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Background: Deep brain stimulation (DBS) is an established treatment for certain movement disorders
and has additionally shown promise for various psychiatric, cognitive, and seizure disorders. However,
the mechanisms through which stimulation exerts therapeutic effects are incompletely understood. A
technique that may help to address this knowledge gap is functional magnetic resonance imaging (fMRI).
This is a non-invasive imaging tool which permits the observation of DBS effects in vivo.
Objective: The objective of this review was to provide a comprehensive overview of studies in which
fMRI during active DBS was performed, including studied disorders, stimulated brain regions, experimental designs, and the insights gleaned from stimulation-evoked fMRI responses.
Methods: We conducted a systematic review of published human studies in which fMRI was performed
during active stimulation in DBS patients. The search was conducted using PubMED and MEDLINE.
Results: The rate of fMRI DBS studies is increasing over time, with 37 studies identiﬁed overall. The
median number of DBS patients per study was 10 (range ¼ 1e67, interquartile range ¼ 11). Studies
examined fMRI responses in various disease cohorts, including Parkinson's disease (24 studies), essential
tremor (3 studies), epilepsy (3 studies), obsessive-compulsive disorder (2 studies), pain (2 studies),
Tourette syndrome (1 study), major depressive disorder, anorexia, and bipolar disorder (1 study), and
dementia with Lewy bodies (1 study). The most commonly stimulated brain region was the subthalamic
nucleus (24 studies). Studies showed that DBS modulates large-scale brain networks, and that
stimulation-evoked fMRI responses are related to the site of stimulation, stimulation parameters, patient
characteristics, and therapeutic outcomes. Finally, a number of studies proposed fMRI-based biomarkers
for DBS treatment, highlighting ways in which fMRI could be used to conﬁrm circuit engagement and
reﬁne DBS therapy.
Conclusion: A review of the literature reﬂects an exciting and expanding ﬁeld, showing that the combination of DBS and fMRI represents a uniquely powerful tool for simultaneously manipulating and
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observing neural circuitry. Future work should focus on relatively understudied disease cohorts and
stimulated regions, while focusing on the prospective validation of putative fMRI-based biomarkers.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Together, these qualities have contributed to fMRI's emergence as
the dominant imaging technique in modern neuroscience.
Despite these advantages, fMRI has traditionally been restricted
in DBS patients because of safety concerns [4,17,18]. However, an
improved understanding of fMRI DBS safety has facilitated a
growing number of these studies [17,19e21], many of which have
provided unique mechanistic and therapeutic insights [17e21].
Findings from fMRI DBS studies are an invaluable addition to the
connectomic cannon and demonstrate ways in which the technique
could be leveraged to establish imaging-based biomarkers, conﬁrm
network engagement, and identify new targets for DBS. Accordingly, in this review, our objectives were to i) identify studies from
the existing fMRI DBS literature, ii) describe pertinent study and
subject characteristics, iii) summarize key ﬁndings, iv) outline
common technical challenges, v) uncover gaps in the literature, and
vi) highlight emerging trends. Herein, we present an exciting and
expanding ﬁeld, showing that the combination of DBS and fMRI
represents a uniquely powerful tool for simultaneously manipulating and observing neural circuitry.

1. Introduction
Deep brain stimulation (DBS) is a minimally invasive therapy in
which surgically implanted electrodes deliver constant stimulation to precisely deﬁned brain regions, thereby modulating
aberrant neural circuitry and providing therapeutic beneﬁt for
various disorders [1]. DBS is a well-established treatment for
movement disorders, including Parkinson's disease (PD), essential
tremor (ET), and dystonia, and has shown promise for a growing
list of psychiatric, cognitive, and seizure disorders [2]. To date,
over 200,000 people have been implanted with DBS worldwide
[3], while the number of registered DBS clinical trials continues to
increase [4].
To achieve therapeutic effects, DBS electrodes are precisely
targeted to stimulate speciﬁc neural substrates implicated in the
pathophysiology of various diseases. For example, in movement
disorders, these targets include the subthalamic nucleus (STN),
globus pallidus internus (GPi), and ventral intermediate nucleus of
the thalamus (VIM), which are known to be critical hubs within the
cortico-basal ganglia-thalamo-cortical circuit. Increasingly, however, there has been a shift in focus from what is being stimulated at
the local level, toward visualising what is being engaged at the
brain-wide, or network level [5]. This shift is reﬂected in the recent
proliferation of connectomic DBS studies [6e9], which have
examined the structural and functional connectivity of stimulated
brain regions and how these relate to clinical outcomes. However,
because functional imaging is seldom acquired in DBS patients
themselves, these studies have often leveraged ‘normative connectomes’. Normative connectomes serve as atlases of average
brain connectivity calculated from large cohorts of subjects. Using
normative connectomes, investigators can evaluate the connectivity of a given region in an average e or ‘normal e brain [7,10e12].
However, normative connectomes do not show connectivity within
a patient's own brain [13]. This is an important limitation, as a
patient's brain connectivity may diverge from normal brain connectivity, particularly in the context of disease (e.g. Parkinson's
disease) [13]. Furthermore, normative connectomes cannot show
DBS-evoked brain responses; they can only say how a stimulated
region is connected with the rest of the brain, not how stimulation
actually affects neural activity [10].
In contrast to normative connectomic analyses, various techniques permit the patient-speciﬁc observation of DBS effects
in vivo, including positron emission tomography (PET), singlephoton emission computed tomography (SPECT), functional magnetic resonance imaging (fMRI), electroencephalography (EEG),
and magnetoencephalography (MEG) [14,15]. Of these modalities,
fMRI e which evaluates brain activity through ﬂuctuations in
blood-oxygen-level-dependent (BOLD) signal e represents somewhat of a compromise, with better temporal resolution than PET
and SPECT, and superior spatial resolution compared to EEG and
MEG. Moreover, BOLD is an endogenous contrast that does not
require the ingestion or injection of foreign material. These factors
mean that fMRI can be used for various experimental paradigms,
including the assessment of neural activity at rest, or brain responses to a given task or stimulus [16]. The former paradigm in
particular allows for the study of functional connectivity between
distant brain regions, as measured by BOLD signal coherence [16].

