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A B S T R A C T

The right and left side of the brain are asymmetric in anatomy and function. We review electrophysiological
(EEG and event-related potential), behavioral (dichotic and visual perceptual asymmetry), and neuroimaging
(PET, MRI, NIRS) evidence of right-left asymmetry in depressive disorders. Recent electrophysiological and fMRI
studies of emotional processing have provided new evidence of altered laterality in depressive disorders. EEG
alpha asymmetry and neuroimaging findings at rest and during cognitive or emotional tasks are consistent with
reduced left prefrontal activity in depressed patients, which may impair downregulation of amygdala response to
negative emotional information. Dichotic listening and visual hemifield findings for non-verbal or emotional
processing have revealed abnormal perceptual asymmetry in depressive disorders, and electrophysiological
findings have shown reduced right-lateralized responsivity to emotional stimuli in occipitotemporal or
parietotemporal cortex. We discuss models of neural networks underlying these alterations. Of clinical relevance,
individual differences among depressed patients on measures of right-left brain function are related to diagnostic
subtype of depression, comorbidity with anxiety disorders, and clinical response to antidepressants or cognitive
behavioral therapy.

1. Introduction

Studies in healthy adults and neurological patients have provided
considerable evidence for asymmetries of right and left brain function
(Springer and Deutsch, 1998; Hugdahl and Davidson, 2003). For over
30 years, studies have reported abnormalities of right-left asymmetry in
depressive disorders. We review the findings of these studies and, in
particular, examine how they are relevant to diagnosis and treatment of
these disorders. Numerous studies have reported evidence of abnormal
frontal and parietotemporal asymmetries in depressive disorders. The
bulk of findings for frontal asymmetry have come from electroence-
phalographic (EEG) studies measuring alpha, which has received
considerable attention in prior reviews and meta-analyses (Jesulola
et al., 2015; Peltola et al., 2014; Thibodeau et al., 2006), and also in
studies measuring glucose metabolism with positron emission tomo-
graphy (PET) and regional cerebral blood flow (rCBF) with functional
magnetic resonance imaging (fMRI). Although parietotemporal asym-
metries have received less attention (Stewart et al., 2011), behavioral
and event-related potential (ERP) studies using dichotic listening or
visual hemifield tasks that tap functions mediated by this region have

found considerable evidence of abnormal lateralized cognitive and
emotional processing in patients having depressive disorders (see
Bruder, 2003 for an earlier review). More recent studies have provided
additional evidence of altered laterality in depression, particularly for
processing emotional information. The present report gives particular
attention to reviewing converging evidence from behavioral, EEG, ERP,
and neuroimaging studies, which support hypotheses of reduced left
frontal and right parietotemporal function in depression, and provide a
new understanding of neural networks that may underlie this altered
laterality. The relevance of right-left asymmetries for risk of developing
a depressive disorder, diagnostic subtypes of depression, and clinical
responsiveness to pharmacological and cognitive-behavioral treatments
will also be a focus.

2. EEG alpha asymmetry

The EEG alpha rhythm (8–12 Hz) is maximal when one is in a
relaxed, wakeful state with eyes closed, but is reduced when one
becomes alert or opens the eyes. Alpha power has been found to be
inversely related to cortical activity as measured by rCBF (Cook et al.,
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1998) or blood oxygen level in posterior regions where alpha is greatest
(Feige et al., 2005). This inverse relation can lead to some confusion as
to whether one is referring to hemispheric asymmetry of alpha power or
cortical activity. To avoid this, the convention will be to refer to the
asymmetry of cortical activity that is reflected by alpha asymmetry.
Studies have found an abnormal frontal alpha asymmetry in currently
depressed individuals or those with prior history of depression, with
depressed individuals showing relatively less activity over left than
right frontal sites (Allen et al., 2004; Gotlib et al., 1998; Henriques and
Davidson, 1991; Kemp et al., 2010; Mennella et al., 2015; Stewart et al.,
2010). There have, however, been conflicting findings for depressed
patients, which led to a search for possible mediators that could account
for these inconsistencies (Reid et al., 1998). In a meta-analysis of alpha
asymmetry findings for depression, Thibodeau et al. (2006) found a
moderate effect size (Cohen’s d = .54) for the frontal alpha asymmetry
difference between depressed and control groups.

The finding of relatively less activity over left than right frontal sites
is not specific to depressive disorders, but also occurs in patients having
panic disorder (Wiedemann et al., 1999), social phobia (Davidson et al.,
2000; Moscovitch et al., 2011) or obsessive-compulsive disorder
(Ischebeck et al., 2014). We found that depressed patients having a
co-morbid anxiety disorder (primarily social phobia or panic disorder)
showed a frontal alpha asymmetry indicative of relatively less left than
right frontal activity, whereas patients with a depressive disorder alone
did not show this asymmetry (Bruder et al., 1997a). Across studies,
Thibodeau et al. (2006) found relatively small correlations of frontal
alpha asymmetry with both depression (r = 0.26) and anxiety
(r = 0.17) symptoms, and more recently, Gold et al. (2013) found a
significant correlation of frontal asymmetry and anxiety symptom
ratings (r = 0.33) but not depression symptom severity (0.17). Also,
Blackhart et al. (2006) reported that an alpha asymmetry indicative of
relatively greater right frontal activity predicted greater trait anxiety
one year later, but was not associated with depression. These findings
are consistent with findings in a non-clinical sample indicating that
individuals high in anxious arousal showed relatively greater right
frontal activity, which was not seen in individuals with high depression
scores (Mathersul et al., 2008).

Offspring of depressed parents are at increased risk for depressive
and anxiety disorders (Warner et al., 1995; Weissman et al., 1997).
Several studies have found an alpha asymmetry reflecting less left than
right frontal activity in infants and adolescents at high risk, particularly
those with maternal depression (Dawson et al., 1997; Field and Diego,
2008; Lopez-Duran et al., 2012; Tomarken et al., 2004), but other
studies did not find risk for depression to be associated with frontal
alpha asymmetry (Bruder et al., 2007b; Dawson et al., 1992; Ehlers
et al., 2001; Field et al., 1998). In a meta-analysis of 38 studies, Peltola
et al. (2014) reported that psychosocial risk (parental depression or
child maltreatment) was associated with greater right than left frontal
activity, with a significant effect size (d = 0.36). The effect was
moderated by gender being larger in samples with a higher percentage
of girls. Also, the association of parental depression and greater right
frontal activity was moderated by age, with longer exposure to parental
depression weakening the effect. Other studies also found that alpha
asymmetry indicating relatively greater right frontal activity was
evident only among females with a history of childhood-onset depres-
sion (Miller et al., 2002) or at risk for depression or anxiety (Smit et al.,
2007).

Individual differences in frontal alpha asymmetry have been inter-
preted in terms of an approach-withdrawal model (Coan and Allen,
2003; Davidson, 1998), in which left frontal activity is related to
approach motivation (positive affect) and right frontal activity is
related to withdrawal motivation (negative affect). The frontal alpha
asymmetry in depressive and anxiety disorders could therefore reflect
decreased left hemisphere approach-related motivation, increased right
hemisphere withdrawal-related motivation or some combination of
both. Conflicting alpha asymmetry findings for depressed patients or

individuals at risk for MDD could stem from multiple factors, including
comorbidity of depression and anxiety (Reid et al., 1998). In this
regard, it is important to distinguish between two types of anxiety,
anxious apprehension (e.g., worry) and anxious arousal (e.g., in panic
disorder). Heller and Nitschke (1998) found individuals high in anxious
apprehension displayed an alpha asymmetry favoring the left hemi-
sphere. Moreover, participants with symptoms of depression and
anxious apprehension failed to show less left than right frontal activity,
whereas those with anxious arousal showed more right than left
hemisphere activity (Nitschke et al., 1999). This suggests that anxious
apprehension could act to suppress the finding of less left than right
frontal activity in depressed individuals, whereas anxious arousal could
enhance this finding.

