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Abstract Abnormalities of auditory oddball late ERP components have been reported in schizophrenia
in a variefy of shidies. The possibility that component overlap may be contaminating tradifional peak-to-
baseline amplitude esfimates has been previously recognized. Resolving the effects of component overlap
requires the adoption of model assumptions. about the component structure of the ERP. There are substantial
difficulties relating fo the assumptions involved with conventional methods of resolving component overlap,
such as principal component analysis (PCA} and related techniques. In this study we modelled target
auditory oddball average ERP data from 25 unmedicated and 25 medicated schizophrenics and 25 normal
controls. Four Gaussian functions were employed {one for each of the four main components N1, P2, N2,
and P3), each having three parameters (amplitude, latency, and width). By using the method of simulated
annealing, we obtained the best possible fit between the four-Gaussian model waveforms and the actual
average ERPs;” within cerfain "constraints imposed @ priori on the basis of knowledge about the ERP
components in question. There was a good fit between the modelled and measured ERP data. The four
Gaussian method avoids the most difficult assumptions of PCA and related methods, although it involves
dlternative model assumptions. Component overlap was shown to be potentially relevant in relation to
amplitude estimates for alf four components, especially P2 and P3, but also N2 and to a lesser extent N1.
Furthermore, the three groups of subjects each appeared to be affected by overlap in different ways, as
different clinical findings were observed for both N1 and P3 dependent upon whether traditional
peak+to-baseline or Gaussian amplitude estimates were employed. Exploring compenent overlap in schizo-
phrenia by means of techniques with alternative model assumptions may help to clarify the ERP abnormal-
ities in this disorder. o '

Intro_ducti an

The traditional auditory oddball late-compo-
nent ERP waveform consists of four primary
components, N1, P2, N2, and P3, each of which
may in turn consist of multiple sub-compo-
nents, Each of these components is a deflection
of relatively short duration from ERP baseline.
Abnormalities of N1 and P3 in particular have
'been reported in schizophrenia in a variety of
studies (Pritchard, 1986). It has been claimed
that a decreased P3 amplitude in schizophrenia
i one of the most reliable biological findings
m this disorder (Ford, White, Lim, & Pfeffer-
baum, 1994).

The peaks of these four ERP components

1, P2, N2, P3) are typically identified in the

average response. In this study we employ a
simple model of the stimulus-related response
based on four components of varying ampli-
tude, latency, and width. This involves an un-
derstanding of a component as being not just a
peak in the waveform, but a whole deflection
(positive or negative) with a particular shape
which is added in to the rest of the signal. Un-
der this assumption, it is possible to conceive
of an alternative to the usual peak-to-baseline
measure of amplitude, namely the component
amplitude in isolation from other components.
Furthermore, if the model turns out to be jus-
tified, then this would be a bettermeasure of
amplitude, as it would not be affected by com-
ponent overlap.

The possibility of component overlap is an

284



174

Important concern when making amplitude es-
timates. The peak-to-baseline measure will not
be an accurate index of the actual component
amplitude if there is significant overlap be-
tween two components, since overlap will off-
set the component being examined from the
baseline. For cxample, if two large components
of opposite polarity overlap to a great extent
(their peak latency is almost the same) the re-
sultant peaks in the waveform will be very
small, and thus the actual component ampli-
tude will be obscured. If we wish to examine
the time-locked functional processes which re-
late to each ERP component, it is imperative
that accurate component amplitude estimates

be employed. The method described in this pa-

per provides one approach to achieve this goal.
One class of techniques has been advocated
as a means of resolving the problem of compo-

nent analysis. This class includes principal *

component analysis (PCA) and varimax rota-
tion, factor analysis, and related methods
(Chatfield & Collins, 1980 a: Donchin, Tuet-
ing, Ritter, Kutas, & Heffley, 1975; Hunt, 1985;
McGillem & Aunon, 1987; Rogers, 1991). All
of these techniques involve analyzing a given
set of ERP signals together as a group (these
signals may be single trials or averages, and
may be obtained from a single electrode site or
from multiple sites), and deriving from these
signal vectors a small set of vectors or factors
which account for all or most of the structure
of the signal vectors and which are claimed to
represent the underlying components. Howev-
er, there are some theoretical doubts about the
adequacy of these techniques (for example, see
Rogers, 1991). Most of them do not take into
account the possibility of latency differences in
the ERP components between the signals un-
der consideration (Macks, 1986). In most cir-
cumstances, this is a serious problem, Nane of
them take into account possible differences in
the shape of components, and most important-
ly, the width of components between signals.
That is, the temporal evolution of a given com-
ponent may well be such that it varies in its to-
tal duration from trial-to-trial or across sites.
Often, Gaussian distributions are assumed for
the variables, Frequently, orthogonality of
components is assumed, a most implausible as-
sumption, and independence of components is
always assumed. However, it seems quite likely
that distinct physiological components may
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have statistical relationships between them,
making an assumption of independence diffi-
cult to sustain. The result of all these problems
is that the “components” derived from these
techniques may represent complex mathemat-
ical combinations of the real physiological
ERP components, resulting in difficulties in in-
terpretation and comparisons across subjects.

In the case of PCA and varimax rotation,
empirical studies with simulated data have
demonstrated that these problems are not only
theoretical (Mocks & Verleger, 1986; Rogers,

©1991; Wood & McCarthy, 1984). However,

there is a two-fold problem here. The first, in
relation to studies of simulated data, is that

simulated data is only valuable insofar as it re-
'sembles the real data, and this in turn presup-

poses that the structure of the real data is un-
derstood, because otherwise this resemblance
is very difficult to establish. Secondly, in em-

 pirical studies using real ERP data, there is

simply no “gold standard” to which results can
be compared to establish their veracity. This is
not such a problem in itself, so long as it is kept
in mind that no measures derived from any
current technique can lay claim to physiologi-

cal reality except insofar as these measures are

useful correlates of psychological, physiologi-
cal, and clinical variables, .

