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An important question in event-related poten- 
tial (ERP) experiments is whether ERP scalp dis- 
tributions differ between experimental conditions, 
subject groups, or components. Scalp distributions 
are an important criterion for identifying ERP 
components (for discussion, see Donchin et al. 
1978; Picton and Stuss 1980; Sutton and Ruchkin 
1984) because of the biophysical fact that different 
potential field distributions on the scalp indicate 
different spatial configurations of intracranial cur- 
rent sources (Vaughan 1982; Wood 1982; Wood et 
al. 1984). This interpretation assumes, of course, 
that distributional differences reflect differences in 
neural activity and are not due to differential eye 
movements, muscle activity, or other artifacts be- 
tween conditions. 

Differences between scalp distributions are 
often assessed in the same analysis of variance 
(ANOVA) used to assess the statistical significance 
of experimental manipulations. The simplest form 
of such an analysis is a 2-way Location x 
Condition design in which the Location main ef- 
fect indicates whether there are differences be- 
tween Locations averaged over all Conditions, the 
Condition main effect indicates whether there are 
differences between levels of the Condition factor 
averaged over all Locations, and the Location x 
Condition interaction indicates whether there are 
differences in the pattern of voltage across Loca- 
tions in different Conditions. Based on conven- 
tional interpretations of ANOVA interactions (e.g., 
Winer 1962), significant Location x Condition in- 
teractions are typically interpreted as demonstrat- 
ing different scalp distributions for different Con- 
ditions, hence implying different configurations of 

current sources. Although our results are presented 
in terms of Location x Condition designs, the same 
considerations apply to ANOVAs involving scalp 
distributions for different groups of subjects (i.e., 
Location x Group interactions) and for different 
ERP components (i.e., Location x Component  in- 
teractions). 

The use of interactions involving electrode loca- 
tion to assess differences between scalp distribu- 
tions initially appears to be both conceptually and 
statistically sound: such differences must be due 
(apart from artifacts) to changes in source config- 
uration, location, or extent, and the additive 
ANOVA model is one of the most robust, well- 
studied techniques in inferential statistics. How- 
ever, there is a basic incompatibility between the 
additive ANOVA model and the multiplicative 
effect on ERPs produced by changes in source 
strength. That is, a 2-fold increase in source 
strength, for example, produces a corresponding 
2-fold increase in the voltage at each location 
instead of adding a constant voltage to each loca- 
tion as assumed by the ANOVA model. Conse- 
quently, significant Location x Condition interac- 
tions can result solely from a change in source 
strength, indicating that shape differences between 
scalp distributions cannot be unambiguously de- 
rived from ANOVA interactions involving elec- 
trode location. 

In this paper we use potential distributions 
generated by dipole sources in spherical volume 
conductor models: (a) to illustrate the incompati- 
bility of the ANOVA model for ERP data; (b) to 
demonstrate that it is not merely a theoretical 
curiosity but occurs under conditions of noise 
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approximating those of empirical ERP data; and 
(c) to demonstrate that the incompatibility can be 
circumvented by suitable scaling of the data before 
ANOVAs are computed. This problem has been 
addressed by Hansen and Hillyard (1980) but has 
not received adequate attention in the literature. 

Methods 

To illustrate the incompatibility of the additive 
ANOVA model with ERP data, we simulated Lo- 
cation x Condition 2-way ANOVAs with signifi- 
cant effects of Location and Condition, both with 
and without changes in source location (and hence 
with and without changes in distributional shape). 
In each analysis to be described, the Location 
factor had 3 levels and the Condition factor had 2 
levels. Such a design would be appropriate, for 
example, for an experiment investigating 2 levels 
of stimulus intensity measured at each of 3 elec- 
trode locations. 

The shapes of the basic scalp distributions, and 
hence the Location main effects, were determined 
by calculating the surface potential fields gener- 
ated by dipole sources in a 4-sphere model of the 
head (cf., Cuffin and Cohen 1979; Darcey et al. 
1980). The brain was represented by a 10 cm inner 
sphere, with outer shells of 10.2, 10.9 and 11.5 cm 
representing cerebrospinal fluid, skull and scalp. 
Resistivities of the brain and scalp were assumed 
to be equal, and those of the skull and cerebrospi- 
nal fluid to be 80 times higher and 3 times lower, 
respectively (Rush and Driscoll 1968). 

