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a  b  s  t  r  a  c  t

The  selection  of  suitable  antidepressants  for Major  Depressive  Disorder  (MDD)  has  been  challenging  and
is mainly  based  on  subjective  assessments  that  include  minimal  scientific  evidence.  Objective  meas-
ures  that  are  extracted  from  neuroimaging  modalities  such  as  electroencephalograms  (EEGs)  could  be
a  potential  solution  to  this  problem.  This approach  is  achieved  by  the  successful  prediction  of  antide-
pressant  treatment  efficacy  early  in  the patient’s  care.  EEG-based  relevant  research  studies  have  shown
promising  results.  These  studies  are based  on  derived  measures  from  EEG  and  event-related  potentials
(ERPs),  which  are  called  neurophysiological  predictive  biomarkers  for MDD.  This  paper  seeks  to  provide
a  detailed  review  on  such  research  studies  along  with  their  possible  limitations.  In addition,  this  paper
uantitative electroencephalography
ntidepressants
vent-related potentials
esponse
reatment efficacy
onresponse

provides  a  comparison  of  these  methods  based  on EEG/ERP  common  datasets  from  MDD and  healthy  con-
trols.  This  paper  also  proposes  recommendations  to improve  these  methods,  e.g., EEG  integration  with
other  modalities  such  as functional  magnetic  resonance  imaging  (fMRI)  and  magnetoencephalograms
(MEG), to  achieve  better  evidence  of  the  efficacy  than  EEG  alone,  to eventually  improve  the  treatment
selection  process.

© 2015  Elsevier  Ltd. All  rights  reserved.
ontents

1. Introduction  .  . . .  . . . . . . .  .  . . . .  . . .  .  . . .  .  . . . . . . . . . . .  . . .  . . . .  . . .  . . . . . . .  . . .  . . . . .  . . . . . . .  . . . . . .  .  . . . .  . .  .  . . . . . . .  . . . . . . . . . . . . .  . . .  .  . . .  . . . .  .  .  .  .  .  . .  .  . . . .  .  . . . . .  . .  .  . .  .  . .  . . .  86
2.  EEG/ERP  abnormalities  due  to  MDD  . . . . . . . . . . . . .  . . . .  .  . . .  . . .  . . . .  . .  .  . . .  . . . . . . .  . . .  . . .  . . . . .  . . . . .  . .  . . .  . .  . . . . . .  .  . . . . . .  .  . .  .  . . .  . . . .  . . . .  .  .  .  .  . .  . . . .  . . . . . .  .  . .  .  . .  .  .  87

2.1.  Aberrant  activations  including  EEG  frequency  bands  .  . . . . . .  .  . . . . . .  .  .  . . . . . .  . . . .  .  . .  . .  .  . .  . . .  . . .  . . . . .  . . . . . .  .  . . .  . . .  .  .  . . .  . . . . . . .  . . .  .  .  .  .  . .  .  .  . . . . . . . .  . 87
2.2.  EEG  alpha  asymmetry  . . .  .  . .  .  . . .  . . . .  . . .  . . . .  .  . . .  .  . . .  . .  . .  . . .  .  .  . . . . .  . .  . . . . . .  . . . . . . .  . . .  . . .  . .  . . .  . . . . .  . .  . . . . . . .  .  . . . .  . .  .  . . . . . .  .  . .  .  .  .  .  . . . . .  . . . . . . . .  . . . .  . .  87
2.3.  EEG  coherence  . . .  . . .  .  . . .  .  . .  .  . . .  . . . .  . . .  . . . .  . . .  .  .  . .  .  . .  .  .  . . .  .  .  . . . . . . .  .  . . .  . . . . . . . . .  .  . .  . . .  . . . .  .  . . .  . . . .  .  . . . .  . . .  . . . . . . .  .  . . . . . . .  .  .  .  .  . . . . . .  . . . .  .  .  .  .  . .  .  . . . . 87
2.4.  The  ERP  component:  P300  .  . . .  .  . . .  . . . .  . . . .  . .  .  .  . . .  . . . .  . . . . . . .  .  . . . .  . . .  .  . . . .  . . . . . .  . . . .  .  . . .  . . . .  . .  . . . . . .  . . . . . .  .  . . . . . .  .  . . . . . . .  . .  .  . .  .  . . . . . .  .  . . .  . .  .  .  .  .  .  .  88
2.5.  EEG/ERP  abnormalities  during  HPA  axis  dysfunction  . . .  .  . . .  .  . .  .  . .  . . . .  . . .  .  .  .  . .  . . . . .  . . . . .  .  . .  .  . . .  .  . . .  . . .  . .  .  .  . . .  .  . . . .  . . . .  . . . . . .  .  . . .  . .  . . .  .  . . . .  . . .  . . 88
2.6.  Machine  learning  (ML)  approaches  for  MDD  diagnosis  .  .  .  . . .  . .  . . .  . . . . . . .  . . . . . . .  .  .  . . . .  .  . .  . . .  . . .  . . . . .  . . . .  . . . . . .  .  . . .  . . . .  . . .  .  .  .  .  . . . . .  . .  . . .  . .  .  . . . . . 88
2.7.  Summary  . .  . . . . . . .  . . .  .  . . .  . . .  .  . . . .  .  . . .  . . .  .  . . .  . . . .  . . . . . .  .  . . . . . . .  . . . . .  .  . . .  . . . .  . . .  . . .  . . . . .  . .  . . .  . .  . . .  . . . .  .  . . . . . .  . . . . . . .  .  . .  . . .  .  .  . . .  . . . . . . .  . . .  .  .  .  .  . .  .  . . .  88

3.  EEG-based  predictive  biomarkers  .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  .  . . .  . . .  .  .  .  . .  . . . .  . . . . . . .  . .  . . . . . .  . . . . . . .  .  . . . . . . .  .  . . . . .  .  . . . . . .  .  . . . .  .  . . . .  .  . .  .  .  .  .  . . . . . . . . .  .  . . .  . . .  . . 88
3.1. Alpha  power  and  alpha  asymmetry  .  . . .  .  . . .  .  . . .  .  . . . .  . . .  . . .  . . . .  . . .  . . . . .  . .  . . .  .  .  . . . . . . .  .  .  . . .  .  .  . .  . . . . .  . . . . . . . . . .  . . .  . . . .  . . . .  . . . . . . . . . .  . . .  .  .  .  . . .  .  . . . .  . 88
3.2. Theta  band  activations  .  . .  . . . . . . .  . . . .  . . .  .  .  . .  .  .  . .  . .  . . .  . .  .  . . .  .  . . . . . . .  .  . . . . . .  . . . . . .  . . . .  .  . . . . . . . .  . . .  . .  .  . . . .  .  . .  .  .  . . .  . . . .  . . . .  . . . . . . .  .  . . . .  .  . .  .  . . . .  .  .  .  . . .  89
3.3.  Antidepressant  treatment  response  (ATR)  index  . . .  . . . .  . .  .  .  . . .  .  . .  . . . .  . . .  . . . . . . . . . .  . . . . . . .  . . . . . .  .  . . .  . . . .  . . .  . . .  .  . . .  . . .  .  .  .  .  .  . . . .  .  . . . . .  .  .  .  .  . .  . .  . .  .  . 89
3.4.  Theta  QEEG  cordance.  . . .  .  . . .  .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  . . . . . .  .  .  . . . .  . . .  .  . .  . . .  . . . . . . .  . . . . . . .  .  . .  . . . . . . .  . . . . . . .  .  . . . .  . . . . . . . . .  . .  .  . . .  . . . . . .  .  .  . .  .  .  .  . . .  . . . . .90
3.5.  Referenced  EEG  (rEEG)  .  . . .  .  . . .  . . . .  . . .  .  . . . .  . . . . . . . . . .  . . . .  . . .  .  . . . . .  . .  .  . .  . . . . . . .  . . .  .  .  . . . . . .  .  .  . . .  . . .  . . . .  .  . .  . . .  . . . . .  . .  .  .  . . .  .  . . . .  .  . .  .  . .  .  . . .  .  . . . . .  . . . .  . 90
3.6.  Rostral  anterior  cingulate  cortex  (rACC)  activations  for  MDD  . . . .  . . . . . . .  .  . . . . . .  . .  . . . . .  .  . .  . . . . .  . . . . .  .  . . . . .  . . .  .  . . . . . . . .  .  . .  . . . . . . . . . .  . .  .  .  . .  .  . .  . . . .  90

3.7.  ML  techniques  for  the  prediction  of  treatment  outcomes  . . .  .  . . . . . 

4.  ERP-based  predictive  biomarkers  .  . . .  .  . . . . . .  .  . . .  . . . .  . . .  .  . . . . . .  . . . . .  . .  .  .  . . .  .
4.1. ERP component  P300.  . . .  . . .  .  . . .  .  . .  .  .  . . . . . . . . . .  . . . . . . .  . . . . . . .  .  . . . .  . . 

