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Auditory event-related potentials (ERPs) have been extensively studied in patients with depression, but most
studies have focused on purely phenomenological analysis methods, such as component scoring. In contrast,
this study applies two recently developed physiology-based methods-fitting using a thalamocortical model of
neuronal activity andwaveform deconvolution— to data from a selective-attention task in four subject groups
(49 patients with melancholic depression, 34 patients with non-melancholic depression, 111 participants
with subclinical depressed mood, and 98 healthy controls), to yield insight into physiological differences in
attentional processing between participants with major depression and controls. This approach found
evidence that: participants with depressed mood, regardless of clinical status, shift from excitation in the
thalamocortical system towards inhibition; that clinically depressed participants have decreased relative
response amplitude between target and standard waveforms; and that patients with melancholic depression
also have increased thalamocortical delays. These findings suggest possible physiological mechanisms
underlying different depression subtypes, and may eventually prove useful in motivating new physiology-
based diagnostic methods.
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Introduction

Major depression is a highly heterogeneous illness (Parker et al.,
2000; Mahli et al., 2005), associated with symptoms including
anhedonia, psychomotor retardation, difficulties in concentrating,
changes in appetite or weight, and suicidal ideation. Since attentional
deficits are a common feature in most depressive illnesses (Hasler
et al., 2004), auditory oddball event-related potentials (ERPs) are an
obvious method of investigation. Using a relatively large sample of
depressed participants, we previously reported increased standard
and target P2 amplitudes, decreased P3 amplitudes, and increased P3
latencies (Kemp et al., 2009, 2010). This study aims to examine the
physiological basis for these changes using physiology-based model-
ing (Kerr et al., 2008) and signal analysis techniques (Kerr et al.,
2009).

Attempts to quantify changes in ERP waveforms using conven-
tional methods, such as component scoring, have yielded contradic-
tory results (e.g., el Massioui and Lesèvre, 1988; Sandman et al., 1992;
Giese-Davis et al., 1993). The most consistent finding in patients with
depression is reduced P3 amplitude (Kemp et al., 2009, 2010; Roth
et al., 1981; Blackwood et al., 1987; Gangadhar et al., 1993; Bruder
et al., 1995, 1998; Urretavizcaya et al., 2003); all other changes were
reported by fewer than half of previous studies, potentially as a
consequence of the heterogeneity of the disorder. Additionally,
component scoring may not adequately quantify some of the changes
that occur in patients with depression, since this method considers
only a handful of data points from each ERP. Furthermore, given that
source activations underlying ERP waveforms almost certainly
overlap in time, changes in either amplitude or latency of one source
may produce changes in both amplitude and latency of one or more
components. For example, increases in target P2 amplitude (Kemp
et al., 2009; Vandoolaeghe et al., 1998) and increases in target N2
latency (Kemp et al., 2010; Sandman et al., 1992; Urretavizcaya et al.,
2003) could both result from a single amplitude or latency change
in an underlying source.

Although many studies have reported changes in ERPs associated
with depression, no clear physiological explanation of these changes
has yet been advanced. This study applies two recently-developed
techniques — deconvolution of target waveforms into overlapping
standards, and fitting using a thalamocortical model of brain activity—
to ERPs from four subject groups (melancholic depression, non-
melancholic depression, subclinical depressed mood, and healthy
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Fig. 1. The Robinson et al. thalamocortical model, consisting of five neuronal
populations: cortical excitatory and inhibitory (e and i, respectively), thalamic reticular
(r), thalamic sensory (s), and sensory afferents (n). The excitatory and inhibitory
populations (white and black boxes, respectively) are linked by known anatomical
connections (arrowheads for excitatory connections; circles for inhibitory). Time delays
(t0/2; tos) are also shown.
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controls), to obtain information on the pathophysiological changes
underlying major depression.

Deconvolution (Kerr et al., 2009) re-expresses the target wave-
form in terms of the standard one, an approach motivated by the
presence of similarities in the two waveforms (such as the N1 and P2
components). Empirically, targets are found to resemble a superpo-
sition of two amplitude-scaled standardwaveforms, the secondwith a
latency offset of ~100 ms. A physiological explanation is that target
responses may be produced by the activation of two anatomically
and dynamically similar cortical networks by thalamocortical (or
corticocortical) impulses (Kerr et al., 2009). Deconvolution produces
quantifications with much lower redundancy than component scores,
and yields information about ERP waveforms not obtainable using
conventional methods (Kerr et al., 2009).

The thalamocortical model developed by Robinson et al. (2001) is
a physiology-based continuum model of spatiotemporal neuronal
dynamics. In this model, neurons are grouped into five different
subthalamic, thalamic, and cortical populations, and are inter-
connected via known anatomical connections, as shown in Fig. 1.
Since electroencephalographic (EEG) activity is recorded at relatively
large spatial scales, modeling individual neurons is unnecessary.
Instead, neurons are described in terms of population-average
properties (including synaptic strengths and axon lengths), which
Table 1
Means (standard deviations) of demographic and psychiatric measures for each subject grou
N=patients with non-melancholic major depression; M=patients withmelancholic major depr
for the Hamilton Depression Rating Scale ANOVA=analysis of variance.