Condition main effects were introduced by re- 
ducing the dipole moment  (i.e., strength) parame- 
ter for one level of the Condition factor relative to 
the other by one-half. The data for each cell in the 
2 x 3 design consisted of 100 values sampled ran- 
domly from normal distributions determined by 
the Location and Condition effects; specific values 
are given below. ANOVAs were computed using 
BMDP4V (Dixon 1981). 

Results and Discussion 

The first example was designed to approximate 
a radial source in superficial cortex and employed 
a radial dipole source located 0.3 cm below the 

surface of the inner sphere representing the brain. 
The distributions generated by such a source are 
shown in Fig. 1A. One hundred values were ran- 
domly selected from normal distributions with 
means of 1.72, 3.70 and 8.90 for one condition and 
0.86, 1.85 and 4.45 for the other, corresponding to 
electrode locations at 10, 30 and 50 ° from a point 
directly over the source; standard deviations of 5 
were used for all conditions and locations. The 
source configuration, and hence the shape of the 
potential distributions, was identical for both con- 
ditions. 

The consequence of the reduction in dipole 
strength is indicated by the distributions for the 
two conditions shown in Fig. 1A. The key point is 
that the size of the strength effect is not constant 
across locations as required for a main effect in a 
standard ANOVA model but is different at differ- 
ent electrode locations. This is because differences 
in dipole strength have multiplicative instead of 
additive effects as noted above. Consequently, the 
ANOVA model confuses differences in the ampli- 
tude of scalp distributions (due to differences in 
source strength) with differences in their shape 
(due to differences in source configuration). 

This ambiguity is evident in the ANOVA re- 
sults for the data in Fig. 1A, which indicated 
significant Location and Condition main effects 
( F  (2, 198)=71.86, P<0 .001 ,  and F (1 ,99 )=  
29.08, P < 0.001, respectively), but also a highly 
significant Location x Condition interaction ( F  
(2, 198)=6.24, P <0.003) despite identical dis- 
tributional shapes. Within the additive assump- 
tions of the ANOVA model, this significant Loca- 
tion x Condition interaction is appropriate for 
these data because it indicates Condition effects of 
different magnitudes at different locations. How- 
ever, from the perspective of assessing differences 
in distributional shape, this example clearly il- 
lustrates the incompatibility of the ANOVA model 
with the multiplicative effects produced by dif- 
ferences in source strength. 

Fig. 1B shows that this ambiguity applies to 
tangential as well as radial sources. The location of 
the source was identical to that in Fig. 1A, and 
electrode locations were directly over the source 
and 30 ° on either side. Again, the dipole strength 
in one condition was half that in the other; the 
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Fig. 1. A: potential distributions on the surface of a spherical 
volume conductor generated by a superficial radial dipole 
source. The two distributions were generated by sources that 
were identical in location and orientation, and differed only in 
strength. Source strength for the distribution denoted by O's 
was one-half that denoted by x's. Distributions are plotted on 
a scale determined by the range of the larger distribution. The 
plane of the figure passes directly through that of the dipole 
source. B: potential distributions under conditions identical to 
those in A except that the source was oriented tangentially 
instead of radially to the surface of the sphere. C: potential 
distributions under conditions identical to those in A except 
that the weaker source (denoted by O's) was located 15 ° away 
from that of the stronger source (denoted by x's). 