2. Methods
We conducted a systematic review of all published, peerreviewed original research pertaining to DBS and fMRI studies in
humans. This review was conducted on 2nd February 2022 by
searching the MEDLINE and NCBI PubMED databases using the
exploded search terms “DBS” AND “fMRI”. The search generated a
combined total of 4866 results. All relevant articles were selected
for full-text review and had to meet the following inclusion and
exclusion criteria: i) inclusion (articles reporting fMRI responses to
active stimulation in humans), and ii) exclusion (animal studies;
reviews; conference abstracts; studies lacking neuroimaging ﬁndings; studies that did not scan patients with active stimulation).
After removing duplicate entries (n ¼ 1696), the remaining studies
were screened according to title and abstract by two independent
reviewers (C.T.C., D.G.) through Covidence (https://www.covidence.
org/). A third rater (A.L.) resolved any disagreements. After
removing studies based on title and abstract screening (n ¼ 2894),
46 studies were left for full text screening. At this stage, reviews
(n ¼ 2), animal studies (n ¼ 3), normative neuroimaging studies,
conference abstracts (n ¼ 1), safety studies lacking neuroimaging
ﬁndings, studies that did not use fMRI (n ¼ 3), and fMRI studies that
did not scan patients with DBS turned on (n ¼ 2) were excluded.
Two additional studies were identiﬁed through citation searching.
As described in PRISMA-S, citation searching is a method of identifying eligible studies by examining cited and citing references
[22]. Of the remaining 37 studies, information regarding sample
size, clinical indication and demographics, stimulation target,
stimulation parameters, and functional neuroimaging changes
were extracted. This process is summarized in Fig. 1.
3. Results
We identiﬁed 37 studies that satisﬁed the inclusion criteria
(Fig. 1). These studies are summarized in Table 1 and Table 2.
Highlighting a growing interest within the ﬁeld, the rate at which
fMRI DBS studies are being published is increasing over time
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Fig. 1. PRISMA ﬂow diagram of the screening process. This ﬁgure presents the process of identifying eligible articles to include in the systematic review, including the initial
search (‘Identiﬁcation’) and the subsequent vetting process (‘Screening’). The number of studies excluded at each step and reasons for exclusion are speciﬁed. Note: This PRISMA
ﬁgure was adapted from Page et al. [76].

studies examined PD patients. The majority of patients received
DBS targeting the subthalamic nucleus (STN), with only a handful of
studies reporting the effects of globus pallidus internus (GPi)
stimulation (n ¼ 3). These studies used all three of the aforementioned experimental designs to glean mechanistic and translational
insights into the effects of DBS on neural circuitry in PD patients.
Most commonly, PD studies employed a cs-fMRI design (n ¼ 10).
By cycling stimulation ON and OFF with the patient at rest, these
studies clearly and intuitively delineated brain regions where
stimulation alone was associated with increased or decreased BOLD
activation [23e32]. All groups examined the effects of subthalamic
stimulation, with Boutet et al. and Dimarzio et al. additionally
investigating a smaller cohort of patients with pallidal stimulation.
Across these studies, subthalamic stimulation was consistently
associated with signiﬁcant BOLD changes within the cortico-basal
ganglia-thalamo-cortical loop and cerebellum. While these brain
regions were reliably engaged, there were differences in whether
stimulation was associated with increased or decreased BOLD
activation. Indeed, subthalamic stimulation was associated with
increased BOLD activation in the primary motor cortex in n ¼ 5
studies, while two of the largest such studies demonstrated
signiﬁcantly decreased activation in this region [24,25]. The effects
of subthalamic stimulation ON > OFF across all 10 cs-fMRI studies
are summarized in Fig. 4.
Complementing ﬁndings from cs-fMRI acquisitions, several
studies (n ¼ 8) employed rs-fMRI to examine the effects of DBS on
functional connectivity in PD patients. These studies consistently
demonstrated that DBS is associated with an increase in thalamocortical connectivity [33e36], while Holiga and colleagues
showed that STN-DBS in 13 patients was associated with a greater
quantity and strength of connections of the premotor cortex [37].
Conversely, Kahan and colleagues showed that stimulation was
associated with decreased STN connectivity, including striatal-STN,
STN-thalamic, and cortico-STN (hyperdirect) connectivity [35]. Of
note, two studies using healthy controls demonstrated that STNDBS normalizes functional connectivity in PD patients towards
healthy brain states [34,38].
Studies have also investigated how DBS modulates neural activity associated with motor tasks. An early study by Hesselman and
colleagues showed, during a left-sided ﬁnger opposition task, a

(Fig. 2), with studies encompassing a wide range of disorders (i.e.
DBS indications), experimental designs, stimulated brain regions,
MRI hardware, and cohort size (Fig. 3). Findings from each DBS
indication and a summary of experimental designs used are
expanded below. On average, studies included 13 (±14)
(median ¼ 10, range: 1e67, interquartile range [IQR] ¼ 11.5) DBS
participants, with 5 studies additionally scanning non-DBS control
subjects. While an increasing number of these studies are being
performed at 3-T (T) ﬁeld strength, the majority have been performed at 1.5T (Fig. 2).
3.1. Experimental designs
Broadly speaking, fMRI DBS acquisitions could be categorized
according to three different experimental designs: i) resting-state
fMRI (rs-fMRI), in which the patient is at rest and the DBS condition remains constant (e.g. DBS turned ON or OFF), ii) cyclingstimulation fMRI (cs-fMRI), in which the patient is at rest and
DBS is periodically turned ON and OFF, or iii) task-based fMRI (tbfMRI), in which the participant periodically performs a given task
(e.g. ﬁnger tapping) while the DBS condition remains constant.
These designs were leveraged to explore the impact of DBS on brain
networks at rest (i and ii), or how DBS modulates brain activity
during simple tasks or external stimuli (iii). These different acquisitions also facilitated different types of analyses, such that rs-fMRI
acquisitions were most commonly used to study functional connectivity, while task/simulation-based studies showed areas of
relatively increased or decreased BOLD activation associated with
that task. We identiﬁed 10 studies employing rs-fMRI (i), 21 studies
using cs-fMRI (ii), and 11 studies using tb-fMRI (iii).
3.2. DBS indications
Included studies examined the effects of DBS in various patient
populations, including movement, psychiatric, cognitive, and
seizure disorders (Fig. 3A).
3.2.1. Parkinson's disease
Commensurate with the fact that PD is the most common
indication for DBS worldwide, two thirds (n ¼ 24) of all included
685
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Table 1
A tabular summary of all included fMRI DBS studies. Pertinent study characteristics are shown, including patient disease, number of subjects, DBS target, MRI hardware, and
fMRI paradigm. Finally, the key ﬁndings from each study are brieﬂy described.
Implicated areas

Key ﬁndings

DBS ON/OFF

SI, SII, Th, In, CC

DBS ON/OFF

SMC, Th, Cer, SMA,
BS, IFG

Neural activation observed; further safety testing
needed for 1.5T
Neuromodulation of the olivocerebellar and
thalamocortical circuits

Disease (n) Target Post-op to
First author
scan (n)
(yr) [reference
number]

MRI

Rezai (1999)a ET (2)
[41]
Gibson (2016) ET (10)
[40]