Any approach to the problem of component
overlap must involve model assumptions be-
cause of the indeterminacy of the problem.
The method introduced in this paper makes al-
ternative assumptions to the previous meth-
ods, which in some respects at least may be
more plausible. This model does not in any way
assume independence of components, and
treats each signal under consideration in isola-
tion from all the rest, therefore avoiding any
assumptions about amplitude, latency, or
width variability between signals. It does, how-
ever, assume that there are only four primary
components (negative, positive, negative, and
positive in that order) with shape approximate-
ly Gaussian, this being the crucial assumption.
Unfortunately, there is insufficient detailed
physiological knowledge of the generation of
the ERP components and in particular the
temporal evolution of each component at the
generator site or sites for such a model to be
based on a priori physiological grounds. In sin-
gle trial ERP analysis, a number of different
models of component shape have been em-

.
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ployed, such as a half-cycle 2Hz sine wave
(Ford et al., 1994), a fading oscillation (O’Con-
nor, Simon, & Tasman, 1984) and an ex-Gauss
function (Verleger & Wascher, 1995). We have
chosen to model each component as a Gauss-
ian deflection, because this represents a simple
compromise starting point in relation to the is-
sue of component overlap. We have not at-
tempted to model subcomponents of the four
main components, although there is some evi-
dence that P3 in particular may consist of mul-
tiple subcomponents, most notably the well-
known subcomponents P3a and P3b. The more
components one attempts to model, the more
parameters must be introduced and the more
complex the model becomes. The subcompo-
nents are much more difficult to differentiate
than the four main components, and a four-
Gaussian model may provide. a sufficient ap-
proximation, although this must be taken into
account in interpretation of the results. *
The aim of this study is to:examine this
Gaussian component model in-relation to the
N1, P2, N2, and P3 ERP component findings
in schizophrenia, using average ERP data
where we can also reliably identify the compo-
nent peaks by means of manual observation.
The results of this study cannot constitute a
proof that the underlying components are ac-
tually Gaussian, but, if successful, wounld lend
a degree of plausibility to the model and would
provide one alternative avenue for clucidating
component overlap. o
Having adopted the four-Gaussian model,
we have a minimization problem involving 12
parameters. There are four Gaussian compo-
nents, each with three parameters (amplitude,
latency, and width). We wish to obtain the val-
ues of these parameters which result in the best
fit between the theoretical model waveform
and actual ERP data, in a least squares sense
(with appropriate constraints to ensure that
the Gaussian components do not end up mod-
elling irrelevant features of the waveform),
The minimization routines which are generally
employed in this context are inadequate be-
cause they lack globally optimal properties.
Most minimization algorithms, including such
techniques as conjugate gradient and variable
metric methods (Press, Flannery, Teukolsky,
& Vetterling, 1992), arrive at a solution which
represents a nearby local minimum in the en-
ergy function. In this study we employ a tech-

nique known as simulated annealing (Kirkpa-
trick, Gelatt, & Vecchi, 1983; Metropolis,
Rosenbluth, Rosenbluth, Teller, & Teller,
1953), also known as the “Metropolis algo-
rithm,” which will obtain the global minimum,
or absolute best fit, between the model wave-
forms and the real ERPs. In the case of mod-
elling the ERP average, a globally optimal so-
lution may be readily obtained because the
noise has been reduced considerably by the av-
eraging process and the resultant energy sur-
face is therefore relatively smooth, with hope-
fully a well-defined minimum. If successful,
however, the model could be extended to sin-
gle trial analysis, in which case it would be ex-
pected that a globally optimal minimisation al-
gorithm would become much more important,
as the background ongoing EEG is likely to re-
sult in a very “rough” energy surface with
many poor local minima in which algorithms
lacking globally optimal properties may be
trapped. We have employed simulated anneal-
ing in a previous ERP study (Haig, Gordon,
Rogers, & Anderson, 1995), although in a com-
pletely different context to this study, in rela-
tion to cluster analysis of single trial ERPs in
order to determine possible subtypes of re-
sponse. Gerson, Cardenas, and Fein (1994)
have also employed simulated annealing in re-
lation to ERPs, again in a quite different con-
text (equivalent dipole source localization).
In order to ensure that the Gaussian compo-
nents do not model features of the waveform
which are clearly unrelated to the four compo-
nents of interest, it is necessary to introduce
constraints to the minimization problem. This
can be thought of as restricting the optimiza-
tion to a certain bounded region of the solution
space, which is known on a priori grounds to
contain the result. In the case of the four ERP
components, there are constraints in terms of

* the latency window in which they are known to

oceur (see methods for details), their order and
the sign of their amplitude (must be negative,
positive, negative, positive in that order for N1,
P2, N2, and P3), how close together they may
be, and their width. These constraints may be
imposed on the minimization procedure so
that it determines the globally optimal solution
within the bounds of the constraints. ~

In this study we applied this method to tar-
get auditory oddball data from unmedicated
and medicated schizophrenic patients and age
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and sex matched normal controls, in order to
determine the role component overlap might
- be playing in relation to the traditional peak-
to-baseline amplitude findings.

Methods and materials

Subjects

Data from 75 subjects was examined in this
study, consisting of 25 unmedicated schizo-
phrenics, 25 medicated schizophrenics, and 25
normal controls. In each of the three groups,
subjects were sex-matched and age-matched to
within 5 years (17 males and 8 females in each
group). Unmedicated schizophrenic males had
mean age 23.8 years (SD = 6.4) and unmedicat-
ed females 30.4 years (SD = 7.9). Medicated
schizophrenic males had mean age 25.9 years
(SD = 6.1) and medicated females 29.1 years
(SD = 7.7). Normal males had mean age 25.2
years (SD = 7.5) and normal femalés 30.5 years
(SD =7.2). L .

