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There is growing evidence that placebo effects can meaningfully modulate the brain. However, there has been little consideration
of whether these changes may overlap with regions/circuits targeted by depression treatments and what the implications of this
overlap would be on measuring efficacy in placebo-controlled clinical trials. In this systematic review and meta-analysis, we
searched PubMed/Medline and Google Scholar for functional MRI and PET neuroimaging studies of placebo effects. Studies
recruiting both healthy subjects and patient populations were included. Neuroimaging coordinates were extracted and included for
Activation Likelihood Estimation (ALE) meta-analysis. We then searched for interventional studies of transcranial magnetic
stimulation (TMS) and deep brain stimulation (DBS) for depression and extracted target coordinates for comparative spatial analysis
with the placebo effects maps. Of 1169 articles identified, 34 neuroimaging studies of placebo effects were included. There were
three significant clusters of activation: left dorsolateral prefrontal cortex (DLPFC) (x=−41, y= 16, z= 34), left sub-genual anterior
cingulate cortex (sgACC)/ventral striatum (x=−8, y= 18, z=−15) and the right rostral anterior cingulate cortex (rACC) (x= 4, y=
42, z= 10). There were two significant deactivation clusters: right basal ganglia (x= 20, y= 2, z= 7) and right dorsal anterior
cingulate cortex (dACC) (x= 1, y=−5, z= 45). TMS and DBS targets for depression treatment overlapped with the left DLPFC
cluster and sgACC cluster, respectively. Our findings identify a common set of brain regions implicated in placebo effects across
healthy individuals and patient populations, and provide evidence that these regions overlap with depression treatment targets.
We model the statistical impacts of this overlap and demonstrate critical implications on measurements of clinical trial efficacy
for this field.
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INTRODUCTION
Placebo effects can be defined as beneficial therapeutic effects
derived from the context surrounding the administration of a
treatment rather than the treatment itself. These effects are
believed to be mediated by a variety of overlapping external
(e.g., environmental cues, patient-physician interactions, etc.) and
internal (e.g., expectancies, emotions, Bayesian predictions, etc.)
factors [1, 2]. Recent research has shifted our understanding of
placebo effects from an abstract unempirical entity to a biologically-
based neurobehavioral phenomenon capable of meaningfully
modulating brain regions and neurotransmitter systems [3]. Placebo
analgesia in healthy individuals has been the primary model
and consistent changes across neuroimaging studies and has
provided a foundation for conceptualizing a placebo effects brain
network [1, 4].

Despite this growing line of research, much of the attention
given to placebo effects in medicine focuses on their role in
placebo-controlled clinical trials and the nuisance they can pose
on measurements of efficacy. Indeed, large placebo responses
have been observed in many psychiatric treatment trials including
depression, anxiety, and chronic pain [5]. These findings typically
generate negative spin of thwarting development of new
treatments [6]; however, little attention is placed on interrogating
placebo effects themselves, how their mechanisms may overlap
with active treatments, and how they may be harnessed in clinical
practice.
Treatment of depression and placebo effects have a particularly

longstanding and contentious history [7]. This discussion was
accelerated in the early 2000s by two major studies: (i) Walsh and
colleagues [8] systematic review demonstrating very large placebo
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response effect sizes across depression RCTs, and (ii) Mayberg and
colleagues [9] neurobiological work showing that placebo may
activate similar areas of the brain as anti-depressants. Many
debates persist regarding how much of the therapeutic effect of
anti-depressant treatments may be related to placebo response
and different approaches to meta-analyzing trial data (published
and unpublished) have yielded different interpretations and
opinions [10].
This topic has been further thrust into spotlight by new

elaborate neuromodulatory treatments for depression, such as
transcranial magnetic stimulation (TMS), an effective FDA-
approved treatment that also generates very large placebo
effects [11]. Recent TMS trials have shown considerable clinical
improvements in both active and placebo groups and this has
yielded confusion in how to interpret such results. For example,
a recent large multi-center RCT of TMS for treatment-resistant
depression reported an impressive 41% remission rate in the
active group, yet the trial was negative as they observed 37%
remission in the placebo group [12]. A meta-analysis of the
placebo responses from all TMS depression trials reported a
large overall effect size of 0.8 (Hedge g, p < 0.01) and meta-
regression revealed that placebo responses may be increasing
with time to present [13]. Neuromodulatory treatments offer a
unique window into neurobiological questions of placebo
effects and depression because they target specific brain
regions/networks and thus allow for comparative analyses with
circuits implicated in placebo effects.
In the present study, we aimed to create a brain map of placebo

effects by synthesizing neuroimaging data from healthy subject
and patient studies of placebo effects. This is based on the
principle that core components of placebo effects (e.g., the role of
positive expectation) are similar across different therapeutic
settings. We then aimed to use the results of this meta-analysis
to compare areas of the brain implicated in placebo effects with
neuromodulatory targets of depression treatment, and examine
the implications of potential shared mechanisms on measuring
efficacy in clinical trials. Finally, we aimed to explore the
hypothesis that if such overlap exists then stimulating a shared
placebo effects target should be effective for a wide spectrum of
disorders beyond depression.

