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mapping in clinically unaffected first-degree relatives,
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Abstract The N1 component of the auditory evoked
potential (AEP) is a robust and easily recorded metric of
auditory sensory-perceptual processing. In patients with
schizophrenia, a diminution in the amplitude of this com-
ponent is a near-ubiquitous finding. A pair of recent studies
has also shown this N1 deficit in first-degree relatives of
schizophrenia probands, suggesting that the deficit may be
linked to the underlying genetic risk of the disease rather
than to the disease state itself. However, in both these
studies, a significant proportion of the relatives had other
psychiatric conditions. As such, although the N1 deficit
represents an intriguing candidate endophenotype for
schizophrenia, it remains to be shown whether it is present
in a group of clinically unaffected first-degree relatives. In
addition to testing first-degree relatives, we also sought to
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replicate the N1 deficit in a group of first-episode patients
and in a group of chronic schizophrenia probands. Subject
groups consisted of 35 patients with schizophrenia, 30
unaffected first-degree relatives, 13 first-episode patients,
and 22 healthy controls. Subjects sat in a dimly lit room
and listened to a series of simple 1,000-Hz tones, indicating
with a button press whenever they heard a deviant tone
(1,500 Hz; 17% probability), while the AEP was recorded
from 72 scalp electrodes. Both chronic and first-episode
patients showed clear N1 amplitude decrements relative to
healthy control subjects. Crucially, unaffected first-degree
relatives also showed a clear N1 deficit. This study pro-
vides further support for the proposal that the auditory N1
deficit in schizophrenia is linked to the underlying genetic
risk of developing this disorder. In light of recent studies,
these results point to the N1 deficit as an endophenotypic
marker for schizophrenia. The potential future utility of
this metric as one element of a multivariate endophenotype
is discussed.

Keywords Schizophrenia - N1 deficit -
Electrophysiology - Endophenotype - Event-related
potential - ERP - Genetic liability

Introduction

Deficits in generation of the N1 component of the auditory
evoked potential (AEP) are now well established in
patients with schizophrenia [2, 8-11, 13, 14, 21, 26, 27, 37,
38, 41, 47, 51, 60]. With a peak latency of approximately
100 ms, the N1 component receives its main contributions
from generators in and around primary auditory cortex [13,
27, 38], although both frontal [27] and parietal sources [43]
also contribute. This component, marking a crucial
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auditory sensory-perceptual processing period, is best
observed at electrode sites over the fronto-central scalp. As
well as its nearly ubiquitous dysfunction in chronic
patients, a growing number of studies have found a similar
deficit in new-onset [48, 57] and medication-free patients
[57, 62, 66]. A key question is whether this deficit is a
consequence of the expression of the disease state itself, or
alternatively, whether it is associated with the underlying
genetic liability for developing the disorder. Given the ease
with which the auditory N1 can be recorded and its general
robustness across individuals, it could ultimately have great
utility as an endophenotypic marker if it proves to be
related to the underlying genetic risk of schizophrenia.

In 1984, Saitoh et al. [56] provided the first evidence
that we are aware of for an N1 deficit in unaffected siblings
of patients with schizophrenia, thereby suggesting that it
might well be an endophenotype. This aspect of auditory
sensory processing was not the primary concern of the
Saitoh study, however, which was focused instead on the
effects of selective attention manipulations on later cog-
nitive components of the AEP. As such, the N1 finding
appears to have been largely overlooked at the time. For-
tunately, there has been a recent resurgence of interest in
the N1 deficit as a potential endophenotypic marker. Cru-
cially, this abnormality has now been extended to studies
of twins non-concordant for schizophrenia where the deficit
is also seen in the unaffected twin [1, 4], strongly sug-
gesting that the deficit is linked to the underlying genetic
risk of developing schizophrenia rather than to the progress
of the disease state itself. A recent study by Turetsky et al.
lends some additional support to the notion that this N1
deficit has a genetic component [65]. In a large-scale study
of first-degree non-psychotic relatives of schizophrenia
probands, these authors found a similar N1 deficit to that
seen in patients. However, in this study, when the first-
degree sample was ‘“narrowed” to only those relatives
without non-psychotic psychiatric comorbidities, the N1
deficit was no longer observed. The implication of their
results was that the N1 deficit was limited to those relatives
with the highest genetic liability for psychiatric symptoms.
Force et al. [20] have also shown an N1 deficit in first-
degree relatives, but as in the Turetsky study, their sample
of relatives (N = 37) also had a high incidence of psy-
chiatric comorbidities. Further, a number of additional
studies have failed to find N1 abnormalities in first-degree
relatives [33, 67]. Thus, while there is mounting evidence
that amplitude attenuation of the N1 component of the AEP
may be endophenotypic for schizophrenia, the picture is far
from clear at this stage.