Some studies have found the opposite alpha asymmetry at parietal
sites in depressed or previously depressed individuals, i.e., less activity
over right than left hemisphere, when compared to never depressed
controls (Davidson et al., 1987; Henriques and Davidson, 1990; Reid
et al., 1998). We also found offspring or grandchildren of depressed
probands had an alpha asymmetry indicative of relatively less right
parietal activity (Bruder et al., 2005, 2007b). In this study, alpha power
was inversely correlated with MRI measures of cortical thickness,
particularly over right parietal cortex (Bruder et al., 2012a). EEG
evidence of reduced cortical activity at the right parietal site (P4),
but not the left parietal site (P3), was associated with cortical thinning.
There was a significant difference in the correlation of MRI cortical
thickness and alpha power over right and left parietal sites, but no
significant hemispheric difference in correlations at frontal sites.
Children with low positive emotionality, which was hypothesized to
be a risk factor for depression, also showed an alpha asymmetry with
less right than left activity (Shankman et al., 2005). Given evidence that
right posterior cortex is critical for processing emotional stimuli (Deldin
et al., 2000; Kayser et al., 2000; Moratti et al., 2008), children who
have relatively low right parietal activity, possibly related to reduced
cortical thickness, may be less able to perceive or process emotional
information placing them at increased risk for depression. However,
other EEG studies failed to find reduced right parietal activity in
depressed individuals (Debener et al., 2000; Henrique and Davidson,
1991; Nitschke et al., 1999; Schaffer et al., 1983) or children of
depressed mothers (Dawson et al., 1997; Diego et al., 2006; Field and
Diego, 2008; Jones et al., 1997; Tomarken et al., 2004), which may be
due to the opposing effects of anxious arousal. Heller et al. (1995)
hypothesized that anxious arousal, e.g., as seen in panic disorder, is
associated with right parietotemporal hyperactivation, whereas depres-
sion is associated with right parietotemporal hypoactivation. Anxious
arousal in depressed patients having a comorbid anxiety disorder could
thereby result in increased right parietal activity or cancel out the
relatively less right parietal activity in depression. EEG evidence
supporting this hypothesis was found for both adolescents and adults
having a major depressive disorder (MDD) with vs. without a comorbid
anxiety disorder (Bruder et al., 1997a; Kentgen et al., 2000). Patients
having a major depressive disorder and comorbid anxiety disorders
showed an alpha asymmetry indicative of greater activity over right
than left parietal site, whereas patients having a “pure” depressive
disorder showed less activity over right parietal site. A study of alpha
asymmetry in a non-clinical sample (Mathersul et al., 2008) also found
greater right parietotemporal activity in comorbid depression/anxiety
group compared to healthy controls, but the depression group also
tended to have higher right parietotemporal activity. Blackhart et al.
(2006) found higher depression scores, but not trait anxiety scores, to
be associated with relatively less right parietotemporal activity, but
other studies have not found a significant association of current
depressive symptoms and parietal alpha asymmetry (Stewart et al.,
2011). Importantly, Stewart et al. examined parietal alpha asymmetry
in women and men having a MDD without comorbid anxiety disorders.
Patterns of parietal asymmetry depended on gender and whether
individuals had a current or past MDD. Women with a past MDD, but
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not current MDD, showed relatively less right parietal activity than
women without a MDD. Also, women with a current MDD had higher
relative right parietal activity than those with past MDD, which was
moderated by caffeine intake. They suggest that women with a current
MDD had higher levels of anxious arousal associated with caffeine and
this was reflected in their higher right parietal activity than in women
with past MDD. This is in accord with the hypothesized role of anxious
arousal in heightened right hemisphere activity (Heller et al., 1995),
but Stewart et al. (2011) did not have an independent measure of
anxious arousal to evaluate this possibility.

Conflicting findings for both frontal and parietal alpha asymmetry
could have stemmed from differences in subject characteristics (e.g.,
gender, age, recruitment strategy), clinical characteristics (e.g., diag-
nostic subtype, age of onset, or comorbidity with anxiety) and
methodological differences (e.g., reference electrode, reliability or
stability of measures), which have been previously discussed (Allen
et al., 2004; Reid et al., 1998; Stewart et al., 2010). The clinical
heterogeneity of depression is well known and yet, with the exception
of comorbidity with anxiety, few studies have examined its impact on
alpha asymmetry. Shankman et al. (2007) examined the effects of age
of onset and chronicity of depression on EEG during reward (approach
motivation) or no incentive task conditions. Individuals with an early
onset of depression (before age of 17) failed to show the expected
increase in left frontal activity during the approach condition, which
was seen in late onset depression and healthy controls, but chronicity
was not related to frontal alpha asymmetry.

Another critical factor that likely contributed to inconsistent find-
ings is that most studies measured alpha asymmetry for “resting” EEG,
where there was no control over ongoing cognitive or emotional
processing during the recording. Findings of less left than right frontal
activity in depression have been more consistent during emotionally-
challenging tasks (Harmon-Jones et al., 2010; Stewart et al., 2011).
Coan et al. (2006) found evidence to support a capability model, which
proposes that frontal EEG asymmetry during an emotional challenge is
a more powerful indicator of motivational differences than “resting”
measures. Stewart et al. (2014) compared frontal alpha asymmetry in
individuals having a lifetime MDD and non-depressed controls during
both resting and a facial emotion task. Using standard reference-
dependent (average, Cz, linked mastoids) EEG measures, individuals
with current and past MDD displayed relatively less left frontal activity
than non-depressed controls across approach (angry, happy) and with-
drawal (afraid, sad) emotional conditions, but not in a resting condition.
Children at high risk for depression were similarly found to show
relatively less left frontal activity than low risk children during
emotion-eliciting films, but not during a resting condition (Lopez-
Duran et al., 2012). More recently, Mennella et al. (2015) found less left
than right left frontal activity for individuals having non-clinical
dysphoria during both pleasant and unpleasant imagery conditions.
Moreover, the dysphoric individuals showed less right than left parietal
activity during unpleasant but not pleasant or neutral imagery condi-
tions. Allen and Reznik (2015) reviewed additional evidence that EEG
alpha asymmetry findings in depression are more consistent for
emotional challenge than resting conditions.

Conventional measures of frontal and parietal scalp potentials can
also differ depending on specific electrode site and the reference
electrode. In addition to EEG scalp potentials, Stewart et al. (2014)
also employed “reference free” current-source density (CSD) measures
that reduce volume conduction from distal locations and provide
indices of current generators underlying EEG on scalp (Kayser and
Tenke, 2006; Tenke and Kayser, 2015). The CSD measures yielded the
most consistent differences in frontal alpha asymmetry between the
depressed and non-depressed groups across emotional and resting
conditions. CSD measures represent an important methodological
development that refines quantification of EEG, improving topographi-
cal and spectral resolution (Tenke and Kayser, 2005; Tenke et al., 2015;
Kayser and Tenke, 2015). The use of CSD measures deals not only with

the EEG “reference problem”, but can lead to greater consistency of EEG
findings across studies using “resting” and emotional challenge condi-
tions (Stewart et al., 2014).

Biological heterogeneity of depression was likely a major contribu-
tor to inconsistent alpha asymmetry findings. An approach for reducing
this heterogeneity is to subtype patients on the basis of their clinical
response to a specific treatment for depression. Patients who respond to
an antidepressant with a specific mechanism of action, e.g., a selective
serotonin reuptake inhibitor (SSRI), may have a common biologic
abnormality not present in non-responders. This could also be impor-
tant for developing biomarkers for personalizing treatment for indivi-
dual patients. Studies have found considerable evidence that electro-
physiological measures, including resting alpha and theta power, are
related to clinical response to antidepressants (see Alhaj et al., 2011;
Bruder et al., 2013; Pizzagalli, 2011 for reviews). Fewer studies have
examined the potential value of alpha asymmetry in this context. Our
initial study (Bruder et al., 2001) found a difference in pretreatment
alpha asymmetry in an eyes open condition between responders to 12
weeks of SSRI treatment and non-responders. Non-responders showed
an overall alpha asymmetry (across frontal, central and parietal sites)
indicative of relatively greater activation of the right hemisphere,
whereas responders did not. The difference in alpha asymmetry
between SSRI responders and non-responders was dependent on
gender, being present among women but not men. In a follow-up study
using the same SSRI (Bruder et al., 2008), responders and non-
responders showed the same difference in alpha asymmetry as our
prior study, but it was not dependent on gender. Responders showed
less activity over right than left posterior sites, whereas non-responders
showed the opposite asymmetry. This difference in alpha asymmetry
was present both before and after 12 weeks of treatment, which
suggests that it may be a state- independent trait. In a later study
(Tenke et al., 2011), the predictive value of alpha was examined for
patients receiving a SSRI or dual treatment with an SSRI plus a
noradrenaline/dopamine reuptake inhibitor (NDRI) or a serotonin/
noradrenaline reuptake inhibitor (SNRI). EEG was recorded from a
dense array of electrodes (67 channels) and reference-free CSD
measures were quantified using principal components analysis (PCA)
to derive empirically-based frequency bands. Although treatment
responders showed greater alpha than non-responders, they did not
differ in alpha asymmetry. One weakness of these studies was the
relatively small samples. A multi-center international study (iSPOT-D;
Arns et al., 2016) examined the value of alpha for predicting response
in a large sample of 667 patients who were randomized to 8 weeks of
treatment with one of two different SSRIs or a SNRI antidepressant.
Differences in alpha asymmetry between responders and non-respon-
ders depended on drug class and gender, with females who responded
favorably to a SSRI showing less activity over the right frontal region
and non-responders showing the opposite asymmetry. This agrees with
the original gender-specific findings of Bruder et al. (2001) and suggests
that alpha asymmetry indicative of relatively less right than left
hemisphere activity is predictive of positive response to an SSRI among
women.

Quraan et al. (2014) investigated the potential value of alpha
asymmetry as a marker of effectiveness of deep brain stimulation
(DBS) surgery for treating patients with treatment resistant depression.
They recorded resting EEG following implanting of electrodes for DBS
in subgenual cingulate cortex when electrodes were turned on or off,
and found significant differences between DBS responders (n = 6) and
non-responders (n = 6) in frontal theta and parietal alpha asymmetry.
Moreover, there were differences between these groups in long range
functional connectivity between left frontocentral and right parietal
regions. A limitation of this study was not only the small sample size,
but also EEG was recorded only after surgery and the findings were the
same on or off DBS. It is therefore not clear whether differences in EEG
asymmetry or connectivity represent biomarkers that predict response
or resulted from the surgery or DBS.
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Repetitive transcranial magnetic stimulation (rTMS) and neurofeed-
back training based on frontal EEG has shown success in treating
depression. The impact of these treatments on alpha asymmetry has,
however, received little attention (Allen and Rezink, 2015). A recent
novel study examined the effects of real-time fMRI neurofeedback
training on simultaneous recordings of frontal alpha asymmetry and
fMRI (Zotev et al., 2016). Patients having a MDD (n = 13) learned to
upregulate activity in the left amygdala during happy emotion induc-
tion. The training was associated with a change in frontal alpha
asymmetry, i.e., an increase in relative left frontal activity, consistent
with the approach-withdrawal model (Davidson, 1998; Coan and Allen,
2003). Moreover, frontal alpha asymmetry changes were positively
correlated with laterality of amygdala activity during neurofeedback.
EEG changes indicative of greater approach motivation were associated
with greater laterality of the target amygdala region, i.e., larger left
amygdala activity. They concluded that frontal alpha asymmetry is a
measure of emotion/motivation that may reflect activity in the
amygdala, and the link between frontal alpha asymmetry and amygdala
activity is of key importance for understanding its role in emotional
regulation.