MATERIALS AND METHODS
Systematic review and coordinate identification
Neuroimaging studies of placebo effects were identified using literature
searches in PubMed/Medline and Google Scholar, the authors’ personal
libraries, and hand-searching references from recent review articles (see

Fig. 1 for study selection flowchart). The primary search aimed to identify
neuroimaging articles of placebo analgesia, the most widely studied
paradigm in placebo neuroimaging. The terms “placebo”, “analgesia”,
“expectation” were combined with “functional magnetic resonance
imaging”, “position emission tomography”, their acronyms, and “functional
neuroimaging”. This search included placebo analgesia studies enrolling
both healthy volunteers and chronic pain disorders (musculoskeletal and
visceral) and included both contrasts of activation during anticipation and
during noxious/pain stimulation periods.
We then performed six additional literature searches of patient

populations that have been studied under experimental placebo effects
protocols and have an established literature of placebo effects
neuroimaging [1]. This included Parkinson’s disease, depression,
migraine, addiction, Alzheimer’s disease and schizophrenia. Search
terms of “Parkinson”, “depression”, “migraine”, “addiction”, “Alzheimer’s”
and “schizophrenia” were independently combined with “placebo” OR
“expectation”, and then individually combined with “functional magnetic
resonance imaging” OR “position emission tomography”, their acronyms,
OR “functional neuroimaging”.
We included articles published until April 25th 2020 and screened the

title and abstract of every identified article. We excluded (i) review papers,
case reports, and re-analysis of published data collection, (ii) studies not in
English language, (iii) studies not reporting fMRI/PET activation coordinates
in MNI or Talairach/Tournoux space, (iv) studies that used only predefined
Regions of Interest (ROIs) or Volume of Interest (VOIs), (vi) studies reporting
results obtained only with Small Volume Correction (SVC), (vii) PET studies
with specific tracers, e.g., μ-opioid receptor tracer. We also excluded
experimental paradigms with placebo treatment administered for an
extended period of time (e.g., neuroimaging performed before/after the
weeks of placebo), focusing only on studies where the neuroimaging was
performed in anticipation and during the relevant placebo-related task
(online). We avoided multiple reports of single data sets across articles to
ensure that only one report of a study contributed to the coordinates for
the present meta-analysis.
For each study, the following variables were extracted: (i) experimental

paradigm, (ii) sample size, (iii) mean age, (iv) characteristics of participants,
(v) imaging modality, (vi) MNI/Tailarach coordinates, and (vii) contrast. In
studies that reported a division of responders and non-responders, we
used the coordinates as two different contrasts. We computed two
different placebo effects neuroimaging maps: (i) activation contrasts (n=
54) and (ii) deactivation contrasts (n= 43).

Generation of ALE maps
Specific activation and deactivation coordinates were collected and
included in a quantitative Activation Likelihood Estimation (ALE) analysis
technique implemented using GingerALE software v. 2.3 (www.
brainmap.org). This method yields a statistical map that indicates the
set of significant voxels while considering the magnitude of the effect,
the number of studies, and the number of participants in each study
[14, 15]. To do so we extracted peak voxel coordinates from relevant
contrasts and applied the Tal2MNI algorithm implemented in GingerALE
to convert Talaraich coordinates to MNI space (http://imaging.mrc-cbu.
cam.ac.uk/imaging/MniTalairach). The reported foci for each study were
modeled as Gaussian distributions and merged into a single 3D volume.
Equally-weighted coordinates were used to form estimates of the
probability of activation for each voxel in the brain, using an estimation
of the inter-subject and inter-study variability, rather than applying a
priori full-width half maximum (FWHM) kernel. Therefore, the number of
participants in each study influenced the spatial extent of the Gaussian
function used. We first modeled the probability of activation over all
studies at each spatial point in the brain, returning localized “activation
likelihood estimates” or ALE values. Values were then compared to a null
distribution created from simulated datasets with randomly placed foci
to identify significantly activated clusters (permutations test= 1000 run).
Corrections based on false-discovery rate (FDR) at the cluster-level and
family-wise error (FWE) at the voxel-level were applied. Cluster
correction for multiple comparisons with a p < 0.001 threshold for
cluster-formation and a p < 0.05 for cluster-level inference were set. For a
detailed explanation of the process in creating ALE maps and
specific parameters chosen in the analysis see Supplementary Method
Section: ALE maps. We visualized ALE maps using MRICronGL on an MNI
standard brain. All maps generated from the meta-analysis are available
for download as volumetric nifti files at (http://www.tmslab.org/
netconlab.php).