In the current study, we used high-density electrical
mapping to measure the auditory N1 in patients with
schizophrenia, their clinically unaffected first-degree rela-
tives, first-episode schizophrenia patients, and healthy
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controls. An important feature of the current study was that
any individuals with previous psychiatric history in the
sample of first-degree relatives were carefully excluded. A
second key aspect of this study was the use of high sweep
counts for each subject’s AEP recordings (600 trials) as we
suspected that some of the previous negative findings may
have resulted from rather noisy estimations of the NI
amplitude. As such, we hypothesized that these improved
methods and better classification of participants would
likely reveal an N1 deficit in the first-degree relative group.
Our results provide further support for the proposal that the
N1 deficit is an endophenotype for schizophrenia in that we
find a clear N1 deficit in both first-episode and first-degree
relative groups.

Methods and materials
Subjects

Informed consent was obtained from the three subject
groups: 35 schizophrenia patients (12 women, mean
age = SD = 41.5 £+ 12.4), 30 first-degree relatives (16
women, mean age £ SD = 34.1 £ 15.5), and 13 first-
episode schizophrenia patients (I woman, mean age +
SD = 25.7 £ 7.83). All subjects were between 18 and 65
years of age. All patients met DSM-IV criteria for
schizophrenia [5] using the SCID, and axis II comorbidities
were ruled out. Patients were recruited from the St. Vin-
cent’s Hospital Catchment Area in Fairview, Dublin, Ire-
land. The ethics committee at St. Vincent’s Hospital
approved all procedures, and all participants signed a
written informed consent after the details of the study were
fully explained to them and before participating in the
study. Healthy control subjects and first-degree relatives
received a modest remuneration of €40 for their time. All
procedures were conducted in accordance with the ethical
principles developed by the World Medical Association, as
put forth in the Declaration of Helsinki.

The Brief Psychiatric Rating Scale (BPRS) [50] and the
Scale for the Assessment of Negative Symptoms (SANS)
[3] were used to assess the severity of the current illness.
All the patients with chronic schizophrenia were medicated
(average chlorpromazine equivalent dose = 420 mg/day).
Medications comprised of typical and atypical antipsy-
chotics. First-episode schizophrenia patients were on an
average dose of 262 mg/day of chlorpromazine equivalents
of antipsychotics. Of these, three subjects were unmedi-
cated and were neuroleptic-naive. The average number of
days on medication was 20 days. Control subjects were
recruited from the local and hospital staff community and
comprised of 22 (11 women) volunteers (mean
age = SD = 40.6 & 12.7). Controls and first-degree
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Table 1 Demographic and clinical characteristics of all the participant groups

Characteristics Chronics Relatives 1st Episodes Controls
Number of subjects 35 30 13 22

Sex 23 M, 12F 14 M, 16F 12 M, IF 11 M, 11F
Mean age (and SD) 41.5 (12.4) 34.1 (15.5) 25.7 (7.8) 40.6 (12.7)
Left-handedness 5 6 1 4

Mean duration of illness (and SD), year 14.9 (9.8) 0 20.2 (12.5) days 0

Mean chlorpromazine dose (and SD), mg 427.2 (341.6) 0 262.3 (280.2) 0

Mean BPRS (and SD) 38.2 (10.0) 0 43.3 (12.1) 0

Mean SANS (and SD) 38.9 (25.2) 0 33.0 (20.8) 0

SD standard deviation, BPRS Brief Psychiatric Rating Scale, SANS Scale for the Assessment of Negative Symptoms

relatives were medication-free and free of any psychiatric
illness or symptoms by self-report using criteria from the
SCID-NP [61] and reported no history of alcohol or sub-
stance abuse. All subjects were also assessed for handed-
ness using the Edinburgh Handedness Inventory [49] and
reported normal or corrected-to-normal vision. Participant
demographics and clinical characteristics are summarized
in Table 1.