In summary, studies have found alpha asymmetry indicative of
relatively less left frontal and right parietal activity in depressive
disorders, as well as children at high risk for mood disorders, but there
have been inconsistent findings suggesting the importance of moderat-
ing variables (such as gender, comorbidity with anxiety disorders, age
of onset, and methodological differences). Clinical and biological
heterogeneity of depression are also likely to be critical. Differences
in alpha asymmetry between responders and non-responders to treat-
ments for depression suggest a strategy for reducing this heterogeneity
and may contribute to development of biomarkers for personalizing
treatment for individual patients. Simultaneous recording of EEG and
fMRI is an important new approach for relating frontal alpha asym-
metry to specific neural sites (e.g., the amygdala) involved in emotional
processing and regulation (Allen and Resnick, 2015; Zotev et al., 2016).

3. Dichotic listening asymmetry (Behavioral and ERP studies)

Early behavioral studies using neuropsychological tests of cognitive
function in depressed patients reported greater deficits in functions
related to the right (non-dominant) than left (dominant) hemisphere
(Flor-Henry, 1976; Abrams et al., 1981). The greater right hemisphere
deficits in depressed patients were more evident among women than
men and clinical improvement during treatment was associated with
improved cognitive function (Fromm-Auch, 1983). More recent studies
have found deficits in cognitive function in MDD (Cotrena et al., 2016),
which may improve following antidepressant treatment (Trivedi and
Greer, 2014), but they did not report on implications of their findings
for lateralized hemispheric function. A weakness in the use of neurop-
sychological tests to examine laterality effects in MDD is that they do
not provide an asymmetry index, but rely on comparison across
cognitive tests that may differ not only in hemispheric dominance but
also in difficulty level, dependence on speed of processing, and other
task demands. We review below findings for dichotic and visual
hemifield tasks that provide behavioral measures of perceptual asym-
metry (PA) and, in some cases, direct ERP measures of hemispheric
asymmetry.

Abnormal PA has been found in depressed patients tested on
dichotic listening and visual half-field tests (for reviews see Bruder,
2003; Gadea et al., 2011). In dichotic listening tests, different stimuli
are simultaneously presented to the right and left ear and accuracy for
perceiving items in each ear provides a measures of PA. Healthy adults
show a right ear advantage for verbal stimuli, consistent with left
hemisphere dominance for verbal processing, and a left ear advantage
for nonverbal or emotional stimuli, consistent with right hemisphere
advantage for tonal or prosodic processing (Bryden, 1982). We refer
below to left or right hemisphere advantage to simplify exposition.

Early studies reported that patients having affective disorders (either
unipolar depression or bipolar disorders) showed reduced or no right
hemisphere advantage for nonverbal dichotic listening (Bruder et al.,
1981; Johnson and Crockett, 1982; Overby et al., 1989; Yozawitz et al.,
1979), consistent with other evidence of right hemisphere dysfunction
in depression (Flor-Henry, 1976). A study using both dichotic listening
and visual hemifield tasks found differences in PA between diagnostic
subtypes of depression (Bruder et al., 1989). Patients having a MDD
with melancholia showed abnormal PA in both dichotic complex tone
test and consonant-vowel syllable tests, whereas patients having a non-
melancholic atypical depression did not differ from healthy controls.
Additional evidence of right hemisphere dysfunction in at least a
subgroup of depressed patients was found in a study measuring PA
and event-related potentials (ERPs) in depressed patients and healthy
controls during a dichotic complex tone test (Bruder et al., 1995).
Depressed patients failed to demonstrate the right hemisphere advan-
tage for complex tones and behavior-related hemispheric asymmetry of
the P3 potential, which were found in healthy controls. A subsequent
study (Bruder et al., 1998) recorded brain ERPs to binaural complex
tones in depressed patients and healthy controls. Healthy adults and
patients having low scores on a physical anhedonia scale showed
greater P3 amplitude over the right than left hemisphere, whereas
patients with high anhedonia scores did not show this asymmetry.
These findings support the hypothesis that right hemisphere dysfunc-
tion for dichotic listening in MDD is most evident in patients having a
melancholic depression or pervasive anhedonia. Reduced right hemi-
sphere advantage for complex tones in depressed patients was also
found to be dependent on gender, being more evident among men than
women (Bruder et al., 2012b).

Findings for verbal dichotic listening tests in depressed patients
have been less consistent, with some studies finding abnormally large
left hemisphere advantage in adolescents and adults having a MDD
(Bruder et al., 1989; Pine et al., 2000) and other studies finding normal
PA for depressed patients in dichotic syllable tests (Hugdahl et al.,
2003; Moscovitch et al., 1981; Wale and Carr, 1990). As seen for EEG
alpha asymmetry, these differences in dichotic listening findings for
depression could arise from comorbidity with anxiety disorders or from
differences in other patient characteristics (e.g., diagnostic subtype or
gender). In fact, we found that patients having a MDD with a comorbid
anxiety disorder had smaller left hemisphere advantage for dichotic
words (Bruder et al., 1999) and an alpha asymmetry indicating
relatively less left than right hemisphere activity (Bruder et al.,
1997a) when compared to patients having a MDD without an anxiety
disorder. Moreover, patients having social phobia with or without a
depressive disorder had smaller left hemisphere advantage for dichotic
words or syllables than subjects without social phobia (Bruder et al.,
2004a). It has also been reported that anxious arousal induced by threat
of an electric shock reduces the left hemisphere advantage for dichotic
syllables (Asbjörnsen et al., 1992). These findings support the hypoth-
esis that anxious arousal, as seen in anxiety disorders, is associated with
relatively greater right parietotemporal activity (Heller et al., 1995),
which could act to reduce left hemisphere advantage for verbal dichotic
listening tests in patients with an anxiety disorder.

Further evidence that depressive and anxiety disorders have oppos-
ing effects on lateralized hemispheric processing was seen in a multi-
generational study of risk for depressive disorders (Weissman et al.,
2005). In a later phase of the study (Bruder et al., 2016), biological
offspring and grandchildren of probands with a MDD and the progeny
of non-depressed probands were tested on a standard dichotic syllable
test, and also a dichotic emotional recognition test, in which words
presented to the right and left ear differ in emotional intonation (i.e.,
said in an angry, sad, happy or neutral voice). In healthy adults, the
syllable test yielded the expected left hemisphere advantage (Hugdahl
et al., 2003), and the emotional recognition test yielded a right
hemisphere advantage (Bryden and MacRae, 1989; Voyer et al.,
2009), consistent with evidence that affective prosody is strongly
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lateralized to right hemisphere regions (Frϋhholz et al., 2016). There
was no difference in performance or PA between high and low risk
subjects, but individuals with a lifetime diagnosis of MDD had a smaller
right hemisphere advantage for emotional recognition than those
without a MDD, particularly for items with sad intonation. In contrast,
individuals with a lifetime diagnosis of an anxiety disorder did not
differ from those without an anxiety disorder in the emotion test, but
they showed less left hemisphere advantage in the syllable test. This
indicated that lifetime diagnosis of MDD and anxiety disorders have a
differential effect on right and left brain processing of emotional and
verbal information, respectively.