Fig. 1 Flowchart outlining selection of placebo effects neuroima-
ging studies. After exclusions during screening and review, 34
articles were included for meta-analysis.
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Overlap mapping of neuromodulation stimulation sites for
depression treatment
We imported the placebo effects meta-analysis activation clusters to
Connectome Workbench [16] to assess for potential overlap between the
clusters and proposed rTMS and DBS targets for depression treatment. To
do so, we converted the placebo activation clusters in the ALE-maps to a
surface display. On a canonical brain morphed in MNI space, we then
overlaid coordinates from proposed targets of rTMS/DBS treatment for
depression. We identified targets based on recent studies on this topic
[14, 15] and a search of the literature to date. We included clinical trials of
rTMS targeting left DLPFC for depression, clinical trials of DBS targeting the
subgenual anterior cingulate cortex (sgACC) for depression, and neuroima-
ging studies investigating antidepressant response relevant to these
targets. We included 11 coordinates from the TMS literature and 11
coordinates from DBS literature (see Supplementary Materials). If studies
presented coordinates in Talairach space, they were converted to MNI
space. For DBS studies, due to the close localization of target sites in both
hemispheres adjacent to the midline, for display purposes we flipped the
right-sided coordinates to enable visualization on a mid-sagittal slice.

Systematic review of non-depression TMS trials targeting the
left DLPFC
To further explore relationships between brain stimulation and placebo
effects, we attempted to identify non-depression clinical treatment
applications of left DLPFC targeted TMS. This is based on the rationale
that if the left DLPFC is also critically implicated in placebo effects then
stimulating this target should benefit a broad spectrum of disorders
beyond depression. We conducted a literature search of clinical trials in
PubMed/Medline with search terms including “left dorsolateral prefrontal
cortex or left DLPFC” and “transcranial magnetic stimulation or TMS”. The
search included articles published until April 25, 2020. We also hand-
searched relevant review articles. We included TMS studies targeting the
left DLPFC (could also stimulate the left DLPFC and another region—e,g.
bilateral DLPFC) for the treatment of a medical disorder or symptom. We
excluded trials investigating depression, using technologies other than
TMS (e.g., direct current stimulation), non-sham/placebo-controlled trials,
and trials that demonstrated no significant benefit on relevant clinical
outcomes. A total of 405 studies were identified and 65 met eligibility
criteria (See Supplementary Fig. 1).

RESULTS
Of the 1169 records identified, a total of 34 placebo effects
neuroimaging studies met inclusion criteria (Fig. 1). Further
information on study inclusion and exclusion can be found in
Supplementary Table 1. The characteristics and specific neuroima-
ging contrasts for included studies can be found in Supplemen-
tary Table 2. The results of the ALE meta-analysis are shown at
network-level volumes. The maps represent the entire cluster of
increased and decreased activation computed by GingerALE.
Table 1 and Fig. 2 report the coordinates and display the
activations and deactivations in all included placebo neuroima-
ging studies. There were three significant clusters of activation: left
dorsolateral prefrontal cortex (DLPFC) (BA 6, 8 and 9; x=−41, y=
16, z= 34), left sub-genual anterior cingulate cortex (sgACC)/
ventral striatum (BA25; x=−8, y= 18, z=−15) and right rostral
anterior cingulate cortex (rACC) (BA 32; x= 4, y= 42, z= 10).
There were two significant deactivation clusters: right basal
ganglia (x= 20, y= 2, z= 7) and right dorsal anterior cingulate
cortex (dACC) (BA 24; x= 1, y=−5, z= 45).
For exploratory analyses assessing potential overlap of depres-

sion neuromodulation sites with brain regions implicated in
placebo effects, 11 TMS and 11 DBS targets were identified.
Figure 3 shows the overlap of TMS target sites with the left DLPFC
meta-analysis cluster and the overlap of DBS target sites with the
sgACC cluster. To further explore relationships between left DLPFC
stimulation and placebo effects, we identified 65 left DLPFC TMS
treatment trials that demonstrated potential therapeutic benefit
for non-depression indications (Table 2). The identification of 29
distinct disorders/symptoms showing response to left DLPFC
activation supports a mechanism that may not be specific to

depression but could be consistent with the activation of a non-
specific placebo network.