Stimuli and experimental design

In a single experimental block, subjects were presented
with 750 standard tone stimuli (1,000 Hz; 60-ms duration;
70 dB SPL) and 150 deviant tone stimuli (1,500-Hz; 60 ms
duration; 70 dB SPL). Stimuli were presented through
headphones (Sennheiser-HD600), and subjects were
required to press a button with their right thumb whenever
they detected the occurrence of a deviant tone. Only
standard stimuli were analyzed here. In addition, any
standard that immediately followed a deviant stimulus was
excluded from this analysis since it has been shown that
such stimuli can contain mismatch negativities that might
contaminate the analysis of the N1 [46]. Thus, responses to
600 standard stimuli were entered into the present analysis.
Total block run-length lasted for 23.4 min if uninterrupted,
but subjects could pause to rest at will during the block if
they felt fatigued. Subjects sat in a dimly lit room and
looked at a fixation point located 160 cm directly in front
of them. Each tone was presented with a fixed inter-stim-
ulus interval (IST) of 1,500 ms.

Electrophysiological recording and analysis

Continuous EEG was acquired through the ActiveTwo
Biosemi'™ electrode system from 72 scalp electrodes,
digitized at 512 Hz with an open pass-band from DC to
150 Hz. For analysis and display purposes, data were
subsequently filtered with a 0-phase-shift 45-Hz low-pass

filter (24 dB/octave) after acquisition. No high-pass filter
was applied. With the Biosemi system, every electrode or
combination of electrodes can be assigned as the “refer-
ence”, and this is done purely in software after acquisition.
Biosemi replaces the “ground” electrodes used in con-
ventional systems with two separate electrodes: common
mode sense (CMS) active electrode and driven right leg
(DRL) passive electrode. These 2 electrodes form a feed-
back loop, which drives the average potential of the subject
(the common mode voltage) as close as possible to the
ADC reference voltage in the AD box (the ADC reference
can be considered as the amplifier “zero”). For a detailed
description of the referencing and grounding conventions
used by the Biosemi active electrode system, the interested
reader is referred to the following Web site:
http://www.biosemi.com/fag/cms&drl.htm. All data were
re-referenced to the nasion after acquisition, for analysis.

Data were analyzed using BESA version 5.08 (Brain
Electric Source Analysis) software (http://www.besa.de).
All electrode channels were subjected to an artifact crite-
rion of £ 120 pV from —200 to 1,200 ms to reject trials
with excessive EMG (electromyography) or other noise
transients. The vertical and horizontal electro-oculograms
were also visually inspected for blinks and large eye
movements. Epochs were calculated for a time window
from 200 ms pre-stimulus to 1,200 ms post-stimulus and
baseline-corrected relative to the interval —80 to 20 ms.
Accepted trials were then averaged for the standard tone
only.

A measure of N1 amplitude was defined as the greatest
negativity over the interval 96-116 ms, spanning the N1
component, chosen based on grand average waveforms.
These peak measures were then submitted to a repeated-
measures multivariate analysis of variance (MANOVA;
using SPSS software, Chicago, IL) with between-subjects
factor of group (patients, relatives, first episodes, and
controls) and within-subjects factors of electrode (FCl,
FCZ, FC2), covering the left, midline, and right fronto-
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central scalp regions, respectively. All tests were two-tailed
with a preset o-level of p < 0.05. In all statistical tests,
Greenhouse—Geiser Correction was used.

