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Abstract

Combining transcranial magnetic stimulation (TMS) with functional magnetic resonance imaging 

(fMRI) offers an unprecedented tool for studying how brain networks interact in vivo and how 

repetitive trains of TMS modulate those networks among patients diagnosed with affective 

disorders. TMS compliments neuroimaging by allowing the interrogation of causal control 

among brain circuits. Together with TMS, neuroimaging can provide valuable insight into 

the mechanisms underlying treatment effects and downstream circuit communication. Here we 

provide a background of the method, review relevant study designs, consider methodological and 

equipment options, and provide statistical recommendations. We conclude by describing emerging 

approaches that will extend these tools into exciting new applications.

Graphical Abstract

Combining non-invasive brain stimulation with functional neuroimaging offers mechanistic 

insights into brain network communication, circuit-level descriptions of neuropathology, and an 

opportunity for personalized treatment development.

1. INTRODUCTION

Neuroimaging is being used to explore affective and cognitive systems in increasingly 

sophisticated ways, but inroads into refining or improving treatments for neuropsychiatric 

conditions based on this research are few and remain largely descriptive rather than 

clinically actionable. The mismatch between systemic treatments such as medications or 

psychotherapy and measurements of brain activity at some snapshot in time or in response to 

a specific task likely contributes to suboptimal understanding of how these treatments work. 

In the case of brain stimulation interventions, there is an unparalleled opportunity to validate 

explicit models of mechanistic changes in brain networks that putatively contribute to 

clinical outcomes. Brain stimulation is by its nature a brain-based intervention and we have 

a variety of imaging tools to examine changes in the brain underlying clinical improvement. 

Neuroimaging can also be used as baseline predictors for defining more individualized 

treatments. The recent development of transcranial magnetic stimulation (TMS) coils that 
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can be safely operated in a magnetic resonance imaging (MRI) environment and that do 

not cause excessive signal loss gives rise to a variety of intriguing new investigations. 

TMS is a form of non-invasive brain stimulation that rapidly depolarizes cells below the 

coil and that can be applied in trains of stimulation to cause sustained changes in neural 

circuits (repetitive TMS or ‘rTMS’). Functional MRI (fMRI) uses a blood oxygen level 

dependent (BOLD) contrast to define which brain areas are especially active during an 

experimental condition (or rest) across the brain. Combining these tools enables exploration 

of causal brain circuit interactions (validating network theories), measurement of plastic 

communication changes in targeted circuits, and quantification of how TMS treatments 

mechanistically change the brain. More broadly, interleaved TMS/fMRI adds causal circuit 

mapping to traditional imaging-only studies that suffer from problematic attributions of 

causality, reverse inference, and related weaknesses in interpretation (Dubois & Adolphs, 

2016; Jonas & Kording, 2017; A. T. Reid et al., 2019).

Under a set of reasonable assumptions, the TMS/fMRI combination allows a direct 

measurement of the individual-level causal brain effects of stimulating an accessible region 

of the cortex. For clinical treatments it is especially worthwhile to know if manipulating 

a particular brain region will alleviate a clinical problem. As such, it is important to 

have causal information, which can, arguably, not be provided by observational methods 

(Marinescu, Lawlor, & Kording, 2018). TMS signals, undeniably, produce a locally focused 

perturbation of the brain. Provided they are given at random points of time, so that 

there is no association between brain state and presence of stimulation, individual-level 

causal effects can be identified and estimated. Despite technical challenges, combining 

neuroimaging with non-invasive brain stimulation in vivo with awake humans promises to 

provide unprecedented causal insights.

Lastly, we often want to change behavior by changing the brain through various 

stimulation approaches. This leads to an immediate optimization problem: finding which 

stimulation protocol will lead to maximal effects in target brain areas underlying behavioral 

abnormalities. Solving this problem at the brain level requires varying the stimulation 

parameters and measuring resulting brain responses. As such, combining TMS and 

fMRI provides a strategy to control neural activity and test causal theories with clear 

downstream opportunities for clinical applications of TMS in affective disorders and other 

neuropsychiatric conditions.

To facilitate a better understanding of how TMS/fMRI is conducted, what questions it can 

address, and the state of the field with current applications, these topics will be addressed 

in the following sections. An emphasis will be placed on applications relevant to treating 

affective disorders, anxiety, and PTSD given our research focus. However, the concepts are 

easily extrapolated to other disorders and cognitive neuroscience applications.

2. TMS/FMRI DEVELOPMENT AND BASIS

A fundamental challenge in combining TMS with fMRI is that TMS coils were originally 

made from highly ferromagnetic materials. The TMS coil itself was ultimately redesigned 

with copper litz wire which is safe in the MRI bore (Bohning et al., 1999). To reduce 
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noise in the MR signal, additional filters reduced direct current flowing in the wires (a 

source of noise) and RF filtering was added. To accommodate the actual stimulator being 

in a room adjoining the MRI room, a much longer set of cables join the TMS coil to the 

stimulator and are connected through a wave guide to allow the TMS coil to be placed on 

the scalp of participants in the MRI bore. Early studies established the technical possibility 

of the method and described the effects of TMS stimulation in local and distal brain 

regions. An important initial study used interleaved TMS/fMRI with stimulation over the 

motor cortex in human participants, and found dose dependent effects of TMS with higher 

amplitude stimulation associated with increased BOLD signal locally and remote to the site 

of stimulation (Bohning et al., 1999).