∗ Corresponding author. Tel.: +60 51 365 7853.
E-mail address: aamir saeed@petronas.com.my (A.S. Malik).

ttp://dx.doi.org/10.1016/j.bspc.2015.07.003
746-8094/© 2015 Elsevier Ltd. All rights reserved.
.  .  .  . . . . .  .  . . . .  .  . .  . .  . . .  . . .  .  . . . . . . .  . . . . .  .  . . . .  . . . .  .  . . . . . . . . . .  . . .  .  .  .  .  . . . .  . .  . . .  . .  .  . 91
 . .  . . . . . .  .  . . . . . .  .  . . . .  . . .  . . . . . . .  . . .  . . . . .  . . .  . . . .  .  . .  .  .  . . . .  . .  . .  .  .  . . . . . .  . . . .  . . .  .  .  .  91
.  .  . . . . .  . . .  . . . .  .  . . . . . . .  . .  . . . .  .  . . .  . . .  . .  .  . . . .  . . .  .  . . . . .  .  .  .  . . .  .  . .  .  . .  . .  .  . . . . . .  . .  . . .91

dx.doi.org/10.1016/j.bspc.2015.07.003
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2015.07.003&domain=pdf
mailto:aamir_saeed@petronas.com.my
dx.doi.org/10.1016/j.bspc.2015.07.003


8

1

l
a
d
b
w
m
t
s
r
m
t

i
o
o
i
n
u
i
u
M

e
D
o
r
r
M
h
a
u
m
a
a
d

b
i
t
f
m
a
t
p
t
r
[
i
i
1
a
s

6 W.  Mumtaz et al. / Biomedical Signal Processing and Control 22 (2015) 85–98

4.2. LDAEP  . . .  . . . . . .  .  . . .  .  . . .  .  . .  .  . . .  . . . .  . . .  .  . . .  .  . . . . . . . . . . . . . .  . . .  .  . . .  . . . .  . . .  .  . .  .  . . . . . .  .  . . . . . .  . . . . . . .  . . . .  .  . . . . .  . .  . . .  . . .  . . . . .  . .  .  . . .  . .  . . .  .  .  . . . .  .  . . . . .  . .  . . . . 91
5.  Comparison  based  on  a common  dataset  .  . . .  .  . . . . . . . . . . . . . . . . . .  . . . . . . .  . . . . . . .  .  . . . .  . . .  . .  . . .  . .  .  . . . . . .  .  . . . . .  .  . .  . . .  . . . . .  . . . . . . .  .  . . . .  .  .  . . . . . .  . . .  . . .  .  .  .  .  .  . .  . 93

5.1.  Participant  recruitment  and  data  acquisition  .  . . .  .  . . . . . . . .  . . . . .  . . . . . . . . . . . . . . . . . .  . . . . .  . . .  . . . . .  . .  . . .  . .  . . .  . .  .  . . . . .  .  .  .  . . .  .  .  . . . . . . . . .  .  . .  .  .  .  . . . . . .  . .  . 93
5.2.  Experimental  design  and data  preprocessing.  .  . . . .  . . .  . . . . . . .  .  . . . . .  . . .  . . . . .  .  . . . .  . . .  . . . . . .  .  . . . . . . .  .  . . .  . . . . .  . . .  . .  .  .  . . . . . . .  .  . .  . . . .  . . . . . .  .  .  . .  . . .  .  . .  .93
5.3.  Data analysis  . .  . . . .  . . .  . . . .  . . .  .  .  . .  . . . .  . . . .  .  . . .  . . .  .  . . .  .  .  . .  . . . .  . . .  .  .  . . . . .  .  . . . . . . . .  . . . . . . .  . . .  . . . . .  . . .  . . . .  . . .  . . . . .  . . . .  . . . . . . .  . . .  .  . .  .  .  .  .  . .  .  .  . . . . . . . .  .  . . 93
5.4.  Results  . .  . .  .  . . . .  .  . . . .  . . .  .  . . .  .  . .  .  . . .  . . .  .  . . .  .  . . . .  . . .  .  . . .  . . .  .  . . . . . .  .  . . . .  . . .  .  . . . . . .  . . . . . . .  . .  . . .  .  . . . .  . . . . . . .  .  . . . . .  . .  .  . . .  .  . . . .  .  .  . . . .  .  . . .  .  .  .  . . .  . . . .  . .  . . . .  94

6.  Discussion  and  conclusions  .  . . . .  . . .  .  . . .  . . . .  . . . .  . . .  .  . . .  .  . .  .  .  .  .  .  . .  .  . . . .  .  . .  .  . . . .  . .  .  . . . . .  . . .  . . . . . . . .  .  .  . . . . .  . . . . .  . . .  . . . .  . .  .  . . . .  . .  .  .  . . .  .  .  . . . . .  .  . . . .  . . .  .  .  .  .  . .  .  .  94
Acknowledgments  . . .  . .  .  . .  .  .  . . .  .  . . .  .  . .  . . . .  . . .  . . . .  .  . .  .  .  . .  .  .  .  .  .  . . .  . . .  .  .  . . .  . .  .  .  . .  . . .  .  . . .  . . .  . . .  . . . . . . .  . .  . . .  . . . . . . . .  . .  .  . . .  .  . .  .  .  . .  .  .  .  .  . .  .  .  .  . . . . . . . .  . . . .  .  .  .  . .  . .  95
References  .  . . . .  . .  .  . . . .  . . . .  .  . . .  . . . .  . . .  .  . . .  . . . . . .  .  . . .  .  .  . .  .  .  . .  .  . . .  .  . .  .  . . .  . . . .  . . . . . . .  . . . . . . . .  . . . . . .  . . . . .  . .  .  .  .  . .  . . .  . . . . . . .  .  . . .  .  . .  . . .  . . . . . .  .  . . .  .  .  .  . . .  .  .  . . . . .  . . 95

. Introduction

Major Depressive Disorder (MDD) is characterized by persistent
ow mood and hampered functional disability and is often associ-
ted with higher treatment costs. MDD, which is commonly called
epression, is chronic, recurrent and comorbid in nature. It has
een reported to be a leading cause of disease burden, especially in
omen, in many countries [1]. Patients who receive adequate phar-
acotherapy achieve remission with no symptoms or symptoms

hat are almost absent [2]. Less scientific evidence of the treatment
election and incomplete pathophysiological understanding have
estricted MDD  treatment as a subjective assessment process. High
edical costs arise from non-response to the treatment because

he initial treatments do not usually lead to recovery [3].
Various theories have been presented to elucidate the underly-

ng associated pathophysiological implications, and further details
n the theories are reviewed by [4–7]. According to one such the-
ry, abnormalities in the inter-neuronal signalling pathway can
ncrease the vulnerability to environmental stresses and result in
euronal atrophy. This process significantly reduces the brain’s vol-
me, e.g., the hippocampus was consistently recorded as shrunken

n MDD  patients [8]. However, complete manifestations of the sit-
ation described in such theories could not be observed in every
DD  patient.
Treatment with antidepressants has been associated with low

fficacy. A study called Sequenced Treatment Alternative to Relieve
epression (STAR*D), which involved patient treatment with vari-
us antidepressants in a sequential manner, revealed only modest
ates of remission (20 to 30%) in the first attempt. Moreover, the
esponse rates were even less (47%) in the study participants [2].
ultiple factors could cause low treatment efficacy. First, MDD  is

eterogeneous; one antidepressant might not be as efficient for
 patient as it could be for another. Second, in the event of fail-
re, re-selection or augmentation is subjective and also leads to
ultiple trial-and-error steps in sequential iterations until suitable

ntidepressants are identified. To improve the situation, objective
ssessment techniques are needed based on strong scientific evi-
ence, for early disease diagnosis and prognosis.

