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Abstract

Background: Transcranial magnetic stimulation (TMS) is a noninvasive neuromodulation 

technique with therapeutic applications for the treatment of major depressive disorder (MDD). The 

standard protocol uses high frequency stimulation over the left dorsolateral prefrontal cortex 

(DLPFC) identified in a heuristic manner leading to moderate clinical efficacy. A proposed 

strategy to increase the anatomical precision in targeting, based on resting-state functional MRI 

(rsfMRI), identifies the subregion within the DLPFC having the strongest anticorrelated functional 

connectivity with the subgenual cortex (SGC) for each individual subject.

Objective: In this work, we comprehensively test the reliability and reproducibility of this 

targeting method for different scan lengths on 100 subjects from the Human Connectome Project 

(HCP) where each subject had a four 15-minute rsfMRI scan on 2 different days.

Methods: We quantified the inter-scan and inter-day distance between the rsfMRI-guided 

DLPFC targets for each subject controlling for a number of expected sources of noise using 

volumetric as well as surface analyses.

Results: Our results show that the average inter-day distance (with fMRI scans lasting 30 

minutes on each day) is 25% less variable than the inter-scan distance, which uses 50% less data. 

Specifically, the inter-scan distance was more than 37 mm, while for the longer-scan, the inter-day 

distance had lower variability at 25 mm. Finally, we tested the same rsfMRI strategy using the 

nucleus accumbens (NAc) as a control region relevant to MDD but less susceptible to artifacts, 

using both volume and surface rsfMRI data. The results showed similar variability to the SGC-

DLPFC functional connectivity. Moreover, our results suggest that a smoothing kernel with 12 mm 

full-width half maximum (FWHM) lead to more stable and reliable target estimates.

Conclusion: Our work provides a quantitative assessment of the topographic precision of this 

targeting method, describing an anatomical variability that may surpass the spatial resolution of 
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some forms of focal TMS as it is commonly applied, and provides recommendations for improved 

accuracy.
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1. Introduction

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technique with 

basic and clinical applications, including diagnostic and therapeutic uses [1]. In particular, 

high-frequency excitatory repetitive TMS (rTMS) to the left dorsolateral prefrontal cortex 

(DLPFC) has been validated as a safe and effective intervention for the treatment of major 

depressive disorder (MDD): it is approved by the U.S. Food and Drug Administration (FDA) 

since 2008 and it is part of the standard of care following national and international clinical 

guidelines [2, 3]. The most common strategy to identify the target of stimulation in the 

DLPFC is to center the TMS coil 5 cm anterior to the primary motor cortex representation of 

the hand, measured along the curvature of the scalp (the “5cm rule”). While this approach, 

developed on the basis of population-based morphometric analyses, was sufficient to 

separate active TMS from placebo in large clinical trials, it is certainly inaccurate for a 

number of reasons. Using an absolute distance (i.e. 5cm) introduces an obvious bias related 

to head size, as larger heads should require a greater distance between the motor cortex and 

DLPFC. Indeed, Herwig and colleagues [4] demonstrated that the 5cm rule leads to targets 

that are inaccurately dorsal and/or posterior in 68% of all subjects. Importantly, other studies 

have demonstrated that this anatomical imprecision is clinically relevant: [5] analyzed the 

location of stimulation for the OPT-TMS trial [3], a large multicenter randomized placebo-

controlled trial of TMS for the treatment of MDD, and determined that all subjects who had 

been stimulated too posteriorly (in pre-motor regions) following the 5cm rule failed to 

respond to treatment. Similar analyses of trials using the “5cm rule” have identified that 

more anterior targets are associated with better clinical response [6]. These data provide 

evidence that anatomical differences are indeed determinant for the therapeutic efficacy of 

TMS, and that the 5cm rule is a source of error that can lead to inappropriate coil positioning 

with negative implications for efficacy.