In order for TMS to be used to understand brain function, it was important to demonstrate 

that TMS evoked brain responses are similar in nature to other functional assays typically 

recorded with brain imaging. Initial TMS/fMRI work demonstrated, for example, that TMS 

evoked hemodynamic responses were similar to those recorded during a motor and cognitive 

fMRI task (Bohning et al., 1999). Local and distal effects of repetitive TMS on fMRI signals 

have also been shown to be stimulation level dependent (Bestmann, Baudewig, Siebner, 

Rothwell, & Frahm, 2005). The strength of using hemodynamic recordings to describe 

brain responses to TMS has been supported as well by combined neural recordings and 

tissue oxygen measurements in non-human animals revealing spiking, local field potential 

increases and a neuronal coupling response to brief trains of repetitive TMS (Allen, Pasley, 

Duong, & Freeman, 2007). Single pulse TMS also causes stimulation intensity dependent 

evoked responses in human EEG (Komssi, Kähkönen, & Ilmoniemi, 2004) and neural firing 

in non-human primate parietal cortex (Romero, Davare, Armendariz, & Janssen, 2019). 

Thus, the field now has established that TMS evoked brain responses can be reliably 

detected using established imaging tools.

While human TMS/fMRI studies began with studies of the motor cortex, clinical success 

in treating depression with prefrontal rTMS, e.g. (O’Reardon et al., 2007) especially 

focused attention on the prefrontal cortex. Stimulating left prefrontal cortex in healthy 

human subjects with interleaved fMRI shows that increased TMS amplitudes are associated 

with increased brain activity ipsilaterally as well as bilaterally (Nahas et al., 2001). More 

recent examples have also confirmed both local and remote brain responses to TMS of 

the prefrontal cortex (Hawco et al., 2018; Vink et al., 2018). Even when TMS targeting is 

done without precise anatomical or functional targeting, variability in TMS evoked fMRI 

responses reveal a diversity of ‘propagation pathways’ (Vink et al., 2018). Our own work 

suggests that TMS/fMRI can be useful to augment understanding from neuroimaging studies 

of brain circuits and networks with clinical relevance. For example, we showed that a 

correlation between brain areas from a task-based imaging study involved a circuit through 

which causal communication between nodes was possible as confirmed using a parallel 

interleaved TMS/fMRI experiment (Fonzo, Goodkind, Oathes, Zaiko, Harvey, Peng, Weiss, 

Thompson, Zack, Mills-Finnerty, et al., 2017). We’ve also shown an association between 

subcortical TMS evoked fMRI BOLD and treatment outcome following psychotherapy for 

PTSD (Fonzo, Goodkind, Oathes, Zaiko, Harvey, Peng, Weiss, Thompson, Zack, Lindley, et 

al., 2017). Finally, we have supported within network connectivity caused by stimulating a 

single node (brain region) of a network and causal antagonism between brain networks using 
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interleaved TMS/fMRI to measure brain evoked responses (Chen et al., 2013). In short, 

stimulation outside of the motor cortex is now not only possible but demonstrates utility in 

understanding brain network communication with clinical relevance.

Complex behaviors relevant to affective disorders undoubtedly depend on brain network 

communication. This communication can only be indirectly inferred from purely behavioral 

studies that do not also include imaging. In terms of evaluating behavioral effects of TMS, 

studies without neuroimaging do not allow for the full picture of how TMS impacts the 

brain (Ruff, Driver, & Bestmann, 2009). To address this shortcoming, targeted investigations 

that utilize TMS/fMRI explore causal relationships among various brain networks. For 

example, making use of both single pulse TMS and low frequency rTMS, it was concluded 

that the default mode network was regulated by the central executive network (Chen et 

al., 2013), which advanced the field over prior purely correlational imaging studies. A 

focus on brain network interactions with TMS is especially relevant to the increasing 

number of neuropsychiatric conditions that are being described as a consequence of brain 

network dysfunction. Prominent networks found to be abnormal in affective disorders 

include the default mode, salience, reward and executive control networks with specific 

areas such as the amygdala, hippocampus, inferior frontal gyrus, dorsal anterior cingulate 

cortex, dorsolateral prefrontal, insula and medial prefrontal cortex implicated (A. Etkin 

& Wager, 2007; McTeague et al., 2020; Rolls et al., 2019; Williams, 2017). This is not 

a definitive list and certainly depends on symptoms that overlap across disorders such 

as depression, generalized anxiety disorder and PTSD including concentration problems, 

sleep disturbance, anhedonia and negative affect. Of course, these networks and brain 

regions have direct and indirect connections which makes any determination of a causal 

hierarchy challenging. Understanding control regions (hubs) and network interactions is 

essential for designing new brain-based treatments. TMS/fMRI is well positioned to describe 

communication dysfunction in brain networks as well as to measure changes in brain 

network communication resulting from interventions thought to affect brain circuitry.

A variety of designs and applications combining TMS with fMRI are possible that capitalize 

on the use of TMS as a circuit probe, a neuromodulation tool, or both.

3. TMS/FMRI DESIGNS and APPLICATIONS

There are a variety of ways to combine TMS with fMRI to answer questions about causal 

circuit mapping, effects of neuromodulation, or to measure changes in a circuit in response 

to an intervention. Stimulations from TMS are rapid as single pulses and often include gaps 

between trains in neuromodulatory protocols (repetitive TMS; rTMS) allowing a variety of 

image sampling relative to TMS delivery. On the other hand, fMRI allows relative spatial 

precision for measuring brain responses that is driving our understanding of how stimulation 

interacts with endogenous brain activity. Unique study designs are possible that address 

these questions as explained below and followed up upon in the Future Directions section. 

TMS administered adjacent to the scanner and with pre and post imaging is the technically 

least challenging way to combine these technologies.

