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Abstract

The last two decades have seen a re-emergence of surgery
for intractable psychiatric disease, in large part due to in-
creased use of deep brain stimulation. The development of
more precise, image-guided, less invasive interventions has
improved the safety of these procedures, even though the
relative merits of modulation at various targets remain un-
der investigation. With an increase in the number and type
of interventions for modulating mood/anxiety circuits, the
need for biomarkers to guide surgeries and predict treat-
ment response is as critical as ever. Electroencephalography
(EEG) has a long history in clinical neurology, cognitive neu-
roscience, and functional neurosurgery, but has limited prior
usage in psychiatric surgery. MEDLINE, Embase, and Psyc-
INFO searches on the use of EEG in guiding psychiatric sur-
geryyielded 611 articles, which were screened for relevance
and quality. We synthesized three important themes. First,
considerable evidence supports EEG as a biomarker for re-
sponse to various surgical and non-surgical therapies, but
large-scale investigations are lacking. Second, intraopera-
tive EEG is likely more valuable than surface EEG for guiding

target selection, but comes at the cost of greater invasive-
ness. Finally, EEG may be a promising tool for objective func-
tional feedback in developing “closed-loop” psychosurger-
ies, but more systematic investigations are required.

© 2019 S. Karger AG, Basel

Introduction

Psychiatric surgery involves neurosurgical treatment of
mental illnesses that are debilitating and not treatable by
conventional interventions, such as medications, therapy,
or non-invasive neuromodulation [1]. The field has a con-
troversial past, plagued by imprecise techniques, lax selec-
tion criteria, insufficient ethical oversight, and significant
morbidity and mortality. However, technological advance-
ments over the past several decades, along with a better un-
derstanding of the neurobiology of mental illness and a per-
sistent need for interventions for refractory cases, have
spurred a re-emergence of the field [2]. Image-guided, min-
imally invasive interventions such as gamma knife radio-
surgery and focused ultrasound, as well as reversible neu-
romodulation procedures such as deep brain stimulation
(DBS), offer promising treatment options for many pa-
tients for whom conventional therapies have failed [3].

© 2019 S. Karger AG, Basel

KARGER

E-Mail karger@karger.com
www.karger.com/sfn

Nir Lipsman, MD, PhD

Hurvitz Brain Sciences Research Program, Sunnybrook Research Institute
2075 Bayview Ave., Room A1-39

Toronto, ON M4N 3M5 (Canada)

E-Mail nir.lipsman @ utoronto.ca



Despite advancements in structural and functional neu-
roimaging that can help guide these procedures, there is an
urgent need for real-time, physiological feedback to im-
prove precision and accuracy for surgical targeting. This
holds true for all psychosurgery techniques. For example,
although focused ultrasound capsulotomy can be per-
formed under MRI guidance, allowing for immediate visu-
alization of the lesion, there is currently no intraprocedur-
al functional feedback [3, 4]. Therefore, even if the forma-
tion of a lesion is visually confirmed, its effect on the
patient’s neuropsychiatric functioning - the primary out-
come of interest — is not immediately clear. Electroenceph-
alography (EEG) may serve as a useful biomarker for mon-
itoring neuropsychological changes during the procedure
and to predict treatment response. Furthermore, neuro-
physiological response to sublesional temperature sonica-
tions would help tremendously in improving target selec-
tion. This article comprehensively reviews the medical lit-
erature on the use of EEG in psychiatric surgery, discusses
its applications as a biomarker of treatment response, and
comments on future possibilities of the technology.

Methods

Our search was designed to capture as many relevant articles as
possible, prioritizing sensitivity over precision. Subject headings
and text words related to our topic were manually curated. Rele-
vant synonyms were identified using PubMed’s Automatic Term
Mapping feature [5], searching the terms in encyclopaedias for
synonyms, and perusing Medical Subject Headings (MeSH) scope
notes. Furthermore, a test set of 4 articles was developed and
agreed upon by all authors, based on their known relevance to our
topic (online suppl. material S1; for all online suppl. material, see
www.karger.com/doi/10.1159/000500994). Subject headings for
each of these articles were identified using the Yale MeSH Ana-
lyzer [6] and incorporated into the search strategy. Equivalent
EMTREE and PsycINFO Thesaurus subject headings were identi-
fied wherever possible.