Small trials using image-guided TMS with stereotactic neuronavigation have shown that 

increasing the anatomical specificity and intersession reliability of stimulation could 

potentially improve clinical efficacy [7, 8]. Although image-guided neuronavigation is 

standard in cognitive or systems neuroscience, leading to greater anatomical precision and 

behavioral effect size [9], it is still rare in clinical practice. This is partly due to the size and 

heterogeneity of the DLPFC, a large structure with very diverse functions and patterns of 

connectivity [10]. Most attempts to prospectively investigate the use of neuronavigation in 

therapeutic antidepressant trials have used the boundary between Broadman areas 46 and 9 

(BA46/9) as the target of stimulation. This approach, while potentially more reliable due to 

the use of neuronavigation, is still based on populationbased maps (as we do not measure 

cytoarchitectonic properties for each subject but use population-based atlases) and continues 
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to lack the specificity of the true individual anatomy of each subject. Further, the evidence 

pointing to BA46/9 as the ideal target for TMS modulation of circuits pathologically 

involved in MDD is not strong, primarily because while there may be a relationship between 

cytoarchitectonics and function, the overlap between the structural and functional anatomy 

of multimodal association cortices such as the DLPFC is variable and imprecise across 

individuals [11, 12]. Cytoarchitectonically defined landmarks are thus unlikely to provide 

the functional specificity and individualized resolution needed. Therefore, the need for 

precision-medicine strategies for TMS target identification is still an unresolved problem, 

though one that is expected to significantly increase the therapeutic efficacy of this 

intervention.

Functional-connectivity has been proposed as an individualized strategy to identify DLPFC 

targets on the basis of known circuit-based anatomy and patterns of functional coherence. 

The subgenual cingulate cortex (SGC) is a critical node in the patho-physiology of MDD, 

with multiple layers of mechanistic and clinical evidence suggesting its involvement in the 

maladaptive development of the affective, autonomic and behavioral symptoms of MDD. 

Specifically, the SGC has been shown to be hyperactive in the context of MDD, and this 

pathological signal normalizes after effective treatment [13, 14, 15]. The DLPFC has also 

been critically involved in the pathophysiology of MDD, particularly related to executive 

symptoms and faulty homeostatic control of affective states [16]. Unlike SGC, the DLPFC 

has been shown to be hypoactive in active depression, and this pattern also tends to 

normalize after effective treatment [17, 14, 16, 18].

The anticorrelated relationship between DLPFC and SGC has been captured using resting-

state functional connectivity analyses of low-frequency BOLD signal oscillation. 

Retrospective analyses have suggested that the antidepressant efficacy of rTMS is correlated 

to the functional connectivity between the left DLPFC and the SGC, thus suggesting the use 

of the node in the left DLPFC that was most anti-correlated with SGC as a subject-specific 

stimulation target [19]. An initial assessment of the reliability of the rsfMRI-guided 

approach on a small number of subjects showed that the intra-subject SGC-DLPFC 

functional connectivity map was better correlated with the functional connectivity (FC) map 

obtained from the same subject on a different day than that of a group-average FC map [20]. 

Although the general reliability of brain networks determined by FC maps and related 

measures have been investigated in several prior studies [21, 22, 23, 24], the intrinsic 

variability of the specific SGC-DLPFC maps and the corresponding brain targets has not 

been determined to date using large data sets. Quantifying the spatial variability of the 

subject-specific rsfMRI-guided target is important for understanding the reliability and 

reproducibility of target definition strategies. A reliable localization methodology is 

expected to produce nearly the same brain stimulation target from data acquired in different 

sessions. Excessive intra-subject variability in the identification of the target, particularly if 

it is beyond the spatial resolution of the stimulation technique, could lead to highly variable 

therapeutic results. Thus, high reproducibility is critical for the clinical efficacy of rTMS in 

depression.

In this paper, we study the intra-subject variability of rsfMRI-guided target using data set 

from the Human Connectome Project (HCP) [25]. We analyzed the SGC-DLPFC functional 
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connectivity maps from 100 HCP subjects where each subject had four 15-minute rsfMRI 

scans on 2 different days. Our results showed that the inter-scan Euclidean distance between 

the rsfMRI-guided target region was more than 38 mm. The brain targets identified using a 

combination of two scans from the same day, which is equivalent to a 30-minute scan 

session, has lower variability, but still with an inter-day distance larger than 25 mm. 