Individual difference among depressed patients in dichotic listening
have also been related to therapeutic response to antidepressants and
cognitive-behavioral therapy. Bruder et al. (1990) found that depressed
patients who responded favorably to a tricyclic antidepressant failed to
show the right hemisphere advantage for complex tones seen for non-
responders and healthy controls. This supported the prediction that
tricyclic responders would show evidence of right hemisphere dysfunc-
tion similar to that seen for patients having a melancholic depression
(Bruder et al., 1989), a subtype that typically responds to this
antidepressant. The findings of this study were partially confirmed in
a follow-up study (Stewart et al., 1999). While patients who responded
to a tricyclic antidepressant did not differ from non-responders in the
complex tone test, they showed evidence of right hemisphere dysfunc-
tion in a consonant-vowel syllable test. In a study conducted at two
clinical centers (Bruder et al., 1996), patients having a MDD were tested
on dichotic word and complex tone tests both before and after
treatment with a SSRI antidepressant (fluoxetine). Patients who re-
sponded to treatment showed greater left hemisphere advantage for
words and less right hemisphere advantage for complex tones when
compared to non-responders, which was present both before and after
8–12 weeks of treatment. A subsequent study (Bruder et al., 2004b)
again showed a relative favoring of left over right hemisphere proces-
sing in SSRI responders compared to non-responders, but this difference
was dependent on gender and test. Greater left hemisphere advantage
for words in responders was present among women but not men,
whereas reduced right hemisphere advantage for complex tones was
present among men but not women. This is consistent with gender
effects seen for differences in resting EEG alpha asymmetry between
SSRI responders and non-responders (Arns et al., 2016; Bruder et al.,
2001). Bruder et al. (2001) found a significant correlation between PA
for dichotic words and alpha asymmetry among women (r = 0.51,
p < 0.01) but not men (r =−0.15, ns). Smaller left hemisphere
advantage for dichotic words, particularly among women who were
SSRI non-responders, was associated with greater overall cortical
activity over the right hemisphere. A difference in dichotic listening
for words between responders and non-responders was also found for
an antidepressant with a different mechanism action, i.e., the nora-
drenaline/dopamine reuptake inhibitor (NDRI) bupropion (Bruder
et al., 2007a). Patients who responded to bupropion had significantly
larger left hemisphere advantage for dichotic words when compared to
non-responders. A recent unpublished study did not, however, find a
difference in dichotic listening between responders and non-responders
treated with bupropion or treatment with a serotonin reuptake inhibitor
(SSRI alone or dual therapy including a serotonergic agent). Patients
were tested on dichotic word and complex tone tests before receiving
bupropion alone (n = 25), SSRI alone (n = 18), dual therapy with a
SSRI and bupropion (n = 18) or a SNRI (n = 10) antidepressant (see
Bruder et al., 2014 for details). We found no significant difference in PA
between responders (n = 14) and non-responders (n = 11) treated
with a bupropion alone or between responders (n = 36) and non-
responders (n = 10) treated with a serotonergic agent (SSRI alone or
dual therapy). The reason for the negative findings in this one study are
unclear, but may have stemmed from lack of a placebo control
condition to distinguish spontaneous improvement from true drug
response, small samples, or a yet unidentified mediating variable

related to the clinical or biological heterogeneity of depression.
Three studies did replicate differences in left hemisphere advantage

for verbal dichotic listening between responders and non-responders to
cognitive behavioral therapy (CBT) for depression. In an initial study
(Bruder et al., 1997b), depressed patients who responded to 16 weekly
sessions of CBT showed greater left hemisphere advantage for dichotic
consonant-vowel syllables when compared to non-responders and
healthy adults, but they did not differ in their right hemisphere
advantage for complex tones. The larger left hemisphere in CBT
responders was due to their better right ear accuracy, which suggests
superior left hemisphere processing of phonetic stimuli. There was no
difference between placebo responders and non-responders in left
hemisphere for dichotic syllables, which suggests that the difference
between CBT responders and non-responders is not merely due to a
non-specific placebo effect. The difference in left hemisphere advantage
between CBT responders and non-responders was confirmed in a recent
study using a dichotic word test (Kishon et al., 2015). Moreover, this
finding was replicated at a different research center in a study that
included clinically representative samples and community therapists
(Bruder et al., 2017). CBT responders had greater left hemisphere
advantage for dichotic words compared to non-responders, but they did
not differ significantly in right hemisphere advantage for complex
tones. Cognitive therapies are highly verbal treatments involving self-
monitoring and reappraisal of negative thoughts and cognitive distor-
tions, which may be mediated by cognitive processes that depend on
verbal abilities and activation of left hemisphere regions (Otto et al.,
1987; Price et al., 2013; Silvers et al., 2015). The dichotic listening
findings supported the hypothesis that individuals with strong left
hemisphere language dominance may be better able to recruit left
cortical regions critical for the success of CBT.

In summary, evidence of right hemisphere dysfunction has been
found in patients having depressive disorders, in particular for dichotic
tests using non-verbal or emotional stimuli for which the right hemi-
sphere is dominant. Abnormalities of PA in depressed patients were,
however, dependent on clinical features, including diagnostic subtype
and comorbidity with anxiety disorders. While depressive disorders
were related to reduced right hemisphere advantage for non-verbal
dichotic listening, anxiety disorders were associated with reduced left
hemisphere advantage for verbal dichotic listening. This suggested that
depressive and anxiety disorders are associated with opposing abnorm-
alities of lateralized cognitive processing. Differences in dichotic
listening among depressed patients were related to response to anti-
depressants or CBT, which indicates the potential of these measures as
markers for predicting whether or not a patient will benefit from these
treatments. There have, however, been some inconsistent findings for
predicting response to antidepressants, and gender appears to be an
important factor. Three studies found response to CBT for depression
was related to increased left hemisphere advantage for verbal dichotic
listening, but it is unlikely that dichotic listening tests in themselves
would be of value for differential prediction of response to the variety of
antidepressants and CBT available for treating depressive disorders.

4. Visual hemifield asymmetry (Behavioral and ERP findings)

Differences in PA were found between patients having a bipolar
(primarily Bipolar II) and unipolar depressive disorders who were
tested in a dot enumeration task, which requires subjects to report the
number of dots projected to either the right or left of fixation (Bruder
et al., 1989). Patients having a unipolar depressive disorder and
controls showed the expected right hemisphere advantage seen pre-
viously for the dot enumeration test (McClone and Davidson, 1973),
whereas bipolar depressed patients did not. Bruder et al. (1992)
replicated this finding in separate samples of patients having a bipolar
or unipolar depression. In contrast, there was no significant difference
among these groups in left hemisphere advantage for perceiving
consonant-vowel-consonant syllables presented to either the right or
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left visual field. This provides further evidence that reduced right
hemisphere advantage for non-verbal tasks depends on diagnostic
subtype of depression. However, patients who responded to a tricyclic
antidepressant showed reduced left hemisphere advantage for syllables
compared to non-responders and healthy controls, but no difference in
right hemisphere advantage for non-verbal stimuli, which was not
found for dichotic listening (Bruder et al., 1990).

Studies have found evidence that depressive and anxiety disorders
are associated with opposing patterns of hemispheric asymmetry to
lateralized visual stimuli, which parallel findings for EEG alpha
asymmetry and dichotic listening. In one of the first studies, Liotti
et al. (1991) measured simple reaction times (RTs) to stimuli presented
to the left or right of fixation. Patients having a unipolar depressive
disorder showed slower RTs to left visual field (right hemisphere)
stimuli, whereas patients having a generalized anxiety disorder showed
the opposite asymmetry. Studies using a free-vision Chimeric Faces Test
(CFT) have reported additional evidence for differences in hemispheric
asymmetry between depression and anxiety. This test uses split faces
with one half of the face smiling and the other half with a neutral
expression and subject’s indicate whether the face with the smile on the
left or right side looks happier. Studies in healthy adults have found a
bias for choosing the face with the smile on the left side (Levy et al.,
1983), which is consistent with right parietotemporal advantage for
processing facial and/or emotional content of stimuli. Jaeger et al.
(1987) found that patients having a unipolar MDD showed reduced
right hemisphere bias when compared to healthy controls, and this
finding was replicated by David and Cutting (1990). In a study of
college students classified as either high or low in depression and high
or low in anxiety (Heller et al., 1995), depression was associated with
decreased right hemisphere bias and anxiety was associated with
increased right hemisphere bias. Similar opposing effects of depression
and anxiety on right hemisphere bias for CFT in students were reported
by Keller et al. (2000). Heller et al. (1995) hypothesized that depression
is associated with right parietotemporal hypoactivation, whereas
anxious arousal, such as seen in panic disorders, is associated with
right parietotemporal hyperactivation. They also argued that opposing
effects of depression and anxious arousal on PA may act to cancel each
other out in depressed individuals with comorbid anxiety disorders.

An additional study in a non-clinical sample of 160 participants
used a CFT with facial expressions of six basic emotions (Bourne and
Vladeanu, 2013). A left visual field advantage was found for all six
emotions, supporting right hemisphere bias for processing emotional
chimeric faces. Most notably, a negative relationship between depres-
sion scores and PA was found for women but not men. Women with
higher depression scores were less strongly lateralized to the right
hemisphere, with this relationship being strongest for anger, disgust
and fear. This accords with other evidence of sex differences in
emotional lateralization (Bourne, 2005; Stevens and Hamann, 2012).

There is also evidence that hemispheric bias in the CFT depends on
the diagnostic subtype of depressed patients. In agreement with
findings for dichotic listening (Bruder et al., 1989), patients having
an atypical depression differed from those having a typical or melan-
cholic depression in hemispheric asymmetry for chimeric faces. Atypi-
cal depression is characterized by symptom features that are in some
respects opposite those for melancholia, including reactivity of mood
without anhedonia and reversed vegetative symptoms, e.g., hypersom-
nia and overeating. In two studies (Bruder et al., 2002), patients having
an atypical depression differed from those having a typical depression
in having abnormally large right hemisphere bias, whereas patients
with melancholia had essentially no right hemisphere bias. A subse-
quent study (Kucharska-Pietura and David, 2003), compared CFT
performance in patients having unipolar and bipolar disorders, as well
as right or left brain damaged individuals. Unipolar MDD and right
brain damaged patients showed reduced right hemisphere bias com-
pared to healthy controls, whereas patients having a bipolar disorder
(bipolar I or II, currently hypomanic) and left brain damaged patients

did not differ from controls. These findings indicate that patients having
a unipolar depressive disorder, in particular those with typical or
melancholic features, showed abnormally reduced right hemisphere
bias for emotional chimeric faces, which was not seen in patients
having an atypical depression or bipolar disorder in a hypomanic state.