Once all terms and concepts were identified, they were com-
bined with Boolean operators; synonyms were combined with
“OR,” while distinct search concepts were linked with “AND”
(Fig. 1). After briefly reviewing some of the results from our first
search, the search phrase was modified to include more subject
headings that were initially missed.

Searches were performed iteratively on MEDLINE, Embase, and
PsycINFO, using the Ovid® platform, with the last search conduct-
ed on July 17, 2018. Slightly different search phrases were used in
each database because of differences in subject headings and orga-
nization. All 4 of the articles in the test set appeared in the final
search results, reaffirming the sensitivity of our approach. A detailed
search strategy can be found in online supplementary material S2.

All articles underwent an initial title and abstract screen for
relevance, followed by a full-text review. Results from included
studies were extracted and textually summarized. For especially
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Fig. 1. Graphical overview of our search strategy; titles represent
distinct search concepts and bullets represent select synonyms.

relevant and/or high-quality articles, a citation pearl growing strat-
egy was used to expand the list of relevant literature.

In the interest of comprehensiveness, numerous sources of grey
literature were also pursued. We searched clinical trial records
(ClinicalTrials.gov, WHO International Clinical Trials Registry
Platform, and the Cochrane Central Register of Controlled Trials),
conference proceedings (Scopus “Conference Papers” documents,
as well as proceedings from the American Society for Stereotactic
and Functional Neurosurgery (ASSEN) and World Society for Ste-
reotactic and Functional Neurosurgery (WSSFN) conferences),
theses and dissertations (ProQuest Dissertations & Theses Glob-
al), government documents (Publications Canada), corporate re-
ports, newspapers and magazines (ProQuest), and practice guide-
lines from the ASSFN and WSSEN for relevant documents.

We excluded any studies that focused primarily on non-humans,
as the goal of this review was to explore EEG correlates of psychiatric
surgery in humans only. In addition, we removed any articles which
were not written in English and for which an English translation was
not available. Finally, no review articles were included in this narra-
tive synthesis; however, they were occasionally used for citation pearl
growing to identify important studies in the field.

Mendeley software (version 1.19; Elsevier, The Netherlands) was
used for deduplication and reference managing. This search strategy
was designed in consultation with a health sciences librarian.

Results

In total, our search returned 611 articles, 199 of which
were duplicates. Amongst the 412 unique articles, 56 were
not available in English and 21 primarily involved non-
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Fig. 2. Overview of article identification
and selection; adapted from Preferred Re-
porting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [77].
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humans and were therefore excluded. The remaining 335
articles were screened for relevance based on their titles
and abstracts, and 113 proceeded to full-text review. Ul-
timately, 38 articles were included in this narrative syn-
thesis (Fig. 2).

Grey literature searches yielded a total of 268 items, all
of which were screened for inclusion (online suppl. mate-
rial $3). Ultimately, 4 grey literature items were included
in the narrative synthesis.

EEG in Psychiatric Surgery

The use of EEG in psychiatric surgery is almost as old
as the field itself, with studies dating back to the early
1940s (Hutton et al. [7], 1941; Davis 8], 1941; Cohn [9],
1945; Levin et al. [10], 1949; Grevilie and Last [11], 1947;
Lennox and Coolidge [12], 1949; Stevens and Mosovich
[13], 1947). Jean Talairach, possibly the first person to
perform anterior capsulotomy for a psychiatric indica-
tion, endorsed the use of intraoperative EEG and electro-
corticography in his procedures. He recommended using
EEG to not only better understand psychiatric illness, but
also to identify targets for stereotactic lesioning, termed
“stereo-encephalography” [14, 15]. Early studies consis-
tently report distinct changes in EEG patterns immedi-
ately after prefrontal lobotomy that were in some reports
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associated with treatment response (Table 1). These
changes were most pronounced in the frontal lobes, and
frequently involved heightened slow wave activity. Nota-
bly, the vast majority of post-operative EEG changes were
temporary and returned to normal within weeks to
months. Cohn [9] (1945) attributed the immediate in-
crease in slow delta and theta waves after frontal under-
cutting to operation-induced brain damage, as it corre-
lated with the “akinetic” state seen in most patients after
the procedure. In support of this, EEG changes returned
to baseline with resolution of the akinetic state. Others
posited that these changes were a result of disruption of
abnormal cortico-thalamo-cortical impulses, resulting in
reduced prefrontal activity [12, 13].