Vim

NS

Vim

Awad (2020)
[42]

ET (16)

cZI

Intra-op;
Post-op
(1 wk)
11 mo

1.5T
csSiemens fMRI
1.5T GE csfMRI
1.5T
Philips

DBS ON/OFF x Tasks (i.e., SMC, SMA, Cer, PMC Neuromodulation of the sensorimotor cerebellocerebral circuit; tasks demonstrate mechanisms in
postural holding;
cerebello-cerebral regions
pointing; resting)

Jech (2001)
[29]

PD (4)

STN
(3);
Vim
(1)
STN

Stefurak
PD w/
(2003) [31] depression
(1)
Hesselmann
PD (1)
STN
(2004) [39]
Phillips (2006) PD (5)
STN
[30]
Arantes
PD (4)
STN
(2006) [68]

NS

GPi, Th, SN, SC, DLPFC Neural activation in adjacent areas of stimulation; 1.5T
LPMC, CN
fMRI is feasible

DBS ON/OFF

PMC, MC, Th, Pu,
SMC, PFC, ACC

Convergence of segregated motor and nonmotor
cortico-basal ganglionic systems at STN and WMT

DoS

1.5T
Philips
3T GE

DBS ON/OFF x Task
(ﬁnger opposition)
DBS ON/OFF

SMC, Cer

Neural activation

BGe, Pu, Th, Cer, SN

fMRI in 3T MR is safe; consistent pattern of ipsilateral
activation observed
Preoperative image artefact reduction; activation of
sensorimotor cortex and basal ganglia

1e2 d
Pre-op;
Post-op
8 mo

Kahan (2014) PD (12)
[35]

STN

8 mo

Holiga (2015) PD (13)
[37]

STN

Knight (2015)
[23]
Saenger
(2017) [38]
Mueller
(2018) [33]
Hancu (2019)
[32]
Horn (2019)
[34]

STN

tbfmri
csfMRI
1.5T
tbSiemens fmri
1.5T
tbSiemens fmri

1.5T
rsSiemens fMRI;
tbfmri
DoS (1), 1 d 1.5T GE rs(11), 3 d (1)
fMRI

Intra-op
6 mo

PD (10); HC STN
(49)
PD (13)
STN

1e3 d

PD (13)

STN

4 mo

PD (20); HC STN
(15)

3 mo

DiMarzio
PD (10); no STN
(2019) [70] DBS (15)
Kahan (2019) PD (11)
STN
[36]

NS

Hanssen
PD (26)
(2019) [71]
DiMarzio
PD (23)
(2020) [26]

STN

3 mo

STN
(15);
GPi
(8)
STN

NS

STN

DBS ON/OFF

1.5T GE csfMRI

STN

DiMarzio
PD (14)
(2020) [27]
Shen (2020)
PD (14)
[24]

csfMRI;
tbfmri
1.5T
csSiemens fMRI

1 wk

Kahan (2012) PD (10)
[69]

PD (10)

Design Comparators

3 mo

NS

1.5T
Siemens
1.5T
Siemens
1.5T
Siemens
1.5 & 3T

csfMRI
rsfMRI
rsfMRI
csfMRI
1.5T GE rsfMRI
1.5 & 3T
Siemens
1.5T
Siemens

tbfMRI
rsfMRI

1.5T
Philips
1.5 & 3T
GE

rsfMRI
csfMRI

1.5 & 3T
GE
3T
Siemens

csfMRI
csfMRI

Pre-op
(1 mo);
Post-op (1,
3, 6, 12 mo)
1e3 d
1.5T
Philips

Mueller
PD (32)
(2020) [72]

STN

Gibson (2021) PD (20)
[28]
Boutet (2021) PD (67)
[25]

STN

1 wk

STN
(62);
GPi
(5)

1.4 mo

tbfmri

1.5T GE csfMRI
3T GE
csfMRI

DBS ON/OFF x Task
Modality x Task
Complexity x Laterality
DBS ON/OFF x Task
(joystick movement) x
Laterality
DBS ON/OFF x Task
(joystick movement) x
Laterality

NS

TCC

CSC, TCC, STC, SSC,
STC, CSTC

Neuromodulation of connectivity between the cortex
and thalamus; 1.5T fMRI feasible and tolerable by
patients
Distributed effects of stimulation on the resting motor
network observed

DBS ON/OFF x Pre-/Post- PMC
op

Penetration of electrodes was associated with
increased EC of functional connectivity in the
brainstem and changes in connectivity were
quantitatively related to motor improvement.
DBS ON/OFF x Awake/
PM, PMC, SMA, PPN, Neuromodulation of motor and nonmotor network
General anesthesia
CC, In
activity
DBS ON/OFF x DBS/HC
WBFC
Higher communicability and coherence of brain
measures were observed during stimulation
DBS ON/OFF x Pre-/Post- CTCC
Increased connectivity within the cortico-thalamoop
cerebellar network observed
DBS ON/OFF x Mono-/
NA
Different patterns in monopolar and bipolar
bipolar settings
conﬁgurations were observed
Th, MC, St, Cer, GPe, Motor network connectivity was dependent on
DBS/HC x Electrode
electrode placement and stimulation amplitudes.
placement; Stimulation STN, SMC
amplitude
DBS ON/OFF x
SI, CC
fMRI signatures differed between those who did and
Mechanical pain stimuli
did not have pain relief.
CSC, TCC, STC
DBS has both behaviour-independent effects on basal
DBS ON/OFF x Task
ganglia connectivity, as well as behaviour-dependent
(joystick movement) x
modulatory effects.
Laterality
DBS ON/OFF x Task
Cer, Pu, PFC
Enhancements in the prefronto-cerebellar network
(ﬁnger-tapping)
may be related to cerebellum-putament interactions
Th, GPe, phenotype DBS modulates network activity differently based on
PD phenotype x (Nondependent
patient motor phenotype.
)/Optimal lead
placement; TEED;
UPDRS-III; 3/1.5 T MRI
Frequency intensity
GPe, Cer, Th, SI
fMRI signature of frequency may have clinical utility
and feasibility.
GP, Th, Cer, M1, Pu, Concurrent DBS-fMRI using 3T revealed 2 distinct
DBS ON/OFF x DBS
circuits that responded differentially to STN-DBS and
frequency x Follow-up SMA
were related to divergent symptoms
time
DBS ON/OFF x Task
(ﬁnger-tapping) x LDOPA ON/OFF
DBS ON/OFF
DBS ON/OFF x (Non)/Optimal contacts x
(Non-)/Optimal voltage

686

Pu

Differential effects of levodopa treatment and DBS on
brain motor activity were observed