Schizophrenic patients were obtained from
the inpatient and outpatient populations of
two major teaching hospitals of the University
of Sydney. Patients were administered the
Composite International Diagnostic Interview
(CIDI) (Robins, Wing, & Healer, 1987) and
satisfied both DSM III-R criteria (American
Psychiatric Association, 1987) and Research
Diagnostic Criteria (Endicott & Spitzer, 1979)
for schizophrenia. Unmedicated patients had
not received oral psychotropic medication for
at least 6 weeks or depot antipsychotics for 3
months prior to testing, Patients had no history
of significant head injury, ECT, epilepsy, de-
velopmental disability, or other major neuro-
logical or psychiatric disturbance. Normal sub-
jects were volunteers recruited from non-de-
partmental hospital staff and the surrounding
community, who disavowed any psychiatric
history, neurological disorder, or substance
abuse, Written consent was obtained from all
‘subjects prior to testing in accordance with Na-
tional Health and Medical Research Council
guidelines, .

SANS and SAPS scores (Andreasen & Ol-
sen, 1982) were obtained for the schizophrenic
patients. The mean SANS score in unmedicat-
ed schizophrenics was 12.3 (SD = 4.6) and the
mean SAPS score in unmedicated patients was
9.7 (SD = 4.5). The mean SANS score in the
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medicated patients was 10.0 (SD = 6.0) and the
mean SAPS score was 6.8 (SD = 4.5). Thus, as
expected, the unmedicated patients had worse
negative and positive symptom profiles than
the medicated patients.

Procedure

Subjects were scated in a sound and light at-
tenuated room. An electrode cap (Blom & An-
neveldt, 1982) was used to acquire data from
Fz,F3,F4,F7,F8,Cz,C3,C4, T3, T4, Pz, P3, P4,
01, and O2 scalp sites. Linked earlobes served
as the reference. Electrodes placed 1 cm above
the outer canthus of the left eye and below the
outer canthus of the right eye.served as the
EOG bipolar recording. EOG contaminated
epochs (exceeding + 100puV) were automati-
cally rejected. Skin resistance at each site was
< 5kOhms. The ERP data was collected ac-
cording to a standard auditory “oddball” para-
digm {Anderson, Rennie, Gordon, Howson, &
Meares, 1991). Stereo headphones conveyed
regular tones of 1000Hz at an interval of 1.3
seconds to both ears. The subjects were in-
structed to ignore these tones (task irrelevant).
A second target (task relevant) tone of 1500 Hz
was presented, randomly intermixed with the
lower tone, the only constraint being that two
high tones were never presented in succession.
Of the tones, 85% were task irrelevant and
15% were targets. The subjects were instructed
to respond to the target tones by pressing two
reaction-time buttons, as fast and accurately as
possible, with the middle finger of each hand
(to counterbalance motor effects): All tones
were presented at 60 dB above the subject’s au-
ditory threshold (determined prior to record-
ing}. Only correctly identified target epochs for
which a button press response was obtained
within 1s of the target tone were analyzed. The
recording session was continued until 30 cor-
rectly identified target epochs uncontaminated
by eye movements were acquired. Each subject
had their eyes open and was instructed to fix-
ate on a colored dot in the center of a screén,
in order to minimize eye movements. The sam-
pling rate was 256 Hz, and the duration of each
epoch analyzed was 15, from 300ms pre-stim-
ulus to 700 ms post-stimulus. A 70 Hz low-pass
filter was applied to the signals prior to digiti-
zation.

In order to reduce the dimensionality of the
data from 256 samples per epoch to only 64,
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the following procedure was employed. First,
- a digital filter was applied to each single trial
with the half-amplitude (-6 dB) point at 30 Hz,
a passband of 0-25 Hz, and a stopband of 35 Hz
and above, using a 28.6% cosine taper (Tukey)
filter function (applied in the frequency do-
main). Each single trial was then subsampled
at a rate of 128 Hz. This reduced the dimen-
sionality from 256 to 128 and prevented alias-
ing in the process (since the highest frequency
component of 35Hz was well below the Ny-
quist frequency of 64 Hz). Then only the por-
tion of the signal from 0 to 500 ms post-stimu-
lus was retained and the rest (~300 to O ms and
500 to 700 ms) was discarded. This reduced the
dimensionality down to 64 samples. This di-
mensionality reduction made the analysis
more computationally tractable, without los-
ing any relevant component structure. The re-
sulting 30 single trial epochs from each site in
each subject were then averaged.. Finally, for
each average ERP waveform the pre-stimulus
baseline average was computed (=300 to 0 ms).
This pre-stimulus baseline value was then sub-
tracted from every sample in the average ERP
waveform. This was done to center the average
waveform. around zero, relative to.the. pre-
stimulus baseline average.

Analysis

The.four Gaussian component model and
ErTOr measure

The real ERP average from a particular site in
one subject was modelled by obtaining the ab-
solute best fit in a least squares sense {given
certain constraints which are detailed later)
with a four-Gaussian component curve. Each
of the four Gaussian components had three pa-
rameters, A {amplitude), B (latency), and C
(width), and the following form:

y=Ae{?}2 | W

“'The modelled curve was computed as the sum
of the four Gaussian curves. If the 12 parame-
ters of the model curve are denoted A, By, C;,
Az, B3,Cs,A3,B3,Cs, As, B4 and Cg, it therefore
has the form:

T x8:)}
y=Ae" g, + Aset P

x-8y %

_(ﬂ{)l E falct
+Azetc’ +A"E, 2)

177

The model curve was computed at 64 samples
in time over the period 0 to 500 ms, exactly as
for the real data. '

For a given average ERP curve, denoted as
a vector X whose elements xy, x2, x3, ... x4 are
the 64 samples in time, and a given four Gauss-
ian component mode! curve, denoted as a vec-
tor y whose elements yy, y2, y3, ... ysq are the
64 computed model values in time, the total
squared error or distortion is given by:

od
dix,y) =lix-yl2 = 2 (xi—y)?