Pereira and Khan (2016) investigated the lateralization of emotional
processing and regulation in depressed patients (n = 30) and healthy
controls (n = 30) during a reaction time task involving attentional
disengagement from positive and negative emotional stimuli presented
to the left or right visual field. Controls showed a strong left visual field
advantage, but depressed did not, which is in accord with evidence
cited above that depressed patients failed to show a right hemisphere
advantage for processing emotional stimuli. Although there is debate on
the hemisphere primarily involved in downregulating or inhibiting
emotional reactions, Pereira and Khan interpreted their findings as
support for right hemisphere dominance for disengaging attention to
emotional stimuli. As additional evidence, they cited a study by
Beauregard et al. (2006), in which fMRI of depressed patients and
controls were measured while they attempted to down-regulate emo-
tional reactions to sad films. Depressed individuals rated the task as
more difficult than controls, and showed greater activation of right
dorsal anterior cingulate cortex (ACC), right anterior temporal pole,
right amygdala, and right insula when compared to controls, which
suggested less efficient functioning of a neural circuit for emotional
regulation. On the other hand, Leyman et al. (2011) found high
frequency rTMS over the left dorsolateral prefrontal cortex decreased
depressive symptoms and was associated with improved inhibition of
negative emotions. A recent ERP study measured amplitude of the N2
potential of adolescents with MDD and healthy controls in a go/no-go
task with positive and negative faces (Trinkl et al., 2015). Depressed
individuals showed greater N2 over right than left frontocentral sites,
whereas controls showed the opposite asymmetry. This N2 asymmetry
in depressed adolescents agrees with the frontal alpha asymmetry
findings in adults having depressive or anxiety disorders, i.e., relatively
greater right prefrontal activity. These findings support the hypothesis
that deficits in emotional regulation in depression are related to
alteration in lateralization of emotional processing, but the hemisphere
involved in downregulating emotions varied across studies.

Three studies recorded ERP or magnetoencephalographic (MEG)
responses of the brain to emotional stimuli, reporting direct evidence of
reduced right parietotemporal activity in depressed patients (Deldin
et al., 2000; Kayser et al., 2000; Moratti et al., 2008). Deldin et al.
(2000) recorded ERPs to positive, negative and neutral face and word
stimuli during a recognition memory task in patients having a unipolar
MDD and healthy controls. Depressed patients showed reduced ampli-
tude of the N2 potential over the right parietal region and this was most
evident during the processing of pleasant faces. Kayser et al. (2000)
measured ERPs of depressed patients (n = 30) and healthy controls
(n = 16) during passive viewing of negative pictures of patients with
dermatological diseases and neutral control pictures of these patients
after surgical treatment. The pictures were briefly exposed to the right
or left visual field so as to directly stimulate the contralateral hemi-
sphere. As in prior studies (Cacioppo et al., 1993; Kayser et al., 1997),
healthy controls showed greater amplitude of late positive P3 potential
to negative stimuli compared to neutral stimuli, and this enhancement
was more evident over right parietal regions. Unlike controls, depressed
patients failed to show increased late P3 to negative than to neutral
stimuli over either hemisphere. Moratti et al. (2008) measured steady-
state MEG oscillatory activity to emotional and neutral pictures in
female low-anxious patients with MDD (n = 15) and female controls
(n = 15). MEG responses in right parietotemporal cortex were related
to emotional arousal, but this was markedly reduced in depressed
patients. These data are consistent with the hypothesis of right
parietotemporal hypoactivation in depression, which is related to
difficulty activating attention-related brain regions during processing
of emotionally arousing stimuli. Moratti et al. (2015) also reported
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initial evidence that this reduction was most evident in depressed
patients with at least one parent with a MDD.

The influence of family history and MDD status on ERPs to emotion
stimuli was also found in our multigenerational study of risk for
depressive disorders (Kayser et al., 2016; Kayser et al., 2017). ERPs
were recorded from individuals at high risk (N = 74) or low risk
(n = 53) for MDD during the same visual half-field paradigm with
negative and neutral emotional stimuli used in our prior study in
depressed patients (Kayser et al., 2000). Three distinct ERPs reflecting
consecutive stages in processing emotional stimuli were affected by risk
status. Early enhanced activation of right occipitotemporal cortex to
negative emotional stimuli, peaking at around 200 ms after stimulus
onset (N2), was less evident in high risk than low risk individuals and
this right-lateralized reduction was even stronger in those with a
lifetime history of MDD. During a subsequent processing stage, peaking
around 400 ms (P3 source), there was bilateral emotion-related activa-
tion of posterior cingulate cortex, which was also weaker in high risk
individuals and those with lifetime MDD. Distributed inverse solutions
(sLORETA) at a later processing stage (around 600 ms) implicated
bilateral reduction of emotion-related activation in inferior temporal
cortex and anterior insula in these individuals. These findings suggested
that familial risk for MDD and history of MDD were associated with
abnormal brain activation along the ventral visual pathway reflecting
processing of motivationally salient emotional stimuli (Kayser et al.,
2017). They are consistent with other evidence that blunted ERPs
involving right parietotemporal cortex to emotionally arousing stimuli
may be an endophenotype of depression risk (Moratti et al., 2015).

In summary, studies have found abnormal visual field asymmetries
in patients having depressive disorders, in particular for processing
nonverbal or emotional stimuli for which the right hemisphere is
dominant. Evidence of reduced right hemisphere advantage or bias
was related to diagnostic subtype of depression, and anxiety disorders
were associated with the opposite asymmetry. ERP or MEG measures to
visually-presented emotional stimuli showed greater activity over the
right parietal region in healthy controls, but this was reduced in
patients having a depressive disorder. Thus, the visual hemifield
findings for depressed patients were generally in good agreement with
those seen for dichotic listening, suggesting reduced right parietotem-
poral processing of non-verbal and emotional information in MDD.
Electrophysiological studies have the distinct advantage of providing
real-time measures of brain activity with fine temporal resolution, and
multi-channel EEG recordings and source localization (e.g., CSD and
sLORETA measures) have led to improvements in topographical
resolution (Kayser et al., 2016; Pizzagalli, 2011). This has been useful
in tracing the sequence of neural activation to negative emotional
stimuli from right lateralized activation of visual cortex to activation of
parietotemporal sites, which was reduced in individuals who are high
risk for MDD or have a lifetime history of MDD.

5. PET, MRI and NIRS neuroimaging findings

Neuroimaging studies using PET and MRI measures have found
evidence of abnormalities involving multiple brain regions in depressed
patients, including prefrontal cortex (PFC), superior temporal cortex,
anterior cingulate cortex (ACC), amygdala, insula, basal ganglia and
cerebellum (Fitzgerald et al., 2008; Pizzagalli, 2011; Rive et al., 2013;
Sacher et al., 2012), but the extent to which these are lateralized to the
right or left hemisphere has received less attention. Most imaging
studies were not specifically designed to examine hemispheric asym-
metry, but rather used statistical analyses across the whole brain, which
did not directly measure asymmetries between homologous regions of
the right and left hemisphere, and used stimuli that were not lateralized
to right or left hemifield. Although no attempt will be made to review
the extensive neuroimaging literature in depression, we will highlight
reports suggesting possible asymmetries of brain activity at rest and
during cognitive or emotional processing.

Structural MRI studies have found smaller hippocampal volumes in
patients with MDD compared to healthy controls, and two meta-
analyses reported the effect size to be larger for right than left
hemisphere hippocampal volumes (Cole et al., 2011; Videbech and
Ravnkilde, 2004). Depressed youths have also been found to have
smaller volume of the right hippocampus but only a trend for the left
hippocampus (Jaworska et al., 2016). There is evidence that right
hippocampal reduction may be linked to recurrent depressive episodes
(Videbech and Ravnkilde, 2004). Mathias et al. (2016) found a
correlation between genes and right hippocampal volume in patients
having a recurrent MDD, and they suggested that right hippocampal
volume is a possible endophenotype for recurrent MDD. Other studies
have, however, found a bilateral or unilateral left reduction of
hippocampal volume in MDD, which might reflect the clinical hetero-
geneity of depressive disorders or factors such as illness duration,
recurrences of episodes, or comorbidity (Stratmann et al., 2014).
Taking comorbidity of MDD and anxiety disorders into account may
be particularly important in studies of brain volume (van Tol et al.,
2010). They found reduced volume of right lateral inferior frontal
cortex was specific to MDD, and reduced left middle superior temporal
volume was specific to anxiety disorders, whereas reduced volume of
rostral-dorsal ACC was a generic feature of both depressive and anxiety
disorders. Similarly, Jaworska et al. (2016) found depressed patients
with comorbid anxiety had smaller subgenual ACC, but not smaller
hippocampal volumes when compared to those without anxiety dis-
orders. Structural MRI findings have also been linked to clinical
response to antidepressants. Thus, smaller hippocampal volumes were
associated with poorer clinical response in several studies (Stratmann
et al., 2014), and studies have reported that volume of left dorsolateral
PFC was predictive of clinical response to antidepressants (Costafreda
et al., 2009; Li et al., 2010; Liu et al., 2012). There is also considerable
evidence for reduction of volume of the anterior insula in MDD, but the
laterality varies across studies (Bora et al., 2012). Stratmann et al.
(2014) found reduction of anterior right insula was more severe in
patients having recurrent MDD than in 1st episode patients.

