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ABSTRACT
Repetitive transcranial magnetic stimulation (rTMS) is a tool that can be used to administer treatment for neuro-
psychiatric disorders such as major depressive disorder, although the clinical efficacy is still rather modest. Overly
general stimulation protocols that consider neither patient-specific depression symptomology nor individualized brain
characteristics, such as anatomy or structural and functional connections, may be the cause of the high inter- and
intraindividual variability in rTMS clinical responses. Multimodal neuroimaging can provide the necessary insights into
individual brain characteristics and can therefore be used to personalize rTMS parameters. Optimal coil positioning
should include a three-step process: 1) identify the optimal (indirect) target area based on the exact symptom pattern
of the patient; 2) derive the cortical (direct) target location based on functional and/or structural connectomes derived
from functional and diffusion magnetic resonance imaging data; and 3) determine the ideal coil position by
computational modeling, such that the electric field distribution overlaps with the cortical target. These TMS-induced
electric field simulations, derived from anatomical and diffusion magnetic resonance imaging data, can be further
applied to compute optimal stimulation intensities. In addition to magnetic resonance imaging, electroencephalog-
raphy can provide complementary information regarding the ongoing brain oscillations. This information can be used
to determine the optimal timing and frequency of the stimuli. The heightened benefits of these personalized stimu-
lation approaches are logically reasoned, but speculative. Randomized clinical trials will be required to compare
clinical responses from standard rTMS protocols to personalized protocols. Ultimately, an optimized clinical response
may result from precision protocols derived from combinations of personalized stimulation parameters.

https://doi.org/10.1016/j.bpsc.2021.11.004
Major depressive disorder (MDD) is one of the earliest, most
well-recognized mental disorders and is a major contributor to
the overall global disease burden (1). Symptoms include mood
disturbances, anhedonia, weight changes, abnormal sleep
patterns, psychomotor alterations, tiredness, persistent feel-
ings of worthlessness, loss of focus, and potential suicidal
thoughts (2). Because diagnosis entails patient reports of at
least five of nine symptoms, there are several hundred unique
combinations of clinical symptoms. This makes depression a
highly heterogeneous disorder (2). Approximately 1 of 3 pa-
tients do not respond to current available treatment options,
such as psychotherapy and pharmacotherapy (2). Alternative
treatment options are needed to improve the response and
remission rates.

Transcranial magnetic stimulation (TMS) is a biomechanical
tool that can be used to noninvasively interfere with ongoing
neuronal activity in the brain (3). The duration of the effects of
repetitive application of stimuli outlasts the actual period of
stimulation, making repetitive TMS (rTMS) a potential treat-
ment option for a broad variety of neurologic and psychiatric
disorders (4). High-frequency rTMS applied to the left dorso-
lateral prefrontal cortex (DLPFC) using a figure-of-eight or an
H1-coil has level A evidence (i.e., definite efficacy) for the
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treatment of depression (5). Moreover, level B evidence
(probable efficacy) was obtained for low-frequency rTMS of the
right DLPFC and bihemispheric stimulation, combining right-
sided low-frequency rTMS (or continuous theta burst
stimulation) and left-sided high-frequency rTMS (or intermit-
tent theta burst stimulation) (5). The overall clinical response
rates remain rather modest, irrespective of the chosen rTMS
protocol. According to a meta-analysis by Berlim et al. (6),
29.3% and 18.6% of subjects with depression who received
rTMS responded (i.e., $50% reduction in Hamilton Depres-
sion Rating Scale) or remitted (i.e., Hamilton Depression
Rating Scale #8), respectively. Heterogeneous effects across
individuals are very common. This heterogeneity could
potentially be attributed to the application of too general
one-fits-all rTMS protocols for a broad patient population.