DISCUSSION
In the present study, we identify common regions of brain
activation (left DLPFC, sgACC/ventral striatum and rACC) and
deactivation (right dACC and basal ganglia) across neuroimaging
studies of placebo effects. Comparative analyses revealed that
many of these regions align closely with neuromodulatory
treatment sites of depression, most notably the left DLPFC and
sgACC. These results suggest that there may be overlap in the
therapeutic mechanisms of placebo effects and neuromodulatory
treatments of depression. We use these findings to offer new
insights into the complex interplay between depression and
placebo effects and offer a new framework for interpreting recent
trends in depression clinical trials.

Placebo neuroimaging literature
The vast majority of neuroimaging studies of placebo effects have
focused on placebo analgesia and administer placebo to healthy
individuals in the context of experimentally inducing pain. In fact,
it has been estimated that upwards of 80% of placebo studies
concern healthy participants only [17]. The results from our meta-
analysis show consistencies with previous syntheses of placebo
analgesia neuroimaging studies in healthy subjects [1, 4]. In these
analyses, many of the reported fronto-limbic regions were
similarly highlighted across a variety of placebo analgesia
contrasts and paradigms. Given that our analysis also included
studies from patient populations (pain and non-pain related), this
supports models proposing that placebo effects may have
common underlying cognitive-affective and reward-based sub-
strates across different disease/symptom-states [18]. Indeed, core
conceptual factors of placebo effects such as expectancies,
motivation, and anxiolysis are broadly relevant across many
clinical settings [3].
Neuroimaging research specifically investigating placebo

effects in patients with depression is very limited and only
one study met our inclusion criteria. This PET study of men with
unipolar depression reported placebo-induced regional meta-
bolic increases in many regions including prefrontal and anterior
cingulate cortices and metabolic decreases involving the sgACC,
parahippocampus, and thalamus [9]. Interestingly, this study
also included a fluoxetine arm and reported a common pattern
of glucose metabolism changes in both placebo and fluoxetine
responders. A more recent neuroimaging study using a mu-
opioid receptor–selective radiotracer [11C] carfentanil found
that anti-depressant response to placebo was associated with
increased μ-opioid neurotransmission in a network of regions
including the sgACC, nucleus accumbens, midline thalamus, and
amygdala [19]. Further research is needed to corroborate these
findings and establish a more robust signature of placebo
effects in depression and how this may or may not vary across
different clinical settings.

TMS and depression
Neuromodulation with technologies such as TMS is one of the
most promising recent advances in the management of
medication-resistant depression. TMS is a noninvasive means of
focally stimulating the brain via electromagnetic induction
through the application of rapidly changing magnetic fields [20].
TMS is safe if appropriate guidelines are followed [21] and the
efficacy of repetitive TMS for treatment-resistant depression has
been demonstrated in randomized clinical trials and has resulted
in FDA-approval of multiple devices [22]. Conventional TMS
protocols for depression involve high-frequency repetitive stimu-
lation of the left DLPFC for 3–5 days per week for 4–8 weeks [22].
The main rationale for the left DLPFC target is that it may
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represent a superficial/accessible node of the depression network,
particularly with respect to its negative connectivity with the
sgACC [23, 24]. The sgACC has been relatively consistently
reported to be hyperactive in depression and thus, given the
direction of sgACC and DLPFC connectivity, stimulation that
increases DLPFC excitability could potentially reduce and/or

normalize sgACC hyperactivity, just like sgACC disruption by DBS
may result in an increase in DLPFC activity [25].
Furthermore, the strength of functional connectivity between

an individual’s left DLPFC TMS target and the sgACC has been
shown to predict antidepressant response [26]. It is also important
to note that despite the list of different TMS target localizations

Fig. 2 Map of brain activations and deactivations associated with placebo effects. Three activation clusters (red) from a meta-analysis with
58 contrasts and two deactivation clusters (blue) from a meta-analysis with 47 contrasts were identified. Glass brain representations and
overlay with T1-weighted MRI slices in the sagittal (A), axial (B), and coronal (C) planes are displayed. Note: Images are displayed in
neurological convention. Cluster labels reflect coordinates and regions reported in Table 1. (color figure online).

Table 1. Brain regions demonstrating activation or deactivation associated with placebo effects.