Results

The mean £ SD target detection rate was 91.03 £ 14.53
for patients, 96.56 = 5.76 for first-episode patients,
98.43 + 2.73 for relatives, and 99.03 £ 1.64 for controls.
There was no significant difference between groups
(p = 0.2). These high accuracy rates across groups con-
firmed that all groups were attending the stimuli
adequately.

Visual inspection of the grand average waveforms
across groups revealed a peak latency of approximately
106 ms for the N1 that was consistent across groups.
Therefore, we defined a window from 96 to 116 ms during
which the largest negative deflection was chosen as the
dependent measure. The scalp waveforms (Fig. 1a) clearly
illustrate the group differences within the time range of the
N1. This negativity is again distinctly observed using
topographic voltage maps of the distribution of the
amplitude on the scalp (Fig. 1b).

An analysis of variance (ANOVA) (4 groups x 3
electrodes) showed a significant main effect of group
[F(3,96) = 6.506, p < 0.01] with no group x electrode
interaction (p = 0.23). The overall effect size was
f = 0.41, which constitutes a large effect size according to
the criterion of Cohen [15]. Unadjusted pairwise compar-
isons showed all three groups significantly different in
comparison with the healthy controls (chronic patients:
p < 0.001; first-episode patients: p = 0.028; and first-
degree relatives: p = 0.034).

Discussion

Here, we found that the amplitude of the N1 component of
the AEP was significantly reduced in patients with
schizophrenia, and this was also the case in a group of
newly psychotic patients, when compared to a healthy
comparison group. Crucially, this N1 amplitude reduction
was also evident in clinically unaffected first-degree rela-
tives of the schizophrenia probands, providing further
evidence that this deficit is likely to be linked to the
underlying genetic liability for schizophrenia and that the
N1 deficit may have utility as an endophenotypic marker
for risk assessment. These results add to a growing body of
literature where similar amplitude reductions in the audi-
tory N1 in first-degree biological relatives have also been
reported [20, 56, 65]. Unfortunately, the emerging picture
is not as straightforward as one might hope. In the most
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Fig. 1 a Waveforms illustrating the AEP in all four groups from 5
selected scalp electrodes (FC1, FCz, FC2, P9, and P10). b Scalp
topographies at 108 ms showing the distribution of the N1 and the
marked differences between first-episode patients, chronic patients,
and controls. ¢ A scatter plot of the distribution of the N1 peak
amplitude for each of the 4 groups taken at the scalp site FCz
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recent pair of these studies, the samples of first-degree
relatives also included individuals with axis I disorders,
and this somewhat complicates the picture. In the case of
the largest and most comprehensive of these studies [65],
removal of the relatives with psychiatric comorbidities
from the sample resulted in loss of the NI deficit. A
somewhat similar picture emerges from the study of Force
et al. [20]. They used a dichotic listening task to assess
neural abnormalities during auditory processing in four
cohorts: patients with schizophrenia, patients with bipolar
disorder, and the respective first-degree biological relatives
for each of the two clinical groups. They found that only
schizophrenia patients and their relatives had a significant
decrease in N1 amplitude compared to a non-psychotic
healthy comparison group, whereas neither the bipolar
patients nor their relatives showed the deficit. However, the
first-degree schizophrenia group in the Force study also
included relatives with other psychiatric comorbidities,
again somewhat clouding interpretability of these results.
The present study had the advantage that the sample of
first-degree relatives used was completely free from other
DSM-1IV axis I diagnoses, and yet the N1 deficit was seen
to persist in this group.

Twin studies

Another very powerful method of determining whether
genetic contributions are a major source of a given ERP
difference is to look at concordant and discordant twin
pairs. One such study interrogated the N1 in mono- and di-
zygotic twin pairs discordant for schizophrenia and found a
significant decrease in N1 amplitude in unaffected co-twins
when compared to control subjects [1]. More recently,
Anokhin et al. [4] also looked at the auditory N1 in twin
pairs and found substantial heritability of N1 peak ampli-
tudes, strongly implicating genetic influences at early
stages of auditory processing in schizophrenia. Thus, in
conjunction with the relatives studies discussed above
where the N1 deficit was seen in first-degree relatives,
these twin studies add to a significant bolus of work
pointing to a genetic link.