Despite generally similar findings, there were some
distinct differences in post-operative EEG changes noted
amongst these early psychiatric surgery reports. This
variability is at least in part due to differences in surgical
procedures and EEG recording techniques, but may also
reflect differences in ablation targets. For example, in
1950 Henry [16] described EEG patterns after transor-
bital lobotomy that were very different from those noted
for other prefrontal lobotomy procedures. In particular,
he reported a distinct lack of “true slow wave activity” af-
ter transorbital lobotomy, and in fact found a somewhat
irregular but mostly dominant alpha wave pattern.
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Table 1. Summary of documented EEG changes as a result of psychosurgery

Authors Year  Patients,n  Type of operation Post-operative EEG changes
Hutton et al. [7] 1941 8 Prefrontal leucotomy Increased slow wave activity, diminished over weeks to
months
Davis [8] 1941 3 Prefrontal leucotomy Increased slow wave activity, diminished over months
Cohn [9] 1945 30 Prefrontal lobotomy Increased focal slow wave activity, diminished within
1-3 months
Grevilie and Last [11] 1946 35 Prefrontal leucotomy Increased frontal delta and theta wave activity, and
diffusely increase alpha rhythm
Stevens and Mosovich 1947 30 Prefrontal lobotomy Increased frontal slow wave activity, increased diffuse
[13] alpha activity, persisted in some patients for up to 6
years
Levin et al. [10] 1949 25 Bilateral prefrontal Increased slow wave activity anteriorly and transiently
lobotomy increased alpha wave activity posteriorly, diminished
over months
Lennox and Coolidge 1949 48 Prefrontal lobotomy Generalized slowing, most prominent in frontal leads,
[12] diminished within 3 months
Henry [16] 1950 1 Transorbital lobotomy  Transiently increased alpha wave activity but no in-
crease in slow wave activity
Krueger et al. [18] 1952 105 Prefrontal lobotomy Diffuse or focal slow wave abnormalities, severer after
and topectomy lobotomy than after topectomy
Le Beau [20] 1953 50 Anterior cingulectomy  Temporal and frontal “abnormalities,” diminished by 1
year
Klotz [19] 1955 181 Prefrontal lobotomy Increased frontal slow wave activity
(unilateral and bilateral)
Walter et al. [22] 1955 150 Frontal lobotomy Increased frontal and temporal slow wave activity, with
(unilateral and bilateral)  temporal abnormalities diminishing within weeks and
frontal activity persisting in some cases for over 3 years
Adams et al. [21] 1957 202 Frontal lobotomy Increased frontal slow wave activity during deep sleep,
which appears 18-36 months after the operation; these
changes are permanent and irreversible
Hosokawa et al. [78] 1966 100 Prefrontal lobotomy Irregular background activity mixed with sporadic
theta waves
Hosokawa et al. [23] 1968 5 Prefrontal lobotomy Slow waves of slightly low voltage during deep sleep
and alpha band spindle waves overlapping increased
delta waves for the duration of sleep; waking EEG was
not assessed in this study
Wildman and Wildman 1975 14 Frontal lobotomy No statistically significant difference in EEG frequency
[24] (7 patients, components between patients and controls; however,
7 matched generally less frequent alpha wave activity in the pari-
controls) etal lobes was noted in patients
Bingley and Persson 1978 35 Bilateral anterior Frontal, bilaterally synchronous bursts of rhythmic
[26] capsulotomy slow waves, with no changes in alpha activity
Benson et al. [25] 1981 16 Bilateral prefrontal Significant variability, ranging from within normal
leucotomy limits to dramatic increases in bilateral theta and delta
activity
Evans et al. [74] 1981 35 Subcaudate tractotomy  Increased frontal slow wave activity, predictive of treat-
ment response
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The 1946 Columbia-Greystone project also found
EEG abnormalities in most patients after topectomy for
psychiatric disorders. Again, these changes were predom-
inantly transient, and disappeared after approximately 4
months [17]. Krueger et al. [18] (1952) confirmed these
findings in their trial comparing prefrontal lobotomy and
topectomy for the treatment of chronic, advanced schizo-
phrenia. EEG recordings prior to the procedure were rel-
atively normal, but immediately afterwards showed slow
wave abnormalities - either diffuse or focal - character-
istic of cortical damage. In their study, patients with lo-
botomy had more EEG slow wave abnormalities than the
topectomy group, but also had considerably better re-
sponse to treatment. EEG changes were not systemati-
cally associated with the level of clinical improvement,
and abnormalities typically resolved spontaneously with-
in several months. Subsequent studies on prefrontal lo-
botomy and anterior cingulectomy found similar pat-
terns of EEG changes [19], albeit the latter with more
temporal lobe involvement rather than just frontal lobe
[20].