Several PET studies in a resting state have reported hypometabolism
of left dorsolateral PFC in depressed patients (Baxter et al., 1985; Bench
et al., 1993), which is consistent with EEG findings of relatively less left
frontal activity (greater alpha) in depression (Thibodeau et al., 2006).
There have, however, been conflicting findings with some studies
finding bilateral or no reduction of dorsolateral PFC activity in
depressed patients (Baxter et al., 1989; Sacher et al., 2012), and one
study found reduction of metabolism in the right temporal lobe (Post
et al., 1987). The possibility that differences between diagnostic
subtypes of depression contributed to conflicting resting state findings
is supported by a study measuring single photon emission computed
tomography (Fountoulakis et al., 2004). Patients having an atypical
depression showed a relative increase in right frontal lobe perfusion,
whereas those having a melancholic depression showed a decrease in
this region. Moreover, McGrath et al. (2013) found differences in
regional glucose metabolism between depressed patients who re-
sponded to treatments for depression and non-responders. Pretreatment
metabolic activity in the right anterior insula was greater in responders
than non-responders to treatment with the SSRI escitalopram, whereas
the opposite was true for responders vs. non-responders to treatment
with CBT. These findings suggest that differences of resting metabolism
among depressed patients in right hemisphere regions may be related to
diagnostic subtype and treatment response.

A meta-analysis of resting-state fMRI studies reported evidence of
decreased activity in ACC, dorsolateral PFC, insula, and superior
temporal gyrus, with predominantly left-sided reductions, but bilateral
hypoactivity in dorsolateral PFC (Fitzgerald et al., 2008). More recent
fMRI studies of resting activity have, however, focused on functional
connectivity within networks rather than single sites in the brain.
Zhang et al. (2015) used pathway and network-based techniques to
study resting functional connectivity in MDD and other disorders. In
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depression, they found considerable evidence of reduced connectivity
of right inferior orbitofrontal cortex with bilateral putamen, insula, and
pallidum. They suggest that this may result in altered responses to
negative emotional stimuli in depression. Moreover, they cite findings
of overall reduction of functional connectivity between bilateral pairs of
regions across the two hemispheres. Also, abnormal connectivity
between regions may be produced by counterparts of pairs in the
opposite hemisphere. These findings could be important for targeting
treatments, including brain stimulation and neurofeedback. Dichter
et al. (2015) reviewed resting-state fMRI studies with a focus on the
relation of functional connectivity and treatment response in MDD. A
consistent finding is that response to antidepressants is associated with
increased connectivity between frontal and limbic brain regions, which
may result in improved inhibitory control over neural circuits proces-
sing emotional information.

Other studies have measured glucose metabolism or regional
cerebral blood flow in depressed patients during cognitive tasks. Two
studies measuring fMRI during tasks tapping frontal executive functions
reported evidence of reduced left PFC activity in depressed patients.
Okada et al. (2003) measured performance and fMRI during a verbal
fluency task, which is known to activate left prefrontal cortex.
Depressed patients performed more poorly than controls and showed
reduced left PFC activity. Also, Siegle et al. (2007) found reduced left
dorsolateral PFC activity in patients having a unipolar MDD compared
to healthy controls during a digit sorting task requiring executive
cognitive control. Two prior studies, however, did not find left
prefrontal hypoactivation in depressed patients during the Wisconsin
Card Sorting Test (Berman et al., 1993) or a Stroop interference task
(George et al., 1997). Also, Klumpp and Deldin (2010) reviewed
behavioral and neuroimaging findings for verbal fluency. The majority
of studies used phonemic fluency tasks, e.g., where subjects produce
words beginning with a particular letter in one minute periods. Findings
showed inconsistent performance deficits in depressed patients and the
majority of phonemic fluency studies showed bilateral frontal lobe
hypoactivation in depressed individuals. Differences in verbal fluency
findings across studies may depend on the type of task. Klumpp and
Deldin (2010) suggested that tasks requiring more rapid switching from
one phenome to another, e.g., 30 s in the Okada et al. (2003) study
compared to the typical 1 min period, may be more sensitive to left
frontal deficits. Conflicting findings could also be related to diagnostic
subtype and symptom severity. For instance, patients having a melan-
cholic depression performed more poorly than those having an atypical
depression in an animal naming fluency task (Lin et al., 2014).
Similarly, in a study measuring multichannel near-infrared spectro-
scopy (NIRS) in a phonemic fluency task (Tsujii et al., 2014), patients
having MDD with melancholic features had poorer performance than
controls, but those with non-melancholic features did not. Moreover,
regional hemodynamic increases during verbal fluency in frontal and
temporal regions were smaller in patients than controls and those with
melancholic features had smaller increases than those with non-
melancholic features in the right temporal lobe region. Noda et al.
(2012) also found reduced NIRS hemodynamic increases during verbal
fluency in depressed patients than controls, and greater severity of
depressive symptoms (HAM-D scale) was associated with less changes.
Importantly, significant negative correlations were found between right
frontotemporal changes and three individual HAM-D items (insomnia,
psychomotor retardation, work and activity), which is consistent with
other evidence suggesting that right temporal region dysfunction may
be particularly evident in melancholic depression (Tsujii et al., 2014).
Greater suicidal ideation was also found to be related with smaller
hemodynamic increases during verbal fluency in right dorsolateral PFC
and right frontopolar cortex (Pu et al., 2015).

Neuroimaging studies of depression have found lateralized altera-
tions in PFC and other regions during emotional processing. In one of
the first fMRI studies (Davidson et al., 2003), depressed patients
showed less relative activation of left ACC and left insular compared

to healthy controls in response to negative versus neutral pictures.
Moreover, relatively greater activation in left ACC to negative versus
neutral stimuli before treatment was associated with less severe
depressive symptoms following treatment with the antidepressant
venlafaxine. Grimm et al. (2008) found hypoactivity in the left
dorsolateral PFC in patients with MDD during both unattended and
attended emotional judgment of pictures, whereas hyperactivity of
right dorsolateral PFC associated with attention to the emotional
stimuli. They concluded that reduced left dorsolateral PFC activity in
MDD is associated with emotional judgment rather than emotional
perception or attention. Two meta-analyses agreed in finding less left
dorsolateral PFC activity to negative emotions in patients having a
MDD compared to controls (Diener et al., 2012; Groenewold et al.,
2013). A different meta-analysis of neural responses to negative stimuli,
however, found evidence of bilateral reduction of activity in dorsolat-
eral PFC and increase of activity in the amygdala, insula, and dorsal
ACC in MDD (Hamilton et al., 2012).

The role of the left PFC in downregulation of amygdala responses to
negative emotional stimuli was observed when healthy individuals
reappraise stimuli as less negative (Ochsner et al., 2002). Siegle et al.
(2002) found a deficit in left dorsolateral PFC in MDD, which was
related to the lack of reduction of amygdala activity over time. Using an
affective reappraisal task, Johnstone et al. (2007) found left-lateralized
activation of PFC in non-depressed individuals when downregulating
negative affective stimuli, whereas depressed individuals showed
bilateral PFC activation. Depressed individuals also failed to show an
inverse relationship between activation of left ventrolateral PFC and the
amygdala. Thus, hyperactivation of the right PFC and absence of left-
lateralized PFC activity are involved in the emotional dysregulation in
MDD. In a task involving positive emotion regulation, Light et al.
(2011) found depressed individuals with lowest activity in right
ventrolateral PFC when suppressing positive emotion showed greater
reduction of anhedonia following antidepressant treatment. Rive et al.
(2013) reviewed neuroimaging studies of emotional regulation in MDD
in the context of a model proposed by Phillips et al. (2008). They cited
evidence suggesting that MDD is associated with reduced activity in
lateral PFC during voluntary emotional regulation. However, they
referred to the lack of consistency of findings with nearly all studies
using whole-brain analyses at relatively low significance thresholds,
and they also argued that comorbidity with anxiety may be an
important factor because corrections for comorbidity abolished the
finding of decreased PFC and increased amygdala activity in MDD.

Studies have found that insula activity is associated with abnormal
emotional and pain processing in patients having a MDD. In a meta-
analysis of fMRI studies using affective processing tasks, youths (ages
4–24) having a MDD showed hypoactivity centered at the right poster-
ior insula for positive emotion tasks, but hyperactivity of left dorso-
lateral PFC for negative emotion tasks (Miller et al., 2015). Meta-
analyses of studies in adults with a MDD found reduced activity in the
right insula during negative emotional processing (Diener et al., 2012)
or in the right and left insula for positive emotions vs. neutral baseline
(Groenewold et al., 2013). A separate report found patients having a
MDD or anxiety disorder showed hypoactivity in the right hippocampus
during positive vs. neutral word encoding, whereas only patients
having a MDD showed hyperactivity in the left insula during negative
vs. neutral word encoding (van Tol et al., 2012). Mutschler et al. (2012)
found that pain, emotion and sensorimotor activity overlap within the
right dorsal mid-anterior insula, suggesting that this site brings together
information for emotional-cognitive evaluation of noxious stimuli.
Disgust recognition has been found to be related to anterior insula
activation (Woolley et al., 2015), and patients having a MDD showed
marked impairment of facial disgust recognition, which was positively
correlated with volume in the right and left anterior insula
(Sprengelmeyer et al., 2011).