Evidence against an N1 deficit in first-degree relatives

Unfortunately, the picture is simply not as clear as one
would like. Evidence against an N1 deficit in siblings of
schizophrenia patients comes from five studies that we are
aware of [7, 25, 33, 58, 67]. However, we believe that
certain aspects of these prior studies suggest that such
negative findings could well be due to so-called type II
error. For example, Winterer et al. [67] did not find dif-
ferences in auditory N1 amplitude between unaffected
relatives and control subjects, but neither did they find

differences in N1 amplitude between their patient group
with schizophrenia and controls. However, the basic N1
deficit in schizophrenia has been demonstrated by dozens
of independent studies with varying task parameters over
the course of three decades and seems beyond doubt. In
light of this, it is likely that the observations of Winterer
et al. may have been falsely negative for the N1 period.

Another illustrative example is that of Karoumi et al.
[33]. These researchers reported significant differences in
N1 amplitude between patients and controls but found that
relatives did not differ from either of these two groups.
Clearly, this must reflect type II error, since if the popu-
lation of people with schizophrenia differs from the healthy
population, then it cannot be the case that the population of
relatives of schizophrenia patients is identical to both of
these groups. In fact, an independent-samples ¢-test of the
data provided by Karoumi et al. for the comparison of
relatives to controls shows a p-value of 0.043 (one-tailed),
which misses significance after Bonferroni correction.
However, the achieved power (1 — f§) for the observed
effect size (d = 0.541) is only 0.53 (o = 0.05). Simply
stated, there was a 46% chance of type II error in this study.
In our case, the observed effect size was larger (d = 0.69),
due to less variance in the amplitude measures across
subjects (see below), and our achieved power for the same
test was 0.78. Even after Bonferroni correction for three
comparisons to o« = 0.017, our achieved power is a toler-
able 0.61.

Frangou et al. [25] showed no difference in N1 ampli-
tude between 33 probands and 57 of their first-degree rel-
atives. The latter group included parents and siblings from
16 multiplex families, with presumably high genetic lia-
bility for schizophrenia. Although recordings were made
from only 3 midline scalp sites, which is clearly not ideal,
and the number of epochs included in each subject’s
averaged response could be relatively low (circa 60
sweeps), likely leading to less reliable estimates of the
AEP, it is nonetheless unclear why their results are not in
accordance with the current results. This study did show
differences in later AEP components (N200 and P300)
since subjects were required to respond to the auditory
stimuli as part of an active discrimination task. Thus,
another possibility is that estimates of N1 amplitude were
affected by overlap from these later cognitive components,
which could have obscured potential differences. Another
potential cause of falsely negative findings, alluded to
above, relates to signal-to-noise issues and the possibility
of poor estimation of the evoked component of interest.
Frangou et al. reported using only 60 trials for at least some
of the averages, which, in our experience, is not enough to
reliably estimate the evoked response. Additional within-
group variability due to residual noise from estimation
procedures will of course adversely affect statistical power.
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Our procedure yielded smaller standard deviations for
N100 amplitudes (£2.7 to 3.2 uV for relatives and con-
trols, respectively, compared to +3.2 to 4.7 uV reported by
Frangou et al. [25]). This led to a greater observed effect
size and statistical power as described above.

Thus, while there exists studies where an N1 deficit was
not seen in first-degree relatives, many of these studies are
open to criticism on methodological and statistical grounds.
Nonetheless, these studies do speak to the relative robust-
ness of the N1 effect or lack thereof, and clearly, one would
prefer a much more stable measure if it is ultimately to
prove useful as an endophenotypic marker.