Oathes et al. Page 5

Wiley Interdiscip Rev Cogn Sci. Author manuscript; available in PMC 2021 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1 fMRI->rTMS->fMRI

A lab with access to an MRI scanner and TMS equipment can readily accommodate 

an experimental design that acquires fMRI data before and after neuromodulation with 

repetitive TMS (rTMS). rTMS is administered as a series of TMS trains with fixed 

frequencies and gaps delivered over time ranges from seconds to minutes designed to have 

a sustained influence (excitatory/inhibitory) on brain activity. The pre and post fMRI scans 

can be acquired within a single session to measure acute changes to fMRI readouts, or can 

be done before and after an intervention demonstrating symptom changes over time. Task as 

well as resting fMRI, ASL, spectroscopy, MRI compatible EEG, etc. scans can be used to 

demonstrate reactivity or connectivity changes induced by rTMS.

The most obvious analysis in this design would be to measure neuromodulatory effects 

associated with the site of stimulation, such as seeding the site of stimulation to measure 

change in connectivity strength from pre to post-rTMS. The measured change comparing 

these two timepoints is assumed to be caused by the application of neuromodulation. This 

makes intuitive sense because the site of stimulation was directly manipulated with rTMS 

indicated by evidence from electric field models, electrophysiology, electroencephalography, 

motor evoked potentials and blood oxygen consumption describing rTMS effects on 

local activity at the site of stimulation (Allen et al., 2007; Hamidi, Slagter, Tononi, & 

Postle, 2009; Huang, Edwards, Rounis, Bhatia, & Rothwell, 2005; Mueller et al., 2014). 

Nevertheless, to attribute the change to the rTMS influence on brain circuits (rather than 

change in non-specific effects of applying TMS) requires careful control conditions to rule 

out confounds in explaining any observed changes (see Control Condition Sidebar). Even 

an electrical ‘sham’ stimulation of the scalp will have a biological effect that needs to be 

ruled out. Comparing pre to post-rTMS imaging data has shown clinically relevant findings 

such as an acute change in medial prefrontal to amygdala resting connectivity following 

a single round of rTMS (Riedel et al., 2019) as well as a change in subgenual cingulate 

to default mode connectivity after a clinical dose of rTMS treatment in depression (Liston 

et al., 2014). In the latter study, rTMS was applied to the dorsolateral prefrontal cortex 

(DLPFC) but the connectivity changes between the sgACC and DMN were associated with 

depression improvement. In terms of network architecture, this might mean that the DLPFC 

is a TMS accessible pathway to the sgACC but that the actual mechanism of clinical change 

is the connectivity changes this protocol induces between the two remote brain areas. This 

finding might suggest that the sgACC is a more critical communication ‘hub’ involved in 

maintaining depression as opposed to the DLPFC which also frequently shows abnormal 

activation in depression. Connectivity of distributed brain networks, best measured with 

online imaging, may be the most relevant mechanism of brain changes in response to rTMS 

that drive symptom improvement. Whether changes are found in the site of stimulation, e.g. 

(Nettekoven et al., 2014) or in remote brain areas (Liston et al., 2014; Riedel et al., 2019), 

it is possible to conclude that the changes demonstrate brain areas that are part of the causal 

pathway of the stimulation site due to the knowledge of where stimulation was applied (with 

caveats for unmeasured confounds; see Control Condition Sidebar). Adding neuroimaging 

recordings following neuromodulation is the only way to know the extent to which brain 

networks responded to the neuromodulation. These measurements can be used to understand 
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mechanisms of behavioral changes by quantifying the relationship between imaging and 

behavior changes.

The drawbacks of this design include that it takes time to bring the participant out of 

the bore of the scanner, walk to an adjacent room for rTMS, then to set them back up 

in the scanner again. This costs money for reserving the MRI slot and costs time during 

which acute plasticity effects are wearing off while participants are being set back up in the 

scanner. This time gap also may lose an opportunity to capture rapid oscillatory changes that 

are larger in magnitude. An additional consideration is that measures such as resting fMRI 

do not necessarily agree with direct brain stimulation measures, the latter being presumably 

most relevant to understanding TMS effects on the brain. For example, negative correlations 

are present in resting electrocorticography (ECoG) brain surface electrode recordings (and 

resting fMRI) but are absent when electrical brain stimulation is administered in conjunction 

with the ECoG recordings (Keller et al., 2011; Keller et al., 2013). These limitations can be 

addressed by applying TMS directly in the scanner and recording fMRI BOLD responses 

resulting from TMS pulses. Combining fMRI BOLD recordings with additional MR and 

MR compatible (non-MRI) measures can also add to our understanding of neuromodulatory 

effects of TMS. These additional imaging modalities will be more sensitive to oscillations 

and dynamics (EEG), neuronal effects (ASL), or relative concentrations of neurotransmitters 

(spectroscopy), complementing interpretations of the causal mechanisms of behavioral 

changes.

3.2 Interleaved spTMS/fMRI

Delivering single TMS pulses interleaved with fMRI recordings do not alone demonstrate 

neuromodulatory influences, but may nevertheless help to identify brain response that 

contribute to TMS treatment outcomes. Similar to a motor evoked potential, fMRI readouts 

can be used to indicate what brain areas are in the causal downstream path of the stimulated 

brain area. These connections can be multi-synaptic but given the control of where 

stimulation is applied, an argument is made that there is a directional communication link 

between the stimulated brain area and the downstream evoked brain response. Interleaving 

single TMS pulses with fMRI recordings is a powerful way to map functional brain circuit 

communication in awake healthy and/or patient populations. The single pulses are spaced 

out such that there is negligible neuromodulation (no persistent or cumulative effects) and 

to allow for fMRI readouts of whole brain responses to stimulation ‘probes’ applied to any 

surface accessible brain region. When targeting brain networks, it is necessary only to find a 

node (one brain region in a network) for that network at the brain surface which is possible 

for a full range of canonical networks in popular modern brain atlases, e.g. (Hagmann et 

al., 2008; Kong et al., 2019; Power et al., 2011; Schaefer et al., 2018). This strategy thus 

allows a completely non-invasive probe-and-record mapping of the downstream causal brain 

network for each node accessible to TMS.