Considering that the rsfMRI signal in the SGC region usually has a slightly lower signal to 

noise ratio [26], we also tested the reproducibility of FC map using a control seed region in 

the nucleus accumbens (NAc) using both volume and surface data with different 

preprocessing methods. The inter-scan and inter-day results were consistent with those 

obtained for the SGC-DLPFC connectivity.

2. Methods

2.1. Subjects and data

We analyzed the data set from 100 unrelated subjects from HCP [25], where the subjects 

include 46 male and 54 female with ages ranging from 22 to 36 years. Each subject had four 

15-minute scan data provided in both volume and surface data formats in the MNI space 

from two contiguous days with two runs from each day. A warp transform is also provided 

for converting the volume data from MNI space to the native T1w space. The acquisition 

parameters for rsfMRI data were TE = 33 ms, TR = 0.72 s, with a multi-band factor of 8. 

The volume data had 2 mm isotropic voxel size. Moreover, the T1w image had a higher 

spatial resolution with 0.7 mm isotropic voxels. More information about data acquisition and 

preprocessing can be found in [27].

2.2. Functional connectivity data pre-processing and analysis

For one of our analysis, we used the volumetric minimally processed rsfMRI data, which is 

corrected for various distortions and head motion [28]. Following the methodology given in 

[29], the data was then processed using SPM12 (Well-come Department of Cognitive 

Neurology, London, UK) using the following parameters: i) drop 4 initial volumes, ii) 

smooth the data using a Gaussian kernel with 4 mm FWHM, iii) filter the data using a filter 

with pass band between 0.01 and 0.08 Hz, iv) regress-out nuisance signals from the white-

matter and CSF regions using label maps provided by HCP, and v) regress-out the global 

average signal from all voxels. We note that the HCP pipeline corrects for head motion. 

Slice-timing correction is not necessary for these data sets due to the low TR [30]. For the 

surface data, we used the data that had been processed by the HCP ICA-FIX pipeline where 

non-neural spatiotemporal components in the signal were removed from the minimally 

processed data [30]. Similar to the volume data, we also applied the global signal regression 

(GSR) from the surface data before computing the FC maps, since GSR could improve the 

spatial specificity of functional connectivity maps [31, 32].

The SGC seed region was defined by manually drawing a line in the sagittal plane bordering 

with the most rostral point of the genu of the corpus callosum, and including the entire 

subgenual cortex (in the cingulate and ventral to it) posterior to this border and excluding the 

white matter area. Since this seed region does not project properly to the surface space, we 

only analyzed the SGC FC maps using the volume data. Fig. 1 illustrates the SGC ROI of an 
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HCP subject on a slice that is 3.65 mm left lateral from the sagittal plane. This SGC ROI is 

slightly different from the one proposed in [19, 20] where it was defined by a 10-mm radius 

sphere centered at MNI coordinates (6,16,10). Of note, the rsfMRI signal in the SGC region 

usually has lower signal to noise ratio [26] due to susceptibility artifacts, although this is 

corrected by the distortion correction algorithm during the minimal processing of the HCP 

data [30]. In order to determine the influence of EPI distortions on our results, we selected 

another critical disease-relevant node (as a control region), the Nucleus Accumbens (NAc), 

located in the subcortical depth of the parenchyma and critically involved in processing 

anhedonia, amotivation and positive affect dimensions of MDD. Automated atlas-based 

parcellations using FreeSurfer [33] was used to define the NAc for every individual subject. 

The NAc FC maps were computed using both volume and surface data. Since the volume 

rsfMRI data is provided in the standard MNI space, the corresponding FC maps were also 

initially computed in the standard MNI space and were transformed to the native T1w space 

using the provided warp transforms.