Reduced responsiveness to pleasant or rewarding stimuli has been
found in depressed patients, which may be related to the symptom of
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anhedonia (Pizzagalli et al., 2005). The striatum, consisting of the
caudate, putamen and nucleus accumbens (NAcc), is thought to play a
major role in hedonic processing. Pizzagalli et al. (2009) found reduced
responsiveness to rewards in bilateral caudate, left putamen and left
NAcc, and a meta-analysis by Diener et al. (2012) reported hypoactiva-
tion of the right caudate during processing of pleasant stimuli in
depressed patients. Reduced activity of the right caudate during
positive emotion perception was also found in a study of treatment
resistant patients having a MDD (Murrough et al., 2015). Importantly,
treatment with the NMDA receptor antagonist Ketamine selectively
increased activity of the right caudate. Connolly et al. (2015) measured
fMRI in women having a MDD (n = 51) and healthy controls (n = 61)
to emotional stimuli varying in valence. Across groups and valence
types, the right caudate showed greater activation than the left, but
there was greater activation of the left than right putamen and NAcc.
Depressed patients showed overall reduced activity in all sub-regions of
the striatum compared to controls, but this did not depend on valence
or hemisphere.

In summary, structural MRI studies have reported evidence of
smaller hippocampal and anterior insula volume in MDD. Although
right-lateralized in some studies, this appears to depend on factors such
as illness duration, recurrences of episodes, or comorbidity with
anxiety. Resting-state PET studies have found reduced left PFC meta-
bolism in MDD, and a recent resting-state fMRI study found reduced
functional connectivity between regions within the right hemisphere,
and also between hemispheres. Reduced left PFC activation during
cognitive or emotional processing has been found in MDD, which may
result in reduced downregulation of amygdala response to negative
emotion stimuli. Studies have found reduced activation of the insula to
emotional stimuli in MDD, predominantly on the right side, and
reduced activation of the striatum to pleasant or rewarding stimuli,
with laterality depending on sub-regions within the striatum. Although
Zotev et al. (2016) found that laterality of amygdala activity in MDD
was positivity related to EEG measures of frontal asymmetry, the
relation of asymmetric activity in the insula and striatum to asymme-
tries in frontal and parietotemporal cortical regions has received little
attention. Studies measuring NIRS in depressed patients during pho-
nemic fluency tasks have found deficits in right temporal lobe activa-
tion, which were greatest in patients having a melancholic depression
and in those with greater severity of melancholic or suicidal symptoms.
Inconsistent findings may be related to use of whole-brain analyses in
neuroimaging studies, and differences in diagnostic subtype, comorbid-
ity with anxiety, or severity of depressive symptoms in patients in
different studies.

6. Conclusions

Studies using dichotic listening, visual hemifield, electrophysiolo-
gical, and neuroimaging (PET, fMRI, NIRS) measures have found
abnormalities of right-left asymmetries of brain function in depressive
disorders. The bulk of evidence across studies using these diverse
measures is consistent with reductions of left frontal and right
parietotemporal function in depressive disorders. Relatively less left
than right frontal activity in depression is in accordance with valence or
approach/withdrawal models (Coan and Allen, 2003; Davidson, 1998).
To account for the relative reduction of right parietotemporal activity in
depression, Heller et al. (1995) expanded this model to include not only
frontal asymmetry related to emotional valence, but also right parietal
activity related to the arousal component of emotion. The findings
reviewed here are generally in line with these models and support the
need include the role of right parietotemporal dysfunction in depressive
disorders. EEG evidence of decreased left frontal or right parietal
activity has also been related to familial risk for development of
depressive disorders. Moreover, individual differences in right-left
asymmetries have been reported to predict clinical response to treat-
ments for depression. There have, however, been conflicting findings,

which appear to be related to differences in clinical features of patients
(most notably, comorbidity with anxiety, diagnostic subtype, severity of
depressive symptoms), gender, and methodological issues (including
sample size, differences in resting or cognitive/emotional tasks, or
specifics of EEG or fMRI procedures).

Recent electrophysiological (EEG, ERP) and fMRI studies have led to
real progress in understanding the involvement of left frontal and right
posterior regions in modulating emotional processing and regulation in
patients having MDD. We reviewed new evidence for a network of left
PFC and limbic (amygdala) regions of key importance for cognitive
regulation of negative emotions, and a network of right occipital-
parietal-temporal regions involved in emotional perception and direct-
ing attention to salient stimuli. These findings have important clinical
implications for targeting of treatments, in particular brain stimulation
and neurofeedback training, to reduce depression and improve cogni-
tive and emotional processing in depressive disorders.

Evidence of relatively less left than right frontal activity in MDD has
come from studies measuring EEG, metabolism or rCBF at rest or during
cognitive or emotional processing. This is not, however, specific to
depression but is also seen in anxiety disorders (such as panic disorder
and social phobia). It may therefore be related not only to reduction of
positive affect or approach-related behaviors associated with left frontal
cortex, but also increased anxious arousal or withdrawal-related
behaviors associated with the right hemisphere. Findings of less left
than right frontal activity in depressed patients have been more
consistent during emotionally challenging tasks than in resting state.
Neuroimaging evidence for the role of dorsolateral PFC in emotional
regulation supports the hypothesis that reduced left frontal activity in
MDD may be responsible for decreased downregulation of negative
affect. Indeed, increasing left frontal activity using repetitive transcra-
nial magnetic stimulation (rTMS) is used in treating depression (Triggs
et al., 2010; Nadeau et al., 2014; Vanderhasselt et al., 2015). Moreover,
using frontal alpha asymmetry (Allen and Reznik, 2015) or fMRI (Zotev
et al., 2016) neurofeedback training designed to increase left frontal or
amygdala activity has had success in reducing depression. Also, CBT for
depression, which involves self-monitoring or regulation of negative
thoughts or emotions, may be mediated, in part, by verbal skills for
which the left frontal and temporal cortex is dominant (Otto et al.,
1997; Price et al., 2013; Silvers et al., 2015). This is supported by pupil
measures associated with left dorsolateral PFC reactivity being pre-
dictive of response to CBT (Siegle et al., 2011) and greater left
hemisphere advantage for verbal dichotic listening in patients who
respond to CBT for depression (Bruder et al., 2017; Kishon et al., 2015).

Although there are conflicting findings and the mechanism under-
lying relatively less left than right frontal activity in MDD is not well
understood, recent findings suggest a theoretical model in which left
dorsolateral PFC hypoactivity is associated with reduced downregula-
tion of negative emotions. There is considerable evidence that frontal
regions normally act to regulate emotional processing in the amygdala.
Reduced left dorsolateral PFC activity in MDD may hinder the down-
regulation of negative emotions and upregulation of positive emotions.
This hypothesis received additional support in a recent study that
involved simultaneous measurement of EEG and fMRI during neuro-
feedback (Zotev et al., 2016). Relatively higher left amygdala activity
during happy emotion induction was associated with EEG evidence of
greater left than right frontal activity indicative of stronger approach
motivation. Their findings suggest that the link between left frontal and
left amygdala activity is critical for emotional regulation. Also, fMRI
studies indicate that increased functional connectivity between frontal
and limbic structures is associated with favorable response to anti-
depressants (Dichter et al., 2015). Studies have also found reduction of
activity in the striatum to emotional stimuli in MDD, but laterality
varied depending on emotional valence and sub-regions of the striatum.
Although further study is needed concerning the relation of asymme-
tries of the striatum and frontal activity, it is tempting to speculate that
reduced left frontal activity in MDD is associated with decreased
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response of striatum to rewards and positive stimuli.
Less right hemisphere advantage for the perception of non-verbal

and emotional stimuli in patients having unipolar or bipolar depressive
disorders was found in studies using dichotic listening and visual
hemifield paradigms. In addition, electrophysiological studies measur-
ing resting EEG or ERPs to non-verbal and emotional stimuli have
provided evidence of reduced right parietotemporal activity in de-
pressed patients. The opposite asymmetry indicative of relatively greater
right than left parietotemporal activity was found for anxiety disorders,
which could counteract the asymmetry associated with depression in
patients having comorbidity of these disorders. Evidence of reduced
right hemisphere advantage for processing non-verbal stimuli in
dichotic listening and visual tasks was most evident in patients having
a melancholic depression and absent in patients having an atypical
depression. Although less evidence has come from neuroimaging
studies, some studies have found reduced metabolism or perfusion of
right frontotemporal regions in depressed patients, which was related to
diagnostic subtype, severity of depressive symptoms or response to
treatments for depression. In particular, studies measuring NIRS found
that deficits in right temporal lobe activity in depressed patients during
verbal fluency tasks were most evident in melancholic depression and
were related to severity of melancholic symptoms and suicidal ideation.