Cer, Po, Th, PCC, Occ, DBS-induced fMRI activation patterns provided
PCG, Pu, In
predictive therapeutic and adverse information.
Th, MC, Cer, iFr, Occ fMRI brain responses to DBS stimulation in PD patients
could represent an objective biomarker of clinical
response.
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Table 1 (continued )
Disease (n) Target Post-op to
First author
scan (n)
(yr) [reference
number]

Design Comparators

Implicated areas

Key ﬁndings

TCC, SMCC

Functional connectivity between the somatosensorymotor cortices and thalamus, and between the
somatosensory-motor cortices and cerebellum
decreased with STN- and GPi-DBS
STN-DBS was associated with increased functional
connectivity within the salience network and
decreased activity within the reward-related network
in the context of sweet food images.
Hemodynamic changes induced by HFS

STN
(27);
GPi
(28)
STN

rsSTN (10 mo) 1.5T
Siemens fMRI
GPi
(21.3 mo)

DBS ON/OFF

23.9 mo

1.5T
Philips

IN, SMG, Th, Am, PF
DBS ON/OFF x food
conditions (sweet vs
savory vs neutral foods)

OCD (1)

ALIC

2d

OCD (3)

NAc/
ALIC

Intra-op

3T
Siemens
1.5T
Philips

Zhang (2021) PD (55)
[73]

Steinhardt
PD (21)
(2021) [74]

Baker (2007)
[47]
Hiss (2015)
[46]

MRI

csfMRI
csfMRI;
tbfmri
1.5T GE csfMRI
3T GE
rsfMRI

Gibson (2016) OCD (4)
VC/VS Intra-op
[40]
SCC
1.2e15.7
Elias (2021)
AN (9),
[75]
Depression
(6), BD (1)
1.5T GE
Jo (2018) [43] TS (5)
CMPf Intra-op;
Post-op
(1 wk)
Gratwicke
DLB (6)
NBM 6 wk, 20 wk 1.5T
(2020) [52]
Siemens

Rezai (1999)a Pain (3)
[41]
Jones (2021) PS-pain (5);
[61]
HC (6)

Vc;
PVG
VS/
ALIC

tbfMRI

csfMRI

rsfMRI;
tbfmri
NS
1.5T
csSiemens fMRI
8 mo, 11 mo 3T
tbSiemens fmri

Middlebrooks Epilepsy (2) ANT
(2020) [57]

1e3 mo

1.5T
csSiemens fMRI

Middlebrooks Epilepsy (5) ANT
(2021) [59]

2e8 mo

1.5T
csSiemens fMRI

Sarica (2021)
[58]

1 d (1), 4 yr 3T GE
(1)

Epilepsy (2) ANT

csfMRI

(Non-)/Optimal contacts Ca, Th, ACC, Cer
x Laterality
Disgust stimuli x
NAc, ACC, St
Frequencies intensity

Intraoperative fMRI may be used to acquire additional
circuitry information regarding the pathophysiology of
OCD

DBS ON/OFF x (Non)/Mirth-inducing
DBS ON/OFF x (Non)/optimal settings

CSTC, Am, VS, Th, ACC Mood elevation is accompanied by distinct patterns of
limbic thalamocortical connectivity.
dACC, PCC, PCn, IPL Clinically optimal SCC-DBS reduced spontaneous brain
activity in several limbic areas

NA

DBS ON/OFF x Task
(attentional)

FSN, LN, MN, FN, PN fMRI can provide new insights into the basal gangliacerebellar-thalamo-cortical network-level
mechanisms that inﬂuence DBS-evoked tic reduction.
CC, iPL, DMN, FPN,
LFS can be safely conducted in DLB patients.
IPS, IPG, PCn, PCG

DBS ON/OFF

SI, SII, Th, In, CC

DBS ON/OFF x Heat
stimuli x (Un)/Affected
side x DBS/HC
DBS ON/OFF

Th, In, Op, OFC, SCC,
Hc

DBS ON/OFF x
Stimulation frequency

DBS ON/OFF

Th, ACC, PCC, PCn,
mPFC, Am, VTA, Hc,
St, AG
Hc, ACC, Am, ANT,
mPFC, VTA, PCC, PCn,
AG, PHG, mThal,
BFor, NAc
Th, VTA

Neural activation observed; further safety testing
needed for 1.5T
Neuromodulation of affective neural networks

Areas of both the default mode and limbic networks
may modulate the effect of seizure control with ANTDBS.
HFS and LFS produced different local and downstream
network effects.

Differential BOLD response patterns were associated
with varying ANT-DBS parameters (fMRI biomarkers)

Abbreviations: ACC ¼ anterior cingulate cortex, AG ¼ angular gyrus, ALIC ¼ anterior limb of the internal capsule, Am ¼ amygdala, ANT ¼ anterior nucleus of the thalamus,
BGe ¼ basal ganglia externa, BOLD ¼ blood oxygenation level dependent, BS ¼ brainstem, BFor ¼ basal forebrain, Ca ¼ caudate, CC ¼ cingulate cortex, Cer ¼ cerebellum,
CMPf ¼ thalamic centromedian parafascicular complex, CN ¼ caudate nucleus, CSC ¼ cortico-striatal connectivity, CSTC ¼ cortico-subthalamic nucleus connectivity,
ct ¼ conventional-task, CTCC ¼ cortico-thalamo-cerebellar network, cZI ¼ caudal zona incerta, d ¼ days, dACC ¼ dorsal anterior cingulate, DBS ¼ deep brain stimulation,
DLB ¼ dementia with Lewy bodies, DLPFC ¼ dorsolateral prefrontal cortex, DMN ¼ default mode network, DoS ¼ day of surgery, EC ¼ , ET ¼ essential tremor, fMRI ¼ functional
magnetic resonance imaging, FN ¼ frontal network, FPN ¼ frontoparietal network, Fr ¼ frontal lobule, FSN ¼ frontostriatal network, GE ¼ General Electric, GPe ¼ globus
pallidus externus, GPi ¼ globus pallidus internus, HC ¼ healthy controls, Hc ¼ hippocampus, HFS ¼ high-frequency stimulation, i ¼ inferior, IFG ¼ inferior frontal gyrus,
In ¼ insular cortex, IPL ¼ inferior parietal lobule, IPS ¼ intraparietal sulcus, LFS ¼ low-frequency stimulation, LN ¼ limbic network, LPMC ¼ lateral premotor cortex,
m ¼ medial, M1 ¼ primary visual cortex, MC ¼ motor cortex, MN ¼ motor network, mo ¼ months, NA ¼ not applicable, NAc ¼ nucleus accumbens, NS ¼ not speciﬁed,
Occ ¼ occipital lobe, OCD ¼ obsessive compulsive disorder, OFC ¼ orbitofrontal cortex, op ¼ operative, Op ¼ operculum, PCC ¼ posterior cingulate cortex, PCG ¼ paracingulate
gyrus, PCG ¼ precentral gyrus, PCn ¼ precuneus, PD ¼ Parkinson's disease, PF ¼ prefrontal cortex, PL ¼ parietal lobule, PM ¼ primary motor, PMC ¼ premotor cortex,
PN ¼ parietal network, Po ¼ pons, PPN ¼ pedunculopontine nucleus, PS ¼ post-stroke, Pu ¼ putamen, PVG ¼ periventricular grey, RF ¼ radiofrequency, rs ¼ resting state,
SC ¼ superior colliculus, SCC ¼ superior convexity cortex, SI ¼ primary somatosensory cortex, SII ¼ secondary somatosensory cortex, SMA ¼ supplementary motor area,
SMC ¼ sensorimotor cortex, SMCC ¼ sensorimotor cortex-cerebellar connectivity, SMG ¼ supramarginal gyrus, SN ¼ substantia nigra, SSC ¼ striatal-subthalamic nucleus
connectivity, st ¼ stimulation task, St ¼ striatum, STC ¼ striato-thalamic connectivity, SNTC ¼ subthalamic nucleus-thalamic connectivity, STN ¼ subthalamic nucleus,
T ¼ tesla, TCC ¼ thalamo-cortical connectivity, TEED ¼ total electrical energy delivered, Th ¼ thalamus, TS ¼ Tourette's Syndrome, UPDRS-III ¼ Uniﬁed Parkinson Disease
Rating Scale-III, VC ¼ ventral capsule, Vim ¼ ventral intermediate nucleus, VS ¼ ventral striatal, VS ¼ ventral striatum, VTA ¼ ventral tegmental area, w/¼ with, WBFC ¼ wholebrain functional connectivity, WMT - white matter tracts, wk ¼ weeks, yr ¼ year.
a
Rezai et al. (1999) was reported twice in this table as a study that included essential tremor and refractory pain patients.