The target for TMS was defined as a voxel in the left DLPFC with the strongest 

anticorrelated activity with the SGC. We combined the pars triangularis, rostral middle 

frontal, caudal middle frontal, superior frontal, lateral orbitofrontal, and the frontal pole 

regions provided by FreeSurfer [33] to define our larger DLPFC search area. Given the large 

surface of the DLPFC, the localization of the most negative voxels or vertices in the FC 

maps is clearly sensitive to measurement noise. In order to improve the robustness of 

rsfMRI-guided target, we spatially smoothed the FC maps, instead of rsfMRI data, using a 

Gaussian kernel with different values of FWHM, ranging from 4 mm to 24 mm. The lower 

bound 4 mm was selected because the spatial specificity of BOLD fluctuations measured at 

3T is around 4 mm [34, 27]. An FWHM of 24 mm corresponds to the magnetic field 

intensity of a standard figure-8 TMS coil whose intensity decreases to around 75% of the 

maximum at a distance of 12 mm [35, 20]. The volumetric FC maps were smoothed using 

the SPM12 package and the Connectome Workbench was used for smoothing the surface FC 

maps.

To assess the benefits of using more data in determining the rsfMRI-guided target, we also 

concatenated the two 15-minute scans from the same day to compute a single FC map 

(equivalent to a single 30-minute session), and obtained two FC maps for each subject. The 

same smoothing approach was applied to process the FC maps from the two 30-min 

sessions. From the smoothed FC maps, the intra-subject variability was then characterized 

by several quantitative measures described in the next section.

2.3. Quantitative measures for intra-subject variability

2.3.1. Distance between rsfMRI-guided targets—For each of the SGC-DLPFC 

functional connectivity maps (four scan sessions), we first identified the coordinate (voxel) 

with the most negative correlation in the DLPFC region. Then, we computed the distance 

between the coordinates estimated from each pair from the 4 FC maps, resulting in a total of 

6 distance measures. Though the distance between dominant peaks may be sensitive to 

measurement noise in the FC maps, the Gaussian smoothing kernel with different values of 

FWHM in pre-processing could potentially reduce estimation error and strengthen the 
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magnitude of the dominant peaks. The average of these 6 distances is defined as the inter-
scan distance between the rsfMRI-guided targets. Similarly, we also computed the distance 

between the rsfMRI-guided targets from the 2 FC maps given by the two 30-min rsfMRI 

sessions. The corresponding distance is defined as the inter-day distance. These distance 

measures were computed in the native subject space of the T1w images. The FC maps were 

then transformed into the surface space for visualization.

For the NAc-DLPFC functional connectivity maps (our control region), there is no sufficient 

evidence to define an a priori preference for positive or negative functional connectivity 

peaks. Thus, we computed the coordinates for both, the positive and negative peaks, and 

estimated the distance between the respective peaks. The distance computed using the 

volumetric FC maps were computed in the native subject space, while the distance from 

surface FC maps was in the standard MNI space (note: distances were not computed on 

inflated surfaces).

2.3.2. Spatial correlation between FC maps—While the above distance measure 

between dominant peaks provides a quantitative metric to understand the reliability of 

rsfMRI-guided target in rTMS, these measures do not reveal the large-scale reproducibility 

of FC maps. To quantify the variability of entire FC maps (and not just the peaks), we 

computed the correlation coefficient (CC), r, between each pair of the 4 FC maps in the 

entire DLPFC region from each rsfMRI scan and between the 2 FC maps from two different 

days, respectively. The mean value of the correlation coefficient is referred as the inter-scan 
consistency and inter-day consistency, respectively. The consistency measures take values 

between −1 and 1. Highly reproducible FC maps should have a consistency measure close to 

one. Then, the Fisher z-transform was applied to transform the correlation coefficients r to 

z(r). The mean and standard deviation of z(r), i.e. z, and zstd, were computed from the 100 

subjects. Then, the Fisher inverse z-transform of z and z ± zstd determine the mean and the 

variance of r.

