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I Common reference coherence data are confounded by power and 
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Summary Coherence analysis of the EEG is used to study the coupling between cortical regions. High coherence between 
jignals recorded at 2 electrodes is interpreted as evidence for neuroanatomic connections between the cortical areas underlying the 
electrodes. When common reference recordings are used. coherence measures the relationshp between 2 time series, each of whch is 
the difference between 2 signals measured at the scalp and is confounded by spectral power and phase at the recording and reference 
electrodes. Using multi-channel EEG data from 3 subjects, we illustrate the confounding of common reference data coherence 
computations and demonstrate the extreme effects of power and phase changes on coherence by simulating these changes in the EEG 
data. Common reference coherence data can be either inflated or deflated as a consequence of activity (i.e., spectral power) at the 
reference. Phase relationships among the reference and recording time series modulate the power effects on coherence. Both the 
pawer and phase effects can vary dramatically across frequencies, having profound and complicated effects on the shape of the 
cI iherence function. Based on these considerations, we conclude that common reference coherence data must be interpreted very 
c.iutiously and recommend that a new body of EEG coherence data must be gathered using reference-free recording methods before 
the utility of EEG coherence analysis for understanding brain function can be determined. 

Keg words: Coherence analysis; Power effect: Phase effect 

EEG coherence measures the covariation between 2 record- 
ings as a function of frequency. High coherence between EEG 
signals has been interpreted as evidence for neuroanatomic 
connections between cortical areas underlying the recording 
eiectrodes. However, this interpretation may be problematic 
 hen common reference recordmgs are used. The general 
pvoblems that arise in analysis and interpretation of common 
rcference EEG recordings have been widely discussed (e&, 
hunez 1981; Lehmann et al. 1986). With specific regard to 
kEG coherence, Shaw et al. (1979) noted that spectral power 
aqd coherence are confounded when common reference record- 
ings are used, but did not discuss the magnitude of the 

. confounding. We demonstrate below that coherence of com- 
mon reference data is strongly confounded by both spectral 
power and phase at the recording and reference electrode sites. 

The argument is as follows: 
The coherence between 2 time series is derived from the 
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coherency function. If one could directly measure the EEG 
potentials at 2 electrode sites, the coherency between the 
signals as a complex function of frequency ( A )  would be: 

where: f,,(A) = power spectrum at electrode n, and f,(A) = 

cross-spectrum between signals at electrodes m and n. 
Coherency contains 2 separable pieces of information: 
coherence (modulus) and phase angle (argument), which may 
vary independently. Coherence measures the degree to which 2 
signals covary at a specific frequency; phase angle measures 
the phase relationship of the covarying activity. Estimation of 
coherence and phase angle from observed time series data is 
discussed by Brillinger (1981) and Saltzberg et al. (1986). 

Let X,(t), X2(t), and C(t) denote the signals at time t at 
electrode 1, electrode 2, and the common reference, respec- 
tively. Common reference recordings measure the differences: 
Yl(t) = X,(t)-c(t) and Y2(t) = X2(t)-C(t). The coherency 
between Yl(t) and Y2(t) is: 
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where: R,, = real part of f,. 
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If the power of C(t) is small relative to that of X,(t) and 
X,(t), then eqn 2 approaches eqn 1. Conversely, as the power 
of C(t) becomes large relative to that at X,(t) and X ,(t), eqn 2 
approaches the coherency of C(t) with itself, with coherence of 
1 and phase angle of 0. RYIY2 approaches the maximum 
possible value (1.0) when the power at the common reference is 
very large. However, when the power at the common reference 
is moderate, RYIY, may be either deflated or inflated relative 
to Rx,x2. Th~s occurs because the effects of the spectral power 
of the common reference on RY,Y, are modulated by the phase 
relationships among the time series at the 3 electrode sites. 
Both the power and phase effects can vary dramatically across 
frequencies, having profound and complicated effects on the 
shape of the coherence function. 