=1

&)

‘The purpose of the simulated annealing proce-
dure was, for a given real average ERP wave-
form, to determine the values of the 12 param-
eters Ay ... C4 within the constraints which
gave the smallest possible value of this squared
error. That i, the global minimum of the energy
function in the allowable constrained region
was determined. Thisis the absolute best match
between real and model data in a least squares
sense. '

Full details of the simulated annealing pro-
cedure and the imposed constraints may be
found in the appendix.

Manual identification of components

We compared the latency and amplitude val-
ues from the Gaussian functions with the laten-
¢y and amplitude of the manually identified
N1,P2,N2,and P3 components scored using a
cursor by a trained observer (Anderson et al.,
1991). This manual identification procedure
was undertaken without knowledge of the re-
sults of the four Gaussian model procedure, to
avoid possible subjective bias in the identifica-
tion of components.

The component latencies were computed by
the four Gaussian component method, and
compared to those determined by a trained ob-
server, Estimates by the former method were
classified as “correct” if the differences were
less than or equal to 25 ms, otherwise they were
classified as “incorrect.”

Evaluation of model waveform iy relation to
the average ¥

The next step in relation to the average in-
volved determining if the model waveforms
closely reflected the real structure of the aver-

-age in relation to the components. In order to
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do this, the following procedure was adopted.
At the latency of the components as identified
manually (that is, at four different latencies al-
together), the sample value in the model wave-
form was subtracted from the sample value in
the real average ERP. These difference values
were analyzed for each component latency to
determine if they differed significantly from
the expected value of zero if the waveforms
had exactly the same structure at these points,
Each subject had 15 difference values (from
the 15 recording sites), and each group of 25
subjects was analyzed individually to deter-
mine if the means across sites differed signifi-
cantly from the expected value of zero at eve
site. This was done by means of MANOVA, us-
ing a one-sample Hotelling’s T2-test (Chatfield
& Collins, 1980b). .77~ -

Between group and between measure
comparisons

The estimate of component amplitude from
the four Gaussian method of interest was the
value of the parameter 4 (equations 1 and 2)
for each component, that is, the component
amplitude from the base of the Gaussian to its
peak. This is a “pure” estimate of component
amplitude, uncontaminated by component
overlap. By way of comparison, the component
amplitude in the real average ERP waveform
at the latency identified manually by the
trained observer was also computed. This was
a peak-to-basetine amplitude, which since the
baseline was zero (pre-stimulus baseline aver-
age had been subtracted from the waveform),
was simply the peak sample value,

Between group topographical statistical
analysis was then performed using MANOVA
(Hotelling’s T2-test) for each of these two mea-
sures. Three comparisons were performed for
each measure: normals versus unmedicated
schizophrenics; normals versus medicated
schizophrenics; and unmedicated versus medi-
cated schizophrenics. In addition, in each
group the two measures themselves were com-
pared. The 15 electrode site values from each
of the 25 subjects in one group were compared
with the 15 electrode site values from the 25
subjects in the other group using a two-sample
Hotelling’s T2-test (Chatfield & Collins,
1980b), a form of MANOVA, to determine if
the means across sités differed significantly be-
tween the two groups. In addition to this anal-
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ysis, for each measure the value averaged
across sites and subjects for each group is re-
ported, and for significant differences, the
number of sites at which the measure was in-
creased and/or decreased in one group comn-
pared to the other. In the P3 amplitude be-
tween group comparisons, in addition to
Hotelling’s T%test, a single global mean value
(the mean of the values from all 15 electrode
sites) was derived for each subject, and the 25
global mean values from one group were com-
pared to the 25 global mean values from the
other, using a Student’s #-test. This enabled the
specific hypothesis of an overal]l decrease {(or
increase) in P3 amplitude in one group com-
pared to the other to be tested.

Results

Figure 1 shows the real average ERP from 10
different selected normal subjects at electrode
site Cz, superimposed on the corresponding
tour Gaussian component model waveforms in
each case. This gives a visual impression of the
morphological similarities between the real

. ERP and model waveforms within individuals:

Figure 2 shows the grand average in the nor-
mals (across all 25 subjects) at site Cz of each
of the four Gaussian components in isolation,
together with superimposed grand averages of
the four Gaussian component model wave-
forms and real average ERPs at this site. Fig-
ure 3 shows the same for the unmedicated
schizophrenics, and F; igure 4 for the medicated
schizophrenics, all with the same scale. This
gives a visual impression of the average mor-
phologies of the four components in isolation
and also as a complete waveform in each of the
three groups at site Cz.

Comparisons of latency

In the normals, across all 15 sites, the Gaussian
component latency was “correct” (within 25 ms
of the manually identified latency) in 84.2% of
cases for N1, 65.5% of cases for P2,63.3% of
cases for N2, and 76.4% of cases for B3. These
components were missing (as judged by man-
ual inspection) in 0.5% of cases for Ni1,11.1%
of cases for P2,9.5% of cases for N2,and 0.0%
of cases for P3, in all of which cases the Gauss-
ian latency was judged to be “incorrect.”
Across all 15 sites in the unmedicated
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Figare 1 The average ERP
waveforms from 10 selected
normal subjects at the Cz elec-
trode site {gray lines), with su-
perimposed four Gaussian
model waveforms (black lines).
In each case the model wave-
form is a close fit to the real
ERE, especially in relation to
the N1, P2, N2, and P3 compo-
nents. Note that frequently in
the ERPs there is a post-P3
negativity, which is not taken
into account by the model. The
time scale is from 0 to 500 ms.