Objective techniques based on neuroimaging modalities are
eing incorporated during the treatment selection process with

mproved efficacy. Such techniques generate sufficient evidence
o predict the treatment outcome prior to its onset, and there-
ore, these factors are characterized as predictive biomarkers. The

odalities such as functional magnetic resonance imaging (fMRI)
nd electroencephalography (EEG) have shown promising results
owards being diagnostic in MDD  treatment; however, there are
ros and cons. Among these, EEG offers higher temporal resolution
han fMRI, has a low cost and is suitable for small clinical envi-
onments. It is also more feasible for patients with claustrophobia
9], in addition to being easier to obtain hands-on training. The
ssue on its low spatial resolution can be partially resolved by the

quick assessments. In short, EEG provides a stronger base for the
development of predictive biomarkers. Therefore, in this paper, we
restricted our discussion to methods that involve EEG/ERP only.
The current review paper addresses two  main application areas
in which EEG/ERP can be utilized: (1) MDD  diagnosis based on
EEG/ERP abnormalities, and (2) prediction of treatment outcomes
based on quantities/features extracted from EEG/ERP. The first part
will include a review on the EEG and ERP abnormalities found dur-
ing MDD  that can help to discriminate MDD  patients and healthy
controls. The second part provides a brief account of features that
are extracted from EEG and ERP that have shown a relationship to
clinical responders (R) and nonresponders (NR) to treatments with
antidepressants. The limitations associated with each type are also
highlighted.

The EEG signals recorded from the human scalp could have dif-
ferent neuronal sources deeper inside the brain. Estimating these
deep sources from the EEG signals is an inverse problem that
can be ill-conditioned, which can lead to the existence of multi-
ple solutions for the deep sources. These solutions are based on
assumptions about the hypothetical neuronal sources inside the
brain and could result in false localizations. EEG-based techniques
for brain source localization (BSL) such as Low Resolution Electro-
magnetic Tomography (LORETA) have been proposed to estimate
or localize neuronal electrical activities inside the brain based on
multichannel surface EEG recordings [10]. However, over the past
decade, various extensions of LORETA were developed, for example,
the standard LORETA (sLORETA) [11] and standardized shrinking
LORETA-FOCUS (ssLOFO) [12]. A substitute to the inverse modelling
approach is beam-forming technology [13]. Recently, a method
based on a local spatial Fourier transformation of EEG measure-
ments was  offered [14,15]. Yet another technique, 2q-Exo-MUSIC
(2q-th ordered extended multiple signal classification), has been
developed to localize distributed sources that have a large number
of dipoles with highly synchronized activities [16]. Details of the
different techniques that involve discussing the BSL problem have
also been reviewed [17,18].

Electrophysiological signals contain information about neural
activities inside the brain at different frequencies, which range
from delta (0.4–5 Hz), theta (5–8 Hz), alpha (8–12 Hz), low beta
(12–18 Hz), high beta (19–30 Hz) and gamma (30–70 Hz). Elec-
trophysiological signals can be helpful during the diagnosis or
quantification of physiological states. For example, the automatic
diagnosis of epileptic seizures [19,20], assessment of depth of
anaesthesia [21] and quantification of sleep stages known as
polysomnography studies are well established [22]. In addition,
EEG data are helpful in studying the elevated states of the resting
brain [23]. Furthermore, EEG data that are saved and processed
digitally are called quantitative EEG (QEEG). At the same time,
event-related potential (ERP) studies include the analysis of neu-
ronal data acquired during the performance of an experimental
activity to observe aberrant cognitive processes inside the brain.
ncreasing number of electrodes/sensors, with up to as many as
024. However, a smaller number of electrodes is easier to manage
nd is desirable for patient care. In contrast, fMRI provides a higher
patial resolution. However, it is not feasible in small setups for
An ERP signal is acquired by grand averaging the various epochs of
similar types, including either visual or auditory stimuli. Averag-
ing suppresses the background noise in the signal and effectively
improves the signal-to-noise ratio (SNR). The grand averages result
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does not directly measure brain activity. Connectivity of brain
region is inferred from the EEG recorded at surface sites overlying
Fig. 1. Schematic illustration of the P300 context updating model [25].

n various prominent positive and negative peaks that occur at
he time points of 100, 200 and 300 milli-seconds (ms), called
100/P100, N200/P200 and P300, respectively [24]. A schematic
iagram of a P300 context updating model has been illustrated
25]. P300 is generated if the stimulus is different from the previous
nes; otherwise, components such as N100/P200 can be observed
Fig. 1).

. EEG/ERP abnormalities due to MDD

Depressive disorders are associated with changes in normal
lectrophysiology and neurocognitive processes. These changes
nclude frequency abnormalities, differences in the activation of the
eft and right hemispheres (known as asymmetry), aberrant cogni-
ive brain behaviours and hypothalamic–pituitary–adrenal (HPA)
xis dysfunction. These factors are discussed in the following sub-
ections.

.1. Aberrant activations including EEG frequency bands

Abnormalities in the EEG/ERP activations in different fre-
uency bands have been studied during the discrimination of MDD
ersus healthy controls and for the prediction of treatment out-
omes. The power computations from individual frequency bands
ave shown relevance to the pathophysiology of depression. For
xample, elevated EEG alpha activity during resting has been com-
only observed [26]. Similarly, elevated absolute alpha power has

een reported in the literature [27–30], while other studies have
escribed increases in the relative power [31,32]. This increase in
he EEG activity was commonly observed in frontal, parietal [28,33]
nd occipital areas [34]. In addition, early stages of depression were
haracterized by the presence of elevated alpha activity [35]. How-
ver, some of the studies could not find alpha power differences
etween the MDD  patients and healthy subjects [36,37]. More-
ver, an increased beta band activation in depressed patients has
lso been reported [38,39]. Regarding the prediction of treatment
utcomes, excessive alpha values were associated with a response
o antidepressant treatment [40]. Similarly, excessive theta values
ere found to be correlated with treatment nonresponse within
he MDD  group [41–43].
Although an extensive discussion on these activation abnormal-

ties including the different frequency bands is beyond the scope
f this review, a brief viewpoint is that the absence of consistent
ssing and Control 22 (2015) 85–98 87

findings could be due to methodological differences across studies
and inherent heterogeneity of the populations under investigation.
The non-specificities of these findings have made clinical applica-
tions almost impossible.

2.2. EEG alpha asymmetry

During MDD, alterations that are associated with EEG alpha
asymmetry were studied extensively as a vulnerability measure.
Furthermore, it was  hypothesized that MDD  manifested hyperac-
tive right prefrontal cortex and hypoactive left prefrontal cortex.
Davidson et al. [50] investigated alpha asymmetry during depres-
sion and reported a relative hyper-activation of the right prefrontal
cortex. Later, they considered ‘approach’ and ‘withdrawal’ as being
fundamental to the EEG asymmetry [44], where both the with-
drawal and approach systems were orthogonal. In addition, the
approach system facilitated appetitive behaviour and resulted
in positive effects, whereas the withdrawal system motivated
negative emotions and aversive stimulation [45]. The decreased
left-sided frontal EEG activation was considered to be related to a
deficit in the approach system. Based on these observations, it was
concluded that the study subjects who have such symptoms were
considered to be at risk of negative emotional states and depression
in response to environmental stress. In contrast, EEG activation of
the right-side frontal cortex was related to withdrawal of related
emotions and the pathophysiology of depression [44]. In a recent
study, alpha EEG asymmetry was found to be significantly higher
in MDD  patients compared to healthy controls [46]. A number of
studies reported a decrease in the right frontal area relative to the
left side [47–50].

However, EEG asymmetry was  considered to be an unreliable
indicator for discriminating MDD  and healthy subjects. This consid-
eration has been based on the finding that increased right frontal
activity in postmenopausal depressed women could not be repli-
cated [51]. Many other studies failed to reproduce the observations
of EEG asymmetry during MDD  [52,53] [54–56].

2.3. EEG coherence

EEG coherence is a measure that can suitably examine syn-
chrony across brain regions. In addition, it represents the coupling
of activity between two nodes that are functionally linked, but not
time-locked to a specific event [57,58]. EEG coherence has been
successfully used to examine spatial integration both at short- and
long-distances in the brain [59,60]. It was first examined in clin-
ical populations with depression or dementia [61]. However, it
has not been extensively studied with MDD  patients compared
to controls. In a study, Fingelkurts and colleagues [62] examined
12 medication-free depressed outpatients and used the structural
synchrony to analyse nine categories of functional connectivity.
Furthermore, Leuchter and colleagues [63] have extended the study
conducted by Fingelkurts and colleagues. Specifically, they have
concluded an increased neurophysiological connectivity in depres-
sion compared with a normal condition. In a recent study [64], MDD
is characterized by increased EEG functional connectivity within
frontal brain areas. Hence, EEG coherence has been suggested as a
potential marker of distributed neuronal communication for MDD.