Examining the inﬂuence of PD subtypes in a cs-fMRI study,
Dimarzio and colleagues showed variable degrees of response in
primary and secondary motor areas depending on whether patients
had tremor dominant, akinesia-rigidity dominant, or postural instability gait disorder subtypes [26]. In a recent longitudinal study with a
cs-fMRI design, Shen and colleagues revealed time-dependent effects
of subthalamic stimulation, showing decreased primary motor cortex
(M1) BOLD activation over time [24]. The same study additionally
revealed that a distinct pallido-thalamo-cerebellar circuit was preferentially modulated by high frequency, rather than low frequency

decrease in BOLD signal activation when DBS was ON compared to
OFF in the contralateral sensorimotor cortex and ipsilateral cerebellum [39]. Kahan and colleagues additionally showed stimulation
evoked modulations in cortico-cerebellar connectivity during
voluntary movement, which were not present with STN-DBS at rest
[36], suggesting that DBS has both behavior-dependent and
behavior-independent effects on motor circuitry.
Many of these studies have also explored the relationship between stimulation-evoked fMRI responses, patient characteristics,
stimulation parameters, clinical outcomes, and DBS target.
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Table 2
Summary of common ﬁndings and notable differences between comparable fMRI DBS studies.
Target cs-fMRI
Common ﬁndings

rs-fMRI
Conﬂicting ﬁndings

Common ﬁndings

tb-fMRI
Conﬂicting ﬁndings

Common Conﬂicting
ﬁndings ﬁndings

None
direction
of None
- DBS associated with increased - Conﬂicting direction of BOLD (i.e. increase - DBS associated with - Conﬂicting
identiﬁed identiﬁed
thalamo-cortical functional
an increase in
BOLD in thalamus [24,25,27e32] or decrease) response in several regions
- DBS associated with increased including M1, SMA [23,24,31], and cereconnectivity change (i.e. inthalamo-cortical
BOLD in M1 [28,29,31,32,37]
crease [33e36] or decrease
connectivity [33
bellum [24,25,27,30,31]
[73])
e36]
- DBS associated with increased
- DBS
normalizes
BOLD in cerebellum
functional
[24,27,30,31]
connectivity
- DBS associated with decreased
towards healthy
BOLD in M1 [24,25]
brain states [34,38]
- DBS associated with decreased
BOLD in SMA [24,31]
GPi
None reported
None reported
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
Less than two studies Less than two studies
Less than Less than
VIM
- DBS associated with increased None reported
two studies
two
BOLD in thalamus and
studies
sensorimotor cortex [40,41]
cZI
Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
CM-pf Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
None reported
Less than two studies Less than two studies
Less than Less than
VC/VS DBS associated with increased
two studies
two
BOLD in striatum, mediodorsal
studies
thalamus, and anterior cingulate
[47,48]
NAcc Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
SCC
Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
DLB
Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
None reported
Less than two studies Less than two studies
Less than Less than
ANT DBS associated with increased
two studies
two
BOLD signal in thalamus, cingulate
studies
cortex, precuneus, medial
prefrontal cortex [57e59]
Vc
Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
PVG Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
ALIC Less than two studies
Less than two studies
Less than two studies Less than two studies
Less than Less than
two studies
two
studies
STN

Studies are organised by DBS target. Common ﬁndings and notable differences were only identiﬁed if there were at least two studies of the same target and experimental
design. Comparisons were not made between experimental designs. Abbreviations: ALIC ¼ anterior limb of the internal capsule; ANT ¼ anterior nucleus of the thalamus;
BOLD ¼ blood-oxygen-level-dependent signal; CM-pf ¼ centromedian parafascicular complex; CZI ¼ caudal zona incerta; DBS ¼ deep brain stimulation; DLB ¼ dementia with
Lewy bodies; GPi ¼ globus pallidus internus; M1 ¼ primary motor cortex; PVG ¼ periventricular grey; SCC ¼ subcallosal cingulate cortex; SMA ¼ supplementary motor area;
STN ¼ subthalamic nucleus; VIM ¼ ventral intermediate nucleus of the thalamus; Vc ¼ nucleus ventrocaudalis; VC/VS ¼ ventral capsule/ventral striatum.