Owing to the large parameter space, including coil position
and orientation, stimulation intensity, stimulation frequency,
pulse frequency, number of pulses, number of sessions, and
intersession intervals, there are innumerable ways in which
rTMS can be administered. At present, stimulation protocols
are derived from knowledge about the neuropathology that
needs to be treated. These one-fits-all stimulation protocols do
not take into account interindividual variations in brain
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characteristics that can be extracted from multimodal neuro-
imaging. For example, anatomical magnetic resonance imag-
ing (MRI) can provide detailed information about individual
anatomy. Furthermore, advanced MRI data can be used to
derive connectivity maps between brain regions on the indi-
vidual level, further referred to as individualized connectomes
(7,8). For example, resting-state functional MRI (rs-fMRI) can
reveal information about brain function and functional net-
works, and diffusion-weighted MRI (DW-MRI) can provide in-
formation about the white matter networks with high spatial
resolution. Because psychiatric disorders such as MDD are
being newly conceptualized as disorders of brain networks
instead of single brain regions, network imaging is important
for the understanding of both pathology and treatment
response (9,10). In addition to MRI, electroencephalography
(EEG) provides complementary information by recording
electrical activity within the brain with a high temporal resolu-
tion. Previous work shows that the brain’s excitability state,
derived from EEG data, can be used to administer stimulation
at the optimal timing (11). Furthermore, stimulation frequencies
can be adapted to individual firing frequencies (12,13).

Here, we describe ways in which multimodal imaging may
be used to determine patient-specific stimulation parameters.
These personalized rTMS protocols could reduce variability in
clinical outcomes and thereby potentially increase overall
clinical efficacy (14–16). Information on the search criteria can
be found in the Supplement. Recently, Modak and Fitzgerald
(17) published a systematic review on the added value of
personalizing TMS protocols for the treatment of depression. It
was suggested that personalized protocols, derived from
various neuroimaging techniques, tend to be more effective
than standard TMS. The Stanford Accelerated Intelligent
Neuromodulation Therapy trial is a recent example of an
evidence-based indication that personalized rTMS may play a
role in enhanced treatment efficacy (18). A remission rate of
86.4% was reported, which is significantly higher than open-
label remission rates reported earlier.

In this paper, new developments are discussed and rec-
ommendations for future personalized rTMS protocols are
offered. To do this, we focus on the stimulation parameters
that can be personalized using multimodal imaging tech-
niques: coil position, stimulation intensity, timing, and
frequency.
TMS TARGETING

The brain area that is affected by TMS depends on the position
of the TMS coil on the scalp. Because of physical properties,
the TMS-induced electric field is strong enough in the super-
ficial layers of the cortex to interfere with neuronal activity.
Deeper brain structures can be reached, but because of the
depth focality trade-off, it is impossible to directly target deep
brain structures without stimulating more superficial structures
that are closer to the stimulation coil (19). However, even
though stimulation is commonly administered to a single brain
region using a figure-of-eight coil, the effects propagate via
distributed functional and/or structural networks (20–26). As
such, rTMS is conceptualized as a brain circuit therapy (8).

The left DLPFC is the most used stimulation target for an-
tidepressant treatment, although other cortical targets have
Biological Psychiatry: Cognitive Neuroscience and N
been suggested (7,27,28). The 5-cm rule, which requires
identification of the motor cortex and moving the coil 5 cm in
the rostral direction, is still often used to position the stimula-
tion coil over the DLPFC. However, this 5-cm rule does not
consider interindividual differences, such as the head size and
shape, making this method suboptimal (29,30). Together with
the findings that more anterior stimulation sites led to a better
clinical response, the 5.5-cm or even 6-cm rules are currently
in use (31,32). Alternative methods have been proposed to
localize the DLPFC based on the 10–20 EEG system (33–36) or
anatomical MRI in combination with neuronavigation (37,38).
None of these methods consider differences in individual brain
connectivity.

In this section, we propose a pipeline for optimal coil
positioning at the scalp based on neuroimaging that involves
three steps. A distinction is made between the coil position at
the scalp, the direct targets (also referred to as cortical targets),
and the indirect targets (i.e., deeper brain regions that are likely
to contribute to clinical response).

Optimal Indirect Targets for Depression Treatment

The subgenual anterior cingulate cortex (sgACC) has received
much attention as an indirect target for rTMS treatment (Figure
1A) (21,32,39,40). It has been linked to depression and clinical
response across diverse antidepressant treatment modalities
(41). An important recent study showed further evidence that
the sgACC is part of the general depression circuit (42). It was
shown that the depression circuits, derived by correlating
depression scores with functional connectivity maps from
lesion data, and TMS and deep brain stimulation sites
converge (42,43). To date, it remains unclear whether the
sgACC is the only indirect target for depression treatment or if
it is even the most important indirect target.