We note that the above definition of inter-scan distance/consistency not only contain 

information on the difference between FC maps from intra-day rsfMRI scans but also the 

inter-day rsfMRI scans. To understand the difference between the intra-day and inter-day 

rsfMRI scans, we have also computed an alternative inter-scan distance/consistency by only 

comparing two pairs of FC maps from rsfMRI data acquired on the same day. But the results 

are very similar to the above definition of inter-scan distance by using all the 6 pairs of FC 

maps, see the Supplementary Material. Therefore, we only report the inter-scan distance/

consistency from based on the 6 pairs of FC maps in below.

3. Results

3.1. SGC-DLPFC functional connectivity

The solid blue and red lines in Fig. 2a illustrate the mean value for the inter-scan and inter-

day distance for the SGC-DLPFC functional connectivity maps, respectively. As noted 

earlier, we varied the size of the smoothing kernel (FWHM) to see its effect on the resulting 

connectivity maps. The dashed lines are the corresponding ± standard deviation plots. We 

note that the inter-scan distance does not change much for different FWHM values. Its 
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minimum value is 37.4 mm which is obtained at FWHM=12 mm. We also note that the 

inter-day distance using 30-min data is always smaller than the inter-scan distance using 15-

min data where the p-value (t-test) reduces from 0.016 to 9 × 10−6 as the FWHM increases 

from 4mm to 24mm, which shows the benefit of using more measurements and larger 

smoothing kernels. The inter-day distance reduces from 34.2 mm to 26.3 mm as FWHM 

changes from 4 mm to 12 mm. There is no significant improvement when using larger 

smoothing kernels. We note that the smoothing kernel also reduces the strength of 

correlation coefficients.

Fig. 2b shows the mean (solid lines) and standard deviation (dashed lines) of the correlation 

coefficient of the most negative peaks of the SGC-DLPFC FC maps. The strength of the CC 

decreases with increasing FWHM, due to smoothing effects. The most negative values for 

inter-scan and inter-day CC were 0.39 and 0.33, respectively.

Fig. 2c shows the consistency of the FC maps. As expected, the inter-day consistency is 

always higher than inter-scan consistency (p < 0.003), and both consistency measures 

monotonically increase with higher values for FWHM. We also note that the values for the 

consistency measures are similar to those reported in [20]. As an example, Figs. 3a and 3b 

illustrate the FC maps from the 4 scans of the same subject smoothed by Gaussian kernels 

with FWHM=4 mm and 12 mm, respectively. Figs. 4a and 4b show the corresponding FC 

maps on two different days. Clearly, these FC maps show strong variability for the location 

of the dominant negative peaks.

3.2. NAc-DLPFC functional connectivity

To check if the rsfMRI signal in NAc has better quality than SGC, we computed the signal 

to noise ratio (SNR) using the approach described in [36]. The SNR in the SGC and NAc 

regions was 11.5 and 16.9, respectively. The lower SNR in SGC may be caused by stronger 

susceptibility artifacts in that region [26]. The inter-scan (15-min) and inter-day (30-min) 

distances for the NAcDLPFC maps for the positive and negative peaks from the volumetric 

data are shown in Figs. 5a and 5b, respectively. The inter-day distances between positive 

peaks are consistently smaller than the inter-scan distances (p < 0.038). The values of the 

most negative and most positive peaks are shown in Figs. 5c and 5d, respectively. The 

rsfMRI consistency measures for the NAc-DLPFC FC maps are shown in Fig. 5e where the 

inter-day consistency is higher than the inter-scan consistency (p < 0.0005). We note that the 

consistency measure in Fig. 5e reflects the variability of the entire DLPFC region, which is 

not separated into positive or negative values.

Similar to the SGC-DLPFC maps, the inter-scan distance is larger than the inter-day distance 

while the inter-day consistency is higher. We also note that the distance between positive 

peaks is much smaller than the distance between negative peaks, indicating that there may 

exist an intrinsic positive correlation between DLPFC and NAc. The minimum inter-scan 

and inter-day distances of negative peaks are 45.0 mm and 41.8 mm, which are obtained for 

FWHM=8, 4 mm, respectively. The minimum of both inter-scan and inter-day distances 

between positive peaks was obtained for FWHM=12 mm. The corresponding minimal 

values were 33.2 mm and 25.0 mm, respectively. The maximum values of inter-scan and 

inter-day CC from Fig. 5c are equal to 0.35 and 0.30, respectively. The corresponding values 
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in Fig. 5d are equal to 0.33 and 0.26, respectively. Thus, the positive CC also has higher 

strength than the negative values.