Measure Controls Subclinical Non-mel

Sample size 98 111 34
Age (years) 35 (11) 36 (11) 35 (10)
Sex 55 f, 43 m 57 f, 54 m 17 f, 17 m
DASS

Depression 2.0 (2.2) 16.9 (7.5) 24.8 (9.9
Anxiety 1.2 (1.9) 6.7 (6.4) 8.8 (7.7)
Stress 4.3 (4.1) 14.3 (8.7) 18.8 (8.6

SIGH-D – – 18.8 (3.9
constitute the parameters of the model. This model has been
successfully applied to a wide range of empirical data, including
resting EEG spectra (Rowe et al., 2004), sleep dynamics (Phillips and
Robinson, 2007), seizures (Roberts and Robinson, 2008), and
Parkinson's disease (van Albada and Robinson, 2009; van Albada
et al., 2009), as well as ERPs (Rennie et al., 2002; Kerr et al., 2008).

In this exploratory study, deconvolution and modeling are com-
bined to provide complementary information on the thalamocortical
system: for example, deconvolution peak latencies are related to
time delays in the model, while deconvolution peak areas are related
to connection strengths between neuronal populations. Thus, the
application of both methods to the same data allows independent
verification of changes in key parameters. For this reason, deconvolu-
tion and modeling benefit from conjoint use. However, the methods
can also be used independently, as has been the case in previous
work (Kerr et al., 2008, 2009, 2010).

Materials and methods

Participants

Age- and sex-matched patients with melancholic major depres-
sion (n=49) and non-melancholic major depression (n=34),
participants with subclinical depressed mood (n=111), and healthy
controls (n=98) were used in this study. Detailed group character-
istics are given in Table 1; note that the same subject group was
also recently investigated using ERP component scoring (Kemp et al.,
2009, 2010). Participants were medication free for at least five half-
lives, had no history of brain injury, loss of consciousness, stroke,
neurological disorder, or other serious medical conditions, and pro-
vided written informed consent in accordance with National Health
and Medical Research Council guidelines. The study was approved by
the Sydney West Area Health Service and the University of Sydney
Human Research Ethics Committees.

Participants with major depression were recruited by clinicians
and community advertising. Diagnoses of melancholic and non-
melancholic depression were made by trained personnel using the
Mini-International Neuropsychiatric Interview (Sheehan et al., 1998),
and severity ofmajor depressionwas determined using the Structured
Interview Guide for the Hamilton Depression Rating Scale (SIGH-D
[Hamilton, 1960; Williams, 1988]). Non-patient participants were
recruited by community advertising and were excluded if they self-
reported a history or presence of psychiatric illness. These participants
were screened for Axis I disorders using the Somatic and Psychological
Health Report questionnaire (Hickie et al., 2001). All participants
completed the Depression, Anxiety, and Stress Scale (DASS-21
[Lovibond and Lovibond, 1995]), a self-report measure of depression,
anxiety, and stress. Non-clinical participants were categorized with
and without depressed mood using the DASS-21 depression scale.
Both DASS-21 and SIGH-D measures of depression severity showed
large and statistically significant differences between groups (p≤0.001,
Kruskal–Wallis tests). Although the diagnosis of melancholic versus
p. f=female; m=male; C=controls; S=participants with subclinical depressed mood;
ession; DASS=Depression, Anxiety, and Stress Scale; SIGH-D=Structured Interview Guide

ancholic Melancholic Statistics (ANOVA)

49 –

38 (13) F(3)=1.1, p=0.37
33 f, 16 m F(3)=1.3, p=0.26

) 29.5 (10.4) F(3)=189, pb0.001, CbSbNbM
16.1 (10.2) F(3)=53, pb0.001, CbS,NbM

) 23.9 (9.1) F(3)=79, pb0.001, CbSbNbM
) 21.2 (6.4) F(1)=12, p=0.001, NbM
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non-melancholic depression is not based on depression severity, it is
generally accepted that the melancholic subtype is associated with
greater depression severity (Parker, 2000).

Recording procedure

EEG data were provided via the Brain Resource International
Database (www.brainresource.com; Gordon et al., 2005). Recordings
were obtained at 26 electrode sites according to an extended
International 10–20 system, with a 500 Hz sampling rate (low-pass
filtered above 100 Hz) and an A/D precision of 0.06 μV, following
previously published methods for acquisition and artifact removal
(Rowe et al., 2004; Gordon et al., 2005). Electrode impedance was
generally maintained below 5 kΩ. A NuAmps (Neuroscan) amplifier
and averaged mastoid reference were used.