Connectome-Based Cortical Target Derivation

Functional Connectivity. Using a priori knowledge
regarding the role of the sgACC in the clinical effectiveness of
rTMS studies, investigations have focused on the link between
clinical response and sgACC connectivity with the direct
cortical target in the left DLPFC. rs-fMRI showed that the
functional anticorrelation between the DLPFC and sgACC is
associated with clinical outcomes of rTMS in patients with
depression, suggesting that the spot with the highest func-
tional anticorrelation may be an optimal cortical stimulation
target for MDD treatment (Figure 1B) (32,44–46). It should be
noted that a recent study could not replicate these findings
(47). More recently, a relationship between the distance be-
tween the actual stimulation site and the individual’s optimal
stimulation site, defined based on sgACC anticorrelations, was
shown in two independent studies using individual rs-fMRI
data (16,48) (Figure 2).

Normative Versus Individualized Functional Con-
nectome Data. It is challenging to obtain robust individu-
alized connectomes. Limbic regions are prone to low signal-to-
noise ratios given their physical proximity to artifact-generating
anatomy (e.g., sinus cavities). This is unfortunate for neuro-
psychiatric treatment planning because functional localization
within the limbic network is crucial for indirect target
euroimaging June 2022; 7:536–545 www.sobp.org/BPCNNI 537
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Figure 1. Contribution of various magnetic reso-
nance neuroimaging (MRI) modalities to personalize
repetitive transcranial magnetic stimulation (TMS)
parameters for depression treatment. (A, B, D) The
proposed three-step approach to determine the
optimal coil position. A priori knowledge about the
pathophysiology of major depressive disorder can
be used, also including the subjects’ symptom
profile, to determine the optimal indirect stimulation
target. This can be a deep brain structure, such as
the subgenual anterior cingulate cortex (sgACC) (A).
Subsequently, functional and structural connectome
information, derived from resting-state functional
MRI (rs-fMRI) (B) and diffusion-weighted MRI (DW-
MRI) (D), can be used to define the cortical target. (F)
TMS-induced electric field simulation can help to
determine coil position and orientation at the scalp
such that there is maximal overlap between the
TMS-induced electric field and the cortical target.
Instead of simulating a TMS-induced electric field
based on a coil position and a head model, an in-
verse method can be used to derive the coil position
and orientation given a cortical target area. A com-
parable inverse method can provide information
about the stimulation intensity if the preferred elec-
tric field strength in the cortex is set a priori. (E)
These individual computational models require
anatomical MRI data for the generation of an indi-
vidual head model, including segmentation. These
models benefit from incorporation of DW-MRI (D)
data because the direction-dependent conductivity

values can be derived from fiber tracts. Anatomical data can furthermore be used to correct the stimulation intensity for the coil-cortex distance (C). E-field,
electric field; MNI, Montreal Neurological Institute.
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determination and subsequent connectivity analyses. To
compensate for the poor signal-to-noise ratio of individualized
connectomes, relatively long scanning sessions are required
that might be hard for patients to tolerate and logistically un-
feasible (49–51).
A B C

with respect to baseline. For the derivation of the individualized optimal stimulatio
functional magnetic resonance imaging data were used. This study included 26
response after 6 weeks of repetitive transcranial magnetic stimulation treatment w
resonance imaging data were collected to define the individual’s optimal stimula
studies, significant (p , .001 and p , .005) and negative correlations (R = 20.6
ulation was administered to a position closer to one’s individual optimal stimulatio
publishers.]
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Given these limitations, average connectomes (also referred
to as the normative connectome) were developed (52). These
publicly available normative connectomes are more robust and
have also shown their potential value in a large range of clinical
applications (32,44,45,53). However, these normative
Figure 2. Relationship between the proximity to
personalized stimulation sites and clinical responses
to repetitive transcranial magnetic stimulation for
depression treatment was shown by two indepen-
dent retrospective studies [Cash et al. (16) and Sid-
diqi et al. (48)]. (A) Examples of the distance between
the actual stimulation position that was used for
treatment (derived from beam F3 method in Cash
et al. and 5.5-cm rule in Siddiqi et al.) and the pre-
sumed optimal stimulation target, defined as the
mean of the cluster with the highest anticorrelation
with the subgenual anterior cingulate cortex. (B, C)
The relationship between these distances and clin-
ical responses. (B) Clinical improvement was
defined as the change in Montgomery–Åsberg
Depression Rating Scale (MADRS) measured after 3
weeks of repetitive transcranial magnetic stimulation

n targets, 13 minutes (2 sessions of 6 min 40 s concatenated) resting-state
subjects. (C) Beck Depression Inventory (BDI) was used to define clinical
ith respect to baseline, and 28 minutes of resting-state functional magnetic
tion site. In this study, 25 patients with depression were included. In both
) were found, indicating that the clinical response increased when the stim-
n site. [Reproduced from Cash et al. and Siddiqi et al. with permission from
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connectomes are, by definition, unable to represent individual
differences in connectivity.