Figure 2 This shows the grand
averages of the Gaussian com-
ponents in isolation {on the
left), and the real average ERP
and complete four-Gaussian
model waveforms (superim-
posed on the right), for the 25
normal subjects at site Cz. The
X-3Xis units are rms, and the y-
axis units are (sign reversed)
1tV. This illustrates how the
Gaussian components combing
to form the overall model
waveform. Note the presence
of the post-P3 negativity not ac-
counted for by the model.

Figure 3 This shows the grand
averages of the Gaussian com-
pounents in isolation (on the
left), and the real average ERP
and complete four-Gaussian
model waveforms (superim-
posed on the right), for the 25
unimnedicated schizophrenics at
site Cz, The x-axis units are ms,
and the y-axis units are (sign re-
versed) V. =)

L 4
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Figure 4 This shows the grand
averages of the Gaussian com-
ponents in isolation (on the
left}, and the real average ERP
and complete four-Gaussian
model waveforms (superim-
posed on the right), for the 25
medicated schizophrenics at
site Cz. The x-axis units are ms,
and the y-axis units are (signre-
versed) pv.

I3 [
10 NI 10
N2

5 5

I} 0

-5 -8
=10 % -10 l_

a 100 200 300 400 ¢ 100

schizophrenics, the Gaussian latency was “cor-
rect” compared to manual identification in
79.2% of cases for N1, 66.6% of cases for P2,
55.6% of cases for N2, and 76.4% of cases for
P3. N1 was absent on manual inspection in
1.4% of cases, P2 in 11.2% of cases, N2 in
10.4% of cases, and P3 in 0.8% of cases.

Across all sites in the medicated schizo-
phrenics, the Gaussian latency was “correct” in
82.9% of cases for N1, 71.2% of cases for P2,
62.8% of cases for N2, and 73.4% of cases for
P3. The components were missing on manual
inspection in 1.4% of cases for N1, 3.5% of
cases for P2, 6.0% of cases for N2, and 3.0% of
cases for P3.

Evaluation of model waveform in relation to
the average

In the normals, across al} 15 sites, at the four
latencies of the components as identified man-
ually, the waveform difference values (real
ERP minus model waveform sample values)
were significantly different overall from their
expected value of zero for N1 (P = 0.030,
F(15,10) = 3.34), but not for P2, N2 or P3, on
MANOVA (one-sample Hotelling’s T2 analy-
sis). For the N1 component, this difference rep-
resented a smaller amplitude in the model
waveform at all 15 electrode sites, the average
global mean difference valye being —0.63 V.
In the unmedicated and medicated schiza-
phrenics, the difference values were not signif-
icantly different overall from zero for N1, p2
or N2, but for P3 they were significantly differ-
ent overall in both groups, with P = 0.016

200 300 400

(F(15,10) = 4.02) for the unmedicateds, and P
=0.025 (F(15,10) = 3.51) for the medicateds. In
both cases the model waveform had smaller p3
amplitude than the rea] ERP waveform, at 14
sites in the unmedicated and 15 sites in the
medicated group, the average giobal mean dit-
ference values being 030V and 0.53 iV, re-
spectively.

Between measure comparisons

In the normals, across all 15 sites, the two am-
plitude estimates differed significantly overall
for P2 (P < 0.0001, H(15,34) = 6.55), N2 (P <
0.0001, F(15,34) = 4.80), and P3 (P = 0.024,
£(15,34) = 2.27) on MANOVA (two-sample
Hotelling’s T2 analysis). For all three compo-
nents, this difference reflected a considerably
larger amplitude of the Gaussian component
in isolation {parameter A) compared to the
conventional manually identified peak-to-
baseline amplitude, the Gaussian measure be-
Ing increased at every electrode site in all three
cases, The average global mean P2 amplitude
in normals was (.49 WV for the conventional
amplitude and 6.21uV for the Gaussian pa-
rameter A estimate, The average global mean
N2 amplitude in normals was —4.000V for the
conventional amplitude and —7.58 uV for the
Gaussian parameter 4 estimate. Finally, the av-
erage global mean P3 amplitude was 7.81 pv
for the conventional and 1056 KVafor the
Gaussian estimate.

In the unmedicated schizophrenics, the two
amplitude estimates were significantly differ-
ent overall for P2 (P < 0.0001, F(15,34) = 9.37)
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and P3 (P = 0.0055, F(15,34) = 2.86). Once
agamn, in both cases the Gaussian parameter A
estimate was considerably larger than the con-
ventional amplitude, being increased at all 15
sites for both components. The average global
mean P2 amplitude was —0.64 uV for the con-
ventional amplitude (keep in mind this ampli-
tude is relative to a pre-stimulus baseline), and
5411V for the Gaussian estimate. The aver-
age global mean P3 amplitude was 4.90 1V for
the conventional amplitude and 9.24 LV for the
Gaussian parameter A estimate.

In the medicated schizophrenics, only the P2
component showed a significant difference
overali for the two amplitude estimates (P <
0.0001, F(15,34) = 5.35), once again represent-
ing larger Gaussian parameter A amplitudes
than conventional amplitudes at all 15 elec-
trode sites. The average global mean P2 ampli-
tude in the medicated patients was 2.50 pVv for
the conventional amplitude and 6.86 wV for the
Gaussian estimate. '

Between group comparisons
N1 ' _ ;
For the conventional N1 amplitude, the aver-

age global mean in normals was-8.58 uV,inun-

medicated schizophrenics was —7.89 uV, and in
medicated schizophrenics was ~6.51 (V. The
medicated schizophrenics were significantly
different overall from the normals (P =0.035,
F(15,34) = 2.12), representing a decreased N1
amplitude in medicated patients at all 15 elec-
trode sites. Medicated patients were also signif-
icantly different overall from unmedicated pa-
tients (P = 0.042, F(15,34) = 2.04), also repre-
senting a decrease at every electrode site in
medicated subjects. ' )

For the Gaussian parameter A amplitude es-
timate, the average global mean in normais
was -9.66)tV, in unmedicated patients was
-8.22pV, and in medicated patients was
=7.62uV. However, none of the between group
comparisons showed a significant difference
overall for this measure, '

P2

For P2, none of the between ‘group compari-
sons for either amplitude measure yielded a
significant difference overall. The average
global mean P2 conventional amplitude was
0.49uV in normals, —0.63 £V in unmedicated
schizophrenics, and 2.50uV in medicated pa-
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tients. For the Gaussian parameter A estimate,
the average global mean P2 amplitude in nor-
mals was 6.21 1V, in unmedicated patients was
541V, and in medicated patients was 6.86 uv.