Subjects were presented binaurally, via headphones, with stan-
dard and target tones (500 and 1000 Hz, respectively), at 75 dB sound
pressure level and each lasting 50 ms, with a constant interstimulus
interval of 1.0 s. Subjects were instructed to ignore standard tones, but
to respond to target tones by pressing buttons with the index finger of
each hand. There were 280 standard (82%) and 60 target (18%) tones
presented in pseudorandom order. Task duration was 6 min. EEG
data were corrected offline for eye movements following previously
published techniques (Gratton et al., 1983; Miller et al., 1988). ERPs
were extracted from EEG recordings by averaging from 0.0 to 0.6 s
relative to stimulus onset. For each trial, baseline voltage was defined
to be the average voltage for the 300 ms period prior to stimulus
onset. Target and standard responses were averaged separately.

Deconvolution

Deconvolution analysis of single-subject ERPs was performed
according to the method developed in Kerr et al. (2009), which is
summarized here. Deconvolution expresses the difference between
standard and target waveforms, and is thus similar in motivation
to the calculation of difference waves such as mismatch negativity.
Fig. 2. Group average event-related potentials (ERPs) with standard errors (light gray), for c
recorded at Pz. Columns show standard ERPs (left), target ERPs (middle), and deconvolution
waveform (D1 and D2) are labeled for controls. Also shown are deconvolution peak quant
differences between controls and patients with melancholic depression include decreases i
Unlike difference waves, deconvolution can be used in cases where
the target waveform appears to contain time-shifted or amplitude-
scaled standard waveforms. To perform deconvolution, standard and
target waveforms are first transformed into the frequency domain.
The ratio of these transforms is computed, with a Wiener filter term
(Wiener, 1949) used to reduce noise. The ratio is then transformed
back into the time domain. Mathematically, the procedure is

D = F−1 F T½ �
F S½ �

F S½ �ð Þ2
F S½ �2 + 1= SNR

 !" #

where D is the deconvolution waveform, S is the standard ERP, T is
the target ERP, SNR is the signal-to-noise ratio (which is a function
of frequency), F denotes a Fourier transform, and F−1 denotes an
inverse Fourier transform. The 1/SNR term is chosen to minimize
noise; since it primarily acts as a low-pass filter, its precise form has
little effect. The function SNR used here is identical to that used in Kerr
et al. (2009), producing low-pass filter characteristics with a −3 dB
point at approximately 30 Hz. As shown in Fig. 2, the deconvolution
waveform typically contains two peaks; in terms of conventional ERP
components, the first peak roughly corresponds to N1 and P2 features
of the target waveform, while the second peak corresponds to N2
and P3.

Deconvolution peaks can be quantified in terms of their area and
latency. The latency of a deconvolution peak corresponds to the
relative response latency between standards and targets. For example,
a feature occurring with the same latency in both waveforms will
produce a peak in the deconvolution waveform with zero latency,
while a feature appearing in targets earlier than in standards will
result in a deconvolution peak with negative latency. Peak area
corresponds to relative response amplitude; a feature with identical
amplitude in standards and targets produces a deconvolution peak of
unit area. In general, target features are larger in amplitude than those
of standards, so deconvolution peak areas are usually greater than
unity. While deconvolution measures (peak area and latency) resem-
ble amplitude ratios or latency differences obtainable via component
ontrols ("CT", top row) and patients with melancholic depression ("MD", bottom row),
waveforms (right). Key features of ERPs (P1, N1, P2, N2, and P3) and the deconvolution
ifications, consisting of two latencies (dotted lines) and two areas (dark gray). Major
n D2 peak area and P3 amplitude.

http://www.brainresource.com
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scoring, the major difference is that deconvolution uses the entire
waveform, as opposed to isolated points, increasing its information
content substantially (Kerr et al., 2009).
Model-based fitting

The model used here describes how average firing rates in
different populations of neurons change over time. Since neuronal
firing rates underlie scalp electrical activity, themodel allows EEG and
ERP data to be related to physiological and anatomical properties of
the brain via the model's parameters. The model incorporates five
different neuronal populations, as shown in Fig. 1: excitatory cortical
pyramidal cells (denoted by subscript e), inhibitory cortical inter-
neurons (i), excitatory thalamic relay nuclei neurons (s), inhibitory
thalamic reticular nucleus neurons (r), and excitatory sensory
afferents (n). Each population of neurons is described by its average
properties, including firing rate, excitability, and axon length.
Connections in the model, also shown in Fig. 1, include intracortical,
intrathalamic, thalamocortical, and corticothalamic projections. The
model also contains equations describing the dynamics of action
potential propagation within dendrites and waves of activity
spreading through the cortex.

To model evoked potentials, a brief subthalamic impulse (approx-
imated by a spatiotemporally Gaussian function) is applied to the
model, and the model's output–a prediction of the activity in cortical
pyramidal cells–is fitted to the experimental ERP time series. This fit is
performed by adjusting themodel's parameters until the output of the
model matches the major features of the experimental data to within
uncertainty limits. Since full mathematical detail of the model has
been presented elsewhere (Kerr et al., 2008), the remainder of this
section qualitatively describes the model parameters and fitting
method.
Parameters
There are 13 parameters in the model, listed in Table 2, but only

five were varied to account for inter- and intra-subject variance in
Table 2
Initial values and limits ofmodelparametersused forfitting standardand targetevent-related
potentials.