In contrast to transient changes, persistent EEG chang-
es have also been observed. A study of bilateral or unilat-
eral lobotomy for 27 patients with various psychiatric dis-
orders found persistently elevated frontal slow wave ac-
tivities 3 years after surgery (Walter et al. [21], 1955).
Another long-term study of 202 bilateral prefrontal lo-
botomy patients lent further support to the presence of
persistent post-surgical EEG abnormalities. Specifically,
Adams et al. [22] (1957) found that the most consistent
and marked EEG change after prefrontal lobotomy was
asynchronous interhemispheric electrical activity of the
frontal lobes during deep sleep. While waking post-oper-
ative changes in their patients were mild and quick to re-
solve, these distinct changes in sleep did not even appear
until at least 18 months after the operation. Notably, this
change manifested in all cases by 36 months post-opera-
tively, and was thought to be permanent and irreversible.
The mechanism behind the abnormal recording and the
temporal delay may involve delayed degeneration of
commissural fibres linking the left and right nuclei after
the operation. Other studies have since confirmed sleep-
specific EEG disturbances after prefrontal lobotomy [23].
Very long-term follow-ups, in the order of decades af-
ter the original procedure, have generally failed to find
persistent waking changes, albeit with some exceptions
[24, 25].

A study of stereotactic bilateral anterior capsulotomy
for obsessive compulsive disorder (OCD) also found dis-
tinct abnormalities after surgery from what appeared to
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be generally normal at baseline [26]. To date, this is the
only study to assess EEG in bilateral anterior capsulotomy
for OCD. Specifically, in keeping with much of the afore-
mentioned literature, rhythmic, slow wave activity of
<5 s in duration and ~100-300 uV in amplitude was not-
ed 10 days after the procedure. These abnormalities were
bilaterally synchronous, independent of lesion size, and
most prominent frontally, but also observed temporally
and centrally. Upon re-examination 1-2 years after the
surgery, most patients had returned to normal, although
a few had persistent, slow wave frontal activity. To date,
this is the only study to assess EEG in bilateral anterior
capsulotomy for OCD.

In summary, resting-state EEG studies after psychiat-
ric surgery have generally shown postoperative abnor-
malities, including increased slow delta and theta wave
activity. Unfortunately, technological limitations at the
time, as well as a lack of appropriate controls and blind-
ing, make it difficult to discern whether post-operative
EEG patterns were truly due to functional changes as a
result of the surgery or simply a reflection of neuronal
damage caused by surgical manipulation. The former
would constitute valuable neurophysiological feedback to
guide psychiatric neurosurgery, whereas the latter would
provide little-to-no useful information.

Event-Related Potentials in Psychiatric Surgery

Event-related potentials (ERPs), as opposed to resting-
state EEG activity, have a better signal-to-noise ratio and
are generally less affected by diffuse brain damage [27,
28]. Accordingly, ERPs may provide a more accurate
overview of electrophysiological correlates of functional
changes after psychiatric surgery, rather than non-specif-
ic changes due to surgical manipulation alone. Several
studies have attempted to delineate the changes in ERPs
as a result of psychiatric surgery. Amongst the first ERPs
described was the contingent negative variation (CNV):
a slow electrical potential elicited by a “warning” stimu-
lus, which prepares the subject for an “imperative” stimu-
lus requiring some sort of motor or decision response
(Walter et al. [29], 1964; Kappenman and Luck [30],
2011). Early studies reported conflicting results, with
some noting no CNV changes with interruption of thala-
mocortical fibres [31], while others found a distinct ab-
sence of specific CNV patterns in certain psychiatric sur-
gery patients [32] and even associated it with treatment
response [33].