For example, one study in our lab sought to understand the relationship between the 

fronto-parietal/central executive network and the default mode network (Chen et al., 2013), 

which is widely implicated in affective neuropathology (Kaiser, Andrews-Hanna, Wager, 

& Pizzagalli, 2015; Sheline et al., 2009; Williams, 2016; Xia et al., 2018) as well as a 
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possible mechanism of clinical response to TMS (Liston et al., 2014). Neuroimaging on its 

own can only demonstrate a correlational relationship between these putative antagonistic 

systems. Using single pulse interleaved TMS/fMRI, we showed that FpN/CEN stimulation 

with TMS induced causal negative connectivity (psychophysiological interaction) between 

this system and the DMN (Chen et al., 2013) in support of the hypothesized relationship 

from imaging data alone. Other possible applications include being able to ‘probe’ a 

specific circuit believed to mechanistically contribute to treatment outcomes in affective 

disorders before and after the treatment is delivered. This strategy allows observations of 

the change in communication between the surface node and any remote target or set of 

targets associated with treatment-induced changes in clinical features. In a related possible 

application, researchers have begun to associate the stimulated brain network (based on 

normative data) with specific symptoms that were mitigated to generate a symptom change 

map from existing TMS treatment outcome data (Siddiqi et al., 2020). Adding TMS/fMRI 

measurements to these outcome data could help understand which symptom/brain networks 

respond to TMS and inform how the brain changes contribute to clinical improvements 

in specific symptom clusters. This type of evidence would help elucidate how changes 

in communication flow from the site of stimulation possibly contribute to remediating 

symptoms.

3.3 Interleaved spTMS/fMRI->rTMS-> interleaved spTMS/fMRI

Interleaved single pulse TMS/fMRI mapping can also be done before and after any 

intervention purported to target a specific pathway in order to map changes in the 

strength of connectivity in that pathway putatively caused by the intervention. To capture 

immediate circuit changes following the application of rTMS, single pulse TMS/fMRI can 

be administered before and after rTMS is delivered – all in the MRI bore. The outcome 

variable of interest in this case would be the difference in evoked brain response to single 

pulse TMS after compared with before neuromodulation. It is essential to ascribe the change 

to rTMS by comparing this difference to that obtained using a control condition (see 

Control Condition sidebar). An innovation in TMS equipment for the MRI environment 

(www.magventure.com) allows compressed air to be pushed through the windings of the 

TMS coil to cool it down and allow high frequency as well as theta-burst rTMS protocols 

in the bore of the MRI. Besides saving time on the scanner clock and reducing the time 

between rTMS delivery and fMRI readouts, the TMS coil and participant can be kept in 

the same position during the pre-rTMS interleaved spTMS/fMRI, rTMS and post-rTMS 

interleaved spTMS/fMRI scans, minimizing potential shifts of the TMS coil off of the 

optimal scalp position. In addition, rTMS protocols often include gaps between trains 

during which fMRI recordings can be made that allow a parametric analysis of dose to 

be calculated as the number of trains accumulates during rTMS administration. A recent 

intermittent theta-burst (iTBS) rTMS study that used functional near-infrared spectroscopy 

observed that the blood oxygenation response recorded between trains of rTMS was a more 

sensitive indicator of activation from iTBS than the blood oxygenation response recorded 

at rest following rTMS, and this relationship was stronger when using an active stimulation 

compared to sham stimulation (Struckmann, Persson, Weigl, Gingnell, & Bodén, 2020).
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4. CONDUCTING EXPERIMENTS

4.1 Implementation

A variety of additional peripheral equipment such as EEG, visual task displays, 

psychophysiology and the like can also be included in TMS/fMRI experiments but 

integration especially related to the timing of psychological events and multi-modal 

recordings is essential. Specifically, conducting task-based TMS/fMRI sessions requires 

tight synchronization between the task computer, display, response devices, TMS hardware, 

MRI scanner, and any additional devices (e.g. tactile stimulator, psychophysiology 

monitoring hardware, etc.). One approach to managing this complexity is to designate 

the task computer as the host device, with all other devices playing a passive role. The 

key to this approach is to control the timing of all devices using the standard 8-bit 

parallel port of the task computer, which uses standard 5V transistor-transistor-logic (TTL) 

digital signals to communicate with downstream devices. Most major experimental design 

programs (i.e. Presentation, Eprime, Psychopy, Psychotoolbox, etc.) have dedicated system 

functions for writing to the parallel port, and most major TMS devices (e.g. MagVenture, 

MagStim, etc.) and experimental stimulation (e.g. Digitimer, MEDOC, etc.) or recording 

devices (e.g. Biopac, etc.) can be controlled using TTL pulses via standard Bayonet Neill–

Concelman (BNC) connectors. The benefit to this approach is that the parallel port provides 

a continuous synchronized 8-bit stream that can control these external devices in real 

time, and each bit can be turned on or off independently, allowing for control of up to 8 

independent devices (e.g. TMS device on one bit, scanner on another bit) or experimental 

conditions (e.g. face [0] vs. house [1] coded as a single bit). When paired with a high­

resolution psychophysiology monitoring system that records from all 8 bits, it is possible to 

have a precise record of the timing of all important events in the experiment. This degree of 

control is fundamental to integrating TMS with complex fMRI study designs.

Controlling electronic components for a precision TMS/fMRI experiment can also be done 

in other ways. An alternative to the above setup would be to use a separate microcontroller 

to control downstream devices. Like a computer parallel port, devices like an Arduino 

microcontroller have 5V digital bits that can be used to control the scanner and TMS device. 