In order to investigate the magnitude of reference effects 
on coherence as they occur in practice, we needed to model 
realistic local EEG signals at both the common reference and 
active electrode sites. Reference-free potential data cannot 
actually be recorded from these sites. We considered filtenng 

computer-generated random numbers to obtain stimulated time 
series with spectra similar to EEG, but this would not repro- 
duce the complexity of the EEG data. Instead, we used current 
source derivation (CSD) time series (computed from real EEG 
recordings) as if they were reference-free potential time series. 
The CSD transformation (Hjorth 1975) produces a reference- 
free estimate of the second spatial derivative of the potentidl 
surface over the scalp, and thus CSD data do not represent 
actual potentials. Nevertheless, we believe that CSD time sene> 
more closely resemble real (but unobservable) reference-free 
potentials than do artificial data. We gathered 60 artifact-free 1 
sec epochs of data during a resting. eyes-open condition f r t , m  
each of 3 subjects and computed CSD time series at C3, (.-I. 
P3, P4, and Cz. We refer to these data as the 'reference-fws' 
time series. Comparable ' vertex-referenced' data for each e:<(- 
trode were then computed as the difference between the ' re~tr-  
ence-free' time series at each site and the 'reference-frfr' 
recording at Cz. 

We estimated spectra, cross-spectra, and cohrrencies u.ing 
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Fig. 1. Coherence is illustrated for 'reference-free' and 'vertex-referenced' data. Note that power at the vertex is of the same cider  of 
magnitude as the power at the recording electrodes, resulting in an inflation of ' vertex-referenced' coherence relative to ' referenc--~r~~'  
coherence. Activity at the recording electrodes is out of phase primarily in the theta and alpha bands. which attrnuu!i" Ihe 
'vertex-referenced' coherence for those bands, resulting in a coherence trough around 10 Hz, even though a peak exists at [hob? 
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COHERENCE ANALYSIS BY POWER AND PHASE EFFECTS 

the F l T  algorithm, after removing edge effects, for 2 pairs of 
'reference-free' time series, C3 vs. C4 and P3 vs. P4. and for 
each of these electrodes versus Cz. We also computed 
coherencies for the ' vertex-referenced' pairs ( C 3 - c ~  vs. C4-Cz 
and P 3 - c ~  vs. P 4 - c ~ )  by substituting the appropriate 'refer- 
ence-free' spectra and cross-spectra in eqn 2. 

Averaged across the 3 subjects and the central and parietal 
l a d  pairs, the ' vertex-referenced' coherence for the various 
frr.quency bands was 175-770% larger than the analogous 
'rcference-free' coherence measures! However, differences in 
the phase relationships among the 'reference-free' time series 
slrongly affected the shape of the coherence function. This 
effect is particularly striking in Fig. 1. The 'reference-free' time 
series at the P3 and P4 electrodes are out of phase with each 
other by about n radians primarily in the theta and alpha 
bsnds. Activity at one of these electrodes is in phase and 
atr ibi ty  at the other electrode is out of phase with 'reference- 
fr:.e' activity at the vertex. Although the ' vertex-referenced' 
coherence of P3 vs. P4 is higher than the 'reference-free' 
c('herence across all frequency bands. there is a dramatic 
attenuation of the P3 vs. P4 'vertex-referenced' coherence for 
the theta and alpha bands. This manifests itself as a coherence 
trough around 10 Hz in 'vertex-referenced' coherence as op- 
posed to a peak at those frequencies in the 'reference-free' 
coherence. 

To examine how changes in power at the recording or 
reference electrodes affect the coherence of common reference 
d.ita. we systematically increased or decreased the spectral 
p)wer of the 'reference-free' time series at each site and 
acljusted the cross-spectra so that the coherence between the 
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F-ig. 2. The effect of a phase shift of n radians of the 'refer- 
ence-free' activity at C3, C4 or Cz on 'vertex-referenced' 
central lead coherence is illustrated. The phase relationships 
between activity at the active reference (Cz) and activity at the 
r a r d i n g  sites (C3 and C4) modulate the common reference 
effects on coherence in a very complicated manner since the 
power and phase effects can vary dramatically across the 

frequency spectrum. 
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'reference-free' time series remained unchanged (see eqn 1). 
We then recomputed ' vertex-referenced' coherence using eqn 
2. A 20% increase (decrease) in amplitude at the reference 
resulted in up to a 40% increase (decrease) in the degree of 
inflation of ' vertex-referenced' coherence. A 20% increase (de- 
crease) in amplitude at either recording electrode decreased 
(increased) the degree of inflation of ' vertex-referenced' 
coherence. 