However, the EEG coherence like any metric derived from EEG
the various cortical regions. Moreover, there is no single technique
that has proven to be ideal to measure the interaction between
two brain regions. Coherence measures are susceptible to both
electrode reference effect and volume conduction [65–67].
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.4. The ERP component: P300

The ERP component P300 that is achieved by grand averaging
arious auditory stimuli of a single type is known as an auditory
voked potential (AEP). AEPs have been shown to have a positive
orrelation with the cognitive abilities and auditory processes of
he brain [68,69]. In addition, depression has been associated with

 delay in the P300 component [70]. Similar findings were found
n some other studies in which a delay in P300 was only found in

DD  patients compared with the control [71–73]. A decrease in
he P300 intensity in the right hemisphere during LORETA analysis
as also been reported [74]. Longer P300 latencies were observed

n depressed patients compared to healthy controls for visually
voked stimuli [75]. The relationship between the P300 response
nd responses under antidepressants was reported as the normal-
zation of P300 latency after 4 weeks of antidepressant intake [76].

oreover, the normal P300 amplitude predicted the response to
lectro-convulsive therapy [77]. However, no significant differ-
nces were found in the P300 amplitude among the treatment
esponders, non-responders and controls [78].

.5. EEG/ERP abnormalities during HPA axis dysfunction

Hyperactivity of the HPA axis during MDD  is one of the main
ndings in psychoneuroendocrinology [79]. The HPA axis is a major
ndocrine stress response system that helps during challenging sit-
ations and thereby maintains mental health and stability [80]. The
PA axis triggers a stress response by releasing certain chemicals,

uch as adrenocorticotropic hormone (ACTH) and cortisol, which
re generated from the hypothalamus, pituitary and adrenal glands.
n addition, cortisol has been consistently found during depression
6]. This finding warrants highlighting the EEG and ERP and their
elationship with HPA axis dysfunction.

EEG and ERP studies have revealed neurobiological changes due
o cortisol administration in healthy subjects. It was concluded
hat both exogenous and endogenous cortisol administration have
pecific effects on episodic memory processing [81]. Studies that
ocused on EEG correlations with episodic memory resulted in
reater activation of the frontal and parietal lobes at 800 ms
o 1100 ms  post-stimulus for healthy subjects compared to the
epressed subjects. In addition, a correlation between the cortisol

evels and EEG laterality was observed during an episodic memory
ask. EEG and ERP studies of cortisol administered to healthy sub-
ects depicted qualitative changes in the ERP waveforms associated

ith episodic memory over the frontal scalp region [82,83]. More-
ver, altered ERP components were related to an error processing
ask [84]. However, these associations could not be replicated. For
xample, a single dose of cortisol could not alter the ERPs in a
ace recognition memory task. However, a short-term memory task
ould easily modulate the related ERP components [85]. Hence, we
an infer the complexity of the cortisol as being impacted by mul-
iple factors, for example, the types of stimuli, dosage levels and
ime-dependence on the EEG.

.6. Machine learning (ML) approaches for MDD  diagnosis

Recently, the automated classification algorithms that involve
euroimaging techniques are gaining importance in diagnosing dif-

erent types of mental ailments [86]. Specifically speaking, EEG data
n combination with machine learning (ML) techniques have been
tilized for the identification of MDD  [87–89]. These techniques
ave utilized non-linear EEG-based quantities. Ref. [87] utilized

atz’s and Higuchi’s fractal dimensions (HFD) as a measure of non-

inearity and complexity in the EEG data. Another study reported a
ombination of spectral asymmetry and HFD features for discrim-
nating the depression conditions [90]. In addition to EEG-based
ssing and Control 22 (2015) 85–98

studies, ERP features such as the P600 component were utilized for
the same purpose [91].

The advantages of incorporating ML  methods when compared
with conventional techniques include the automatic identification
of EEG/ERP patterns that are specific to diseased and control con-
ditions. The ML  techniques allow identification of such patterns
for individual subjects and are therefore superior to the conven-
tional methods, which are discriminative at the group level only.
The evidence-based treatment management for individual MDD
patients is possible by incorporating ML  techniques during the
diagnosis and treatment selection. Moreover, the high accuracies
shown by ML  techniques motivate their clinical utility as well. How-
ever, generalizations of these findings require further validation
with larger populations.

2.7. Summary

We  have discussed EEG/ERP-based abnormalities, which have
revealed significant differences between depressed patients and
healthy controls. Key findings of the studies discussed in this sec-
tion are summarized in Table 1.

3. EEG-based predictive biomarkers

The MDD  treatment could be improved by reducing the ineffec-
tive treatment trials. This result is anticipated by having an accurate
prediction of the treatment outcomes using predictive biomark-
ers. According to the definition, the predictive biomarkers should
be sufficiently sensitive to changes in disease conditions [92,93].
In addition, these should cater to clinical applications, including
accurate treatment predictions for individual patients. This section
will highlight the identification of EEG/ERP biomarkers for predict-
ing treatment outcomes that involve MDD. We  will describe the
quantities extracted from the EEG and ERP that have shown sig-
nificant correlations with either the R or NR subgroups. Some of
the examples include the alpha and theta activations, asymmet-
ries, antidepressant treatment response (ATR) index and EEG theta
cordance.

3.1. Alpha power and alpha asymmetry

The alpha power and asymmetry have been studied extensively
due to the relative ease of computation. In the case of alpha power,
the treatment response and non-response were categorized based
on changes in the absolute and relative powers. For example, Ulrich
and colleagues treated 40 MDD  patients with tricyclic antidepres-
sants (TCA) and claimed that the subjects who had lateralization in
the alpha power at the baseline were responders (R) with 4 weeks
of treatment. In addition, the R also exhibited a decrease in the
absolute alpha power at the baseline [94]. Further studies [95,96]
reported early changes in the alpha band that were shown in R
only. A similar study [97] reported that less alpha current source
density was  associated with non-responders (NR) compared with
both R and controls. The study patients were treated with selec-
tive serotonin reuptake inhibitor (SSRI), serotonin–norepinephrine
reuptake inhibitor (SNRI) and a combined therapy with an SSRI
and norepinephrine–dopamine reuptake inhibitor (NDRI). In con-
trast, a study reported increased alpha power associated with R
with 29 MDD  patients who were treated with imipramine for 6
weeks [42]; however, the study did not provide any statistical sup-
port. In addition, an increase in the alpha power accompanied with
a decrease in the theta power among R compared with NR was

reported, including paroxetine administration for 50 MDD  patients
for 6 weeks [98].

Alpha asymmetry refers to the alpha power differences between
the left and right hemispheres. Their associations were reported
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Table  1
Summary of the changes in EEG/ERP associated with the pathophysiology of depression that can be useful in discriminating MDD  patients from healthy controls.

Brain dynamics Associated measures Main findings Critical analysis

Changes associated
with EEG activations,
including different
frequency bands

Activations in alpha and beta bands • Elevated EEG alpha activity manifested
depressive pathophysiology
• Excess alpha was found to be associated
with the response to antidepressant
treatment

Frequency changes have shown their
promises. However, they were not specific
to either the patient or control groups. The
inconsistency in the findings resulted in
low specificities. The inter-study
comparisons were necessary to improve
the future research directions and to
standardize the methodological
procedures

EEG  alpha asymmetry Changes in the Alpha activation between
the left and right hemispheres

• Hyperactive right frontal cortex and
hypoactive left frontal cortex manifested
during depression
• Decreased left sided frontal activations
can be a vulnerability indicator for
depression

Alpha asymmetry was observed to be
inconsistent among different studies and,
therefore, was considered to be unreliable
to discriminate the normal and MDD
subjects. Low specificity of the findings can
be improved by increasing the sample sizes
and balancing the gender distributions. The
results should have common evaluation
criteria. The sensitivity and specificity of
the  findings should be reported

EEG  coherence Difference of functional connectivity
between MDD  patients and normal
controls

Increased neurophysiologic connectivity is
observed in MDD  patients when compared
with normal controls

EEG coherence is affected by volume
conduction in the brain. Research is still
going on to improve the reliability to be
used clinically

ERP  component AEP P300 intensities and latencies Depressed subjects have shown greater
P300 latency and smaller P300 amplitudes
than healthy controls

The ERP component P300 has been
considered to be an index of cognition.
From antidepressant intake, improvement
in the amplitudes and latencies are not
exhibited for all patients. In addition, the
P300 could not explain the brain under
medication with antidepressants

HPA  axis dysfunctions ERP waveforms and EEG laterality
associated with memory experiments

Healthy participants have shown greater
activation compared with depressed
subjects

HPA axis was found to be consistent in
describing stress-related abnormalities.
However, it exhibited contradictory
findings in the case of depression
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Non-linear EEG/ERP
quantities

Katz’s and HFD, Spectral asymmetry Aber
auto

ith respect to the antidepressant treatment outcomes. For exam-
le, Bruder and colleagues observed alpha asymmetry among 52
DD  patients who were treated with fluoxetine for 12 weeks [99].

hey highlighted the presence of EEG alpha asymmetry, which
ould differentiate responders (R) and nonresponders (NR). Greater
ctivation in the left hemisphere at the baseline compared to the
R was also reported. Moreover, the alpha asymmetry showed sig-
ificant differences between the female R and female NR; however,
he male participants did not show this behaviour. In addition, the
ame medication (fluoxetine) was used by Bruder and colleagues
ith 36 participants (18 controls and 18 MDD  patients) [34]. The

tudy resulted in 11 R with a greater baseline EEG alpha power in
he occipital region compared to that with the NR. In the left hemi-
phere, the R showed higher alpha power when compared with the
R.

