1| -52.3+26.2
4. 21.0+2.6 | 60.0+21.2

Table 1: The time delay estimates. As indicated in the top left template, each table contains the time delay estimates for
one subject. The first four lines show the time delays for index finger flexion and the last four lines for its extension. The
increasing numbering of each row corresponds to the increasing weight loading an index finger. The left hand side of each
table contains the time delays estimated using the generalized correlation with no constant phase term, the corresponding
time delays obtained with the constant phase term are on the right. For each estimate 95% confidence intervals are given.
The asterisks indicate cases when the constant phase term was found to be significantly different from zero with 95%
probability. Missing values mean that no significant MSC was distinguished.

+10%to +£40%, the use of the constant phase term in- term vary greatly even to negative values. Therefore, it
creased the variance and widened the confidence inter- seems that the use of the constant phase term worsen the
vals to+50%~ +500% It can bee seen that up to some  quality of the time delay estimates beyond tolerable pre-
outliers, the time delays estimated without the constant cision (this would of course improve if longer EEG and
phase term are fairly consistent for each subject; how- EMG records were used).

ever, the time delays estimated with the constant phase

IFMBE Proc. 2005 11(1) ISSN: 1727-1983 © 2005 IFMBE
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The last point to evaluate is how the estimated time

delays correspond to the expected values (how we con-
centrate to the time delays estimated without the constant

phase term only). It seems that in some subjects (e.g.
8,6,4) the time delays are close to the value of about
15ms, which is a time delay typical for muscle exten-
sor indicis obtained with TMS of the motor cortex [12]
(the muscle flexor superficialis should have a very similar
time delay). In other subjects (e.g. 1,2) the estimated time
delays are somewhat shorter. The shorter delays were en- [9]
countered before [9, 10], and they were explained by slow
signal conduction through the scull. We also believe that
the non-linearity of neural networks can be accounted for
biasing of the results.

Conclusion

We demonstrated that for signals with length as short
as 2.5 minutes the automatic inclusion of the constant
phase term into EEG-EMG time delay estimation is un-
wise. First, it turns out that for this short signal length

the constant phase term is, according to the provided sta-

tistical test, often undistinguishable from zero. Second,

the variance of the results without the constant phase is

much better than with it. Third, even though the assumed
simple delay model (1) may not fully correspond to the

relationship between the EEG and EMG signals, the bias
resulting from a simpler TDE does not damage the results [13]
so much as the huge variance provided by the addition of

the constant phase term. We therefore conclude that for

[7]

(8]

(10]

[11]

[12]

short EEG-EMG records the use of the constant phase [14]
term should be limited as much as possible.
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