The benefit of using a microcontroller is that there is low system overhead, and an ability to 

precisely control the firmware running on the device, making precise timing possible. The 

drawback of using a microcontroller as the host device is that it is more difficult to interface 

with standard computer hardware, like the projector or button boxes, making it more difficult 

to use this setup for task based TMS/fMRI experiments. However, this may be an ideal setup 

for TMS/fMRI experiments where the subjects are at rest and not interacting with a specific 

task. Managing equipment and making tradeoffs for ease of use and precision allows for 

sophisticated designs that yield insight into how TMS affects the brain and nervous system.

4.2 Targeting

Choosing a cortical stimulation target is a critical first step in any TMS or TMS/fMRI 

project that depends heavily on the research question being explored. However, translating 

this theoretical target to a practical coil position on the individual research subject’s scalp 

is perhaps an even more important second step. The figure-8 is the most common coil 
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design used in TMS and the only design used currently in TMS/fMRI experiments, and 

the magnetic field generated by the coil decays with the square of the distance from the 

center point where the wings of the coil meet. Furthermore, past research has suggested 

that TMS-related effects decay linearly as a function of scalp-to-cortex distance (Stokes et 

al., 2007). Additionally, the current induced by the magnetic field generated by the coil is 

typically strongest in cortical structures that are perpendicular to the magnetic field (Balslev, 

Braet, McAllister, & Miall, 2007; Kammer, Beck, Thielscher, Laubis-Herrmann, & Topka, 

2001). Accordingly, it is critical to define both the position and the orientation of the coil 

with respect to the cortical target. Much like an airplane, the position and orientation of 

the coil in 3D space can be described using 6 degrees of freedom. The position can be 

described using the X, Y, and Z coordinates of the center of the coil, while the orientation 

can be described using the roll, pitch, and yaw vectors of the coil face. Approaches to 

defining these degrees of freedom have become more sophisticated in recent years, and the 

exact approach can vary across cortical sites, research groups, and environments (i.e. lab vs. 

scanner). In spite of this variability, there are best practices that should be considered in any 

new project.

4.2.1 Position (X, Y, Z)—First, the cortical site chosen should allow for individual 

variability. Many recent studies have begun to use task-based (Balderston et al., 2020; Rose 

et al., 2016) and resting state fMRI (Balderston et al., 2020; Chen et al., 2013; Freedberg 

et al., 2019) to identify individual cortical targets thought to subserve functional properties 

of the brain. These approaches have the benefit of accounting for cross-subject variability 

in both cortical structure and localization of function. Accounting for this variability across 

subjects would likely reduce variability in TMS evoked effects. However, it may be optimal 

to limit anatomical variability using a pre-defined broad region of interest based on known 

anatomical landmarks or reliable group data, e.g. pilot data, meta-analysis, etc. (Balderston 

et al., in press). Allowing for at least some variability in TMS coil placement according to 

an individual fMRI peak or brain parcel is recommended especially compared with a target 

generated from a non-patient group average. There is no gold standard or ideal functional 

brain map. Instead, ideal functional brain representations should be determined according to 

the population and goals of the study (Bijsterbosch et al., 2020).

4.2.2 Orientation (Roll, Pitch, Yaw)—Once the cortical site is chosen and identified 

for a given subject, the next step is to position the TMS coil so that it maximizes current 

induced at the site. Roll and pitch can be defined tangent to the scalp. Yaw is often defined 

perpendicular to the gyral surface at the site of stimulation (Thielscher, Opitz, & Windhoff, 

2011). A more sophisticated approach is to model the current induced in the cortex given a 

particular site and orientation of stimulation using individualized head models created from 

freely available software (Thielscher, Antunes, & Saturnino, 2015). These electric (e)-field 

models can then be conducted with multiple equally spaced yaw vectors as input, and then 

evaluated for efficacy. The user can then choose the yaw vector that induces the maximal 

amount of current in the site or region of interest (Balderston et al., in press).

It is often not possible to prospectively determine the coil orientation in many TMS/fMRI 

studies where small spaces in the MRI head coil limit the flexibility of coil placement. 
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In such cases, retrospective e-field modelling can be done to assess the efficacy of the 

stimulation given the actual position and orientation of the coils.

5. STATISTICAL CHALLENGES AND OPPORTUNITIES

Methods for the design and analysis of fMRI studies are well-established and continue to 

be improved with respect to statistical and computational efficiency (Ashby, 2019; Cohen 

et al., 2017; Lindquist, 2008; Mejia, Yue, Bolin, Lindgren, & Lindquist, 2020). There are 

a number of ways in which employing rigorous design principles and advanced statistical 

methodology could elevate TMS/fMRI research, leading to new discoveries about affective 

disorders that translate to better treatment strategies.

5.1 Representative sampling

Affective disorders are known to present heterogeneously across different patients 

(Williams, 2017), including those defined by demographic, socioeconomic, clinical, and 

other characteristics (Nandi, Beard, & Galea, 2009). Using a common survey sampling 

technique, it is possible to weight observations in an analysis such that the sample is 

representative of the target population; this technique is known as raking (Brick & Kalton, 

1996). Recently, work has shown that applying raking in an analysis of neuroimaging data 

to study neurodevelopment led to different estimates of the average age of cortical and 

sub-cortical maturation compared to an unweighted analysis (LeWinn, Sheridan, Keyes, 

Hamilton, & McLaughlin, 2017). For TMS/fMRI studies that have adequately large sample 

sizes, raking on variables such as age and sex to match a specific target population with 

a specified affective disorder may be one way to help increase the generalizability and 

replicability of results from TMS/fMRI studies.