mean  voltage values from the d ipo le  model  were 
- 3 . 9 8 ,  0.00, 3.98, and  - 1 . 9 9 ,  0.00, 1.99, respec- 
tively. The A N O V A  for these da ta  showed a sig- 
nif icant  main  effect of Locat ion  ( F  (2, 198 )=  
80.19, P < 0 . 0 0 1 )  and a significant Locat ion x 
Cond i t i on  in teract ion ( F  (2, 1 9 8 ) = 8 . 7 0 ,  P <  
0.001). The Cond i t ion  main  effect was not  signifi- 
cant  in this example  because  the difference in 
d ipo le  s t rength p roduced  offset t ing differences in 
posi t ive and  negat ive vol tage on either side of  the 
source. This example  i l lustrates that  even 'cross-  
over '  in teract ions  (Winer  1962, p. 244-247)  do not  
necessari ly indicate  a difference in d i s t r ibu t iona l  
shape.  It also suggests that  using Locat ion  x 
Cond i t ion  in teract ions  in absence of  Locat ion  main  
effects as a cr i ter ion for genuine shape changes 
does  not  adequa te ly  protect  against  all cases of the 
ambigui ty .  

These results demons t r a t e  that  significant inter- 
ac t ions  of e lect rode locat ion with exper imenta l  
condi t ion ,  group, or  componen t  cannot  be inter- 
p re ted  as unambiguous  demons t ra t ions  of  shape 
differences between ERP scalp d is t r ibut ions  and 
hence cannot  be used to infer changes in source 
conf igurat ion.  Al though  such in teract ions  could be 
due to genuine shape differences,  cases like those 
shown in Fig. 1A and B indicate  that  they can be 
p roduced  by ampl i tude  differences alone. Note  
that  the l ike l ihood of interact ions  due only to 
changes in source s t rength varies with the pos i t ion  
of the recording e lect rodes  relative to the d is t r ibu-  
t ion in question.  Fo r  example,  for the superf icial  
d ipo le  sources shown in Fig. 1A and B, interac-  
t ions due to s t rength differences become less likely 
if the e lectrodes are located far lateral  to the 
source (e.g., 80 -90  ° in Fig. 1A and B). Here the 
ampl i tude  effects are more  near ly  equal  across 
locat ions  as assumed by the A N O V A  model.  Simi- 
larly,  surface d is t r ibu t ions  result ing from deeper  
or  more extended sources are b roader  than those 
of  superficial  sources and,  thus, p roduce  less ex- 
t reme violat ions of the addi t iv i ty  assumpt ion.  

The ambigui ty  posed by in teract ions  involving 
e lec t rode  locat ions  could be avoided  if the source 
or  sources of the surface potent ia l s  in quest ion 
were known. In that  case the da ta  could be fit by 
an app rop r i a t e  source model  and  the effects of 
exper imenta l  condi t ions  could be assessed using 
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ANOVAs on parameters of the model instead of 
raw ERP voltages. Differences in voltage between 
electrode locations would then be explained auto- 
matically by the source model. Although in theory 
an ideal solution to the ambiguity, this strategy is 
unfortunately almost useless in the practical case 
because the sources of ERPs typically analyzed for 
interactions involving electrode location are rarely 
known. Indeed, it is precisely to help shed light on 
their sources that possible differences between 
scalp distributions are investigated. 

An ad hoc but more practical approach to 
resolving the ambiguity is to scale the data before 
computing ANOVAs in order to eliminate ampli- 
tude differences between conditions, thereby 
focusing the analysis exclusively on differences in 
the shape or pattern of voltage differences across 
electrode locations. The question is how to choose 
the necessary scalar to achieve this purpose. One 
strategy is to normalize the data for the two condi- 
tions by finding the maximum and minimum val- 
ues in each condition, subtracting the minimum 
from each data point, and dividing by the dif- 
ference between maximum and minimum. It is 
essential to use the mean values at each electrode 
location instead of the raw data to determine the 
maximum and minimum in order to achieve a 
more stable estimate. To illustrate, when the data 
in Fig. 1A and B were normalized for each condi- 
tion before computing the ANOVAs, the Location 
effect remained highly significant in both analyses 
( F  (2, 198)=56.8,  P<0 .001 ,  and F (2, 198)= 
64.44, P < 0.001, respectively), whereas the Loca- 
tion × Condition interaction was not significant in 
either analysis ( F  (2, 198) = 1.18, P > 0.31, and F 
(2, 198) = 1.03, P > 0.35, respectively). 