First-episode patients

With respect to the N1 in first-episode schizophrenia
patients, once again the experimental results are rather
unfortunately mixed. In one case, Valkonen-Korhonen
et al. [66] found the N1 unchanged in 25 never-medicated
acutely psychotic patients compared to healthy controls. In
contrast, Sumich et al. [62] found a significant reduction in
the anterior N1 in a group of twenty men with recent-onset
psychosis. A third study examined forty young first-episode
schizophrenia patients and showed the same pattern of N1
amplitude disturbances as seen in chronic patients [10].
Most recently, a report from Salisbury et al. [57] adds
further support for an auditory N1 deficit in first-episode
schizophrenia. It is important though to note that the first-
episode patients from these latter three studies, where an
N1 deficit was seen, were all on antipsychotic medications
at the time of testing. Our finding supports the results of the
latter three studies showing significant N1 amplitude
reduction in newly diagnosed first-episode patients with
schizophrenia. The first-episode patients in our study had
been exposed to a total of less than 20 days of antipsy-
chotic medication. They had also never previously been
on antipsychotic medication. The short amount of time of
antipsychotic exposure rules out the long-term effects of
antipsychotic medication, which is often a potentially
confounding factor in studies of schizophrenia patients.
Thus, the weight of evidence in first-episode patients also
points to an N1 deficit, with the proviso that the patients
were generally medicated at test time.

Toward a multivariate endophenotype

The concept of a composite multivariate endophenotype
consisting of a battery of easily obtainable complementary
measures is an intuitively appealing one [53]. Not only
would such an entity provide greater experimental stability
but also test-retest reliability compared to just a single
endophenotypic measure [64]. There are now a handful of
very promising candidate endophenotypes emerging from
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ERP studies that could play pivotal roles in such a multi-
variate metric. For example, studies from our own labo-
ratory have shown that there is a prominent deficit in
generation of the so-called P1 component of the visual
evoked potential (VEP) [22, 23, 34, 68, 69], a deficit that is
of even greater amplitude to the one reported here in the
auditory N1. Yeap et al. [70] showed that this deficit was
robustly present in unaffected first-degree biological rela-
tives, and in turn, Donohoe et al. [19] showed a relationship
between this measure of visual sensory dysfunction and a
known genetic risk variant for schizophrenia (Dysbindin—
DTNBP1). Thus, the VEP P1 deficit has all the hallmarks
of a measure related to the underlying genetic liability for
schizophrenia. Other groups have established similar en-
dophenotypy for measures of both sensory (P50) and
cognitive (P300) components of the AEP [e.g. 6, 29, 31,
44, 45, 65], although in much the same way as the auditory
N1, findings are not always consistent [17, 18]. Very
recently, Hall et al. [30] showed that the early auditory-
evoked gamma-band response was another potential
endophenotype in that unaffected identical twins of
patients with schizophrenia showed a robust reduction in
the amplitude of this very easily measured oscillatory
response. Another well-characterized measure of auditory
sensory function is the mismatch negativity (MMN)
response, and there is some evidence that MMN might also
be endophenotypic [e.g., 42], although we and others have
found essentially normal MMNSs in first-degree relatives,
suggesting that it may not be a terribly robust measure, if it
is endophenotypic at all [e.g., 39]. Finally, the so-called
N400 component has also emerged as a potential endo-
phenotype. Guerra et al. [28] used simple pairings of line
drawings of common objects to elicit N40O responses in a
cohort of first-degree relatives, their schizophrenic pro-
bands, and a group of matched healthy controls. When the
picture pairings, which are presented in sequence, are
semantically congruent (e.g., both pictures are animals),
the N400 is small or absent; in contrast, when the pairings
are incongruent (e.g., a picture of a book followed by a
picture of a car), a robust N400 is typically recorded to the
second picture of the pair. This N400 response is well
known to be impaired in schizophrenia patients [40], and
Guerra et al. [28] found a clear deficit in their patient group
as well as in the unaffected first-degree relatives. Taken
together, the emerging picture is one of a sizable and
growing battery of candidate endophenotypes from ERP
measures across both the visual and auditory sensory
modalities, not all of which are as robust as one might
hope.