A direct comparison between the use of individual MRI data
and normative connectome data was performed by Cash et al.
(45) and Siddiqi et al. (54). Both studies found similar results
using these types of connectomes in predicting clinical re-
sponses based on the connectivity between the stimulation
site and the sgACC at the group level. However, a slight trend
toward better prediction using the individual data was reported
(45).

Recently, the importance of using individual data to derive
TMS targets was emphasized in a follow-up study by Cash
et al. (55). Their observations showed that the interindividual
variability of TMS target sites was a factor up to 6.85 times
higher than the intraindividual variability using individual MRI
data. This result confirms that individual targets do not
converge to group-average positions, arguing in favor of using
individual rs-fMRI data. In addition, this study showed high
test-retest reliability of TMS targets in contrast to previous
work by Ning et al. (56).

A few clinical trials prospectively implemented the use of
individualized connectomes to determine the cortical target
based on the functional connectivity with the sgACC
(18,57–59). These studies showed promising clinical efficacy,
emphasizing the need for future larger trials to investigate the
effect of personalized coil positioning in more detail.

Structural Connectivity. The effects of TMS also propa-
gate throughout the brain via structural connections
(22,24,60,61). A recent TMS-EEG study combined with rs-fMRI
and DW-MRI showed that propagation of TMS effects prefers
to follow structural rather than functional pathways (23). TMS
coil positioning based on structural connections has not yet
been extensively studied (Figure 1D). It is not straightforward to
reproduce findings from rs-fMRI with DW-MRI data because
there might be no direct structural connections with the
sgACC, as shown earlier in tracer studies in primates (62). A
first attempt indicated that indirect connections between the
stimulation site in the left DLPFC and the caudal and posterior
parts of the cingulate cortex were correlated to the clinical
response to an accelerated rTMS protocol (20).

Symptom Specificity

Defining optimal indirect and related direct stimulation targets
is further complicated by the possibility that these might differ
between subjects with the same pathology. Weigand et al. (32)
investigated the potential of resting-state functional connec-
tivity between the DLPFC and the sgACC to predict the clinical
response to rTMS in subgroups of patients with cognitive,
affective, and somatic symptoms. sgACC connectivity was a
significant predictor of improvement in subjects with cognitive
and affective symptoms. Siddiqi et al. used the lesion network
mapping technique to show that optimal cortical stimulation
targets may be symptom specific (54). Here, brain networks
related to specific depression symptoms were determined by
clustering symptom-response maps. The proposed optimal
target for dysphoric symptoms was close to the left DLPFC
location with the highest anticorrelation with the subgenual
cingulate cortex, whereas the target for anxiosomatic
Biological Psychiatry: Cognitive Neuroscience and N
symptoms was located more medial and posterior in Brod-
mann area 8. Earlier, Drysdale et al. also showed a relationship
between symptom profiles, resting-state connectivity, and
clinical responses to rTMS (63). Four depression subtypes
were defined, and the subtype mostly related to anhedonia
showed the most clinical response to rTMS applied to the
dorsomedial prefrontal cortex. However, this depression sub-
typing could not be replicated by Dinga et al. (64).

Value of Computational Models for Coil Positioning

Most often, simple projections are used between the coil po-
sition at the scalp and the assumed direct cortical stimulation
region. However, subject-specific brain geometries uniquely
shape the electric fields induced by TMS (65–67). Therefore,
the peak of the TMS-induced electric field is not always
located directly underneath the stimulation coil, and hence the
projection method is not optimal to convert between the coil
position and the cortical target.