of fMRI to be used in the selection of patient-speciﬁc DBS settings [25].
Additionally, studies have directly examined the relationship between
BOLD responses and therapeutic or adverse clinical outcomes from
DBS. Using intraoperative cs-fMRI, Gibson and colleagues showed that
improvement in contralateral tremor was correlated with activation
of thalamic, brainstem, and cerebellar regions, while improvements in
bradykinesia and rigidity were most strongly correlated with activation in the primary motor cortex. Conversely, the presence of unwanted muscle contractions was correlated with striatal activation,
while nausea and paresthesias were related to sensorimotor activation [28]. Finally, studies have compared the differing effects of GPiand STN-DBS. In a cs-fMRI study, Dimarzio et al. found that GPi-DBS
(n ¼ 3 subjects) was associated with signiﬁcantly more primary

stimulation [24]. Furthermore, in another cs-fMRI study, Hancu and
colleagues demonstrated the differential effects of stimulation
conﬁguration on BOLD response (i.e. monopolar versus bipolar stimulation), showing that clinically optimal monopolar stimulation was
associated with greater BOLD activation in the thalamus and pallidum
than the equivalent bipolar conﬁguration [32]. Reinforcing these
ﬁndings, in the largest fMRI DBS study to date (n ¼ 67), Boutet and
colleagues used cs-fMRI to demonstrate that clinically optimal stimulation parameters - irrespective of active electrode contact, voltage,
and frequency - were associated with a signature of BOLD response
involving deactivation of M1 and cerebellum, and activation of the
thalamus. This signature was predictive of patients’ clinically optimal
stimulation parameters in unseen datasets, highlighting the potential
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with ipsilateral thalamic and sensorimotor cortex activation
[40,41]. Gibson et al. additionally demonstrated signiﬁcant BOLD
activation in the contralateral cerebellar cortex and deep cerebellar
nuclei. Stimulation-evoked activation in all of these regions was
signiﬁcantly correlated with the therapeutic effectiveness of DBS,
with cerebellar activation exhibiting the strongest correlations [40].
DBS of the caudal zona incerta (cZI) - a slip of grey matter between the thalamic and lenticular fasiculi - has also gained traction
as a target for the treatment of tremor. In a recent study, Awad and
colleagues employed two experimental designs, incorporating
tremor-inducing tasks (tb-fMRI), as well as rs-fMRI in 16 cZI-DBS
subjects with ET. They showed that cZI-DBS was associated with
task-dependent and task-independent modulation of sensorimotor
cerebello-cerebral regions, highlighting the complexity of stimulation mechanisms [42]. Task-independent effects (i.e. main effect
of DBS) were increased premotor activation during motor tasks and
rest, whereas, task-dependent effects were decreased activation of
sensorimotor cortex and cerebellar lobule VIII during the holding
task, with increased activation of SMA and cerebellar lobule V
during rest.
DBS has also demonstrated effectiveness in tic disorders, characterized by sudden and repetitive movements or sounds. In an csfMRI study of ﬁve patients with Tourette syndrome, stimulation of
the centromedian parafascicular complex (CM-pf) of the thalamus
was associated with signiﬁcant BOLD changes in prefrontal cortex,
parietal cortex, sensorimotor cortex, cerebellum, thalamus, basal
ganglia, and limbic areas [43]. Notably, suppression of motor and
insula networks was correlated with motor tic reduction, while
suppression of frontal and parietal networks correlated with vocal
tic reduction.

Fig. 2. Cumulative number of fMRI DBS studies over time. The overall rate of DBS
fMRI studies is increasing over time. The rate of all DBS fMRI studies is shown in blue,
while studies performed with 1.5T MRI are shown in red and studies performed with
3T MRI are shown in yellow. Abbreviations: DBS ¼ deep brain stimulation;
fMRI ¼ functional magnetic resonance imaging; No. ¼ number; T ¼ tesla.

motor cortex activation than STN-DBS (n ¼ 4 subjects) [27]. Further, a
recent rs-fMRI study found that while STN-DBS and GPi-DBS were
both associated with signiﬁcant changes in thalamo-cortical and
cortico-cerebellar functional connectivity, STN-DBS was associated
with more widespread functional connectivity changes than GPi-DBS,
including between somato-motor and visual regions [73]. A third
study included subjects with both GPi- and STN-DBS, however, the
authors did not directly compare fMRI responses between groups [25].

3.2.3. Psychiatric and cognitive disorders
DBS has increasingly been trialed for psychiatric and cognitive
indications with varying degrees of success. A greater understanding of how DBS engages psychiatric and cognitive networks is
therefore necessary to optimize therapy and reﬁne stimulation
targets. DBS for the treatment of medically refractory obsessivecompulsive disorder (OCD) has been FDA approved since 2009,
with groups targeting various substrates, including the ventral
capsule/ventral striatum (VC/VS), nucleus accumbens (NAcc), STN,

3.2.2. Other movement disorders
fMRI has additionally been used to explore the effects of DBS in
other movement disorders, including ET and tic disorders.
We identiﬁed two fMRI studies investigating ET patients
receiving DBS of the ventral intermediate (VIM) nucleus of the
thalamus. Gibson et al. and Rezai et al. employed a cs-fMRI design,
demonstrating that, similar to STN-DBS, VIM-DBS was associated

Fig. 3. Study cohorts, experimental paradigms, and stimulated brain regions. A breakdown of fMRI DBS studies by disease cohort (A), experimental paradigms (B), and
stimulated brain regions (C). For experimental paradigms, cs-fMRI denotes studies in which in which the patient is at rest and DBS is periodically turned ON and OFF (i.e. stimulation
itself is the task), tb-fMRI denotes studies in which the participant periodically performs a given task (e.g. ﬁnger tapping) while the DBS condition remains constant, and rs-fMRI
denotes studies in which the patient is at rest and the DBS condition remains constant. Abbreviations: ALIC ¼ anterior limb of the internal capsule; ANT ¼ anterior nucleus of the
thalamus; cs-fMRI ¼ cycling-stimulation fMRI; DBS ¼ deep brain stimulation; ET ¼ essential tremor; fMRI ¼ functional magnetic resonance imaging; GPi ¼ internal globus pallidus;
OCD ¼ obsessive compulsive disorder; PD ¼ Parkinson's disease; rs-fMRI ¼ resting state fMRI; STN ¼ subthalamic nucleus; tb-fMRI ¼ task-based fMRI; VIM ¼ ventral intermediate
nucleus of the thalamus; VC/VS ¼ ventral capsule/ventral striatum.
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Fig. 4. BOLD responses associated with DBS ON > OFF in PD patients. Common areas of signiﬁcant BOLD activation associated with subthalamic DBS ON > OFF across all 10 cs-fMRI
PD studies are shown. Areas of signiﬁcantly decreased BOLD activity are shown in cool colours, while areas of signiﬁcantly increased BOLD activity are shown in warm colours.
Studies commonly implicated cerebellum, basal ganglia, and sensorimotor cortex. The methods for creating this ﬁgure are described in the supplementary materials. Abbreviations:
BOLD ¼ blood-oxygen-level-dependent signal; cs-fMRI ¼ cycling-stimulation functional magnetic resonance imaging; DBS ¼ deep brain stimulation; PD ¼ Parkinson's disease.