The alpha power and asymmetry were not standardized to
 specific medication because the studies discussed thus far
ave utilized different medications for different patients. Conse-
uently, the treatment efficacy could not be identified as either
edication-specific or individual-specific. Moreover, the studies

id not provide any quantitative analysis on the sensitivity and
pecificity of the data. Moreover, contradictions among the studies
endered them insignificant clinically and warrant further research
ffort.
.2. Theta band activations

An increase in the EEG theta band power (also called theta band
ctivation) was found to be correlated with the antidepressant
atterns are identified
lly based on ML  concepts

The findings cannot be generalized due to
small sample sizes

treatment outcome. The MDD  patients with greater theta and lower
beta band activities were R compared to NR [98]. Furthermore,
an increase in the left frontal theta activity compared to baseline
was reported after electroconvulsive therapy (ECT) [100]. Further
follow-up after the 4th ECT treatment resulted in a response that
was correlated with the theta activity.

In addition to the theta band power, the frontal theta relative
power was  also observed [101]. This study indicated that there was
a significant correlation in the EEG relative power values at baseline
and after 1 week with treatment outcome. In addition, a positive
association in the increased absolute theta band power at base-
line with changes in the Hamilton depressive rating scale (HAM-D)
scores over 8 weeks of treatment was  also reported [102].

Few studies analysed the effects of randomization on either
the treatments or study participants, e.g., the absence of placebo
effects. Due to such discrepancies, the ability to discriminate
medication-specific and nonspecific effects could not be formal-
ized. Moreover, some earlier studies did not report any efficiency
results in terms of their sensitivities, specificities and accuracies.
Therefore, within-studies comparisons could not be performed.
For clinical applications, further validation of the findings is
needed.

3.3. Antidepressant treatment response (ATR) index
Various studies have identified the suitability of ATR as a predic-
tive marker for the treatment response and remission based on EEG
data acquisition twice, i.e., (a) at baseline and (b) after one week. The
ATR was defined to be a nonlinear combination of the three frontal
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EEG parameters described in Eq. (1) [101]. Its value can vary from
 (low probability) to 100 (high probability of a response).

TR = max (0, min (100,  A × (AlphaB − AlphaA)

+ B × RelativeThetaPlusAlpha + C)) (1)

here AlphaB  is the absolute power in the frequency band
9–11.5 Hz) at week 1, AlphaA  is the absolute power in the fre-
uency band (8.5–12 Hz) at baseline, and RelativethetaPlusAlpha

s the relative combined theta and alpha power (3–12 Hz/2–20 Hz)
t week 1. However, the exact values of the constants A, B and C
ere not reported.

The ATR index resulted in 70% correct predictions, including 82
DD patients treated with SSRIs [101]. A further replication with

20 MDD  patients resulted in 74% correct treatment predictions
101,103]. However, the clinical indicators could not predict either

 or NR. Initially, the patients were treated with escitalopram for 1
eek and then divided into three subgroups. The first group con-

inued with escitalopram, the second with bupropion and the third
ith both escitalopram and bupropion. The ability of the ATR index

o predict the differential response to escitalopram, bupropion and
heir combination has previously been reported [103]. When the
alue of the index was higher than a threshold (ATR index = 52),
he prediction was accurate for escitalopram R. An ATR index of
52 showed the prediction to be accurate for bupropion R. How-
ver, this method could not predict the differential response to both
scitalopram and bupropion. The placebo effect for the ATR index
as studied for 23 MDD  patients, of which 12 were treated with
uoxetine and 11 with placebo for 8 weeks [104]. Furthermore, the
hreshold (ATR index = 47.3) resulted in a 100% sensitivity, 66.6%
pecificity, 75% positive predictive value and 100% negative pre-
ictive value.

The studies that involved the ATR index utilized larger sam-
le sizes. However, they utilized different thresholds of treatment
esponse or non-response, which were mainly based on empirical
ndings. Due to the simplified EEG montages and the differences in
he number of electrodes, the studies could not be compared with

 traditional approach. In addition, the ATR formula was less clear,
.g., the relative combined theta and alpha powers in the formula
ould not be clearly explained.

.4. Theta QEEG cordance

The QEEG theta cordance is a measure that is computed math-
matically based on Eqs. (2)–(6) [105]. It utilizes the EEG absolute
nd relative power at different scalp locations and frequencies.

ORDANCE(s,f ) = ±
(∣∣aNORM(s,f ) − 0.5

∣∣ +
∣∣rNORM(s,f ) − 0.5

∣∣) (2)

s =
∑

f

as,f (3)

s,f = as,f

Ts
(4)

NORM(s,f ) = as,f

AMAXf
(5)

NORM(s,f ) = rs,f

RMAXf
(6)

here as,f is the absolute power at the recording site s in the fre-
uency band f; Ts is the total power summed at the recording site s;
s,f is the relative power at site s with the frequency band f; AMAXf
s the maximum absolute value in the frequency band f; RMAXf is

he maximum relative value in the frequency band f.

A number of studies have reported that a decreased pre-
rontal QEEG theta cordance is correlated with treatment response
106–111]. For example, a prefrontal decrease in the theta cordance
ssing and Control 22 (2015) 85–98

after 48 h of intake was found to be correlated with the treatment
response [106,107]. This response was  observed after 8 weeks of
treatment with SSRIs and SNRIs. A decrease in the prefrontal theta
cordance after 1 week of treatment (fluoxetine/venlafaxine versus
placebo) was  observed to be correlated only with treatment R [108].
Changes in the prefrontal theta cordance at week 1 significantly dis-
tinguished medication R from all of the other groups (medication
NR, placebo R and NR). A prediction accuracy of 72% was  achieved
[112]. Moreover, the accuracy was improved to 75% with the other
treatment of SSRIs for 8 to 10 weeks [109].

Several independent studies were conducted to observe the
predictive ability of the theta cordance. A decrease in the theta cor-
dance observed at week 1 predicted the treatment response with an
88% accuracy [110]. A separate study with 25 MDD subjects treated
with venlafaxine reported a much larger decrease in the theta cor-
dance in treatment R than in NR [111,113]. Unfortunately, these
studies were based on small sample sizes, and consequently, a true
generalization was  not possible. Hence, there is a need to replicate
these findings in large populations. Moreover, similar to the ATR
index, the cordance formula did not reflect the neural mechanism
for MDD  [114].

3.5. Referenced EEG (rEEG)

Referenced EEG (rEEG) was  based on a well-organized database
that included records of EEG patterns that corresponded to various
disease symptoms based on the patients’ medical and EEG records
(1700 patients with 18,000 antidepressant treatments) after treat-
ment with specific antidepressants [115]. During the treatment
selection process, rEEG could help by performing a comparison
between the patient’s EEG patterns and the database patterns.
Based on the most suitable comparison, appropriate medicines
were selected. The database has been validated with different
research studies [116]. For example, an rEEG-based research study
with two groups of patients was conducted [115]. The 1st group
(7 patients) was  treated with rEEG-guided treatment, and the 2nd
group (6 patients) received a normal treatment such as STAR*D
[117]. The study resulted in higher rates of response (6 out of 7) for
the rEEG-guided group compared to the 2nd group (1 out of 6). A
replicated study with 114 patients endorsed these findings [117].

The rEEG has been used as a guidance tool for treatment selec-
tion. However, the studies did not provide any performance metrics
such as the sensitivity and specificity of the prediction. The clini-
cal applicability and generalization of the findings require further
investigation by utilizing patients from other geographical areas.
Other geographical locations provide diversity in the population
under investigation and increase the generalizability of the pro-
posed method. In addition, the incorporation of variables other than
the QEEG in such demographical and clinical data could further
improve its predictive ability.