Computational modeling (Figure 1E, F) of the TMS-induced
electric fields can provide insights into the brain areas that are
affected by the stimulation. Individual head models for such
computational models can be derived from anatomical MRI
data (Figure 1E). These head models are segmented in
different tissue types with specific conductivity values. In
addition, DW-MRI data (Figure 1D) can be used for more ac-
curate orientation-specific conductivity mapping (68,69).

Pipelines that are based on a predetermined cortical target
and subsequently derive the optimal coil position and orien-
tation by maximizing the magnitude or a directional component
of the TMS-induced electric field in this predefined target re-
gion were recently proposed (70–72). Whereas Balderston
et al. (71) defines the coil position based on the projection from
the cortical target to the scalp and iterates the coil orientation
at that position, Dannhauer et al. (70) iterates over both coil
location and orientation, using an auxiliary dipole method that
allows for fast computation of TMS-induced electric fields (73).
Both pipelines define the optimal coil orientation as the one
that induces the maximum electric field strength in the pre-
defined target. In addition, the pipeline by Dannhauer et al. (70)
has the option to maximize a directional component of the
electric fields.

Coil Positioning Based on Concurrent TMS-fMRI

The use of concurrent TMS-fMRI techniques could also aid in
determining the coil position. The causal effects of TMS in the
modulation of brain networks can provide a direct proof of
target engagement, i.e., activation of the indirect target (19,74).
Vink et al. (75) showed activation in the sgACC in 4 of 9 healthy
subjects who received single TMS pulses to the DLPFC,
determined by the 5-cm rule, during fMRI scanning. Recently,
Oathes et al. (76) used resting-state guided TMS-fMRI to
provide proof of downstream target engagement of the
sgACC. Note that the use of concurrent TMS-fMRI techniques
limits the optimal coil positioning pipeline to a two-step
process.

STIMULATION INTENSITY

To date, stimulation intensity is the only stimulation parameter
that is derived from subject-specific characteristics.
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http://www.sobp.org/BPCNNI


Personalizing rTMS Using Multimodal Neuroimaging
Biological
Psychiatry:
CNNI
Stimulation intensity is most often expressed as a percentage
of one’s resting motor threshold (rMT), defined as the minimal
stimulation intensity that induces a reliable motor evoked po-
tential (MEP) of minimal amplitude in the targeted muscle (77).
According to this gold standard, individual adjustment for
stimulation intensity is purely based on the electrical respon-
sivity of the primary motor cortex. Previous work showed
variation in response to TMS in the prefrontal and motor
cortices (78).

Variation between coil-cortex distance in the motor cortex
and other stimulation regions could cause a deviation in
effective stimulation intensity. Stokes et al. (79) proposed a
method to derive a corrected rMT for distinct stimulation sites
based on differences in the coil-cortex distance. These dis-
tances can be extracted from anatomical MRI data (Figure 1C).
However, adjusting the stimulation intensity to account for
individual coil-to-cortex distance did not enhance the efficacy
rates in a previous trial by Blumberger et al. (80).

To address this issue more accurately, simultaneous TMS-
fMRI or TMS-EEG might help to further optimize subject-
specific stimulation intensities and to validate the correction
method proposed by Stokes et al. (79). Dose (i.e., intensity)-
response relationships can be derived by systematically
varying stimulation intensity (19). Responses can be quantified
by means of blood oxygen level–dependent activity or TMS-
evoked potentials.

Furthermore, computational models may help to determine
the optimal stimulation intensity. Caulfield et al. (81) recently
published a personalized E-field X motor threshold method for
dosing based on electric field simulations. The proposed
approach combines the ability of rMT to determine cortical
electric field strengths (derived from electric field simulations at
the motor cortex) necessary to induce neuronal activity with
the knowledge that electric field strengths scale linearly with
stimulation intensity. Hence, the required intensity necessary
to induce neuronal activation in the DLPFC can be derived by a
linear scaling of the (random) intensity used to perform electric
field simulation at the DLPFC by the ratio of the simulated and
intended electric field strengths in the DLPFC.
STIMULATION TIMING AND FREQUENCY