Figs. 6a and 6b show the distance between the peaks for the NAc-DLPFC maps using the 

surface data and the pial surfaces for each subject provided by the HCP dataset. Figs. 6c and 

6d illustrate the most positive and negative values of FC maps, respectively. We note that the 

strength of the CC is much smaller than those illustrated in Figs. 5c and 5d. Fig. 6e shows 

the corresponding consistency measures for the entire DLPFC region. Very different from 

the results from volume data, the inter-day distance is no longer smaller than the inter-scan 

distance. Further, both distance measures are around 40 mm for different FWHM and larger 

than that obtained from volumetric data.

3.3. Compare SGC-DLPFC and NAc-DLPFC functional connectivity

To understand if the SGC-DLPFC and NAc-DLPFC FC maps have peak values in a similar 

region of DLPFC, we also computed the distance between the corresponding peaks using FC 

maps obtained from the volume data. Fig. 7a illustrates the distance between the negative 

peaks of SGC-DLPFC FC maps and the positive peaks of the NAc-DLPFC maps for 

different values of FWHM. The distance is more or less constant with varying FWHM. The 

minimum inter-scan and inter-day distances are 40.9 mm and 39.9 mm, respectively. Fig. 7b 

shows the distance between the most negative peaks of SGC-DLPFC and NAc-DLPFC 

maps. The distances have much higher values than the results shown in Fig. 7a. Moreover, 

the distances in Fig. 7b are increasing with FWHM. The minimum values of inter-scan and 

inter-day distances are 48.4 mm and 46.4 mm, respectively.

4. Discussion

In this work, we used high-quality and high-resolution HCP data from 100 subjects to assess 

the reliability rsfMRI-guided target localization for DLPFC neuromodulation in MDD. 

Different from most early works that consider the general reproducibility of FC-map based 

brain networks [21, 22, 23, 24, 37], this paper focuses on quantifying the intra-subject 

reproducibility and variability of the specific SGC-DLPFC and NAc-DLPFC FC maps 

which are important in TMS therapy in MDD. From the analysis of rsfMRI data from four 

scan sessions acquired on two consecutive days, the most topographically reliable targets 

were identified using two 15-minute scans and a 12 mm FWHM smoothing kernel, leading 

to 26.3 mm intra-subject variability. Using a single 15-minute scan instead lead to 37.4 mm 

(SGC) and 33.2 mm (NAc) variability. Of note, the variability of target is expected to be 

even larger if the sites are mapped from the cortical surface on to the scalp surface. Though 

the reliability of the SGCDLPC FC maps could possibly be impact by the choice of seed 

region, the NAc-DLPFC FC maps have similar results, despite differences in SNR, 

susceptibility artifacts and the choice of seed regions. The FC maps in volume space were 

more reliable than surface-based analyses for the NAc-DLPFC maps, which is reflected by 

the smaller distance measures and higher consistency provided by volume data. Moreover, 

positively correlated DLPFC targets with the NAc were more reliable than anticorrelated 

nodes.
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4.1. Smoothing kernel: the role of preprocessing

All analyses show consistently that the 12 mm FWHM smoothing kernel of the FC maps 

leads to more stable and least variable DLPFC targets. While this is a wider smoothing 

kernel than commonly used in fMRI analyses, it may be the best pre-processing strategy 

when using rsfMRI for the specific application of identifying cortical neuromodulation 

targets. The more standard 4–6 mm smoothing kernels typically applied to smooth rsfMRI 

data had similar inter-scan (39.6 mm vs. 37.4 mm) but worse inter-day variability (34.2 mm 

vs. 26.3 mm). Moreover, the standard smoothing generally leads to low consistency 

measures, which further supports the lack of reproducibility of FC maps. But a larger 

FWHM could reduce the influence of suspicious local maxima of correlation maps and 

increase the reproducibility. This finding highlights the value of exploring different 

smoothing and pre-processing strategies in other image-guided fMRI applications (e.g. pre-

surgical mapping for resections or device-based neuromodulation).