N2

For N2 also, none of the between group com-
parisons yielded significant findings overall for
either amplitude measure. The average global
mean conventional N2 amplitude was —4.00 uv
in normals, —6.04tV in unmedicated schizo-
phrenics, and -3.64 1V in medicated patients.
The average global mean Gaussian A parame-
ter amplitude was ~7.58uV in normals,
-9.32uV in unmedicated schizophrenics, and
~7.62 0V in medicated patients.

P3

For the conventional P3 amplitude, the average
global mean in normals was 7.81 uV, in unmed-
icated schizophrenics was 4.90 1V, and in med-
icated schizophrenics was 5.53uV, The re-
duction in  global mean P3 amplitude in
unmedicated schizophrenics compared to nor-
mals was significant on #-test (P = 0.039, ¢ =
2.13),and represented a decrease at every elec-
trode site, but was not significant overall {with
Hotelling’s T2-test). None of the other between
group comparisons yielded a significant find-
ing.

For the Gaussian A parameter amplitude,
the average global mean in normals was
10.56 1V, in unmedicated schizophrenics was
9241V, and in medicated schizophrenics was
7.96 V. The situation was quite different from
the conventional average results. Medicated
schizophrenics had significantly reduced
Gaussian P3 amplitude compared to normals,
which was significant with both the global
means on r-test (P = 0.0013, ¢ = 3.41), and over-
all with Hotelling’s T2-test (P = 0.033, F(15,34)
= 2.13). This represented a decreased P3
Gaussian amplitude in medicated patients at
all 15 electrode sites compared to normals. Un-
medicated patients, however, were not signifi-
cantly different from normals either in regard
to the giobal means or the overall Hotelling’s
T? analysis. Medicated patients also had signif-
icantly reduced overall Gaussian P3 amplitude
compared to unmedicated schizophrenics (P =
0.012, F(15,34) =2.56), representing a decrease
at 12 of the 15 electrode sites. This difference
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was not significant in relation to the global
means. ,

In summary, a reduced Ni amplitude in
medicated patients seen with the conventional
measure was not seen with the Gaussian pa-
rameter A estimate. A reduced P3 amplitude
in unmedicated patients with the conventional
amplitude measure was not supported by the
Gaussian estimate, but instead P3 amplitude
was found with this measure to be reduced in
the medicated patients.

Other findings

Figure 5 shows the graphs of P3 latency for all
sites and subjects combined, in each of the
three groups (these are the conventional laten-
cies obtained by means of manual identifica-
tion). There does not appear to be an obvious
bimodal tendency in the distributions,
Figure 6 gives four examples where the mod-
elling procedure did not perform adequately.
In the first example (error 1 in the figure), the
problem was due to the presence of a promi-
nent P3a and P3b in the average waveform.
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Figure § The distribution of P3 latencies (all sites and sub-
jects combined) for each of the three groups of subjects.
These are the conventional latencies as identified by a
trained observer. There does not appear to be an obvious
bimodal tendency in any of the distributions.
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Consequently, the Gaussian function that was
intended to model the P2 component instead
modelled P3a, and the Gaussian that was in-
tended to model the P3 component modelled
P3b. The N2 Gaussian modelled the negative
part of the curve between P3a and P3b. In the
second example (error 2), there was an unusual
Post-P3 positivity. The P3 Gaussian modelled
this part of the curve instead of the P3 compo-
nent. In the third example (error 3), the post-
P3 negativity in the average (which was not un-
common) overlapped the N2 and P3 compo-
nents, causing them to be considerably offset

Grey = real, black = model.
Error 1: Normal subject, site O2.
NI N2

P2

P3a ol 55122
0 100 200 300 400
Error 2: Normal subject, site F4.
N1 N2

P2

P3
200

Error 3: Unmed. schiz., site C.

0 100

300 400

N1
p 2N2
0 100 200 300 400
Error 4: Med. schiz., site F8.
N1 N2 '
/\ T
P2 P3
L 100 200 300 400

Figure 6 This figure shows four examples where the model
produced erroneous results, In the first example, the prob-
lem was due to a prominent P3a and P3b in the waveform,
In the second, the problem was due to an unusyal post-P3
positivity. In the third, the problem wasg.due to the post-P3
negativity overlapping the N2 and P3 cotiponents, In the
fourth, the problem was due to the delayed latency of the
components in the average, especially N2 which was de-
layed past 300 ms. Consequently, the model constraints pre-
vented N2 and P3 from being appropriately modelied,
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from the baseline. Consequently, the N2 and
P3 Gaussians in the model waveform were
quite wrongly positioned. In the fourth exam-
ple (error 4), all of the components in the av-
erage are delayed in latency, and the N2 com-
ponent in particular is delayed beyond 300 ms.
Consequently, the constraints of the model
prevented the N2'and P3 components of the
waveform from being modelled. This s a (rare)
example of inappropriate model constraints.