The effects of rTMS differ not only between subjects but
also within subjects and across and even within sessions
(82). Even though animal studies already suggested that this
540 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging J
variability might reflect dynamics in brain state, this phe-
nomenon was for a long time mostly ignored in human
research (83,84). In 2008, Silvanto and Pascual-Leone (85)
described the potential importance of the baseline cortical
activation state when applying TMS. Ongoing brain oscilla-
tions can reveal information about the brain’s excitability
state (Figure 3) (86). This information is currently not incor-
porated in brain stimulation protocols (at least not in clinical
settings), which might add to the heterogeneous outcomes
(87). The neuron’s excitability state during the application of
stimuli is an essential factor that determines the capabilities
of the induction of synaptic plasticity within neuronal net-
works. Based on this fact, it can be hypothesized that the
efficacy of rTMS can be enhanced when the stimulation is
tuned to instantaneous phase or power values that reflect
high excitability states (88). Real-time analysis of EEG data
combined with a forward prediction model allows optimal
timing of the TMS pulses at a preferred brain state. This
method is further referred to as brain oscillation–
synchronized rTMS (89,90).

The impact of brain oscillation–synchronized TMS applied
to the motor cortex in healthy subjects was represented in
different MEP sizes (11,91). The negative peak of the m-rhythm
(part of the alpha rhythm extracted from the motor region),
extracted from EEG data at the motor cortex, was associated
with a high excitability state, whereas the positive peak rep-
resented low excitability. Hence, motor cortex stimulation
during negative peaks of the m-rhythm resulted in significantly
higher MEPs (11). As a first step toward future brain oscillation–
synchronized rTMS treatment for depression, single-session
alpha-synchronized rTMS applied to the left DLPFC was
investigated and showed to be feasible and safe (92). Clinical
trials with repeated alpha-synchronized stimulation sessions to
investigate the therapeutic potential and efficacy of brain
oscillation–synchronized rTMS in MDD compared with current
rTMS therapies are warranted.

Combining brain oscillation–synchronized rTMS with real-
time functional brain imaging can be considered an ideal
method to combine optimal targeting (based on concurrent
TMS-fMRI) and administering TMS pulses during predefined
brain states. The feasibility of a concurrent TMS-EEG-fMRI
system has been shown (93), and this setup was used to
show the influence of pre-TMS alpha power on distributed
effects in the motor network (94). However, combining the
three techniques is challenging.
Figure 3. Contribution of electroencephalography
to personalization of the timing and frequency of
stimulation. Effects of stimulation are thought to be
more pronounced if the pulses are administered
during the brain’s hyperexcitability state. Previous
work used five electroencephalography electrodes
to derive brain waves and used negative peaks
(troughs) as the optimal timing of stimulation. Indi-
vidualized stimulation frequencies, for example for
theta burst stimulation, could also be extracted from
electroencephalography.
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EEG also reveals information about the individual firing
patterns. Because every individual has different rhythmic firing
patterns, it can be hypothesized that the stimulation frequency
to obtain clinical effects from rTMS is also subject specific and
can be personalized for rTMS treatment. Concretely, this
means that standard 10-Hz rTMS treatment protocols could
become more effective if the frequency is tuned to an indi-
vidual frequency. Previous work showed that smaller de-
viations between the individual alpha frequency and the
stimulation frequency (10 Hz) were related to better responses
to 10-Hz rTMS in patients with depression (13,95). There are
various ways to define and calculate the optimal individual
stimulation frequency (12,96). In addition to a role of frequency
in standard rTMS protocols, Chung et al. (97) highlighted the
importance of the stimulation frequency in intermittent theta
burst stimulation protocols by comparing 30-Hz bursts
repeated at 6 Hz, 50-Hz bursts at 5 Hz, or individualized fre-
quency in healthy volunteers. In contrast to the two standard
protocols, individual intermittent theta burst stimulation
significantly increased the amplitude of the TMS-evoked po-
tentials at specific latencies.

CHALLENGES TOWARD CLINICAL
IMPLEMENTATION

All methods for personalization as described in this manuscript
require additional time and effort. It is therefore of paramount
importance to prove the superiority (and not simply the non-
inferiority) of personalization before these methods can be
adopted in daily clinical practice. It is not known if all param-
eters that can be personalized have equal added value.
Standard pipelines to obtain these personalized parameters
from neuroimaging data are necessary to extract these pa-
rameters in clinical settings.