Modela Experimentb

Parameter Description Initial Min. Max. Min. Max. Unit

γ Cortical damping rate 400 – – 30 220c s−1

1/α Dendritic rate constant 70 20 100 5 200 ms
NS or NT Amplitude normalization 6 or 10d – – – – μV
t0 Thalamocortical signal

propagation time
70 50 90 9 100 ms

tos Temporal stimulus offset 15 – – – – ms
ts Temporal stimulus width 10 – – – – mm
ros Spatial stimulus offset 150 – – – – mm
rs Spatial stimulus width 45 – – – – mm
Gee Cortical excitatory gain 4.0 0.0 20 3 3000 –

Gei Cortical inhibitory gain −10.0 – – –600 –0.4 –

Gese Thalamocortical
excitatory gain

5.0 0.0 20 0 2000 –

Gesre Thalamocortical
inhibitory gain

−5.0 –20 0.0 –8×104 0 –

Gsrs Intrathalamic
inhibitory gain

−4.0 – – –800 0 –

a Parameters whose limits are not given are fixed at the initial value.
b Data from Robinson et al. (2004).
c Value quoted for entire cortex; shorter axonal ranges (and thus higher cortical

damping rates) would be expected in subnetworks, such as those responsible for
generating event-related potentials.

d Parameter N fixed at values NS and NT for standard and target fits, respectively.
ERPs, as explained below. Model parameters can be divided into
network parameters, stimulus parameters, and gains.

Network parameters describe key spatiotemporal properties of
neuronal populations. The damping rate of cortical activity, γ, is
defined as axonal propagation velocity divided by characteristic
axonal range; its reciprocal characterizes the length of time waves of
activity travel through the cortex before being damped. The
thalamocortical signal propagation time, t0, is the average time it
takes an impulse to travel from the thalamus to cortex and back. The
dendritic time constant, 1/α, is primarily determined by receptor
kinetics (e.g., GABAA versus GABAB), and has been described in
previous work (Kerr et al., 2008) in terms of its reciprocal, α.

The stimulus in the model is a Gaussian impulse in both space and
time, described by five parameters: spatial and temporal locations
(relative to the point of measurement) ros and tos, respectively; spatial
and temporal widths rs and ts, respectively; and amplitude N.

The strengths of connections between the neuronal populations
shown in Fig. 1 are parameterized by gains. Gains are defined as
the product of three properties of the neuronal populations: excit-
ability (the extent to which changes in membrane potential cause
changes in firing rate), the number of synapses involved, and average
postsynaptic potential amplitude. Since these quantities can be
measured experimentally, expected ranges can be obtained for each
gain, although in practice these limits are quite large, as shown in
Table 2. A gain Gab describes the change in firing rate in neurons of
population a resulting from a change in firing rate in neurons of
population b. Positive gains represent excitation, and negative gains
represent inhibition. For example, if a 30% increase in the firing rate of
cortical neurons (e) is caused by a 10% increase in the firing rate
of thalamic neurons (s), then Ges=3; if a 10% decrease in the firing
rate of cortical neurons (e) is caused by a 10% increase in the firing
rate of inhibitory neurons (i), then Gei=−1. The gain across a chain
of connections is the product of the individual gains, written as
GabGbc=Gabc. The 11 connections shown in Fig. 1 are grouped into five
gains: the excitatory cortical gain Gee, the inhibitory cortical gain Gei,
the excitatory thalamocortical gain Gese, the inhibitory thalamocor-
tical gain Gesre, and the inhibitory intrathalamic gain Gsrs.

Fitting method
Fits were performed by varying the model parameters using the

Levenberg–Marquardt method of maximizing goodness-of-fit (Press
et al., 1992; Kerr et al., 2008). Initially, all 13 parameters were fitted;
however, some parameters were poorly constrained by the present
data. Parameters were subsequently fixed to given values if (i) they
were strongly correlated with other parameters (i.e., Spearman's
ρ≈0.5 for at least one pair); (ii) had little effect on the waveform (i.e.,
differences of value of up to a factor of two produced changes in
the waveform of comparable magnitude to the uncertainty in the
experimental data); or (iii) changed little between fits (i.e., fitted
parameter values in N90% of fits were consistent with a single fixed
value to within uncertainty). As a result, eight of the 13 parameters
were fixed; the remaining five parameters were sufficient to explain
both inter- and intra-subject variance. For each subject, fits were
performed to both standard and target ERP waveforms at each of the
26 electrode sites.