Fig. 1C demonstrates that scaling does not 
eliminate the ability to detect true changes in 
distributional shape due to source differences. This 
example is identical to that in Fig. 1A except that 
in addition to the difference in dipole strength, the 
location of the source in one condition differed 
from that in the other by 15 ° . In this case the 
Location × Condition interaction was significant 
both in the ANOVA on the raw voltages ( F  
(2, 198)= 57.97, P < 0.001) and in the ANOVA in 
which the data were normalized in the manner 
described above ( F  (2, 198) = 35.68, P < 0.001). 

A more general formulation of the scaling prob- 
lem can be achieved by representing the ERP data 
as points in multidimensional space (see Protter 
and Morrey 1964, Ch. 1 and 7; Bock 1975, Ch. 2; 
Glaser and Ruchkin 1975, Ch. 5). In such a repre- 
sentation, the distribution for each condition is 
represented as a vector in N-space, the axes of 
which are the voltages at each of the N electrode 
locations. Represented in this manner, the ampli- 
tude of a given distribution is given by the length 
(norm) of its vector, whereas its shape is given by 
the vector's orientation. Vector length is defined 
by the square root of the sum of squared voltages 
over all electrode locations, and amplitude dif- 
ferences between conditions can be eliminated by 
scaling the voltages in each distribution by its 
corresponding vector length. For the data shown 
in Fig. 1, scaling by vector length produces equiv- 
alent results to the normalization described above; 
that is, it eliminated the Location × Condition in- 
teractions in Fig. 1A and B but not in C. Although 
normalization and scaling by vector length would 
probably yield similar results in many situations, 
the latter has a more sound theoretical basis and is 
less susceptible to noise because it is based on the 
values at all electrode locations instead of only the 
maximum and minimum. As noted for the normal- 
ization procedure above, it is important to calcu- 
late vector lengths using mean values instead of 
the raw data in order to minimize the effect of 
noise on the estimates. 

A third procedure, similar in some respects to 
both of the above, was used by Hansen and Hil- 
lyard (1980). They chose a scalar that resulted in 
the mean values across electrode locations within 
each condition equaling a specified value, in their 
case - 1  /~V. For radial sources, this procedure 
eliminates interactions due solely to amplitude ef- 
fects in a manner similar to normalization and 
vector length scaling. However, it does not ade- 
quately correct the shape-amplitude ambiguity for 
tangential sources since the means across locations 
are equal in the two conditions. Note that this 
'cross-over'  pattern can occur not only around 
zero as in the pure tangential case shown in Fig. 
I B, but around any positive or negative mean 
value if tangential and radial sources are simulta- 
neously active. 
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An undesirable byproduct of the scaling proce- 
dures is that they eliminate Condition main effects 
(if present). Except for performing ANOVAs on 
parameters of appropriate models of known 
sources as described above, we know of no way to 
assess both overall amplitude effects (i.e., Condi- 
tion main effects) and differences in distributional 
shape (i.e., Location x Condition interactions) in a 
single analysis while simultaneously avoiding the 
ambiguity between muhiplicative effects and the 
ANOVA model. If it is necessary in a particular 
experiment to assess both overall amplitude effects 
and distributional differences, then a conventional 
ANOVA to assess Condition main effects could be 
followed by a second ANOVA on the scaled data 
to assess possible shape differences, Alternatively, 
one could use the multidimensional space repre- 
sentation described above to express amplitude as 
vector length and distribution shape as a set of 
direction cosines (e.g., Bock 1975, Ch. 2) and 
perform separate ANOVAs directly on these quan- 
tities. 

We re-emphasize that ANOVA interactions due 
to differences in amplitude instead of distribu- 
tional shape may or may not be present in any 
given set of empirical ERP data, but there is no 
way to tell unless the source or sources of the 
potentials in question are known. Although we 
have discussed this ambiguity in terms of distribu- 
tions generated by single dipole models, the same 
considerations apply to distributions generated by 
any configuration of sources, Further, they apply 
not only to base-to-peak and peak-to-peak ERP 
amplitude measures, but also to area measures, 
scores derived from principal component analysis, 
or to any other technique in which amplitude 
differences between electrode locations are not 
explained by appropriate volume conduction mod- 
els of known sources. Finally, the incompatibility 
between ERP data and the additive ANOVA model 
applies not only to scalp distributions but to any 
experimental design in which the pattern or shape 
of ERP voltage across treatment levels is investi- 
gated. 