Imaging Limitations

Although some previous works used normative connectome
data to derive stimulation targets, the methods described in
this paper might benefit from the use of individual connectome
data (55). A disadvantage is that they require advanced brain
imaging technologies that are not universally available. In
addition, rs-fMRI time series are contaminated by many non-
neuronal sources of noise, and it remains challenging to
accurately reconstruct individual structural pathways (98–100).
There is a significant variability between scanners and pro-
tocols, which makes it challenging to obtain and use truly
quantitative measures (101,102). One potential compromise
between individual and normative connectome methods might
be the use of demographically specific connectomes that ac-
count for stable neurodiversity, for example, sex- and age-
based connectomes or pathology-based connectomes. Ini-
tiatives to develop demographically specific connectome
methods for MDD treatment are currently underway (http://
banda.mit.edu/ and http://enigma.ini.usc.edu/ongoing/
enigma-mdd-working-group/).

Even though electric field simulations can provide valuable
information about optimal coil position and orientation at the
scalp and stimulation intensity, state-of-the-art head modeling
methods are only an approximation of true individual anatomy.
In particular, potential segmentation errors, limited number of
Biological Psychiatry: Cognitive Neuroscience and N
tissue types, and the use of standard conductivity values might
lead to various sources of inaccuracies (103,104). Moreover,
currently there is no consensus on the threshold that should be
applied to simulated electric field distributions to select only
the gray matter regions that are activated. Standard depres-
sion treatment mostly uses a stimulation intensity of 120% rMT
at the left DLPFC. Some studies used a threshold of 83% to
comply with the proven activation, i.e., induction of MEPs,
when stimulating the motor cortex at rMT (22), and a person-
alized E-field X motor threshold method could also provide
insight in this threshold (81). This would lead to distributions
with a width of approximately 2 cm. However, unexpected
focality was shown by Romero et al. (105), who studied the
effects of single TMS pulses on the single-cell level; single
neurons in an area ,2-mm diameter in the cortex were
affected. In addition, knowledge about effective electric fields
and consecutive TMS signal propagation could benefit from
coupling these fields with DW-MRI–derived fiber pathways
(3,60,106). Furthermore, it must be stated that subthreshold
effects might also play a role in the responses to TMS (26).

Alpha oscillations could be used to derive the optimal timing
and personalized stimulation frequency. However, DLPFC
alpha oscillations are not easy to extract because of a low
signal-to-noise ratio in rest. An algorithm to automatically
reject EEG power spectra that do not contain a clear alpha
peak was recently published (96). Individually optimized spatial
filters might improve the signal-to-noise ratio in the preferred
frequency range in EEG (107). These filters could further benefit
from beamforming techniques incorporating information about
the individual’s structural brain connections.

Randomized Controlled Trials: Investigating
Superiority of Personalized Stimulation Parameters

While there is an emerging body of evidence to support the
vision for personalized brain stimulation, large, potentially
multicenter, prospective clinical trials in which patients with
highly treatment-resistant depression are randomized to
receive standard rTMS procedures (in practice usually without
neuronavigation) versus personalized protocol are required
(17). To prevent patients from having different placebo effects
due to varying treatment duration (caused by the additional
steps necessary for personalization), the pipeline to derive
personalized stimulation parameters should be done for both
groups. Only one group actually receives personalized stimu-
lation. We anticipate that the added value of personalization
(compared with standard rTMS) could achieve a moderate
effect size (Cohen’s d w 0.35). In line with Cole et al. (18), we
believe that more patients will remit (instead of solely respond)
after personalized treatment. A randomized controlled trial
should include 204 subjects (102 per group) to show this po-
tential added value of personalized protocols compared with
standard protocols (power = 0.8, alpha = 0.05) (108).

CONCLUSIONS

Antidepressant treatment by rTMS has shown promising re-
sults. However, treatment efficacy is hampered owing to the
diversity in depressive symptoms and neural phenotypes and
the use of overall one-fits-all stimulation protocols. We pro-
pose that rTMS parameters can be personalized by using
euroimaging June 2022; 7:536–545 www.sobp.org/BPCNNI 541
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multimodal neuroimaging techniques for delivering higher-
precision interventions. These personalized stimulation pro-
tocols may reduce variability in treatment response and in-
crease overall clinical effectiveness. We anticipate that optimal
clinical effectiveness may ultimately be achieved using treat-
ment protocols integrating these personalized stimulation pa-
rameters. Even though the focus is on treatment for patients
with depression, the methods proposed here may easily be
translated to the treatment of other neuropsychiatric
pathologies.
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