The initial parameter values given in Table 2 had little effect on the
final fitted values, and do not reflect “ideal” or maximum-likelihood
values. Instead, they were chosen to reduce computation time by
maximizing the fraction of fits that had acceptable goodness-of-fit.
“Successful” fits were defined in terms of a χ2 threshold; qualitatively,
this threshold approximately corresponds to the model reproducing
the N1, P2, and (for targets) N2 features to within experimental
uncertainty. As discussed below, substantial increases in model
complexity would be necessary to model the P3b component, and
thus a requirement to reproduce P3 to within uncertainty was not
imposed during fitting.
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Statistics

A Shapiro–Wilk test showed that the null hypothesis of normal
distributions of deconvolution quantifications and model parameters
could be rejected in themajority of cases (63%). Hence, nonparametric
statistical methods have been used throughout: values quoted
are medians; the Kruskal–Wallis test has been used to determine
if differences between subject groups for each parameter are
statistically significant (pb0.05); and, if so, the Wilcoxon rank-sum
test has been used to determine p values for differences between
subject groups. The resultant p values are not further corrected for
multiple comparisons for three reasons: (i) the Kruskal–Wallis test
already controls for the effects of multiple comparisons between
groups; (ii) key findings are validated using the split-half method
(in which tests are performed on each half of the subject group,
sampled randomly without replacement); and (iii) the present
study is exploratory rather than prescriptive in nature. Statistical
tests were implemented in MATLAB 7.7 (The MathWorks, Natick,
Massachusetts).
Results

Deconvolution and modeling each yielded numerous statistically
significant differences between groups. Key differences between
healthy controls and clinical groups are summarized in Table 3,
while the remainder of this section describes these results in detail.
Deconvolution

Deconvolution resulted in two peaks, as shown in Fig. 2, for 91% of
waveforms; this fraction did not differ significantly between groups
(pN0.3, binomial test). Deconvolution peak area and latency quanti-
fications are shown in Fig. 3. In controls, deconvolution peak latencies
were reasonably constant across the scalp, while deconvolution
peak areas were not: the area of the first peak (D1) was larger at
frontotemporal sites (Fp1, Fp2, F7, F8, T3, and T4 vs. all other sites;
Wilcoxon rank-sum test, p=0.008), while the area of the second peak
(D2) was larger at parietal and occipital sites than at frontal and
central ones (all CP, P, and O sites vs. all Fp, F, FC, and C sites;Wilcoxon
rank-sum test, pb10-5). The latter result reflects the fact that the
Table 3
Summary of depression-related changes in deconvolution quantifications and model
parameters, relative to healthy controls. For the inhibitory gain Gesre, down arrows
indicate more negative values (i.e., increased inhibition). If changes in model
parameters differed between standard and target fits, the more statistically significant
result is listed here.

Quantity Description Subclinical Non-melancholic Melancholic

D1L First deconvolution
peak latency

– – –

D1A First deconvolution
peak area

– ↓*** ↓**

D2L Second deconvolution
peak latency

– ↑** –

D2A Second deconvolution
peak area

– ↓* ↓***

1/α Dendritic rate constant ↓* ↓* ↓*
t0 Thalamocortical signal

propagation time
– – ↑***

Gee Cortical excitatory gain ↓* – ↓*
Gese Thalamocortical

excitatory gain
– – ↓**

Gesre Thalamocortical
inhibitory gain

↓** ↓* ↓*

–=n.s.; ↑=increase; ↓=decrease; *pb0.05; **pb0.01; ***pb0.001.
traditional P3 component, which contributes to D2 area, has maxi-
mum amplitude over the posterior scalp (Johnson, 1989).

Kruskal-Wallis tests performed across all four groups found
statistically significant inter-group differences in D1 area (p=0.0005),
D2 area (pb10−4), and D2 latency (p=0.02), but not D1 latency
(p=0.5). For each of the three deconvolution quantifications that
were found to differ significantly between groups, Wilcoxon rank-sum
tests were performed between pairs of groups, as described in the
remainder of this section.

Differences between participants with subclinical depressed mood
and controls were typically small; the most notable differences were
a scalp-average decrease in D1 area of 6% (n.s.) and a 12% increase
in D2 area (n.s.). Major differences between non-melancholics and
controls included a 19% decrease in D1 area over the left hemisphere
(p=0.0003) and a 15% increase in D2 latency at prefrontal sites
(p=0.01); the latter result should be interpreted with caution,
however, given the relatively small number of sites that contribute
to it. Compared to controls, non-melancholics also showed a decrease
in D2 area of 18% averaged across the scalp (p=0.03). Melancholics
showed large decreases in D2 area compared to controls (36% averaged
across the scalp), and these decreases were highly significant
(p=0.0007; for split-half analysis of both random subgroups,
p=0.01 and 0.05). Melancholics also showed a 23% decrease in D1

area (p=0.002).
Many of the findings described above remained statistically

significant when compared to non-control groups. For example, D2

latency at prefrontal sites differed between melancholic and non-
melancholic groups (p=0.003), as well as between non-melancholics
and participants with subclinical depressed mood (p=0.02). Decreases
in D1 and D2 area did not differ significantly between melancholic and
non-melancholic groups (pN0.1), but did differ between subclinical and
clinical groups (p=10−4 and 10−5 for D1 and D2, respectively; for each
of the four split-half analyses, pb0.006).