Summary 

Analysis of variance (ANOVA) interactions in- 
volving electrode location are often used to assess 
the statistical significance of differences between 
event-related potential (ERP) scalp distributions 
for different experimental conditions, subject 
groups, or ERP components. However, there is a 
fundamental incompatibility between the additive 
model upon which ANOVAs are based and the 
multiplicative effect on ERP voltages produced by 
differences in source strength. Using potential dis- 
tributions generated by dipole sources in spherical 
volume conductor models, we demonstrate that 
highly significant interactions involving electrode 
location can be obtained between scalp distribu- 
tions with identical shapes generated by the same 
source. Therefore, such interactions cannot be used 
as unambiguous indications of shape differences 
between distributions and hence of differences in 
source configuration. This ambiguity can be cir- 
cumvented by scaling the data to eliminate overall 
amplitude differences between experimental condi- 
tions before an ANOVA is performed. Such 
analyses retain sensitivity to genuine differences in 
distributional shape, but do not confuse amplitude 
and shape differences. 

R6sum6 

Potentiels fibs d l'bvbnement: distribution de scalp 

Les analyses des interactions de variances 
(ANOVA) prenant en compte la localisation de 
l'61ectrode sont souvent utilis6es pour d6terminer 
la significativit6 statistique des diff6rences entre les 
distributions de scalp des potentiels li6s h l'6v6ne- 
ment (ERP) pour diverses conditions exp6rimen- 
tales, divers groupes de sujets ou diverses com- 
posantes du potentiel 6voqu6. Toutefois, il existe 
une incompatibilit6 fondamentale entre le module 
additif sur lequel sont bas6es les ANOVA et l'effet 
multiplicatif produit par des diff6rences de puis- 
sance de la source sur les amplitudes des ERP. En 
utilisant les distributions de potentiels engendr6es 
par des dipoles dans un volume conducteur 
sph6rique, nous avons d6montr6 que des interac- 
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t i o n s  tr6s s i gn i f i c a t i ve s  c o n s i d 6 r a n t  la l o c a l i s a t i o n  

de  l '61ectrode,  p e u v e n t  6 t re  o b t e n u e s  e n t r e  des  

d i s t r i b u t i o n s  de  sca lp  d e  f o r m e s  i d e n t i q u e s  p r o -  

d u i t e s  p a r  la m 6 m e  source .  D e  tel les  i n t e r a c t i o n s  

n e  p e u v e n t  d o n c  p a s  6 t re  ut i l i s6es  c o m m e  i n d i c a -  

t i o n s  n o n  a m b i g u ~ s  d e  d i f f 6 r e n c e s  de  f o r m e s  e n t r e  

d i s t r i b u t i o n s  ou  m 6 m e  de  d i f f 6 r e n c e s  de  c o n f i g u r a -  

t i o n s  des  sources .  C e t t e  a m b i g u i t 6  p e u t  ~3tre pa l l i6e  

en  6 c h e l o n n a n t  les d o n n 6 e s  d e  fa~:on ~. 61iminer  

l ' e n s e m b l e  des  d i f f 6 r e n c e s  d ' a m p l i t u d e  e n t r e  les 

d i v e r s e s  c o n d i t i o n s  e x p 6 r i m e n t a l e s ,  a v a n t  d ' e f f ec -  

t u e r  u n e  A N O V A .  D e  te l les  a n a l y s e s  c o n s e r v e n t  

l eur  s ens ib i l i t 6  aux  v ra ie s  d i f f 6 r ences  de  f o r m e  de  

d i s t r i b u t i o n s ,  m a i s  n e  c o n f o n d e n t  p lus  d i f f 6 r e n c e s  

d e  f o r m e  et d ' a m p l i t u d e .  
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