Center Extrema value
coordinates

Cluster Volume (mm3) x y z Extrema Value x y z BA Hemisphere Neuroanatomic Label

Activation Clusters

1 1888 −40.8 16.1 33.7 DLPFC

0.023 −42 4 34 6 L

0.023 −38 22 36 9 L

0.021 −36 30 38 8 L

0.02 −44 12 28 9 L

2 1768 −7.9 18 −14.7 Subgenual ACC/ventral striatum

0.032 −12 18 −20 25 L

0.027 −4 16 −12 25 L

3 808 4 42.2 9.5 Rostral ACC

0.024 2 42 10 32 R

Deactivation Clusters

1 888 19.9 2.4 7 Basal Ganglia

0.02 18 8 8 R

0.017 24 2 8 R

0.016 16 −4 4 R

2 792 0.6 −4.6 45 Dorsal ACC

0.02 2 −4 44 24 R

DLPFC= dorsolateral prefrontal cortex; ACC= anterior cingulate cortex. Coordinates listed in MNI space.
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used for depression treatment—in reality, there is a range of error
in the intended target stimulated, particularly for TMS trials not
using neuronavigation [20].
Our findings that the left DLPFC and sgACC are also critical

nodes for placebo effects suggest that the previously proposed
TMS anti-depressant mechanism may directly overlap with
placebo effect mechanisms. Indeed, baseline connectivity to the
sgACC has also independently been demonstrated to predict anti-
depressant response to placebo/sham TMS [27]. Thus, despite
different labels, these circuits could represent the same or similar
therapeutic pathway. However, given the complex functional
neuroanatomy and connectivity of these regions and their sub-
regions, the exact nature and extent of potential overlap requires
further research.

Implications on measurements of efficacy
The potential shared mechanisms described above could provide
new insights towards understanding trends of failed sham-
controlled neuromodulation treatment trials of depression. Razza
and colleagues recently conducted a meta-analysis of placebo/
sham response magnitudes in TMS trials for depression [13]. They
reported a large overall placebo response effect size of 0.8 (Hedge
g, p < 0.01), but more important to the present discussion, their
meta-regression found a significant trend of increasing placebo
responses with time to present (β= 0.03, p < 0.02). This increase
could reflect multiple factors including increased therapeutic
expectations from growing hype and media attention, more
elaborate technological setups, changes in included patient
populations, and improved blinding with more realistic sham
coils [11].
Recent trials of TMS for depression have not failed because of a

lack of patient improvement in the active arm, but because both
active and placebo arms have yielded very large responses. To put

this in context, in early randomized trials of TMS, the placebo
responses were quite modest. For example, in the multi-site TMS
depression trial that gave Neuronetics FDA-approval in 2007, they
reported a 12.1% reduction of the MADRS depression score (their
primary outcome) in the placebo group (baseline versus post-
rTMS) [28]. However, in the most recent large multi-site sham-
controlled trial of TMS, Yesavage and colleagues reported an
extremely large 50% reduction in the MADRS in the placebo group
(baseline versus post-rTMS) [12]. This trial’s primary outcome was
remission rate and despite achieving a 41% remission rate in the
active TMS group, the trial was negative as they observed a 37%
remission rate in the placebo group. Another recent TMS trial also
reported very large responses in both active and sham groups
(84% overall response rate), with no significant group difference
[29]. Other examples demonstrating this trend can be found
elsewhere [13].
If placebo effects were mechanistically independent from the

anti-depressant specific effects of TMS, the trend of growing
placebo effects should not impede measurements of efficacy. This
scenario of adding large placebo effects to both trial groups, with
no overlap in effect mechanisms, preserves the ability to
demonstrate efficacy (Fig. 4B-1). However, with shared mechan-
isms, increasing placebo effects has a dramatic impact on the
ability to detect differences between the active and placebo
groups (Fig. 4B-2). In the latter scenario, placebo effects could be
essentially consuming effect size that otherwise would have been
attributed to the active TMS intervention (Fig. 4A). In this
schematic, we depict that if placebo effects are large, the DLPFC
circuit could be near maximally activated by placebo effects, and
thus active DLPFC-targeted active TMS may have little ability to
establish an incremental effect. The ceiling and dynamics of
activating this circuit requires further research and likely varies on
an individual basis. In this model, we also should note that we

Fig. 3 Placebo effects and depression treatment. Proposed rTMS and DBS targets for treatment-resistant depression are overlaid on a
surface representation of the meta-analytic placebo activation clusters associated with placebo effects (yellow-orange clusters). Left DLPFC
TMS targets and sgACC DBS targets overlap with the placebo effects clusters. For the DBS targets, right-sided coordinates adjacent to the
midline are flipped to enable display on the mid-sagittal slice. References for target coordinates for studies investigating TMS and DBS
depression treatment are listed and color-coded with the brain maps. Coordinates are presented in MNI space. sgACC= subgenual anterior
cingulate cortex, DLPFC = dorsolateral prefrontal cortex. (color figure online).
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hold other non-specific effects constant. These effects include
regression to the mean, spontaneous changes, Hawthorne effects
(changes in outcomes associated with the act of being studied/
observed) [30], and elevation bias (higher reported symptom
severity at initial/baseline assessment than actually experienced)
[31]. The overall placebo response (for a trial arm with participants
receiving placebo) includes both placebo effects and other non-
specific effects [32].