A different type of ERP, known as error-related nega-
tivity (ERN), has been used to assess anterior mid-cingu-
late cortex activity in severe alcohol addiction [34]. The
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anterior mid-cingulate cortex forms part of what the au-
thors describe as an internal “performance monitoring
system” that imparts the ability to monitor action out-
comes and derive appropriate behavioural adaptations in
response to alcohol cravings or related cues. The ERN is
associated with errors of commission and is thought to
reflect the activity of the anterior mid-cingulate cortex.
The investigators believed that this structure and its as-
sociated functional network were hypoactive in certain
patients with acute alcohol addiction. Accordingly, they
performed DBS of the nucleus accumbens (NAc), which
is part of the performance monitoring system, and used
the ERN, an indicator of anterior mid-cingulate cortex
activity, as a non-invasive marker of treatment response.
The authors demonstrated a consistent and sustained,
statistically significant increase in ERN with DBS of the
NAc, which was associated with clinical improvement
[34]. Subsequent studies on DBS for alcohol addiction
have used intracranial and surface EEG, recorded after
implantation but prior to stimulation, to identify local
field potentials that further clarify the role of the NAc
and its functional networks in mediating the disorder
[34, 35].

The ERN has also been studied in patients with Hun-
tington’s disease undergoing DBS of the globus pallidus,
which is thought to interact with the anterior cingulate
cortex (ACC) in driving behavioural adaptation after
committing errors [36]. Baseline ERN is typically reduced
in this population, but DBS appeared to normalize it to
the point that its amplitude was no different from that of
controls. Furthermore, the ERN disappeared when stim-
ulation was turned OFF. This finding suggests that DBS
of the globus pallidus may improve not only motor symp-
toms but also certain cognitive functions in patients with
Huntington’s disease.

Evidently, ERPs may provide accurate measures of
neuropsychological changes as a result of psychiatric sur-
gery. Although the neurobehavioural correlates of ERPs
are a prominent area of neuroscientific research, their
utility in guiding and prognosticating psychiatric surgery
have not been systematically investigated.

Intraoperative EEG

Intraoperative EEG has a rich history in psychiatric
neurosurgery. Early studies used intracerebral electrogra-
phy to narrow down the target of prefrontal leucotomy in
an attempt to reduce adverse events [37]. More recently,
the emergence of DBS as a treatment for refractory men-
tal illnesses has provided a compelling opportunity for
deep electrophysiological recordings.
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Briefly, in DBS, electrodes are implanted within spe-
cific structures or tracts in order to neuromodulate ab-
normal over- or under-activity [38]. The electrical activ-
ity of these structures can be directly measured through
these electrodes, which provides a salient opportunity for
elucidating disease pathophysiology and augmenting
surgical targeting. For example, in treating a case of re-
fractory major depressive disorder (MDD), Jiménez et al.
[39] (2005) systematically varied stimulation parameters
of an electrode in the inferior thalamic peduncle while
monitoring evidence of cortical recruitment and regional
direct current shifts on EEG. They observed that stimula-
tion of the inferior thalamic peduncle and centromedian
nucleus at certain parameters resulted in similar cortical
synchronization and direct current shifts in the bilateral
frontopolar leads. This was justified by citing that both
structures are “anatomically and physiologically related
to nonspecific thalamic and thalamo-orbitofrontal sys-
tems.” Stimulating the ventromedial nucleus of the hypo-
thalamus and fornix also resulted in similar EEG changes,
but were more generalized, involving frontal, central, and
temporal leads. Intraoperative intracranial and surface
EEG recordings, in conjunction with pictures of drugs,
have also been used to augment targeting for DBS in a
patient with heroin addiction [40].

In addition to guiding surgeries, intraoperative EEG
and electrocorticography have enabled a better under-
standing of circuit disorders underlying mental illnesses.
These approaches help identify new surgical or neuro-
modulation targets. For example, neuronal activity re-
corded during DBS for OCD elucidated a key role played
by aberrant caudate nucleus activity in the pathophysiol-
ogy of the disease [41]. In addition, intracranial and sur-
face EEG recordings in DBS patients with MDD have
helped to elucidate the role of the NAc in negative rein-
forcement-guided adjustments in behaviour [42]. Intra-
operative electrocorticography has also been used to
study the role of low-frequency oscillations and reduced
alpha activity in the posterior hypothalamus in mediating
pathologic aggression [43]. One study in OCD patients
undergoing DBS has suggested that dysfunctional neuro-
nal synchronization dynamics in frontostriatal circuits, as
indicated by aberrant local field potentials in frontal elec-
trodes, is significantly more prominent when stimulation
is turned OFF rather than ON. They posit that interven-
tions that disrupt this pathological connectivity, such as
DBS, may be the most effective method in remediating
treatment-resistant symptoms [44].