4.2. Inter-scan vs. inter-day measures: the role of data acquisition and quality

Volumetric analyses revealed that inter-session differences, with two 15-minute scans (a 

total of 30 minutes), were approximately 25% more reliable than inter-scan assessments 

using a single 15 minute run (i.e. 50% less data). This suggests that a strategy to improve 

target reliability could be to simply increase the data quality with more data points, which 

could be accomplished with longer scan duration, a greater number of sessions or more 

efficient pulse sequences able to acquire more data in less time. All these strategies have 

potential counterproductive weaknesses though (e.g. increased risk for motion) and should 

be empirically tested and validated for the purpose of rsfMRI DLPFC target identification. 

We note though that, using a higher magnetic field, e.g. 7T, could increase data quality 

without increasing acquisition time. In addition, it is also likely that there exists a resolution 

limit for the brain target, whose localization variability cannot be further reduced after the 

data quality reaches a ceiling points. Future studies should explore the limits of the spatial 

precision for localizing brain target for TMS by exploring data sets with different sizes. 

Finally, we note another important factor that limits the reliability of rsfMRI-guided target is 

the temporally varying cognitive states which leads to dynamic FC maps [38, 39, 40]. A 

suitable approach to remove the influence of different cognitive states could potentially 

improve the reliability of FC maps [41].

4.3. Variability across seeds: SGC vs. NAc

Since we did not have strong a priori assumption about the optimal pattern of functional 

connectivity from the NAc to the DLPFC, we explored both positively and negatively 

correlated maps. We observed that positive correlations were more topographically reliable 

with 25.0 mm intra-subject variability instead of 41.8 mm for negative correlations (both 

using inter-day differences, which were better than inter-scan). Interestingly, a more narrow 

smoothing kernel (4 mm) showed a slight advantage in topographical precision over 12 mm 

for negatively correlated nodes only, though still significantly worse than positive correlation 

maps. Positive correlation maps were most reliable at 12 mm smoothing, so we used these as 

a comparison to the SGC maps and targets.
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We did not observe any difference in topographic accuracy between the targets defined from 

the SGC seed, an area with particularly problematic susceptibility artifacts and lower SNR 

[26], and the NAc seed, which is deeper in the parenchyma and less susceptible to these data 

acquisition problems. This is likely to be a reflection of the quality of the preprocessing, 

including the strategies leading to the HCP minimally processed dataset [30]. Interestingly, 

analyses in volume space were more reliable than in surface, and the differences between 

inter-day and inter-scan were negligible in surface space (both equally bad), which may be 

caused by the difference preprocessing methods (temporal filtering vs. ICA-FIX).

The NAc is an important node in the meso-cortico-limbic reward circuitry, which is 

pathologically affected in MDD [42]. It is thought to be involved in the maladaptive 

processes leading to anhedonia, amotivation and more global deficits in positive affect, 

common in many patients with depression [43, 44, 45]. The mean distance between the SGC 

and NAc targets in the DLPFC was 40.9 mm (inter-scan) and 39.9 mm (inter-day), likely 

beyond the resolution of TMS using common coils and parameters [46]. This suggests that 

the SGC and NAc maps could identify different DLPFC stimulation strategies likely to 

modulate distinct networks involved in depression. Given that the reliability of NAc targets 

is equal to that of SGC, this may be an alternative strategy for rsfMRI-guided therapeutic 

modulation. Future studies should test this approach in patients with MDD, but also in other 

neuropsychiatric populations with reward circuit dysfunction (e.g. substance use disorders or 

schizophrenia with prominent negative symptoms). Of note, the strength of (negative) 

connectivity between the DLPFC and SGC was greater than the (positive) correlations 

between the DLPFC and the NAc (0.39 v.s. 0.35). The clinical significance of this result 

needs to be considered.