It would also be very interesting to see whether similar
sensory deficits in somatosensory processing can be found
to be endophenotypic where early suggestions of
abnormalities in the evoked responses to median nerve
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stimulation [59] have recently been confirmed using mag-
neto-encephalographic (MEG) measures [32]. In turn,
given the likelihood that deficits exist across all three major
sensory modalities (audition, vision, and somatosensation),
another fruitful area for investigation will be indices of
multisensory integration in schizophrenia [16, 24, 54]. In
the cases of many of the simple ERP measures of sensory
processing described above, they are typically obtainable to
a high signal-to-noise ratio within a matter of minutes, so
measures from 4 to 6 of these methods are certainly fea-
sible in a short clinical testing session. Recent innovations
in the acquisition of sensory evoked responses may even
speed these measures further [35, 36]. In addition, both
structural and functional neuroimaging measures could
easily be combined with electrophysiological measures, as
there is also strong emerging evidence for endophenotypic
measures using magnetic resonance imaging (MRI). For
example, Camchong et al. [12] used diffusion tensor
imaging to make two key observations. First, in a cohort of
monozygotic twins, they showed stronger correlations
between fractional anisotropy (FA) measures across twin
pairs within medial wall frontal cortex white matter
structures such as the anterior cingulum. FA is commonly
used as a proxy measure of structural organization within
white matter tracts. They then found that non-affected first-
degree relatives of schizophrenia patients showed reduced
FA in frontal white matter structures, pointing to this
measure as another potential endophenotype.

One obvious issue arises when one considers the mul-
tivariate endophenotypic strategy. Will it simply be the
case that if a given high-risk individual shows a deficit in
one measure of auditory function (e.g., the N1), they will
show similar deficits across all measures of auditory
function (MMN, P50, P300, etc.)? In other words, are these
all essentially measures of the same underlying dysfunc-
tion, and as such, will combination of the measures add
little to our diagnostic abilities? The answer is as yet
unknown but clearly needs to be investigated. There cer-
tainly seems a reasonable likelihood that measures of
dysfunction within a sensory system could be strongly
correlated within subject. But, on a more promising note, it
also seems a reasonable proposal that measures of dys-
function across sensory systems should not be as tightly
coupled. As such, the use of multiple endophenotypes
across multiple sensory systems and across physiological
methodologies (ERP and fMRI) may yet lead to consid-
erably increased diagnostic sensitivity. An obvious next
step will be to assess whether deficits across sensory sys-
tems are correlated within subject.

In turn, the field has yet to adequately leverage advanced
multivariate methods for classification analysis, methods
that continue to be developed and improved in the applied
mathematical and statistics fields. To date, the only study

that we are aware of to have used the multivariate endo-
phenotype approach in schizophrenia employed basic
logistic regression methods [53]. While this was a perfectly
appropriate approach, there are other potentially powerful
methods such as discriminant function analysis (DA) that
could prove more effective [52]. Another method that
might be applicable is the minimum covariance determi-
nant (MCD) estimation. MCD is a robust estimator of
multivariate location and scatter, finding the half of a given
data set for which the determinant of the covariance matrix
of the data is smallest, allowing all data points to be
evaluated against this half [55]. One could certainly
imagine a scenario where healthy subjects might be likely
to cluster more tightly in an n-dimensional multivariate
space than their patient counterparts. Fuzzy clustering is
another potentially compelling method that has clear
applicability [63]. A comparative application of these and
other classification techniques to ERP and MRI data has
not yet been conducted to our knowledge and is clearly
warranted. Another important distinction needs to be made
here. It is one matter to use a method such as DA to
optimize separation of two groups where group member-
ship is already known (i.e., controls vs. patients), but rather
a different matter to then use the derived predictive
functions to classify individuals in a new data set where
group membership is unknown. In this regard, despite the
huge upsurge in efforts to identify potential endopheno-
types for schizophrenia, there is much ground yet to be
covered. In conclusion, we and others strongly believe that
substantial gains in sensitivity can be achieved using this
multivariate endophenotypic approach. The current study
suggests that simple AEP measures of the auditory N1
have excellent potential as one element of just such an
approach.
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