Finally, we simulated the effect on common reference 
coherence of changes in the phase relationships among the 
' reference-free' time series by shifting the phase angles of the 
'reference-free' cross-spectra. We then recomputed ' vertex-ref- 
erenced' coherence using eqn 2. Fig. 2 illustrates the effect of a 
phase shift of n radians in the 'reference-free' data at C3. C4. 
or Cz on ' vertex-referenced' coherence for 1 subject. The phase 
shift at C3 had a relatively small effect on coherence, decreas- 
ing the common reference inflation of coherence across the 
spectrum and turning a small peak in coherence at around 23 
Hz into a small trough. The phase shift at C4 resulted in a 
drastic reduction in the common reference inflation of 
coherence across the spectrum and transformed a peak in 
coherence below 2 Hz into a coherence trough. Finally. the 
phase shift at the vertex both resulted in a large overall 
reduction in the common reference inflation of coherence and 
had major effects on the shape of the coherence spectrum. To 
complicate matters even further, i t  is of note that a phase shft  
of n/2  radians at the vertex results in a small increase in the 
common reference coherence inflation at certain frequencies 
and a decrease at other frequencies. 

Discussion 

We have provided examples of the dramatic changes in 
common reference data coherence that can result from power 
or phase changes at the recording or reference electrodes. This 
problem should be of serious concern. In many experimental 
situations power and/or phase changes between control and 
impaired groups, active and passive tasks, or right and left 
hemispheres would be expected. 

In our lab, we find a systematic 30-601 reduction in alpha 
power during active tasks compared to resting eyes-open re- 
cordings at the various scalp leads, regardless of reference. If 
the reduction in alpha power were greater (or smaller) at the 
recording electrodes relative to the reference, there would be 
an apparent increase (or decrease) in alpha coherence that was 
entirely a consequence of changes in spectral power. 

Power differences over the scalp can lead to misinterpreta- 
tion of coherence results in studies that compare groups of 
subjects. For instance, there have been many reports of de- 
creased alpha power in schizophrenics. The topography of the 
decrease in alpha power and the choice of reference electrode 
may cause coherence in the alpha band to appear larger or 
smaller in schizophrenic groups entirely as a consequence of 
spectral power effects. 

Phase relationships dramatically influence common refer- 
ence data coherence. For 1 subject, we found a trough in P3 vs. 
P4 theta and alpha ' vertex-referenced coherence, despite a 
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coherence peak in these frequencies in P3 vs. P4 ‘reference-free’ 
data. The trough was a result of P3 and P4 ‘reference-free’ 
data being out of phase at these frequencies. Shifting the phase 
at either P3 or P4 resulted in a coherence peak in the ‘vertex- 
referenced’ data. From the initial ’ vertex-referenced’ data alone, 
one would have erroneously concluded that the areas were 
de-coupled. Were this a subject of interest (i.e., schizophrenic, 
etc.), one might have made much of the non-existent de-cou- 
pling. 

We conclude that coherence computed from common refer- 
ence recordings must be interpreted very cautiously. Changes 
which may arise from variation in power spectra and phase can 
be many times larger than coherence effects reported in the 
recent literature. 

When an average reference (AR) is used, there may still be 
a problem. The crucial factor is whether the AR is electrically 
active or inactive (neutral). If the AR is inactive, all the terms 
in eqn 2 wluch involve c(t) (which we now use to denote the 
AR) vanish, and eqn 2 approaches eqn 1. Although Lehmann 
et al. (1986) argue that the AR is an optimal reference for EEG 
potential data, it cannot be inactive with respect to all dipole 
sources (Bertrand et al. 1985). 

Bipolar recordings are a possible alternative to AR or other 
common reference recordings. They are an improvement in 
that the data reflect activity under a relatively small scalp area. 
If the paired electrodes are close together, then the data can be 
interpreted as an estimate of the first spatial derivative in the 
direction along the line from one electrode to the other. In this 
case, coherence can be interpreted as measuring covariation 
between spatial derivatives. 

Another alternative is CSD recording. To the extent that 
CSD recordings accurately estimate the second spatial deriva- 
tive, that is, the potential gradient perpendicular to the scalp, 
they are appropriate input for coherence calculations and do 
not suffer from the problems of common reference recordings. 
Accurate estimation is dependent on the electrodes being spaced 
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closely enough to sample the topographic changes in the poten- 
tial field over the head. 

It is our view that a whole new body of data must he 
gathered using reference-free recording methods before the 
utility of EEG coherence analysis for understanding brain 
function can be determined. 
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