5.2 Reliability and Replicability

Assessing and optimizing the reliability of TMS/fMRI measures at the individual level will 

be critical to the success of TMS for treating affective disorders. Intra-class correlation is a 

common measure used to assess reliability of repeated measures (Bartko, 1966, 1976; Bravo 

& Potvin, 1991; Shoukri, Donner, & El-Dali, 2013), but other measures exist that are more 

tailored to neuroimaging data (Shou et al., 2013). Studies of repeated TMS measures in 

healthy participants, older adults, and stroke patients demonstrate that TMS evoked motor 

responses are highly reliable with reported ICCs ranging from 0.79-0.99 (Hassanzahraee, 

Zoghi, & Jaberzadeh, 2019; Houde et al., 2018; Schambra et al., 2015; Vaseghi, Zoghi, & 

Jaberzadeh, 2015). Furthermore, efforts toward the personalization of TMS treatment using 

fMRI-guided choice of stimulation sites may suffer from two sources of variability affecting 

reliability: the functional connectivity map used to choose the stimulation site and the 

evoked TMS brain response. At the population level, reported activation peaks from multiple 

large fMRI studies have demonstrated non-negligible spatial variation (Geuter, Lindquist, & 

Wager, 2017) which could add uncertainty to the choice of stimulation location(s) to study 

in a TMS/fMRI experiment. Recent work on spatial confidence sets (Bowring, Telschow, 

Schwartzman, & Nichols, 2019) for peak activation may help TMS/fMRI researchers better 

quantify uncertainty regarding where to stimulate when attempting to treat a particular 

affective disorder by targeting a specific brain region to modulate. Moving forward, entire 
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studies should be dedicated to rigorously quantifying the reliability of TMS evoked fMRI 

brain responses. An initial study of TMS evoked EEG responses reported reliability of 

0.80-0.95 (Kerwin, Keller, Wu, Narayan, & Etkin, 2018) which suggests promise for other 

imaging modalities such as fMRI. Besides validating this emerging imaging modality, 

reliability measures will enable future TMS/fMRI studies to be more accurately powered, 

saving resources in the long-term.

5.3 Data harmonization and normalization

A number of large-scale, multi-site neuroimaging studies exist for studying affective 

disorders (Oltedal et al., 2017; Trivedi et al., 2016). Efforts are emerging to increase 

statistical power for TMS studies by pooling individual, de-identified data across institutions 

(Corp et al., 2020). Multi-site TMS/fMRI studies will allow for increased representativeness 

and larger sample sizes for studying affective disorders, but data harmonization will be 

critical to ensure comparability across fMRI scanners and TMS equipment. Harmonization 

of neuroimaging data acquired from multiple scanners is an active area of methodological 

research (Dewey et al., 2019; Modanwal, Vellal, Buda, & Mazurowski, 2020; Pomponio 

et al., 2020; Wrobel et al., 2020; Zhu, Moyer, Nir, Thompson, & Jahanshad, 2019). 

ComBat is a technique adapted from statistical genomics that has been shown to effectively 

harmonize a number of imaging modalities (Beer et al., 2020; Fortin et al., 2018; Fortin 

et al., 2017), including functional connectivity measures obtained with fMRI (Yu et al., 

2018). Using an empirical Bayesian approach that borrows information across imaging 

features, ComBat estimates and removes scanner location and scale effects while preserving 

biological variation. Extensions of the ComBat model specifically for evoked TMS response 

data would increase the likelihood that pooling TMS/fMRI data from different institutions 

will lead to more efficient, generalizable statistical inference rather than introducing non­

biological nuisance variability.

In some settings, it may be important to normalize evoked TMS response imaging to a 

common scale or domain prior to group-level analyses. This could be accomplished by 

scaling each individual’s evoked TMS image by the standard deviation computed from all 

voxels in the rest of the brain or transforming each individual’s image to a quantile TMS 

response before performing group-level analyses. The former preserves global, directional 

effects (e.g., positive or negative BOLD signal changes), while the latter enables inference to 

focus on whether certain brain regions have a high or low evoked TMS response relative to 

the rest of the brain for each individual.

5.4 Study design considerations and reporting results

In general, parallel designs (between subjects) require a larger sample size than crossover 

(within subjects) studies for equivalent statistical power (Louis, Lavori, Bailar III, & 

Polansky, 1984). In crossover designs, participants act as their own control, minimizing 

variability in the outcome that may be attributable to demographic, clinical, and other 

baseline characteristics. However, crossover designs in affective disorders are susceptible 

to the effects of natural mood cycles and stressful life events common in this population 

(Dwan, Li, Altman, & Elbourne, 2019). Furthermore, if individual-level causal TMS effects 

differ by brain state (see Brain State sidebar) or by the amount of discomfort caused 

Oathes et al. Page 12

Wiley Interdiscip Rev Cogn Sci. Author manuscript; available in PMC 2021 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by different sites, the order in which multiple stimulation sites are probed in a single 

session or across multiple sessions could influence within-subject comparisons of evoked 

TMS responses. A subject’s acclimation to the single pulses, resulting in physiological 

and brain-state changes, could induce carryover effects that obscure the true underlying 

individual-level causal effect of stimulation location (Aguirre, 2007) as well. Tradeoffs 

between parallel and crossover designs for a particular experiment should be carefully 

considered during the study planning phase, ideally with the guidance of a statistician. For 

example, crossover studies may be susceptible to attrition, which could result in the study 

being underpowered and requiring careful consideration of missing data in the analysis.

Transparent reporting of TMS/fMRI studies will promote thorough understanding of the 

methods and increase the chance that results can be replicated by other researchers. 