3.6. Rostral anterior cingulate cortex (rACC) activations for MDD

The surface EEG signals recorded from the scalp provide infor-
mation to perform source localization deep inside the brain, which
could reveal the activation that is specific to a certain brain region.
Studies based on QEEG biomarkers that utilized LORETA performed
localizations by constructing 3D maps of the whole brain. Activa-
tion in the rostral anterior cingulate cortex (rACC) was consistently
found to be associated with treatment outcomes during MDD. For
example, a resting rACC activity in the theta band was found to
be correlated with the treatment response [118], where 18 MDD

patients were treated with nortriptyline for 16 weeks. In addi-
tion, a re-analysis was  performed by introducing threshold levels
for the response and nonresponse, called ‘high responders’ and
‘low responders’, respectively [119]. Pretreatment rACC activity
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orrectly classified high responders (88.9%) and low responders
89.9%). Furthermore, Mulert and colleagues recruited 20 MDD
atients who were treated with citalopram or reboxetine and
eported a treatment response association with increased resting
tate rACC theta activity [120]. In another study, higher theta rACC
nd orbitofrontal cortex activations were correlated with the med-
cation response [121].

However, the threshold selection was based on empirical find-
ngs and could not explain the neurobiology of MDD. Due to the
otential problem with LORETA, i.e., the assumptions on which it is
ased, the results might not be accepted confidently by clinicians.
oreover, the small sample sizes in the studies above require future

alidation in larger populations.

.7. ML  techniques for the prediction of treatment outcomes

ML  techniques inherently involve feature extraction, selection
nd classification sub-processes (Fig. 2). They provide identifica-
ion of the most relevant variables or patterns specific to a disease
ondition. These relevant variables were derived from EEG and ERP
uring the feature extraction sub-process. The ML techniques were
ommonly applied for biomedical research [122,123]. For exam-
le, the ‘Psychiatrist in the Machine’, an ML-based system, was
eveloped to automate the treatment selection process for mental
atients [124]. The system could assist MDD  patients in choosing
uitable treatment according to the EEG data acquired. Further-
ore, treatment outcome prediction for the MDD  patients, divided

nto R and NR based on the ML  techniques, has shown promise
sensitivity = 94.9%, specificity = 80.9%, accuracy = 87.9%) [125,126].

 similar study was conducted by applying an ML technique to
chizophrenia, which achieved a classification accuracy of 85%
127].

However, the studies based on ML  techniques used a small num-
er of patients, and further investigation into this promising area is
equired with a larger number of recruited patients in addition to
ifferent antidepressant treatments. A summary that includes the
EG biomarkers is described in Table 2.

. ERP-based predictive biomarkers

The ERP components, P300 intensities and latencies were found
o be correlated with the treatment outcome for MDD  patients
128–132]. The ERP type called the Loudness Dependence Audi-
ory Evoked Potential (LDAEP) describes how one EPR component
N100/P200) changes with increasing loudness of the auditory
timulus. It is believed to quantify the magnitude of the serotoner-
ic neurotransmission in primary auditory cortex. Lower values of
DAEP indicated higher levels of chemical (serotonin) inside the
rain and vice versa. Related studies are described in the following
ubsections.

.1. ERP component P300

P300-based morphological quantities, e.g., P300 amplitudes,
atencies and P200 slopes, were found to be associated with the
reatment outcome. The P300 peak amplitudes at the occipital elec-

rodes were found to be correlated with the treatment response
uring a dichotic listening task [128]. Another study [129] revealed
hat patients with a larger P300 latency at baseline failed to remit
fter 6 weeks, while the patients who remitted along with the
Fig. 3. Observations of differences, including P300 intensities and latencies,
between MDD  patients (before treatment and after the 4th week of treatment) and
controls.

controls showed normal latencies. Moreover, 23 out of 24 remit-
ted MDD  patients were identified by the P300, with a specificity of
65.9% and a sensitivity of 95.8%. In an observational study [130],
higher P200 slopes were found to be correlated with the treat-
ment response at baseline compared with the non-response. P300
latencies were observed while 28 MDD  patients were treated with
sertraline for 12 weeks. As a result, longer latencies were discovered
in NR (10) compared with both R (18) and controls (28) [78]. How-
ever, no correlations were observed between the P300 intensities
and treatment response. In an early study [130], 17 MDD  patients
(11 R, 6 NR) were recruited for 4 to 8 weeks and treated with fluox-
etine, bupropion, or desipramine. Larger slopes of P200 at baseline
were found in R only when compared with NR.

Fig. 3 is plotted based on the EEG/ERP data acquired from the
experiment design described in Section 5.2. The figure describes
grand averaged P300 components at a central region (Cz), which
could significantly discriminate the groups: controls (normal) and
MDD  patients. The controls had shown higher ERP intensities with
a 300-ms latency. However, the patients showed low amplitudes
and longer latencies than the control group.

4.2. LDAEP

Studies based on LDAEP have shown an association with treat-
ment outcome. For example, higher LDAEP slopes were found to be
correlated with R [133]. In addition, lower LDAEP slopes at base-
line were associated with treatment response to reboxetine [131].
Furthermore, higher values of LDAEP in R were observed compared
to NR [132]. LDAEP could be a differential marker for two types of
medications with different mechanisms of action (MOA): seroto-
nergic and non-serotonergic. In [134], 20 of the MDD  patients were
treated with citalopram (an SSRI) and 15 others with reboxetine
(a norepinephrine reuptake inhibitor (NRI)). The former showed a
higher LDAEP slope at baseline in contrast to the reboxetine R, and
similar results were reported by [135]. In [136], a low LDAEP at
baseline was  found in an MDD  patient (only 1 patient) with severe
side effects to the SSRI treatment. In that case, a medication with a

different neurochemical profile called tianeptine was found to be
useful instead.

However, the above-mentioned studies based on P300 utilized
different features, e.g., the P300 amplitude or latency. Because
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Table 2
Summary of the findings related to EEG-based predictive biomarkers for MDD.

Predictive biomarkers EEG parameters Common findings Critical analysis & limitations

Alpha power and
asymmetry

• Alpha power and alpha
asymmetry
• Lateralization of alpha power

• Decreased lateralization and
alpha power was  associated with
the treatment response
• Less current source density was
associated with a non-response
•  Increased alpha power was
associated with the treatment
response

EEG power measurements were
considered to be reliable. However, few
studies have shown contradictory findings.
In addition, changes that are associated
with alpha asymmetry could not
discriminate R and NR

Theta band activations Theta band powers Treatment response was associated
with increased theta activations

Studies that investigated pre-treatment
and early changes in the theta band have
reported conflicting results. For example,
decreased activity was associated with the
treatment response [93,101]. In contrast,
others have reported a response
association with increased theta band
activity [98]

ATR index Relative theta and alpha power • Classifications based on the ATR
index values were conducted. A
higher accuracy means better
predictions involving the ATR
index
•  The ATR index can be a
differential indicator for more than
one antidepressant treatment
outcome

The ATR index utilizes empirically adjusted
threshold values. These adjustments were
based on experimental observations and
could need further validation to be
accepted confidently for clinical
applications

QEEG  theta cordance Absolute and relative power in
theta bands

Decreased QEEG theta cordance
was consistently found to be
correlated with treatment R

The decreased QEEG theta cordance was
found to be consistent as a predictive
biomarker. However, due to their low
specificity values, the measure cannot be
confidently applied in clinical applications

Referenced EEG (rEEG) Pattern matching based on the
QEEG database

The rEEG-guided treatment proved
to be efficient in the STAR*D study.
It depicted the importance of
evidence-based therapy over a
sequential treatment strategy

The rEEG performed better than STAR*D.
However, the database was specific to the
geographical area. For generalization,
patterns from other geographical areas
should be included

rACC  activations EEG power computations and
their LORETA-based source
localization

Activation in rACC was correlated
with the treatment response

The rACC activations were found to be
consistent during MDD. However, the
empirically adjusted thresholds require
further validation

Algorithmic approach
based on machine
learning and data
mining

EEG-derived quantities were
used as feature vectors. Their
significance was  found based
on discriminating the

ML techniques have proven to be
promising and reliable predictors
of treatment outcomes because of
their stronger classification

ities

Incorporating data mining and algorithmic
concepts achieved higher discriminating
efficiency. However, the studies were
based on small sample sizes and un-even

o
a
b
t
w

T
S

treatment response and
non-response

abil

f these differences, it is impossible to compare them with one
nother. Moreover, studies reported only statistical associations

etween QEEG biomarkers and outcomes; i.e., the studies failed
o report sensitivity and specificity values. LDAEP showed a link
ith serotonergic activity, but it was not fully demonstrated that

able 3
ummary of the findings related to ERP-based predictive biomarkers for MDD.