Individuals having a MDD show marked deficits in emotion
recognition for faces (Dalili et al., 2015) and for emotional intonation
(prosody) in the auditory domain (Bruder et al., 2015). Affective
prosody processing has been found to be strongly lateralized to right
hemisphere regions in auditory cortex and amygdala (Frϋhholz et al.,
2016). In addition to behavioral evidence of right parietotemporal
deficits in MDD for emotional processing, studies have found reduced
ERPs to emotional stimuli over right posterior sites in individuals with
family history of MDD or with a lifetime history of MDD (Kayser et al.,
2000; Kayser et al., 2017; Moratti et al., 2008; Moratti et al., 2015).
These ERP studies have the distinct advantage of not only providing
direct measures of hemispheric asymmetry but also for the fine
temporal resolution of these measures. The recent findings of Kayser
et al. (2017) suggest a theoretical model for reduced right hemisphere
processing of emotional stimuli in MDD, involving consecutive stages of
motivated attention. An early right-lateralized deficit begins around
200 ms after onset of negative stimuli with reduced emotional respon-
sivity in occipitotemporal cortex (N2), and subsequently involves
posterior cingulate cortex (around 400 ms; P3) and later positive
potential (around 600 ms) in inferior temporal and insula sites. Studies
measuring fMRI have found evidence suggesting that the right anterior
insula is involved in emotional-cognitive evaluation of noxious stimuli
(Mutschler et al., 2012), and hypoactivation of the right insula has been
reported in patients having a MDD during the processing of negative or
positive stimuli (Diener et al., 2012; Groenwold et al., 2013; Miller
et al., 2015). These right hemisphere regions may be critical for
allocating attentional resources to motivationally salient stimuli, which
is of importance for emotional perception and social interactions.

EEG and neuroimaging studies measuring functional connectivity
have provided additional evidence of networks for emotional proces-
sing, which are dysfunctional in MDD. Most notably, an fMRI study
found reduced functional connectivity in MDD between right inferior
orbitofrontal cortex and bilateral putamen and insula, which are part of
a network thought to regulate responses to negative emotional stimuli
(Zhang et al., 2015). Moreover, they found reduced connectivity in
MDD between homologous regions across the right and left hemisphere,
pointing to the need for more studies of interhemispheric connectivity.
The importance of frontocingulate regions in depressive disorders, in
particular the rostral ACC, has received considerable support
(Pizzagalli, 2011). In a study measuring both resting EEG and PET
(Pizzagalli et al., 2003), current density of theta rhythm in the rostral
ACC was associated with glucose metabolism in this region. Impor-
tantly, theta current density in healthy adults was positively correlated
between rostral ACC and regions within the prefrontal and orbitofrontal

cortices, particularly in the right hemisphere. The rostral ACC is known
to be involved in emotional processing and is a hub of the default mode
network (DMN), which includes the rostral ACC, posterior cingulate,
lateral parietal and temporal regions, and the hippocampus. Pizzagalli
(2011) reviewed EEG and neuroimaging findings of a relationship
between greater rostral ACC activity and response to treatments for
depression, and also findings suggesting that frontocingulate dysfunc-
tion may contribute to affective and cognitive abnormalities in MDD.
The frontocingulate region may be part of a larger right-lateralized
network, involving frontocengulate, posterior cingulate, temporal (in-
sula), and parietooccipital regions involved in top-down inhibiting of
negative information and emotional regulation.

Dichotic listening, EEG, and PET findings support the potential
value of these measures for predicting clinical response to antidepres-
sants. Patients who respond to a SSRI antidepressant had greater left
hemisphere advantage for verbal dichotic listening than non-respon-
ders, which was most evident in depressed women (Bruder et al., 1996,
2004b). Enhanced left hemisphere advantage for verbal dichotic
listening was not, however, specific for predicting response to a SSRI
antidepressant. Three studies agreed in finding greater left hemisphere
advantage in CBT responders than non-responders for verbal tests,
which suggests that this may be prognostic of favorable response to CBT
or antidepressant treatments (Bruder et al., 2017; Kishon et al., 2015).
One PET study found glucose metabolism in the right insula to
differentially predict response to CBT as opposed to an SSRI antidepres-
sant (McGrath et al., 2013). EEG alpha asymmetry was found in some
but not all studies to be associated with response to antidepressants.
Although these studies included small samples, a multi-site iSPOT-D
study with larger samples confirmed an earlier finding of a difference in
EEG alpha asymmetry between responders and non-responders to a
SSRI antidepressant, with less right than left frontal activity in
responders than non-responders (Arns et al., 2015; Bruder et al.,
2001). This was specific to depressed women in both studies, which
underscores the importance of gender in this context. Gender has been
found to play a role not only in alpha asymmetry findings for depressed
patients and individuals at risk for depression, but also for dichotic
listening predictors of response to antidepressants. Larger samples in
multi-site studies will be particularly important for confirming these
findings. One weakness in prior studies examining predictors of
treatment response has been the failure to include a placebo control
condition to differentiate between predictors of true drug response vs.
placebo response. An ongoing multi-site EMBARC project (Establishing
Moderators and Biosignatures of Antidepressant Response for Clinical
Care) does include a placebo treatment condition and will provide an
additional opportunity to assess the value of EEG alpha asymmetry, in
combination with other electrophysiological, MRI, and neurocognitive
measures, as mediators or predictors of clinical response to antidepres-
sants (Trivedi et al., 2016).

Although gender differences can be difficult to replicate and are
often not examined, particularly in studies with relatively small
samples, there has been consistency in gender differences in laterality
findings for depression. Differences in dichotic listening or EEG alpha
asymmetry between responders and non-responders to a SSRI anti-
depressant, as well as between individuals with vs. without family
history of MDD, were more evident among females than males. Also,
greater severity of depressive symptoms was associated with reduced
right hemisphere bias for chimeric faces among females, but not males.
Gender differences in cognitive function and hemispheric organization
could play an important role. Heller (1993) reviewed evidence that
females tend to perform better on verbal tests and favor verbal
strategies, whereas males tend to perform better on spatial tasks and
favor nonverbal strategies. She suggested that the tendency to activate
the left as opposed to right hemisphere among females may be
associated with a neuropsychological vulnerability toward depression.
She also referred to studies finding gender differences in neurotrans-
mitter response involving serotonin, which suggests that serotonin
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plays an important role in gender differences in psychiatric disorders
and in laterality findings for depression, particularly those predicting
response to SSRI antidepressants. Also, a meta-analysis of neuroimaging
studies indicated that the majority of gender differences in brain
activation to emotional stimuli favoring women were found for
negative emotions (Stevens and Hamann, 2012). The greater activation
of the left amygdala to negative emotion stimuli agrees with evidence
that women respond more strongly to negative emotion stimuli, which
may be linked to increased risk of MDD among women (Weissman
et al., 1984).

Another subject characteristic that might modulate laterality find-
ings in depression is handedness. The prevalence of left handedness is
small (10–15%) and most studies reviewed in this report were limited
to right handers, which makes it impossible to examine the role of
handedness. We did not find a difference between depressed patients
and healthy controls (Bruder et al., 2004a) or between treatment
responders and non-responders (Bruder et al., 2004b; Bruder et al.,
1997b; Kishon et al., 2015) in the strength of handedness on the
Edinburgh Inventory. Although it is therefore unlikely that handedness
impacted on laterality findings, further study in large samples including
both right and left handers is needed to address this issue, and
determine whether or not the laterality findings generalize to left
handers.

Further studies are needed concerning the value of behavioral and
neurophysiological measures of right-left asymmetry as biomarkers for
differentiating subtypes of depression and personalizing treatment for
depression, and also to uncover the neural mechanisms underlying
these measures. A weakness of asymmetry measures is that it is often
not clear whether abnormalities are due to hypoactivation (dysfunc-
tion) in one hemisphere, hyperactivation in the other hemisphere, or a
deficit in interhemispheric connectivity. There is a need for converging
evidence from behavioral, electrophysiological and fMRI measures
obtained in the same patients and controls during the same tasks,
which has rarely been the case in existing studies. Also, greater
attention should be given in fMRI studies to directly examine differ-
ences in activation across homologous sites in right and left brain, and
also to measure asymmetries during emotional processing tasks, ideally
when stimuli are presented to either the left or right hemifield, rather
than merely at midline. Most critically, translational studies of animal
models of depression should examine asymmetries of brain regions
known to be important for depression and mechanisms of antidepres-
sants action. This was nicely illustrated by two recent studies in rats.
Gordon and Goelman (2016) measured neural connectivity of the raphe
nucleus in a chronic mild stress (CMS) model of depression. Exposure to
5 weeks of CMS resulted in behaviors thought to reflect anhedonia or
depression. Connectivity was reduced in CMS rats suggesting overall
reduction of excitability in the raphe, and these reductions were
predominantly found in the right hemisphere, providing evidence of
its importance in depression. Given the key role of the raphe nucleus in
the serotonin neurotransmitter system, it could also provide a model for
relating right-left asymmetry to response to SSRI antidepressants. To
address the lack of translational studies on the approach-withdrawal
model of emotion and brain lateralization, Farhang et al. (2014) studied
hemispheric asymmetry in gene expression in rats using CMS and
sucrose consumption to identify anhedonic and stress-resilient rats.
RNA was extracted from right and left frontotemporal cortex. BDNF and
NTRK-3 were expressed at lower levels in right brains of anhedonic
compared to stress-resilient rats, with upregulation in the right
compared to left brain for BDNF only in stress-resilient rats. Given
the importance of frontotemporal cortex to the model of approach-
withdrawal motivation, these findings underscore the value of further
translational studies to determine the underlying mechanism of emo-
tional processing asymmetry and its disturbance in MDD. Additional
electrophysiological and fMRI studies of functional connectivity be-
tween cortical and subcortical regions within each hemisphere and also
between right and left hemisphere regions are also needed (e.g., see

Fischer et al., 2016; Zhang et al., 2015), so as to identify neural
circuitry underlying dysfunctions of right and left brain function in
depressive disorders.
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