The CONSORT checklist (http://www.consort-statement.org/) is a good starting point for 

information that should be included in manuscripts describing randomized trials. There 

is an increasing trend of including CONSORT diagrams in studies of affective disorders 

with neuroimaging (Mehler et al., 2018; Novaes et al., 2020; Siegle et al., 2012). 

A CONSORT diagram transparently reports the intended study population and actual 

analytic sample that remained after participants dropped out and poor-quality images were 

discarded. The imaging community has also published more specific guidelines for the 

reporting of neuroimaging studies to promote responsible, reproducible research (Poldrack 

et al., 2017; Poldrack et al., 2008). For example, containerized workflows can enhance 

reproducibility given the incredible diversity in preprocessing steps employed across labs 

with fMRI data (http://www.humanbrainmapping.org/files/2016/COBIDASreport.pdf). The 

TMS community could consider expanding upon similar guidelines to cover issues that are 

specific to TMS/fMRI experiments, such as how stimulation amplitude was determined, 

whether an individual or atlas target was used, whether single pulse or repetitive stimulation 

was delivered, gap sizes between imaging readouts, any randomization or blinding of 

stimulation sites, etc. Randomization lists can be generated to a priori allow for the 

option to recruit additional study participants at the end of the study without breaking 

the randomization, which may introduce bias. Blinding of the randomized treatment 

assignments is also advisable when possible. Study coordinators may also be blinded 

if another member of the team marks sites ‘A,’ ‘B,’ etc. instead of ‘amygdala target,’ 

‘subgenual cingulate target,’ and so on.

6. FUTURE DIRECTIONS

For many advances in fMRI, there are related TMS/fMRI experiments that could be done 

to extend the knowledge gained from the imaging advances. For example, the field of 

real-time neurofeedback has pioneered approaches to rapidly calculate region of interest and 

whole-brain machine learning indicators of optimal brain states that are usually fed back 

to the participant visually. Using the same rapid analysis tools, it should be possible to 

change straightforward TMS parameters such as rTMS frequency or train length to optimize 

stimulation towards moving a specific brain target for an individual patient. Changing 

stimulation parameters based on the fMRI signal allows for a closed-loop approach to 

identifying an optimal set of stimulation parameters that may be circuit- or patient-specific.
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Another approach for probing potential causal pathways is to use interleaved single pulse 

TMS/fMRI across a variety of potential targets. For example, one could evaluate several 

surface accessible functional connectivity-based peaks in order to see which modulates a 

specific downstream target (e.g. amygdala) or network (e.g. fronto-parietal) most effectively. 

Although there is time and expense for the MRI costs, this pathway optimization approach 

may reduce patient and clinician burden in conducting a full 4-6 week treatment that does 

not engage the intended circuit.

Combining TMS with fMRI also promises to calibrate network science approaches to 

delineate control centers of the brain that are effective in driving networks. A large field 

aims to estimate networks (Bassett & Sporns, 2017; Betzel, Avena-Koenigsberger, et al., 

2016; Betzel, Gu, Medaglia, Pasqualetti, & Bassett, 2016; Wang, Zuo, & He, 2010) or, 

more precisely causal interactions (Andrew T Reid et al., 2019) from structural or fMRI 

recordings. Individualized imaging-based calculations are making strong links between 

network-based measurements and cognition as well as mental health (Cole, Braver, & 

Meiran, 2017; Cole, Repovš, & Anticevic, 2014; Dixon et al., 2018; Komssi et al., 2004; 

Mill, Ito, & Cole, 2017). Missing links to causal understanding of how the measurements 

and mental faculties correspond will benefit from informed manipulations of brain activity 

along with appropriate recordings. Only ground-truth data combined with formal causal 

reasoning and inference can ultimately support theoretical work and correlational imaging 

studies. The ability to combine stimulation and recording of brain activity promises a way of 

producing gold-standard data for unbiased estimation of causal effects, allowing researchers 

to test to which network science ideas are most supported by empirical experimental 

data. There are now multiple instances where network control measures derived from 

neuroimaging have been used to understand rTMS effects on behavior (Beynel et al., 2020; 

Lynch et al., 2019; Medaglia et al., 2018). Adding TMS/fMRI to these kinds of studies will 

give us greater evidence for the mechanisms by which stimulation to these nodes affects 

networks and behavior.

Finally, a lofty goal in affective disorders is to find matches between stimulation targets 
and specific symptom clusters, patient diagnoses, or brain-behavior ‘biotypes.’ Our prior 

work has shown that the comorbidity between depression and generalized anxiety disorder 

relates to a brain-behavior bio-type and that these biotypes are informative in determining 

which patients might respond to rTMS treatment delivered to a particular brain target 

(Drysdale et al., 2017). Similarly, preliminary work suggests that different brain networks 

targeted with rTMS might be able to move specific symptom based depressed patient 

clusters (Siddiqi et al., 2020).

Limitations to interleaved TMS/fMRI as an approach warrant discussion. In addition to a 

need for reliability measures, the actual correspondence between neural firing and TMS 

evoked changes in the brain are not fully characterized. For example, our finding that 

sgACC and amygdala targeting can evoke a negative fMRI BOLD response in both areas 

(Desmond J Oathes et al., 2018) does not answer what is happening at the level of neural 

firing or neurovascular coupling that explains the negative response. In terms of targeting, 

TMS is ideal for brain regions or network nodes that are at the surface of the cortex. It is 

not possible to directly manipulate subcortical-subcortical connections that could be highly 
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relevant to affective illness (Tye et al., 2011). Finally, there are a number of brain areas that 

will respond simply due to TMS being uncomfortable such as the dACC, insula, medial 

prefrontal cortex and brain stem. Overlap of these and other areas implicated in affective 

disorders complicates interpretation of the effects of TMS. Contrasting evoked responses 

at scalp locations with similar discomfort ratings may be a way to reduce the influence of 

TMS discomfort on effects of interest, but it is likely difficult to predetermine these optimal 

control sites before running an experiment.