3.2.4. Epilepsy
There is a long tradition investigating the use of brain stimulation in the treatment of seizures, and the efﬁcacy of DBS for refractory epilepsy has been evaluated with multiple randomized
trials [53e56]. Based on the ﬁndings of the SANTE trial, stimulation
of anterior thalamic nucleus (ANT) of the thalamus received US
Food and Drug Administration (FDA) approval in the United States
in 2018 [55]. Three cs-fMRI studies have evaluated the effects of
anterior thalamic nucleus (ANT) stimulation for the treatment of
epilepsy [57e59]. ANT stimulation produced activation within
several areas of the brain corresponding to the default mode and
limbic networks, including the thalamus, bilateral anterior cingulate and posterior cingulate cortex, precuneus, medial prefrontal
cortex, amygdala, ventral tegmental area, hippocampus, striatum,
and right angular gyrus. Furthermore, Sarica et al. and Middlebrooks et al. showed that these areas were not activated when
the locus of stimulation was moved away from the ANT and when
low-frequency stimulation (30 Hz) was used, further highlighting
the potential for fMRI in selecting optimal stimulation parameters
[58,59].

inferior thalamic peduncle, and bed nucleus of the stria terminalis
[44,45]. To date, two fMRI studies have explored the effects of VC/
VS-DBS, with one study investigating NAcc-DBS. These studies
leveraged cs-fMRI paradigms, with all three demonstrating ipsilateral striatal activation [46e48]. Both VC/VS studies also showed
stimulation evoked changes in mediodorsal thalamus [47,48] and
anterior cingulate, whereas NAcc-DBS was associated with
increased activation in the ipsilateral frontal lobe and thalamus
[46]. Gibson and colleagues additionally showed that stimulationevoked smiling and laughter - a well-documented side effect of
VC/VS-DBS - was associated with decreased activation of the
anterior cingulate cortex. Studies have yet to show an association
between stimulation induced fMRI responses and symptom
improvement in OCD DBS patients.
DBS of the subcallosal cingulate cortex (SCC) is a well-tolerated
investigatory treatment for major depressive disorder (MDD), bipolar disorder, and anorexia nervosa [49e51]. In a recent rs-fMRI
study, Elias et al. explored fMRI responses to SCC-DBS in 16 subjects with MDD (n ¼ 6), BD (n ¼ 1), or AN (n ¼ 9). Stimulation was
associated with increased activity in dorsal anterior cingulate cortex (dACC), posterior cingulate cortex (PCC), precuneus, and left
inferior parietal lobule. Further, stimulation-induced dACC signal
reduction correlated with immediate within-session mood ﬂuctuations and was greater at a priori clinically determined optimal
versus suboptimal settings. Moreover, immediate changes in dACC,
PCC, and precuneus activity were predictive of individual long-term
antidepressant improvement [75].
DBS has also been evaluated for cognitive disorders. In an rsfMRI study of six patients with dementia with Lewy bodies (DLB),
stimulation of the nucleus basalis of Meynert (NBM) was associated
with functional connectivity changes in the default mode network
and frontoparietal network [52]. Speciﬁcally, DBS was associated
with decreased connectivity between the posterior cingulate cortex
and the right inferior parietal lobule, with increased connectivity
between the left intraparietal sulcus and the left inferior frontal
gyrus, and the left superior parietal lobule (precuneus), and the
right paracingulate gyrus. However, there was no reported association between these network changes and improvement in
cognitive function.

3.2.5. Pain
DBS targeting various substrates has been employed for the
treatment of pain since the 1970s [60]. In one of the ﬁrst fMRI DBS
studies, Rezai and colleagues used a cs-fMRI design to investigate a
patient with leads targeting the ventrocaudalis nucleus (Vc) of the
thalamus and periventricular grey area (PVG) [41]. Vc-DBS intensities provoking paresthesias resulted in activation of the primary
somatosensory
cortex
(SI),
thalamus,
secondary
somatosensory cortex (SII), and insula. In contrast, PVG stimulation
did not activate the SI, but resulted in medial thalamic and cingulate cortex activation, potentially illustrating different network effects between the two targets.
In a more recent tb-fMRI study, Jones and colleagues examined
how DBS of the anterior limb of the internal capsule (ALIC)
modulated pain in ﬁve patients with central post-stroke pain [61].
In response to noxious stimuli, patients in the DBS OFF state
showed signiﬁcant activation in the thalamus, insula, operculum,
and orbitofrontal regions. ALIC-DBS signiﬁcantly reduced the
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neurovascular coupling may complicate interpretation of BOLD
response (e.g. decreased BOLD signal may be associated with
increased neuronal activity [47]). Finally, discordant ﬁndings may
also reﬂect a stimulation-clinical response confound, which is an
inherent and infrequently addressed feature of fMRI DBS studies
(this confound is discussed further below).
Owing to these limitations, fMRI alone e at least with conventional analyses and MRI hardware e may be insufﬁcient in developing robust physiological models of stimulation effects. To this
end, studies could instead integrate fMRI with modalities possessing superior temporal resolution, such as EEG and MEG, as well
as tools that permit more granular inspection of neuronal activity,
such as microelectrode recordings (MER). For example, fMRI could
be used for broadly identifying network hubs associated with
stimulation that could then be interrogated further with EEG, MEG,
or MER.
These limitations are less relevant when the primary goal is to
isolate a clinically useful biomarker of stimulation. In this sense, the
most important feature is that the fMRI biomarker e whether it be
a direct or indirect measure of stimulation e is tightly linked to the
clinical outcome of interest. Indeed, an unsupervised machine
learning algorithm may be trained to predict DBS clinical outcomes
based on BOLD responses with 100% accuracy, while not necessarily
offering pure neuroscientiﬁc or physiological insights.