Model fits

Successful fits (as determined by the goodness-of-fit threshold)
were obtained for 97% of single-subject standard waveforms and 86%
of single-subject target waveforms; examples of a wide range of
successful fits are shown in Fig. 4. Parameter values for standard and
target fits are shown in Figs. 5 and 6, respectively. Success rates of fits
were independent of group (pN0.2, binomial test). Overall, parameter
values for standard and target fits were similar in controls, with the
exceptions of the thalamocortical gains, Gese and Gesre: Gese was more
excitatory in targets, especially at central sites, while Gesre was more
inhibitory, especially at parietal sites. The parameter showing the
strongest scalp trend was Gesre, which varied from −3.5 at Fz to
−14.8 at Oz in targets. Statistically significant group differences
(pb0.05) were found for all parameters except for target Gese, target
Gesre, and standard Gee (the last of which was nearly significant;
p=0.07, Kruskal–Wallis test). The most significant group difference
was found for target t0 (p=0.0009, Kruskal–Wallis test).

Compared to controls, participants with subclinical depressedmood
showed an 11% decrease in excitatory cortical gain Gee in standards at
central sites (p=0.03), a 110% increase in inhibitory thalamocortical
gain Gesre in standards (p=0.006), and a 2.4% decrease in the dendritic
time constant 1/α in targets (p=0.02). Only two parameters differed
between non-melancholics and controls: the dendritic time constant
1/α was 3% lower in standard fits (n.s.) and 5% lower in target fits
(p=0.04). The inhibitory thalamocortical gain Gesre in standards was
an average of 60% larger in non-melancholics relative to controls
over the right hemisphere (p=0.05).

The most notable finding for the melancholic group was increased
thalamocortical signal propagation time t0. Compared to controls, t0
averaged 6% higher in melancholics for standard fits, and 22% higher
for targets. Since t0 is a very robust parameter, these differences



Fig. 3. Group average changes in the deconvolution peaks D1 and D2 (defined in Fig. 2). Each row shows a single quantity and its units (note that peak amplitude is dimensionless).
The leftmost column shows results for healthy controls; the remaining columns show absolute differences between controls and subjects with subclinical, non-melancholic,
and melancholic depression, respectively. Circles show electrode placement. Participants with subclinical depressed mood have increased D2 area at right frontocentral sites;
non-melancholics have increased D2 latency at frontal sites, and moderately decreased D1 and D2 areas; melancholics show decreased D2 area at parietal sites.
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were highly significant (p=0.002 and p=0.0001 for standard and
target fits, respectively; split-half analyses for target fits yield
p=0.004 and 0.01). As predicted from the definition of t0, there
was a strong correlation between t0 and reaction time (Spearman's
ρ=0.7; pb10−5). Strikingly, there was also a strong correlation
between t0 and SIGH-D scores (Spearman's ρ=0.7; pb10−5). In
comparison, reaction time and SIGH-D scores were only moderately
correlated (Spearman's ρ=0.2; p=0.02).

All three gains also showed statistically significant differences
between controls and melancholics: in standards, the excitatory
thalamocortical gain Gese was 45% less excitatory (p=0.01), while
the inhibitory thalamocortical gain Gesre was 80% more inhibitory
(p=0.03); in targets, the cortical gain Gee was 16% less excitatory
(p=0.02). Fractional decreases in the dendritic time constant 1/α in
standard and target fits were small (5% and 4%, respectively) but
statistically significant (p=0.02 and 0.03, respectively). Differences in
1/α were also significant when all participants with depressed mood,
regardless of clinical status, were compared to healthy controls
(p=0.004; for split-half analysis of both random subgroups, p=0.03
and 0.05).
Differences between subclinical participants and melancholics
were comparable to differences between controls and melancholics,
except for the thalamocortical gain Gesre, which showed no sta-
tistically significant differences between subclinicals and melan-
cholics. Differences between subclinicals and non-melancholics
were statistically significant (pb0.05) only at isolated electrodes;
neither of the non-melancholic/control differences described above
were significant between non-melancholics and subclinicals.

A subset of the statistically significant differences between
melancholics and controls were statistically significant between
melancholics and non-melancholics. The thalamocortical signal
propagation time t0 was larger in melancholics in both standard fits
(5%, p=0.03) and target fits (17%, p=0.008), while the excitatory
thalamocortical gain Gese was 40% less excitatory (pb0.04).

Discussion

This is the first study to apply deconvolution-based signal anal-
ysis and physiology-based modeling to ERP waveforms recorded
from patients with depression. Several striking differences between

image of Fig.�3


−15

−10

−5

0

5

10

A
m

pl
itu

de
 (

µV
) 

A
m

pl
itu

de
 (

µV
) 

A
m

pl
itu

de
 (

µV
) 

A
m

pl
itu

de
 (

µV
) 

A
m

pl
itu

de
 (

µV
) 

A
m

pl
itu

de
 (

µV
) 

Control

S

Subclinical

S

Non−melancholic

S

Melancholic

S

−15

−10

−5

0

5

10

S S S S

−15

−10

−5

0

5

10

S S S S

0 0.2 0.4 0.6

−15

−10

−5

0

5

10

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

−15

−10

−5

0

5

10

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

−15

−10

−5

0

5

10

Time (s) Time (s) Time (s) Time (s)