Discussion

This study set out to explore the possible role
of component overlap in relation to the N1,P2,
N2, and P3 component amplitude findings in
schizophrenia, using a simple hypothesized
model of the structure of the average ERP The
most important finding in relation to this mod-
el is the possibility that overlap is significantly
affecting traditional peak-to-baseline esti-
mates for all four components, particularly P2
and P3, but also N2, and to a lesser extent N1.
Furthermore, these overlap effects, if they are
real,seem to affect group ERP data in different
ways, a

These results seem to indicate that the mod-
el waveforms themselves reasonably represent
the morphological structure of the real average
ERPs, although some error is involved. Across
the three groups, the component latencies
were identified “correctly” in-around five-
sixths of cases for N1, two-thirds of cases for
P2 and N2, and three-quarters of cases for P3.
However, there is no reason we should neces-
sarily expect the peak of the underlying com-
ponentto occur at the same latency as the peak
in the overall waveform, given the effects of
component overlap, which may alter apparent
latency as well as apparent amplitude. Al-
though we have labelled the Gaussian laten-
cies “incorrect” if they did not closely corre-
spond to the latencies of the peaks in the over-
all waveform, they are not necessarily
incorrect in reality, since the latency of peaks
mn the overall waveform may be distorted by
component overlap. This is likely to account
for most of the discrepancy in the latencies ob-
served in this study between the Gaussian
peaks and the real waveform peaks as identi-
fied manually, given the close morphological
match between model and real waveforms. Al-
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though component latency was not the focus of
this study, these results indicate that clinical
studies of component latency, and not just
studies of component amplitude, may be af-
fected by the problem of component overlap.
Although the model waveform seems to be
understating the amplitude of N1 in normals
and P3 in patients in relation to the average
waveforms, the error involved is small (on av-
erage less than or equal to—0.63 uV), and some
error must be expected given the simplicity of
the Gaussian component shape. The best that
can be hoped for at this stage is a reliable ap-
proximation rather than cxactness. Some of

-the error in relation to P3 may be due to the

presence of multiple subcomponents, since
there is a hint of bifurcation in Figures 2 and 4
for the real grand averages (normals and med-
icated schizophrenics), although this is not
borne out by the latencies (Figure 5). It should
also be noted that a post-P3 negativity was pre-
sent (Figures 2, 3 and 4) which was not taken
into account by the model.

If it is accepted that component overlap of
Gaussian-like components is occurring physi-
cally (rather than just mathematically), which
has not been proven by this study, then it seems
that traditional peak-to-baseline estimates of
component amplitude, whether identified
manually or automatically, are heavily con-
taminated by component overlap. The most
significantly affected component is P2, which,
while generally considered a small component,
might in fact be a large amplitude component
significantly affected by overlap, which results
in partial cancellation. Similarly, N2 and P3
may be larger than peak-to-baseline estimates
suggest, and even N1 may be affected some-
what, since the clinical findings in relation to
N1 differed in relation to the two amplitude es-
timates.

A decreased N1 amplitude (conventional
peak-to-baseline) has been reported in medi-
cated or mainly medicated schizophrenics in a
variety of auditory oddball ERP studies such
as Barrett, McCallum, and Pocock (1986) and
a number of studies have found that this N1
amplitude decrease was either jexclusively
found in medicated subjects (Pfefferbaum,
Ford, White, & Roth, 1989) or was accentuated
when patients were retested on medication
{Blackwood et al., 1987). These findings are
consistent with our results. However, the find-
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ings in this study raise the possibility that this
decreased N1 amplitude in medicated schizo-
phrenics may be contributed to or due ta com-
ponent overlap effects, rather than reflecting a
real decrease in amplitude of the underlying
component.

The absence of significant findings in either
clinical group in relation to the P2 component
in this study is consistent with previous target
auditory oddball ERP studies such as Roth,
Horvath, Pfefferbaum, and Kopell (1980) and
Blackwood et al. (1987). Similarly, no signifi-
cant N2 findings occurred in auditory oddball
studies by Brecher, Porjesz, and Begleiter
(1987) and Romani et al. (1987), which is also
consistent with our findings. . -

P3 amplitude reduction has been rcported in
numerous auditory oddball studies in both un-
medicated and medicated patients (Baribeau-
Braun, Picton, & Gosselin, 1983; Blackwood et
al., 1987; Ebmeier et al.; 1990; Ford et al., 1994;
Kutcher, Blackwood, -St. Clair, & Gaskell,
1987; Michie, Fox, Ward, Catts, & McCon-
aghy, 1990; Pfefferbaum et al., 1989; Romani
et al., 1987). In this study the decreased P3 am-
plitude in unmedicated patients seen with the

conventional amplitude measure was not sup- -

ported by the Gaussian parameter A estimate,
which revealed instead a decreased P3 amph-
tude in the medicated patients. Again, this rais-
es the possible role of overlap effects in rela-
tion to the interpretation of P3 amplitude find-
ings, in terms of whether this finding relates
primarily to the disease state or whether it is
an effect of medication. The fact that the de-
creased conventional P3 amplitude in unmed-
icated schizophrenics was significant for the
global means but not for Hotelling’s T?-test,
would suggest that there was considerable vari-
ability in the topographic distribution of P3
within individuals in both groups, which would
increase the variability in relation to
Hotelling’s T2, but would tend to be eliminated
by forming a global mean.