activation of these regions. Noxious stimuli during ALIC-DBS were
additionally associated with decreased activation in the
hippocampi.
4. Discussion
A review of the fMRI DBS literature reveals a small, yet rapidly
growing ﬁeld. We identiﬁed 37 studies to date, over half of which
have been published in the last 5 years. The majority of studies have
investigated STN-DBS in PD. There was a notable paucity of GPi-DBS
studies, particularly when considering the established clinical use
of this target in PD and dystonia. The remainder of fMRI DBS studies
evaluated the effects of stimulation in emerging and experimental
indications, including psychiatric, cognitive, seizure, and pain disorders. Studies showed that DBS modulates large-scale brain networks, and that stimulation-evoked fMRI responses are related to
the site of stimulation, stimulation parameters, patient characteristics, and therapeutic outcomes. Recent studies have also proposed
fMRI-based biomarkers for DBS treatment, highlighting ways in
which fMRI could be used to conﬁrm circuit engagement and reﬁne
DBS therapy.
4.1. Limitations
We identiﬁed several limitations across the fMRI DBS literature
that should be taken into account when considering ﬁndings and
when planning future studies. Firstly, the median DBS participant
cohort size was relatively small (10), with 3 studies (PD: n ¼ 2;
OCD: n ¼ 1) including a single patient. Indeed, when excluding
non-PD indications, the average sample size was 6.1 ± 4.9 DBS
patients. This is comparable to the sample sizes of the 1000 most
highly-cited fMRI studies between 1990 and 2012 (n ¼ 12), but less
than the average sample size of fMRI studies published in high
impact neuroimaging journals (Nature Neuroscience, The Journal of
Neuroscience, NeuroImage and Cerebral Cortex) in 2017/18
(average ¼ 24) [62]. This reﬂects the logistical difﬁculties of scanning DBS patients, including a relatively small patient pool
(approximately 200,000 people have undergone DBS worldwide)
and MRI safety considerations. Despite these challenges, fMRI DBS
studies have been growing larger, with a recent study including
over 60 DBS participants with PD [25].
Secondly, while the array of experimental designs and analyses
available to fMRI investigators is an undoubted advantage of the
technique, the comparability of ﬁndings across studies is challenging. This is particularly the case when comparing rs-fMRI
studies (examining changes in functional connectivity) and taskbased studies (examining increases/decreases in BOLD response).
Future studies could utilize multiple fMRI metrics in the same
participants to better understand the relationship between
stimulation-evoked functional connectivity changes and BOLD
response.
Even when studies were directly comparable, there were inconsistencies in ﬁndings. This can be seen in Fig. 4, in which 5
studies (comprising 47 subjects) showed increased sensorimotor
cortex BOLD response with STN-DBS, while 2 large studies
(comprising 89 subjects) showed decreased response in the same
area. These seemingly contradictory results may be a function of
noise, particularly when considering differences in MRI hardware,
stimulation parameters, subject characteristics, and image preprocessing between studies. Inconsistencies may also be related to
a more general limitation of fMRI, in that it is a proxy - rather than a
direct - measure of neuronal activity that reﬂects a complex
interplay between cerebral blood ﬂow, cerebral blood volume, and
the cerebral metabolic rate of oxygen [46]. This is particularly
worth noting in pathological or aged brain states, in which altered

4.2. The stimulation-clinical response confound
To gain a clearer understanding of DBS effects, studies should
give consideration to whether BOLD responses are: i) due to the
direct effects of stimulation on the brain, ii) a reﬂection of the
clinical effects of stimulation, whether they be physical (e.g.
reduced tremor), cognitive, or affective, iii) or a combination of the
two. There are various strategies that investigators could conceivably use to answer this question, though each have their own
limitations.
Due to the latency of the haemodynamic BOLD response and the
limited temporal resolution of fMRI (~1e3 s), it is challenging to
tease apart these effects based on chronology. An example of this is
in PD, where the time between stimulation onset and symptom
change can be almost immediate. It is also difﬁcult to disentangle
these effects when the clinical response to stimulation is not readily
measurable. For example, in DBS for depression, it would be almost
impossible to gauge exactly when a patient had a change in affect
following the onset of stimulation.
For studies in which the goal is to isolate the direct effects of
stimulation on BOLD response, a more practical alternative may be
to try regress out, or completely nullify clinical responses to stimulation. This can be achieved when subjects are under general
anesthesia, rendering intraoperative fMRI a valuable opportunity
for answering mechanistic questions [23,28,40]. However, it should
also be noted that general anesthesia is a considerable confound in
and of itself, with widespread effects on brain activity and BOLD
signal [63]. For these reasons, comparisons between awake and
anesthesia-state fMRI DBS studies should be made with caution.
4.3. Technical challenges
Many studies highlighted a number of the ongoing technical
challenges associated with fMRI DBS, including MRI safety,
hardware-related susceptibility artefact, and electromagnetic
interference.
The prevailing challenge for fMRI DBS has been MRI safety,
particularly concerns regarding radiofrequency induced heating
around the DBS lead tips [17]. In order to stay within DBS-vendor
guidelines, studies have typically been restricted to scanning at
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lower ﬁeld strengths, which is reﬂected in the fact that 85% (n ¼ 28)
of included studies were performed at 1.5T. However, a growing
understanding of MRI DBS safety has led to an increasing number of
studies using 3T machines, allowing for improved signal-to-noise
ratio (SNR) and optimized sequences for maximal temporal and
spatial resolution (Fig. 2). These studies have gleaned a number of
novel ﬁndings, such as the time and frequency dependent effects of
STN-DBS, as well fMRI signatures that can be used to predict clinically optimal stimulation settings [24,25]. The boundaries of DBS
fMRI studies could be pushed yet further, with a recent study
showing preliminary evidence for the safety and improved imaging
quality of 7T MRI in an ex vivo DBS model [64].
Another consideration for studies was the artefact from DBS
leads (in the brain parenchyma) and extension wire (typically
coiled under one side of the scalp). This artefact is created by the
magnetic susceptibility of certain materials and causes signal
dropout in the area around the hardware. Unfortunately, this
means that signal loss can encompass relevant network hubs,
including the region in the immediate vicinity of the target (e.g.
STN), as well as cortical areas (e.g primary motor cortex). To account for these artefacts, studies have typically avoided analyzing
implicated regions altogether by performing unilateral stimulation
only (contralateral to the coil of excess of extension wire), or by
segmenting and masking areas of signal loss. Notably, one study
hinted at the potential utility of including regions of artefact in
analyses, showing BOLD signal coherence between the areas
immediately surrounding bilateral electrodes [34]. Future studies
should investigate the extent to which these areas of artefact can be
used in analyses, if at all.
Finally, studies have contended with concerns regarding electromagnetic interference (EMI) during fMRI acquisitions (i.e. the
interaction of radiofrequency pulses with the electrical current
from DBS). For this reason, a number of studies have elected to use
bipolar, rather than monopolar stimulation (which is more clinically used), as bipolar stimulation is theoretically less susceptible to
EMI. However, recent phantom studies have shown minimal EMI
from monopolar stimulation [19,21], as well as different BOLD responses between similar bipolar and monopolar conﬁgurations
[32]. These ﬁndings suggest that studies should scan with the most
clinically-relevant conﬁgurations, including monopolar stimulation, when it is safe to do so.

The combination of LFPs and fMRI in particular would provide rich
and complementary data that could examine response to DBS with
excellent temporal and spatial resolution. Finally, future studies
should incorporate fMRI DBS into clinical trials to prospectively
validate the technique as a tool for reﬁning DBS therapy.
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