Brain dynamics Associated measures Main fi

ERP component: P300 P300 peak amplitude, latencies, P200
slopes

• Treat
with h
higher
• Patie
were o

LDAEP ERP component (N100/P200) changes
with increasing loudness of the
auditory stimulus

• A hig
in R
•  A diff
two  di
possib
gender distributions

LDAEP might differentiate the response to serotonergic versus non-
serotonergic antidepressants. The clinical utility of LDAEP requires

further validation. Table 3 summarizes the comments about ERP
biomarkers discussed in this section. In the previous sections, vari-
ous EEG- and ERP-based studies have been discussed. These studies

ndings Critical analysis and limitations

ment response was associated
igher P300 peak amplitudes and

 P200 slopes
nts with larger P300 latencies
bserved as NR

The association between the ERP and
antidepressants were less studied. The
studies discussed here have focused on
different ERP parameters. Therefore, a
comparison with multiple studies was
not possible

her LDAEP slope was  exhibited

erential prediction including
fferent types of drugs could be
le

Studies based on LDAEP have utilized
optimal threshold values, which were
empirically selected
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ave shown EEG and ERP abnormalities that are specific to patient
onditions used for MDD  diagnosis and for generating predictions
bout treatment outcomes.

. Comparison based on a common dataset

In this section, we have reanalysed the quantities/features
erived from EEG/ERP data discussed so far in the previous sections.
he EEG and ERP datasets were acquired and pre-processed in our
aboratory. The objective was to classify the study participants into
espective subgroups based on these features. The significance of
hese features is directly proportional to their classification abili-
ies. Theoretically, classification could involve different statistical
ools that can model the relationships between the features and
he participant’s target groups. In this study, two different types
f classifications were performed: (1) discrimination between the
DD  patients and controls, and (2) treatment responders (R) and

reatment non-responders (NR).

.1. Participant recruitment and data acquisition

The recruitment involved two groups of participants from Hos-
ital Universiti Sain Malaysia (HUSM): (1) 33 MDD patients (16
ales and 17 females, mean age = 40.33 ± 12.861), and (2) 19 age-
atched healthy control subjects (9 males and 10 females, mean

ge = 38.277 ± 15.64). The study design was approved by the human
thics committee, HUSM. The MDD  patients met  the international
iagnostic criteria for depression, as described in the Diagnostic and
tatistical Manual-IV (DSM-IV) [137]. MDD  patients went through a
-week medication washout time period before the EEG data acqui-
ition. After the 1st EEG recording, the MDD  patients started taking
ntidepressants under the general category of selective serotonin
euptake inhibitors (SSRIs). To access the disease severity, clinical
uestionnaires such as the Beck Depression Inventory-II (BDI-II)
nd Hospital Anxiety and Depression Scale (HADS) were adminis-
ered twice: (a) during week 1 at the start of treatment, and (b)
uring week 4. The questionnaires were designed to rate the dis-
ase severity by assigning a number. A higher number reflected a
ore severe disease condition. The healthy control subjects were

xamined for many psychiatric conditions and were found to be
ormal.

EEG/ERP data acquisition hardware included a 19-channel
lectro-gel cap interfaced with a Brain Master Discovery ampli-
er. The 19 recording sensors were placed over the scalp and were
amed as Fp1, F3, C3, P3, O1, F7, T3, T5, Fz, Fp2, F4, C4, P4, O2, F8, T4,
6, Cz and Pz. In addition, the amplifier was attached to the com-
uter system through a universal serial bus (usb) port. The EEG
ap with 19 sensors covered the whole scalp according to 10–20
lectrode placements, which were standard with a link-ear (LE)
eference. In practice, the EEG data recorded with the LE reference
an be re-referenced as the average reference (AR). Our data anal-
sis was based on AR-referenced EEG/ERP data. Moreover, the data
ere band-pass filtered from 0.5 Hz to 70 Hz with an additional
otch filter (50 Hz) to filter out the main power supply line noise.
he analogue EEG data were digitized at 256 samples per second
nd saved in a database.

.2. Experimental design and data preprocessing

The experimental design for EEG and ERP data acquisition
nvolved different physiological conditions. For example, EEG

ecordings were conducted during eyes closed (EC) and eyes open
EO) conditions for 5 min  each. During EO, the participants were
nstructed to sit relaxed with minimum eye movement. In the case
f drowsiness, the study participants were interrupted by a beep
ssing and Control 22 (2015) 85–98 93

sound. On the other hand, the ERP recordings involved an exper-
iment called the 3-stimulus visual oddball task [138]. During this
task, individual responses were recorded for three different types
of stimuli: the target (a blue-coloured circle with a radius of 5 cm),
the distractor (a checker board of similar size as the target), and
the standard (a blue-coloured circle with a radius of 2.5 cm). ERP
component P300 was  achieved by taking a grand average of the
epochs of a similar type. Before performing data analysis, both the
EEG and ERP datasets were preprocessed to remove artefacts due
to eye blinks, movement and muscular activity using brain source
localization software (BESA) [139].

5.3. Data analysis

EEG/ERP data analysis inherently involves feature extraction,
selection, classification, and validation. During feature extraction,
the power of alpha and theta frequency bands, alpha asymmetry,
P300 intensities, ATR index, coherence and theta cordance were
computed. The total number of participants was (33 + 19) 52, and
each participant underwent 3 physiological states, i.e., EC and EO
and ERP. Furthermore, these features were arranged in a matrix,
called as the data matrix. In the matrix, the rows correspond to the
number of study subjects and the features were arranged column-
wise. For example, the number of rows for 33 MDD  patients was 33
that correspond to either EC or EO conditions. Similarly, in the data
matrix of 19 control subjects, the number of rows was  19. In case
of ERP features, the rows of the data matrices for the MDD  patients
and controls were 33 and 19, respectively. Moreover, the features
were combined by concatenating column-wise with equal number
of rows, i.e., combination of the resting-state features and the ERP
features as described in Table 4.

The feature extraction was followed by feature selection as
described in the following paragraph. Feature selection is indis-
pensable because many features in a data matrix could be
redundant or even irrelevant [140]. In this study, a nested feature
selection was performed including the training and testing of the
classifier models. Mainly, the feature selection included 2 steps.

First, the computed features were ranked according to a cri-
terion, called the receiver operating characteristics (ROC) [141].
According to the criterion, the area between the empirical ROC
curve and the random classifier slope was computed for the indi-
vidual features and assigned a weight value (z-value), accordingly.
The z-value could vary from 0 to 0.5, which indicates a bad to good
classification ability to discriminate the target groups, i.e., the MDD
patients and controls or R and NR. Moreover, the features were
listed in descending order according to their computed z-values
such as a feature with highest z-value was listed at the top. Finally,
a grouping was  performed such as top-ranked 5, 10, 15, and 19
features were sub-grouped. For classification purposes, the logistic
regression (LR) classification was  employed. The LR is a statisti-
cal tool to model the functional relationship between the EEG/ERP
features and the target groups [142].

Second, the classifier accuracy was  computed for each feature
sub-group and was  validated with 100 iterations of 10-fold cross-
validation, termed as Monte Carlo Cross-Validation (MCCV). The
MCCV was  adopted to avoid the possibility of misleading classifi-
cation results [143]. A supervised learning model, such as the LR,
requires training and testing processes. According to the MCCV pro-
cedure, the data samples are randomly permutated between the
training and test subsets in an iterative manner. In our experiments,
100 iterations are used. In each iteration, performance is evaluated
using a 10-fold cross-validation procedure. As a result, 100 values of

the accuracies, sensitivities, and specificities were achieved. More-
over, a median of the 100 values was  computed. Finally, the feature
subsets that provided highest values of the accuracies were selected
and reported in Tables 5 and 6.
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Table 4
Dimensions of data matrices (before feature selection) for the EEG and ERP features.

Sr. EEG/ERP features MDD  patients (EC/EO) × features Healthy controls (EC/EO) × features

1 Asymmetry 33 × 64 19 × 64
2  Coherence 33 × 1920 19 × 1920
3  Power alpha 33 × 19 19 × 19
4  Power theta 33 × 19 19 × 19
5  Combination of asymmetry, coherence, power alpha, power theta 33 × 2022 19 × 2022
6  P300 intensities 33 × 9000 19 × 9000
7  Combination of asymmetry, coherence, power alpha, power theta and P300 intensities 33 × 11,022 19 × 11,022

Table 5
Discriminating MDD  patients and Healthy controls based on the EEG and ERP features.

EEG/ERP feature Accuracy (%) Sensitivity (%) Specificity (%) No. of features

Alpha power 74.9 63.57 81.6 19
Theta  power 74.20 61.07 80.49 15
Asymmetry 87.51 76.4 93.8 10
Coherence 91.38 82.5 96.92 5
ERP  features (P300 intensities) 90.5 80.5 96.66 5
Combined resting-state features (alpha power, theta power, asymmetry, coherence) 98 95 100 5
Combined resting-state and ERP features 99 98 100 5

Table 6
Discriminating R and NR during MDD. Higher accuracies indicate more significance.