To date, nearly all investigations of intraoperative EEG
in psychiatric surgery have focused on DBS and invasive
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forms of neurophysiology. Newer, incisionless approach-
es such as gamma knife radiosurgery and focused ultra-
sound do not allow for intracranial EEG recordings, but
may still benefit from intraoperative electrophysiological
guidance. Surface EEG during these procedures may pro-
vide valuable functional feedback to guide surgeries, sim-
ilar to that of intracranial EEG in DBS operations, and its
feasibility and utility should therefore be investigated.

EEG as a Biomarker of Treatment Response

In addition to its utility in diagnostics and surgical
guidance, EEG is promising as a biomarker of disease se-
verity and predictor of treatment response. Its widespread
availability in hospitals and clinics, portability, and rela-
tively low cost make it an ideal tool for this purpose. EEG
has been used to study a number of psychiatric condi-
tions, and an overview of the literature on MDD is pre-
sented here as an illustrative example.

Major Depressive Disorder

MDD is the most common mood disorder, and is typ-
ically characterized by persistent low mood, hopeless-
ness, guilt, and reduced energy. Despite multiple rounds
of antidepressant therapy, up to 30-40% of patients re-
main symptomatic [45]. MDD is a highly heterogeneous
disease, with many subtypes and varying levels of severi-
ty, which can complicate diagnosis and treatment plans.
EEGs of MDD patients have been extensively studied and
reviewed elsewhere [46-55].

Meta-analysis of numerous, multimodal studies sug-
gests that response to antidepressants, electroconvulsive
therapy, repetitive transcranial magnetic stimulation, or
sleep deprivation therapy is predicted by increased ACC
activity at baseline [46, 48]. EEG can potentially be used
to detect this elevated ACC activity, for example by iden-
tifying increased theta activity at electrode sites Fz and/or
FCz, or more precisely using a technique known as low
resolution electromagnetic tomography (LORETA) [56].
This involves computing current distribution throughout
the brain and, under a set of physiological assumptions
about neuronal activity, generating 3-D tomography
with relatively low spatial resolution. The advantage of
LORETA is that it combines the high temporal resolution
of EEG with crude spatial localization of the electrophys-
iological signal. It has repeatedly demonstrated robust
identification of generators of EEG frequency compo-
nents and ERPs, in both healthy and diseased states [57].
However, LORETA has also been criticized for specific
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inaccuracies and for the large number of neuroanatomi-
cal and electrophysiological constraints that it employs.
Nevertheless, LORETA remains amongst the most effec-
tive methods of localizing EEG signals to specific areas of
the brain [57].

Some other biomarkers of antidepressant response in-
clude: increased alpha power, right frontal dominant al-
pha asymmetry, decreased theta band activity, responses
to P300 and N100 ERPs, theta concordance — a complex
combination of absolute and relative theta power in
QEEG - and the antidepressant treatment response in-
dex, which combines relative and absolute frontal alpha
and theta power at different time points [47, 49, 51, 52,
54]. Potential EEG biomarkers of poor treatment re-
sponse include: increased slow (i.e., theta or delta) power,
decreased frontal, parietal, and occipital alpha power, left
frontal dominant alpha asymmetry, and slow individual
alpha peak frequency [46, 49, 51]. More recently, modern
machine learning approaches employing large datasets
have identified coherence between frontotemporal elec-
trodes in the alpha and beta frequencies as particularly
strong predictors of antidepressant treatment response
(58, 59].

Certain EEG biomarkers have also been shown to pre-
dict positive treatment response in neuromodulation
studies of MDD, which target the same neuronal circuits
as some lesional procedures (Table 2). These biomarkers
include: low theta power in the subgenual ACC, high in-
dividual alpha peak function, prefrontal theta/delta con-
cordance, and reduced parieto-temporal alpha power, al-
though some of these have failed to replicate in other
studies [50, 52].