Implications for other depression treatments
So far we have focused on TMS, however, the presented line of
reasoning can likely also be extrapolated to other depression
treatments. For example, Deep Brain Stimulation (DBS) is another
neuromodulatory technology that has been investigated for the
management of treatment-resistant depression. Based primarily
on data from its use in Parkinson’s disease, DBS also yields high
placebo responses that may be greater than other less intensive
treatments [33]. Though no head-to-head comparisons are
available, principles of differential placebo effects (intensiveness,
innovation, procedural set-up, etc.) would suggest that DBS
could potentially induce even larger placebo effects than TMS
[11]. The primary DBS target for depression is the sgACC; the

deep node of the depression network that TMS attempts to
indirectly modulate via the DLPFC. In an initial open-label series
of DBS targeting the white matter adjacent to the sgACC,
dramatic responses of sustained remission were reported in
four of six treatment-resistant patients [25]. However, in the
subsequent multi-site sham-controlled trial, both groups showed
improvement and there was no statistically significant difference
in response during the sham-controlled phase [34]. DBS trials of
depression have two added layers of complexity that impact
attempts to understand and interpret placebo effects. First,
patients entering DBS trials are typically more treatment-
resistant (e.g., 4 treatment failures in the former RCT eligibility
criteria) and it has been established that level of treatment
resistance may be inversely associated with placebo effects [35–
37]. The reasons for this are not completely understood but one
main line of reasoning is that high placebo responders would
have responded to previous treatment trials and thus have been
selected out. In fact, Li et al. (2014) RCT of theta-burst TMS for
depression reported notable placebo responses in patients
with low refractoriness that disappeared in patients with
moderate-to-high refractoriness [35]. Second, DBS sham group
methods typically involve device implantation (micro-lesion) in

Table 2. Left DLPFC TMS treatment trials demonstrating potential benefit for symptoms or disorders other than depression.

Disorder/Symptom Treatment Trial

Alcohol Use Disorder Del Felice et al. 2015

Alzheimer’s Disease Ahmed et al. 2011, Cotelli et al. 2011, Cotelli et al. 2008

Anorexia Nervosa McClelland et al. 2016

Attention Kim et al. 2012*, De Raedt et al. 2010*

Bipolar Disorder Yang LL et al. 2018, Tavares DF et al. 2017

Bulimia Nervosa Guillaume et al. 2018, Claudino et al. 2010, Van den Eynde et al. 2010

Burning Mouth Syndrome Umezaki et al. 2015

Chronic Neuropathic Pain Borckardt et al. 2009

Cognitive Control Li et al. 2017*

Fibromyalgia Atlas et al. 2019, Fitzgibbon et al. 2018, Cheng et al. 2019

Food Craving Uher et al. 2005*

Opioid Use Disorder Shen et al. 2016

Dizziness Cha et al. 2016

Stimulant Use Disorder Liu et al. 2017, Su et al. 2017

Mild Cognitive Impairment Drumond Marra et al. 2015

Obesity Kim et al. 2019, Kim et al. 2017

Panic Disorder Deppermann et al. 2017

Parkinson’s Disease Aftanas et al. 2018, Lomarev et al. 2006, Dias et al. 2006

Postoperative Pain Borckardt et al. 2014, Borckardt 2008, Borckardt et al. 2006

Post-concussion Syndrome Koski et al. 2015

Posttraumatic Stress Disorder Boggio et al. 2009

Post-traumatic Headache Stilling et al. 2019, Leung et al. 2018

Progressive Non-fluent Aphasia Cotelli et al. 2012

Schizophrenia Kamp et al. 2018, Li et al. 2016, Kamp et al. 2016, Gan et al. 2015, Dlabac-de Lange et al. 2015, Wobrock et al. 2014,
Quan et al. 2014, Wölwer et al. 2014, Prikryl et al. 2013, Barr et al. 2012, Prikryl et al. 2012, Schneider et al. 2008,, Goyal
et al. 2007, Prikryl et al. 2007, Mogg et al. 2007, Rollnik et al. 2000

Social Cognition Hall et al. 2018*

Suicidal Ideation George et al. 2014

Thermal Pain Taylor et al. 2012*, Borckardt et al. 2007*

Tobacco Use Disorder Sheffer et al. 2017, Prikryl et al. 2013, Li et al. 2013, Amiaz et al. 2009, Eichhammer et al. 2003