Time (s) Time (s) Time (s) Time (s)

Time (s) Time (s) Time (s) Time (s)

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

T

0 0.2 0.4 0.6

T

Fz

Cz

Pz

Fig. 4. Comparison of single-subject waveform data (dots) and the corresponding model fits (solid lines) to examples of standards (S) and targets (T), for three midline electrodes
(rows), and for each subject group (columns). Large inter-subject, inter-group, and inter-electrode differences are visible, and are captured by model fits.
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controls and other groups were observed. First, the relative
response amplitude of targets versus standards at parietal sites
decreased by 20–40% in patients with major depression, with more
pronounced decreases found in melancholics. Second, the thala-
mocortical signal propagation time parameter increased by an
average of 15 ms (20%) in melancholics, and was strongly cor-
related (ρ=0.7) with depression severity in patients with major
depression. Third, the dendritic time constant parameter decreased
in all three clinical and subclinical groups, by an average of 4 ms
(5%); in fits to standard ERPs, the correlation between the
size of this decrease and the severity of depression approached
statistical significance (pb0.1, Spearman's correlation). Fourth,
decreases in cortical excitation and/or increases in thalamocortical
inhibition parameters of 20–30% were found in all groups with
depressed mood, and additional decreases in thalamocortical ex-
citation was found in melancholics. The following sections dis-
cuss the implications of these findings and the limitations of this
study.
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Fig. 5. Model parameters for standard fits. Each row shows a single model parameter and its units (note that gains are unitless). The leftmost column shows results for healthy
controls; the remaining columns show absolute differences between controls and subjects with subclinical, non-melancholic, and melancholic depression, respectively. Major
findings include decreased dendritic time constant 1/α in both clinical groups, increased thalamocortical propagation time t0 and decreased excitatory thalamocortical gain Gese in
melancholics, and increased magnitude of the inhibitory thalamocortical gain Gesre in all groups with depressed mood.
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Deconvolution

The decreases in area of the second deconvolution peak (D2) in
patients with major depression can be largely attributed to P3
amplitude reduction (Blackwood et al., 1987; Bruder et al., 1995; Kerr
et al., 2009); since P3 is maximal at posterior sites, this hypothesis
also accounts for the predominantly posterior location of the group
differences. However, the magnitudes of these decreases (20% in non-
melancholics and 30% in melancholics) are larger than P3 amplitude
changes typically found using oddball stimuli, and are more compa-
rable to paradigms with complex stimuli and difficult task conditions
(e.g., Bruder et al., 1995). Furthermore, using identical subjects,
changes in D2 area were found to be more significant than changes
in P3 amplitude (e.g., p=0.007 vs. p=0.04, respectively, for control/
melancholic differences at Pz) (Kemp et al., 2010).

The area of the first deconvolution peak decreased in non-
melancholic participants; in contrast, component scores of the same
subjects did not differ significantly from controls (Kemp et al., 2010), a
result that demonstrates the sensitivity of deconvolution. Decreased
area of the first deconvolution peak roughly corresponds to a reduced
difference between standard and target N1 amplitude, which may
be associated with the impaired orienting of attention found in
patients with major depression (Paelecke-Habermann et al., 2005).
Most studies have reported no significant effects of depression on



Fig. 6.Model parameters for target fits. Each row shows a single model parameter and its units (note that gains are unitless). The leftmost column shows results for healthy controls;
the remaining columns show absolute differences between controls and subjects with subclinical, non-melancholic, andmelancholic depression, respectively. Major findings include
decreased dendritic time constant 1/α and decreased excitatory cortical gain Gee in all groups with depressed mood, and increased thalamocortical propagation time t0 in
melancholics.
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N1 (e.g., Roth et al., 1981; Giese-Davis et al., 1993; el Massioui et al.,
1996; Kemp et al., 2009), while others have found decreases in N1
amplitude (e.g., Yee et al., 1992; Burkhart and Thomas, 1993;
Hansenne et al., 1996). However, to our knowledge, the finding of a
decreased difference between standard and target component ampli-
tudes has not been previously reported.

Modeling

Model fits to subjects with clinical and subclinical depression
found a decreased dendritic time constant parameter (1/α). Since the
dendritic time constant is dominated by the neurotransmitter
receptor time constant (Koch, 1999), a shift from NMDA receptors
(τ≈100 ms) to AMPA receptors (τ≈5 ms) would be manifested in
the model by decreased 1/α (Forsythe and Westbrook, 1988). Indeed,
evidence for such a shift has been found experimentally (Sanacora
et al., 2008), since previous studies have reported decreases in NMDA
receptor binding (Nudmamud-Thanoi and Reynolds, 2004), but no
decrease in AMPA receptor binding (Beneyto and Meador-Woodruff,
2006). Additionally, evidence from animal models suggests that stress
can decrease membrane time constants (Kole et al., 2004), although
conflicting findings have also been reported (Holderbach et al., 2007).