EEG/ERP feature Accuracy (%) Sensitivity (%) Specificity (%) No. of features

Alpha power 53.56 47.14 61.42 5
Theta  power 56.23 62.85 50 5
Asymmetry 64.89 69.04 59.76 5
Coherence 69.52 79.04 60 5
ERP  features (P300 intensities) 82.24 85 80 5
Theta  cordance 75.09 76 74.66 5
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Combined resting-state features (alpha power, theta power, asymmetry, coheren
Combined resting-state and ERP features

The outcome of classification was evaluated using confusion
atrices. The performance metrics computed from the confusion
atrix are presented by Eqs. (7)–(9). According to the definition, the

ensitivity of a classification model corresponds to the percentage
f true cases (TP) which are correctly classified as cases defined by
q. (7). Moreover, the specificity of a classification model refers to
he percentage of true non-cases (TN) which are correctly classified
s non-cases as described by Eq. (8). In addition, the accuracy of a
lassification model illustrates the percentage of correctly classified
ases and non-case among all the example points as depicted in Eq.
9). Finally, the false positive (FP) and negatives (FN) are defined as

isclassified cases and non-cases, respectively.

ensitivity = TP
TP + FN

(7)

pecificity = TN
TN + FP

(8)

ccuracy = TP + TN
TP + TN + FP + FN

(9)

.4. Results

This paragraph addresses the issue of diagnosis (discrimination
etween MDD  patients and healthy controls). The features that
rovide the highest classification accuracies reflected the discrim-

nating ability of the individual EEG/ERP features. Table 5 shows
 significant increase in accuracy (98%) while combining all of the
EG features compared with the maximum accuracy computed for

he individual EEG features. Among the individually computed fea-
ures, EEG coherence has shown the highest accuracy values, i.e.,
1.38%. In addition, alpha and theta band powers have also pro-
ided higher specificities. Moreover, the P300 intensities required
55.45 43 66 10
82.24 79.52 84.28 10
91.66 90 95 5

only 5 features and achieved 90.5% accuracy in discriminating
the MDD  patients and healthy controls (Table 5). The asymme-
try required 10 features and achieved 87.51% accuracy. The alpha
and theta power require 19 features each to achieve approximately
equal accuracies of ∼74%. Finally, the integration of EEG and ERP
features has resulted as the maximum accuracy (accuracy = 99%).

This paragraph addresses the issue of prediction of treat-
ment efficacy (discrimination between treatment responders and
non-responders). The classification results for the discriminating
responders and nonresponders based on common feature variables
are described in Table 6. The theta cordance and the ATR index were
added because they were specific to the MDD  patients. The theta
cordance has also provided better results (accuracy = 75.09%) than
the other EEG features. The combined EEG features provided an
improved accuracy (82.24%) when compared with the individual
EEG features (max accuracy achieved = 69.52%). On the other hand,
the ERP features such as P300 intensities were found to be highly
significant, by achieving accuracies of 82.24%. Finally, the theta
cordance achieved a higher accuracy (75.09%) than the ATR Index
(accuracy = 55.45%), which indicated that the theta cordance could
prove to be better than ATR during predictions of treatment out-
comes. Finally, the integration of EEG and ERP features has resulted
as the maximum accuracy (accuracy = 91.66%).

6. Discussion and conclusions

This study addresses the problem of identifying predictive EEG-
and ERP-based biomarkers for the treatment of MDD. MDD  is a

serious mental illness and is highly prevalent. Unfortunately, the
treatment for MDD  is still based on subjective assessments with
trial-and-error treatment approaches for identifying suitable medi-
cation. There has been considerable effort by the mental health care
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ommunity to develop personalized approaches for the treatment
f MDD. These approaches are based on identifying biomarkers that
ould predict an effective medication for a specific MDD  patient.
owever, the methods developed in this respect are either ineffec-

ive due to having low prediction accuracies or their findings cannot
e generalized due to having a small number of subjects used in the
espective studies. In this review, all of these methods are reviewed
omprehensively. During this process, the limitations are identified
nd suggestions are provided to improve the situation.

For the studies reviewed here combined with previous stud-
es [144,145], several features derived from EEG and ERP have
een associated with treatment response. EEG/ERP has certain
dvantages over other neuroimaging modalities in terms of its cost
ffectiveness and temporal resolution. Additionally, there is port-
bility and adaptability of the modality, i.e., using EEGs for clinical
urposes makes it possible to have quick acquisition of neuronal
ata. A psychiatrist/practitioner can use this approach with little
ands-on training. In addition, wireless EEG caps are more feasible

or data acquisition than caps that have cables. Despite all of the
enefits, EEGs have less spatial resolution than fMRI. LORETA and
he latest techniques (sLORETA, ssLOFO, 2q-Exo-MUSIC) provide
olutions to this problem. However, these techniques might not be
uitable in the context of clinical utility. For example, the original
ORETA method is very sensitive to the assumed underlying math-
matical model, a fact which can lead to erroneous results when
he model contains errors. However, recent techniques are robust
n cases when more than single neuronal sources inside the brain
re to be estimated, or under low SNR conditions.

To answer the question posed by the clinical utility of EEG/ERP-
ased biomarkers, the techniques discussed in this paper have
rovided promising research results. However, more solid evi-
ence, such as treatment outcome prediction, is required to
ranslate them into clinical practice. This could be achieved through
eneralizing the findings discussed in this paper. Existing QEEG
iomarkers have shown responses to different antidepressants, but
one of them can explain the neurobiology of MDD  development
114]. In addition, some of the biomarkers (theta cordance, ATR
ndex, LDAEP) have defined thresholds and cut-offs to discriminate
etween treatment response and nonresponse.

The classification ability provided by the EEG cordance and ATR
ndex make them potential candidates for clinical use. The ATR
with a threshold value) could be a differential indicator of treat-

ent response for two different types of antidepressants. The theta
ordance could be a ‘quick check’ of the treatment efficacy, e.g., as
arly as after one week. Based on a threshold, an inefficient treat-
ent could be augmented or changed entirely. A QEEG biomarker,

or example, rEEG, achieved better results than in the STAR*D study,
.e., the selection of the treatment based on individual disease con-
itions. However, only a few studies have reported the efficiency
f the QEEG biomarkers. Further investigation to prove their utility
s required. Similarly, ML  techniques have proven their efficacy but
nly with a small sample size, and thus further replication of the
esults with a large sample size is required.

Future studies should focus on validation for clinical purposes
ased on the following key points:

(i) ML  techniques
Exploratory techniques such as data mining could be suit-

able to mine offline data for the identification of specific
patterns that are common to either R or NR. Data mining can
be employed on large databases such as those used in the case
of rEEG. The data will provide a unique opportunity to learn

statistical tools such as support vector machine (SVM), which
can be used clinically for choosing prescriptions and predicting
treatment outcomes for a new patient.

(ii) Fusion of modalities
ssing and Control 22 (2015) 85–98 95

A multimodal approach would be a better choice to acquire
neuronal data; such an approach would involve a combina-
tion of EEG, fMRI and MEG  [146] or fMRI and MEG  [147].
EEG-fMRI fusion involves a higher level of temporal detail and
can be achieved through EEG and fMRI spatial resolution. Data
acquired from multimodalities can be analysed based on newly
developed techniques, for example, EEG and fMRI [148]. Unfor-
tunately, the fusion creates artefacts in the recorded data and
hence hampers the data analysis, e.g., simultaneous acquisi-
tion of EEG and fMRI causes production of an artefact in the
EEG data called the ballistocardiographic effect [149], which
must be addressed.

iii) Fusion of methods
Various QEEG biomarkers discussed, such as the theta cor-

dance and ATR index, can be combined and fused in multiple
ways to improve the efficiency of training a classifier, for exam-
ple, the use of available off-line data provided by the rEEG
database.

(iv) Metric measures

The majority of the MDD  prediction studies do not report the
accuracy, sensitivity and specificity. It is important to have these
measures for validation of the predictive methods shown in this
paper. The validation must be performed with larger datasets.

In conclusion, several EEG/ERP technologies, especially from the
resting EEG, have the potential to provide treatment outcome pre-
dictions. Although it is premature to judge whether EEG/ERP-based
quantities would predict treatment outcome with their promises,
the research results thus far have provided positive results. Fur-
ther studies are necessary to generalize and validate the current
findings for the purpose of clinical practice.
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