Deep Brain Stimulation

As previously mentioned, the ability to precisely re-
cord electrical activity using intracranially implanted
electrodes, as well as surface EEG with varying stimula-
tion parameters, provides a unique opportunity to ex-
plore EEG as a biomarker of DBS treatment response.
Data from MDD patients who underwent DBS of the
subgenual cingulate gyrus identified several potential
EEG biomarkers of surgical outcomes. The hemispheric
power and synchronization asymmetry was significantly
different in responders and non-responders, when the
stimulation was turned both ON and OFF, 3-6 years af-
ter implantation [60]. Frontal theta power asymmetry
negatively correlated with treatment-related change in
depression severity, while parietal alpha power asymme-
try showed the opposite relationship. Similarly, mean
frontal synchronization asymmetry positively correlated
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Table 2. Summary of EEG biomarkers of response to antidepressant therapy

Good response

Poor response

Pharmacotherapy

Elevated frontal midline theta activity
Increased alpha power

Right frontal dominant alpha asymmetry
Decreased theta band activity

Responses to P300 and N100 ERPs
Antidepressant treatment response index

Increased theta or delta power
Decreased frontal alpha power
Decreased parietal alpha power
Decreased occipital alpha power

Left frontal dominant alpha asymmetry
Slow individual alpha peak frequency

Neuromodulation

Low theta power in the subgenual ACC
High individual alpha peak function
Increased prefrontal theta/delta concordance
Reduced parieto-temporal alpha power

with the change in depression severity before and after
DBS, while mean parietal synchronization asymmetry
exhibited the opposite association. Furthermore, a set of
healthy controls without MDD or any DBS implants
showed a hemispheric asymmetry pattern similar to
treatment responders, but opposite to that of non-re-
sponders. Interestingly, the asymmetry pattern seen in
non-responders — increased left-relative-to-right parietal
alpha activity and decreased left-relative-to-right frontal
theta activity — is typical of depressed individuals [60].
These findings not only further delineate the mechanism
of action of DBS in treating refractory MDD, but also
provide a potentially useful biomarker to non-invasively
assess treatment response. Other EEG correlates of neu-
romodulatory treatment of MDD have been reviewed
elsewhere [61, 62].

Local field potentials from the bed nucleus of the stria
terminalis in refractory OCD and MDD patients, record-
ed from still-externalized DBS electrodes, can distin-
guish treatment-resistant MDD from OCD [63]. Fur-
thermore, mean alpha activity in the subgenual ACC and
bed nucleus of the stria terminalis are positively corre-
lated with self-reported symptom severity in MDD, but
not in OCD. In addition, mean beta power in the sub-
genual ACC has shown inverse correlations with depres-
sion severity [64]. Another study on DBS of the subgen-
ual ACC for treatment-resistant depression showed en-
hanced beta desynchronization as a result of increased
empathic responses to negative stimuli at baseline [65].
Furthermore, suppression of beta band oscillatory activ-
ity was correlated with symptom severity. Interestingly,
6 months of DBS of the subgenual ACC remediated this
“negativity bias,” to the point that patients’ ratings of in-
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volvement with negative stimuli were no different than
those of healthy controls. A separate DBS study with the
same target and patient population also found reduced
post-operative beta oscillatory activity in response to
emotionally salient, unpleasant stimuli [66]. Once again,
these results further our understanding of how DBS
treats refractory psychiatric disorders, and suggest that
increased alpha activity in particular brain regions may
be a biomarker of MDD.

A different study examining intraoperative activity of
the subthalamic nucleus (STN) and local field potentials
several days after DBS surgery for OCD found direct
neurophysiological evidence of STN involvement in ex-
ecutive function [67]. Specifically, certain populations of
STN neurons, distinct from those involved in motor
functions, were involved in action inhibition and error
monitoring — two executive functions known to be ab-
normal in OCD [68-71]. Furthermore, DBS of the NAc
for OCD results in reduced low-frequency frontal oscil-
lations that are typically evoked by symptom-provoking
stimuli, and that are generally associated with the sever-
ity of obsessions and compulsions [72].

Finally, in the only study of its kind, Maling et al. [73]
(2012) demonstrated increased gamma band activity in
the centromedian nucleus of the thalamus to be associ-
ated with symptom relief following DBS for Tourette syn-
drome.