The large increase in the thalamocortical signal propagation
time parameter (t0) in melancholics may partially explain the
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psychomotor slowing associated with this subtype (Parker et al.,
2000; Kemp et al., 2010). In the model, the target waveform is
produced by multiple sequential thalamocortical loops, and we
expect sequential loops would also be required in the production
of the motor output. Since increases in t0 of 10–15 ms across
most of the scalp were observed, a motor response following three
sequential thalamocortical loops would result in psychomotor
retardation of 30–45 ms, consistent with the actual increase in
reaction time of 49±11 ms measured in these patients (Kemp et al.,
2010). These results are also consistent with the finding of no change
in deconvolution peak latencies, since increases in t0 were found in
both standard and target fits. The increase in t0 may also underlie the
component latency increases sometimes reported with depression
(Urretavizcaya et al., 2003). The fact that changes in t0 were large in
patients with melancholic depression, but not in patients with non-
melancholic depression, provides strong evidence that different
neurophysiologic mechanisms contribute to these subtypes (i.e., dys-
function of intracerebral transmission only occurs in melancholic
depression). A failure to distinguishmelancholic and non-melancholic
subtypes may thus explain many previously reported null findings
regarding ERP latencies in depression.

Gains showed spatially widespread changes in clinical and
subclinical groups, including decreased excitatory cortical gain Gee,
decreased excitatory thalamocortical gain Gese, and increased inhib-
itory thalamocortical gain Gesre. On a group level, these gains can
distinguish melancholics from non-melancholics (Gese in standards),
clinical patients from subclinical participants (Gee in standards), and
subjects with depressed mood from healthy controls (Gesre in
standards). Several relationships between the changes in gain and
changes in deconvolution peak area can be inferred: for example, in
clinical and subclinical groups, right-hemisphere decreases in Gee in
target fits are consistent with right-hemisphere decreases in the area
of the first deconvolution peak; in melancholics, increases in Gee and
decreases in Gesre in standard fits appear to contribute to decreases
in the area of the second deconvolution peak.

Physiologically, it has recently been shown using an animal
model that global reduction in serotonin availability shifts the balance
of cortical activity from excitation towards inhibition: Moreau et al.
(2010) artificially depleted serotonin levels in rat cortex, which
resulted in a strong shift towards inhibition, due primarily to
increased GABAergic currents. Although a significant body of evidence
contradicts the simple monoamine deficit hypothesis of depression
(Ressler and Nemeroff, 2000), dysfunction of the serotonin system
remains a commonly reported correlate of depression, including in
pathways involving the thalamus (Takano et al., 2007; Reimold et al.,
2008). Such dysfunction offers a plausible explanation of the
changes in cortical and thalamocortical excitability inferred by our
model, especially with regard to the inhibitory thalamocortical gain
Gesre. In addition, we predict that the observed changes in excitatory
gains Gee and Gese may be associated with changes in NMDA- and
AMPA-mediated transmission.
Limitations

The non-melancholic group was significantly smaller than other
groups in this study, which may partially explain why only two
differences between non-melancholics and controls were statistically
significant across multiple electrodes. Furthermore, since the non-
melancholic group may be comprised of patients with and without
atypical depression, a feature not examined in this study, this group is
likely to be the most heterogeneous (Mahli et al., 2005). Hence,
additional psychiatric assessment, using specific tools to identify
atypical depression (Stewart et al., 1993), is recommended for future
work. Future work will also explore the relationships betweenmodel-
and deconvolution-based parameters and key demographic and
performance variables, including sex, years of education, and results
from cognitive and behavioral tests.

It is undeniable that depression involves neurophysiological
changes that cannot be captured by the comparatively simple model
shown in Fig. 1. For example, P3 and other late-latency components
typically involve complex interactions between brain regions (David
et al., 2006), potentially including some that are not incorporated in
the version of themodel used here, such as the hippocampus (Halgren
et al., 1998). In addition, the assumption of constant parameter values
becomes less valid as time from stimulus onset increases, further
limiting the ability of the model to account for late-latency features.
These limitations explain the discrepancies between the experimental
data and the model fits beyond 350 ms poststimulus, as seen in Fig. 4.
However, we emphasize the model used here is the most complete of
its kind yet available, and in most cases it successfully reproduces
all major features of the observed ERP waveforms. While future
refinements to the model may yield additional findings, the results
presented here provide evidence of large-scale neurophysiological
changes occurring in patients with major depression.

Conclusions

This work has presented several novel results regarding the
pathophysiology of patients with depression inferred using noninva-
sive means, including evidence that: (i) patients with melancholic
depression were found to have increased thalamocortical transmis-
sion delays, with the size of the increase strongly correlated with
depression severity; (ii) all participants with depressedmood showed
decreased amplitude differences between standard and target wave-
forms, indicating that attentional deficits are present within 100 ms
poststimulus; and (iii) all participants with depressed mood showed
decreased excitation and increased inhibition in the thalamocortical
system. The high statistical significances of these results, and their
direct physiological relevance, suggest their potential for clinical use
in diagnosis or treatment selection, topics that will be explored in
future work.
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