The results of this study do not prove that
the model of four Gaussian components is cor-
rect, and must be interpreted cautiously. How-
ever, the large differences between the Gauss-
ian parameter A amplitude measure and the
traditional peak-to-baseline ampiitude suggest
such alternative interpretations are worth con-
sidering. This method provides one possible
approach to begin to clarify component ampli-
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tude abnormalities in schizophrenia and to al-
low the association between the various com-
ponents and postulated aspects of information
processing to be analyzed without contamina-
tion by the effects of overlap.
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Appendix: Simulated annealing minimization

We can consider the 12 model parameters A,
... C4 as constituting a vector in a 12 dimen-
sional space, with each element of the vector
being one of the parameters. We wiil call this
the model parameters vector. The elements of
this model parameters vector are initialized to
some selected starting values at the beginning
of the procedure. The process of simulated an-
nealing involves repeatedly randomly perturb-
ing this model parameters vector such that a
new (perturbed) model parameters vector is
created. The squared error of this new {per-
turbed) model parameters vector is computed.
Ifthe squared error is lower than the old model
parameters vector, the old vector is discarded
and the new (perturbed) model parameters
vector takes its place. If the squared error has
increased, then the perturbation may or may
not be accepted on a chance basis. The proba-
bility of the perturbation being accepted is piv-
en by the following equation (Metropolis et al.,
1953; Zeger, Vaisey, & Gersho, 1992): B

AF E i i
p=eT 4)

Here AE represents the increase in the squared’

error introduced by the perturbation, T is a
“temperature” parameter, and p the probabil-
ity of the perturbation being accepted. The
greater the squared error introduced by the
perturbation the less likely that perturbation is
to be accepted, and the greater the tempera-
ture (the “hotter” the system) the more likely
that perturbation is to be accepted.

The approach is to start the system at a high
temperature when many perturbations are ac-
cepted, even ones that increase the squared er-
ror by a large amount, and wait for thermal
equilibrium at this temperature, then to grad-
ually reduce the temperature (the value of 1),
at each new T waiting for thermal equilibrium
to occur. Once T becomes very low, few new
perturbations will be accepted and the system
has effectively become “frozen” at a solution.
It is the ability of the Metropolis algorithm to
climb “uphill,” or to accept perturbations
which increase the squared error, which allows
it to escape from local minima.

The starting conditions consisted of allocat-
ing the first component a latency of 100 ms, an
amplitude of —10.0p1V, and a width parameter
of 25 ms (N1); the second component a latency
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of 180ms, an amplitude of + 7.5 KV, and a
width parameter of 20ms (P2); the third com-
ponent a latency of 240ms, an amplitude of
=751V, and a width parameter of 20 ms (N2);
and the fourth component a latency of 300 ms,
an amplitude of + 10.0pV, and a width param-
eter of 25ms (P3). These starting conditions,
although in the correct order of magnitude,
were arbitrary, but one of the features of sim-
ulated annealing is that the starting conditions
quickly become irrelevant and do not affect
the final solution. A vector having all its ele-
ments equal to these starting values is here
termed the starting vector.

Each perturbation was performed according
to the following procedure. An offset vector
was computed, by first generating a 12-dimen-
sional unit vector with uniformly random di-

. rection (Marsaglia, 1972). Each element of the

offset unit vector was then muitiplied by the
corresponding element in the starting vector.
This was necessary because the different pa-
rameters have quite different orders of magni-
tude (for instance, latency is in the order of 100
to 300 units, while amplitude is in the order of
10 units), and it was therefore necessary to
weight the offset vector along each axis in pro-
portion to the approximate magnitude of the
particular parameter. This has the effect of se-
lecting the offset vector randomly from the sur-
face of a (12-dimensional} hyper-ellipsoid
rather than the surface of a unit hyper-sphere,
with the intersection of this hyper-cllipsoid
with each axis occurring at the starting param-
cter value for that axis. In order that a given
parameter should change by no more than 5%
of its starting value in one perturbation, the
length of the offset vector was then scaled by
a factor of 0.05. A uniformly random number
between 0 and 1 was then generated and the
offset vector scaled by this amount. Finally, the
new (perturbed) model parameters vector was
computed as the sum of the offset vector and
the old model parameters vector.

Once a perturbed model parameters vector
had been computed, it was examined to ensure
that all of the parameters were within certain
constraints. If any of the parameters violated
these constraints, another perturbed vector
was generated using exactly the same method,
this process being repeated untfl a vector in
which all the parameters satisfied the con-
straints was produced. By this means the per-
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turbed vectors used in the simulated annealing
procedure always adhered to the constraints.
These were as follows. The first Gaussian com-
ponent (modelling N1) had to be within the la-
tency window 60 to 180 ms, The second Gauss-
ian component (modelling P2) had to be within
110 to 260 ms, the third Gaussian component
/(N2) had to be within 140 to 300 ms, and the
fourth (P3) had to be within 240 to 450 ms. The
components had to occur in this order (that is,
NI had to precede P2, P2 had to precede N2,
and N2 had to precede P3). Each Gaussian
component had to have a latency greater than
the preceding one by at least 20 ms. This pre-
vented negligible deviations being modelled
by two large components of opposite sign with
almost identical latencies. The first Gaussian
had to have negative amplitude, the second
positive, the third negative, and the fourth pos-
itive. Finally, the width parameter (C) for each
component had to be greater than 15 and less
than 75ms (the total duration of a compopent
from 0.368 (1/e) of the peak amplitude before
the peak to 0.368 of the peak amplitude after
the peak could not be less than 30 ms or exceed
150 ms). '

The simulated annealing procedure was
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then carried out as follows (parameters
marked with a superscript 1 were obtained
from Zeger et al., 1992, as based on Kirkpa-
trick et al., 1983, and parameters marked with
a superscript 2 were arrived at by means of ex-
perimentation). The process was started at a
value of T (Ty), the temperature parameter, at
which at Jeast 25%! of perturbations were ac-
cepted. At each temperature, thermal equilib-
rium was considered to have been reached ei-
ther after 10002 accepted perturbations, or if af-
ter 100002 aitempted perturbations the squared
error had changed byless than 0.1%. The tem-
perature parameter was then reduced to the
next value in the temperature schedule, which
was given by the following equation (Zeger et
al., 1992):

T, =Tp* K" (5)

The value of K was set to 0.91. The system was
run until either at a given temperature less
than 0.1%! of perturbations were accepted, or
the squared error changed for the last fiveZ
temperature iterations by less than 0.1%1, The
system was then considered “frozen” at the so-
lution.
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