Ablative Surgery

Compared to DBS, very few attempts have been
made to use EEG to predict patients’ response to abla-
tive psychiatric surgery. In one of the only studies on
this, Evans et al. [74] demonstrated that specific post-
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operative EEG patterns were variably associated with
response to subcaudate tractotomy. Specifically, marked
high-voltage slow waves with bifrontal localization
were most predictive of patient improvement, whereas
five other post-operative patterns, ranging from no
slow waves to poorly localized slow waves, were less in-
dicative of a successful operation. Although many stud-
ies from the mid-to-late 20th century have reported in-
creased slow wave activity as a result of ablative psychi-
atric surgery, almost none have systematically studied
their prognostic utility.

In summary, EEG may offer promising biomarkers of
treatment response, which is especially important in sur-
gical treatments where patients are exposed to consider-
able risks. Having objective predictors of treatment re-
sponse would be invaluable in selecting good candidates
and optimizing the selection of surgical targets. However,
research on this topic is predominantly observational,
unsystematic, and disjointed. The discovery and valida-
tion of reliable EEG biomarkers would require large, sys-
tematic, controlled investigations, which are a particular
challenge in psychiatric surgery.

Limitations

Many of the EEG psychiatric surgery studies included
in this synthesis are from the mid-20th century, and are
confounded by technical limitations, non-standardized
EEG acquisition and analysis, heterogeneous criteria for
psychiatric diagnoses (i.e., prior to the operationalized
criteria of the DSM-III), and small sample sizes. An im-
portant consequence of these limitations is that it is un-
clear whether the post-operative EEG changes represent
meaningful functional changes due to psychiatric surgery
or are simply a reflection of injury caused by surgical ma-
nipulation. Fortunately, less invasive approaches to psy-
chiatric surgery may overcome this problem. For exam-
ple, MRI-guided focused ultrasound uses ultrasound
waves to thermally ablate pathologic brain tissue with
sub-millimetre accuracy [3]. These advances in technol-
ogy allow non-invasive approaches to the brain and
would, in theory, minimize any EEG noise caused by neu-
ronal injury. Neurophysiological investigations using
these techniques could therefore dramatically improve
our understanding of the EEG correlates — if any — of psy-
chiatric neurosurgery.

Despite promising preliminary results for the afore-
mentioned minimally invasive psychosurgical techniques
in treating refractory mental illnesses [75, 76], there is still

EEG in Psychiatric Surgery: Past Use and
Future Directions

a definite need for non-invasive biomarkers to guide the
procedures. Furthermore, EEG may help optimize target
selection and reveal new targets for circuit disorders. This
includes markers that predict treatment response, as well
as those that can provide real-time feedback to guide sur-
geries. The simplicity, portability, and availability of EEG
make it an ideal choice for this purpose; however, its ap-
plication in this domain remains investigational. Our
synthesis suggests that there are indeed consistent pat-
terns that can predict the success of psychiatric therapies;
however, the lack of large-scale, controlled investigations
and validation studies precludes generalizable conclu-
sions.

Conclusion

In recent years, psychiatric surgery has re-emerged
as a viable treatment for debilitating, treatment-refrac-
tory mental illnesses. This review summarized the lit-
erature on EEG use in the surgical treatment of psychi-
atric disorders and identified several important themes.
First, the EEG correlates of psychiatric neurosurgery are
variable, and it is currently unclear whether they are a
result of functional changes due to the procedure or
simply a reflection of brain injury due to surgical ma-
nipulation. Second, intraoperative EEG has been suc-
cessfully used to guide psychiatric surgery and improve
outcomes; however, it requires invasive recording of
deep brain structures that is not possible with modern,
minimally invasive neurosurgical approaches. Finally,
there is considerable evidence supporting the use of
EEG as a biomarker for various surgical and non-surgi-
cal psychiatric therapies, although large-scale investiga-
tions are lacking.

There is a definite need for objective, functional feed-
back to further improve the safety and accuracy of con-
temporary psychiatric surgery. EEG offers a promising
technique for achieving this, providing real-time neuro-
physiological correlates to guide procedures. Further sys-
tematic study is required to assess its potential as a bio-
marker for guiding operations and prognosticating out-
comes. If successful, the resulting “closed-loop”
procedures, combining minimally invasive techniques
with functional and structural neurofeedback, have the
potential to revolutionize the safety and efficacy of psy-
chiatric surgery.
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