Working Memory Beynel et al. 2019*, Hoy et al. 2015*

Studies listed in alphabetical order. TMS= transcranial magnetic stimulation, DLPFC= dorsolateral prefrontal cortex, *= Recruited healthy subjects.
See Supplementary Material for full citations.
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the targeted brain region followed by no stimulation [33]. In DBS
for depression, this micro-lesion may be occurring within the
sgACC or surrounding white matter, which could impact
generation of placebo effects associated with activation of this
region and/or adjacent regions. It is possible that similar to our
models with TMS, DBS could be competing with placebo effects
for modulating the same circuit; however, the combination of the
above considerations (which may temper placebo effects) and a
poor overall understanding of DBS’ therapeutic mechanism [38]
limit the strength of inferences in this regard.
The implications we present could also extend beyond

neuromodulation and to some extent likely impact all depression
treatments including pharmacotherapy and psychotherapy. First,
with respect to pharmacotherapy for depression, though drugs
such as SSRIs may influence a more widely-distributed set of
brain regions than targeted therapies, their response has also
been linked to shared mechanism with placebo effects [9].
Second, the potential overlap between psychotherapy and
placebo effects is a complex and controversial topic. While

“placebo effects” is a popularized label, the underlying ther-
apeutic components are largely attributed to psychophysiologi-
cal changes driven by positive expectancies (induced by verbal
suggestion, social/contextual cues, and/or conditioning) [3].
Evidence-based psychotherapies for depression specifically aim
to boost skills, thought processes and/or cognitive frameworks
similarly promoting positive expectation of recovery and hope-
fulness. Thus, it has been argued that many factors contributing
to the placebo response in drug/device RCTs, could be specific
treatment factors in psychotherapy, essentially delivering pla-
cebo effects without the “placebo” [39]. Along this line of
reasoning, studies have demonstrated that frequency and
intensity of therapist–patient interaction are among the most
critical determinants of psychotherapy efficacy [40] and that
different psychotherapy modalities share a large majority of
common therapeutic effect [39]. However, research specifically
evaluating and quantifying the potential overlap between
principles of psychotherapy and placebo effects are limited.
Two notable studies include: (i) in patients with major depres-
sion, administration of a placebo pill plus supportive care
(multiple sessions of interpersonal clinical interaction offering
support and encouragement) was more effective than the
supportive care alone [41] and, (ii) in patients with irritable
bowel syndrome, “augmented” placebo (sham acupuncture plus
scripted communication fostering warmth, attention, and con-
fidence) showed markedly greater effects than “limited” placebo
(sham acupuncture alone) [42].

Implications beyond depression
Based on our data suggesting that left DLPFC TMS may be
stimulating a common ‘placebo’ network, it would follow that
such a stimulation protocol should be effective for many
disorders beyond depression. Indeed, numerous studies have
reported beneficial effects from DLPFC-targeted TMS across the
clinical neurosciences. Furthermore, this is paired with relatively
limited disease-specific mechanistic rationales for the left DLPFC
stimulation protocol. A summary of different disorders/symp-
toms suggesting clinical benefit from left DLPFC stimulation is
presented in Table 2. These studies represent signals of possible
efficacy from sham-controlled trials; however, no indication for
left DLPFC targeted TMS other than treatment-resistant depres-
sion has met standards for FDA-approval at the present time.
Other technologies aiming to activate the left DLPFC, such as
transcranial direct current stimulation (TDCS), have shown
similar breadth of potential clinical application and thus
provides further support for this placebo hypothesis [43].
Further research interrogating the dynamics and implications
of neuromodulatory devices facilitating intrinsic placebo brain
networks is needed [44]. Finally, it is also important to note that
this common ‘placebo’ network could be alternatively con-
ceptualized as a common brain circuit that is disrupted in many
brain disorders. These conceptualizations are not mutually
exclusive and it is possible that the placebo responsiveness of
a given condition may relate to how closely its pathophysiology
overlaps with this common circuit.