Using interleaved transcranial magnetic stimulation (TMS) with functional MRI readouts 

from targeting multiple sites in sequence (Figure 1; red, blue TMS coils) can provide 

evidence for which cortical stimulation site evokes the better brain (region of interest or 

network) response (hypothetical fMRI BOLD responses red vs. blue). This feedback can 

then be used to decide on a subsequent treatment target individualized to each patient and 

brain response of interest (right side image). The tools already exist to apply this type of 

protocol but have not yet been attempted in a treatment study.

Conclusion

A great deal can be learned by pairing TMS with fMRI in affective disorders. We can 

obtain basic knowledge of how the disorder works, how individual patients with specific 

symptoms are best described, and how to more effectively treat patients with brain-based 

interventions. Combining TMS with fMRI is an excellent bridge between a treatment 

(rTMS) whose mechanisms are incompletely understood and that needs to be optimized 

and a measurement widely used to describe neuropsychiatric disorders but that has had little 

impact on improving patient outcomes. After all, rTMS is an explicitly brain based treatment 

and fMRI is explicitly a measure of brain function. Broadly, the study designs we outline 

here are applicable to other forms of imaging such as PET, EEG, and MR spectroscopy 

as well as to other forms of brain stimulation such as electrical stimulation and focused 

ultrasound. However, there is superior evidence for rTMS in treating affective disorders and 

for generating strong reproducible brain responses. In parallel, there is an exceptionally rich 

literature using fMRI to describe affective disorders. Therefore, the pairing of TMS with 

fMRI in this population has particularly solid footing that should be built upon by clinical 

researchers.
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Control conditions are critical to interpretability of TMS effects on brain or 
behavior

TMS stimulates nerves and muscles in the scalp robustly given their proximity to the 

TMS coil. Acoustical noise and mechanical vibration of the coil as it discharges are also 

significant indicators to a participant that verum (real, non-sham) stimulation has been 

administered. Given that sham stimulation is supposed to control for these factors, it 

may not be ideally effective to utilize spacers, shields or other impediments to dampen 

TMS current to the scalp. Nor is sham effective if the stimulator output is set to a lower 

amplitude which participants can reasonably detect as falling below the full stimulation 

level. Instead, two primary strategies for controlling non-specific TMS effects include: 1) 

electrical stimulation of the scalp (sham control) or 2) stimulating a 2nd cortical location 

that can be justified as an appropriate control site. Electrical stimulation of the scalp can 

be set to a level to mimic the sensation of TMS (Borckardt et al., 2008). Unfortunately, 

there is no commercial sham TMS device for the MRI environment. Therefore, we 

stimulate additional brain areas not expected to affect the brain network or pathway 

that is the focus of our primary stimulation site. For studying affective disorders, the 

motor cortex may not be ideal for this given its connections with subcortical targets 

implicated in these disorders and connectivity abnormalities across multiple disorders 

(A Etkin, Prater, Schatzberg, Menon, & Greicius, 2009; Kebets et al., 2019). Another 

common control site in TMS studies is the scalp vertex (Cz). Vertex stimulation primarily 

deactivates the DMN which is an expected result of non-specific sensory TMS effects 

(Jung, Bungert, Bowtell, & Jackson, 2016). Other strategies for choosing control sites 

depend on how the primary site was chosen. For example, a site chosen for high positive 

resting state connectivity could be contrasted with a site with negative or minimal 

connectivity. Similarly, a site with high task activation could be contrasted with a site 

showing minimal activation.
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TMS effects are state dependent

The neural and behavioral effects of TMS are not solely determined by how the 

stimulation is delivered, but instead by some combination of these parameters and 

the activity levels of targeted neuronal populations themselves (Sathappan, Luber, & 

Lisanby, 2019; Silvanto & Cattaneo, 2014). Such ‘state-dependency’ encompasses many 

factors that likely contribute to behavioral effects of TMS such as attention, timing, and 

psychiatric conditions (Silvanto & Muggleton, 2008). When experimentally-manipulated 

sensory brain states, such as adaptation (sustained prior exposure to a stimulus decreases 

future response to stimulus) are paired with single pulses of TMS, the adaptation effect 

is reversed (Cattaneo & Silvanto, 2008). The underlying mechanism of these sensory 

effects may be stochastic resonance, whereby TMS acts to boost otherwise subthreshold 

neuronal signals above a detection threshold (Schwarzkopf, Silvanto, & Rees, 2011). 

However, state-dependence is not only limited to perceptual experiments. TMS-state­

dependence interactions are observed in sleep-deprivation (TMS eliminates working 

memory deficits in sleep-deprived subjects), and differing emotional (worry increases 

TMS evoked motor responses), and cognitive states (TMS of the primary motor cortex 

disrupts mental rotation) (Ganis, Keenan, Kosslyn, & Pascual-Leone, 2000; Luber et al., 

2013; D. J. Oathes, Bruce, & Nitschke, 2008). A growing body of evidence outlines 

a role for neural rhythms in state-dependence as well. Pre-stimulation alpha power 

influences TMS-evoked BOLD response (Peters et al., 2020) and TMS-evoked neuronal 

oscillatory activity has been correlated with individual differences in cognitive ability 

(Ozdemir et al., 2020), for example.
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Figure 1. 
A hypothesized schematic wherein transcranial magnetic stimulation (TMS) is applied to 

multiple possible sites (red, blue coils) and the fMRI evoked response (plots) are used to 

determine a treatment target (right side, red coil)
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