Limitations and future directions
There are many important limitations that need to be
considered in the present work. First, in our placebo effects
meta-analysis, we synthesize neuroimaging data across different
disorders and include both healthy control and patient
populations. This heterogeneity was intentionally introduced
by our search strategy and, though not ideal for syntheses,
would bias us away from the present findings. Second,
comparisons of our meta-analysis results with neuromodulatory
treatment targets are descriptive and based on overlapping of
neuroimaging maps in MNI space. This comparative analysis
does not involve quantitative statistical testing and should be

Fig. 4 Implications of shared therapeutic mechanisms. A Placebo
effects and TMS treatment for depression both increase activity of
the left DLPFC. In this hypothetical schematic, if placebo effects
are elevated (right), the DLPFC circuit could be near maximally
activated through placebo effect mechanisms (ceiling effect) and
thus TMS may have little ability to establish an incremental effect.
B Hypothetical clinical trials demonstrate the different impact of
doubling placebo effects when a treatment has a therapeutic
mechanism independent of placebo effects (1) and a treatment that
may have a shared mechanism with placebo effects (2). In the
former, the effects are additive and the assay sensitivity to detect a
difference between active and placebo is preserved. However, in the
latter, increasing placebo effects effectively limits the ability to
detect a significant difference between active and placebo groups.
Other non-specific effects include regression to the mean, sponta-
neous changes, Hawthorne effects and elevation bias, which have
been held constant in the modeling above. TMS= transcranial
magnetic stimulation, DLPFC= dorsolateral prefrontal cortex.
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considered exploratory and hypothesis-generating. Third, these
analyses focus on shared neuroanatomical localizations; how-
ever, directions of connectivity in the implicated circuits may
also be relevant. High frequency left DLPFC TMS induces an
increase in cortical excitation in most subjects [45] and this
matches the activation of the DLPFC mapped for placebo
effects. However, the proposed mechanism for DBS of the sgACC
is inhibition/disruption and this is opposite to the sgACC
activation seen in our placebo effects meta-analysis. Unlike
Mayberg and colleagues’ study which showed placebo-induced
deactivation of the sgACC in a small group of patients with
depression [9], the majority of studies contributing to our meta-
analysis recruited non-depressed individuals and thus different
connectivity dynamics may exist in this region. Furthermore, the
exact mechanism of DBS and relative activation/de-activation
profile over time remains incompletely understood [38]. We
should also note that our sgACC meta-analysis cluster extends to
the ventral striatum and nucleus accumbens, a region asso-
ciated with activation during placebo effects [1]. Finally, our
study cannot delineate whether changes induced in the DLPFC
or sgACC by placebo effects is truly the same as the changes
induced by neuromodulatory devices. Even if the cortical target
were to be identical, we do not know the extent to which the
network connectivity to/from these regions in the given
therapeutic context may or may not overlap.
In order to prospectively test the hypotheses generated by

these analyses, we propose four important future lines of research
for this field. First, it will be critical to better understand to what
extent placebo effects circuits overlap with existing brain network
models (e.g., resting state networks) and specific network
conceptualizations of depression. The major challenge for the
latter is the numerous different depression network theories and
discrepant neuroimaging correlates reported across studies
(depending on definitions used, recruitment criteria, neuroima-
ging techniques, etc.). One example, the triple-network hypoth-
esis, suggests that interrelated dysfunction of the salience
network, central executive network and the default mode network
may underly changes in cognition and emotional processing in
depressed patients [46]. While there is certainly some level of
overlap between our identified placebo clusters and nodes of
these relevant networks (e.g., dACC and DLPFC), more formal
network mapping studies are needed to characterize and quantify
such overlap.
Second, prospective evaluation of whether neuromodulation

such as high-frequency left DLPFC TMS is able to increase
placebo effects independent from depression. For example, one
could compare placebo analgesic responses following sham or
active excitatory left DLPFC TMS. Interestingly, Krummenacher
and colleagues found that low-frequency “inhibitory” bilateral
DLPFC stimulation abolished placebo analgesia effects [47];
however, no studies have assessed whether placebo effects can
be independently amplified by TMS. Third, “open-hidden”
paradigms [48] could be used to assess the impact of
manipulating expectation (eg, removing the placebo effects
associated with expectation of therapeutic benefit) on the
effects of neuromodulatory treatment for depression or other
brain disorders. Fourth, and arguably most importantly, we need
more neuromodulatory studies that include a no treatment
control group. Such three-armed trials can help delineate and
quantify magnitudes of active effects, placebo effects and other
non-specific effects (spontaneous improvement, regression to
the mean, Hawthorne effects, and so on) [3]. In Fig. 4, other non-
specific effects were held constant during the placebo effects
manipulations. Further research is needed to better understand
the interactions and boundaries between placebo effects and
other non-specific effects in this field and how the latter may
vary in different treatment contexts.

CONCLUSION
We identify a set of brain regions implicated in placebo effects
across multiple paradigms and provide evidence that these
regions map overlap with neuromodulatory depression treatment
targets. This offers new insights on the complex relationships
between placebo effects and depression and may help explain
recent challenges of establishing efficacy for clinical trials in this
field. Further research is needed to prospectively evaluate the
extent of potential shared neurobiology and corroborate pro-
posed implications on clinical trial results.
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