4.4. Conclusions

Our results provide a quantitative assessment of the topographic precision and variability of 

rsfMRI functional connectivity to identify DLPFC targets for neuromodulation based on 

SGC and NAc seeds. The most reliable strategy using two 15 minute scans and a pre-

processing with 12 mm FWHM smoothing leads to an intra-subject variability of 25 mm. 

Our data identified a number of methodological variables (data quality and pre-processing 

strategies) that impact the reliability of this targeting strategy. It also confirms that 

commonly used approaches to identify DLPFC targets based on functional connectivity 

(using runs of 5–10 minutes duration with longer TRs, hence with considerably fewer data 

points, smoothing rsfMRI data using of 4 – 8 mm kernels and no smoothing of the FC maps) 

could be significantly less reliable (with intra-subject variability in the order of 40 mm or 

greater) leading to inaccurate targeting and less effective neuromodulation.

The spatial resolution of TMS depends on a number of variables, such as coil architecture, 

coil orientation, pulse intensity and individual head and brain anatomy, among others [47, 

48, 46, 49]. While the surface of the stimulated cortical area can indeed vary as a function of 

TMS parameters and individual variables, it should be smaller than the topographical 

variability we describe for common rsfMRI-based targeting strategies (e.g. 6 mm smoothing 

using short scans with long TRs - so few data points - and no smoothing of FC maps). This 

means that rsfMRI targeting strategies are likely to have a topographical variability larger 
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than the actual spatial resolution of TMS, implying that the desired target may not always be 

stimulated. That said, these individualized targeting strategies may still be more accurate 

than using population-based skull measures such as the “5cm rule”. Individualized 

modeling, or empirical assessments, of the TMS-induced electric field may be an important 

additional step to maximize the efficacy of target and network modulation with TMS. On the 

other hand, although our best performing strategy is not commonly used for TMS targeting, 

it provides a significantly improved topographic reliability which may be sufficient for 

certain TMS protocols. Further work is needed to prospectively explore data acquisition and 

analysis strategies to further improve the topographic reliability of TMS target definition 

with rsfMRI, and importantly, to integrate this with assessments of the focallity and 

topography of the electric field induced by TMS and other neuromododulation devices.

Future research should further explore the impact of data quality and pre-processing 

algorithms on target variability, and determine if the topographic precision could be 

improved even further. It should also be considered that functional MRI measures the BOLD 

signal, a proxy for brain activation and physiology. Physiology is variable by definition, 

particularly in high order association or limbic structures which fluctuate as a function of 

internal states and external demands, in both health and disease. Our analyses used data from 

100 healthy young individuals, but older age and disease states may further impact the 

precision of this targeting strategy. Therefore, it is possible that at least part of the observed 

variability is not simply technical artifactual noise, but the actual true accurate measurement 

of a dynamic biological signal. Alternative approaches focused on more naturally stable 

biological properties, such as structural connectivity and tractographic anatomy, may 

represent a more reliable alternative for image-guided neuromodulation, if confirmed with 

prospective MRI-guided TMS studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• The reproducibility of fcMRI-guided brain target in TMS is examined using 

HCP data.

• The inter-scan distance reduces from 37 mm in 15-min data to 25 mm in30-

min data.

• A smoothing kernel with 12-mm FWHM is suggested to reduce inter-scan 

variabilities.
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Figure 1: 
An illustration of the selected SGC ROI of an HCP subject.
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Figure 2: 
(a) The inter-scan (15-min) and inter-day (30-min) distance measure between the most 

negative peaks of the SGC-DLPFC FC maps from the volume rsfMRI data of 100 HCP 

subjects, where the dashed lines are the corresponding ± standard deviation plots. (b) The 

corresponding correlation coefficient variability with FWHM smoothing kernel. (c) The 

consistency measure, which reflects the variability of SGC-DLPFC FC maps in the entire 

DLPFC region.
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Figure 3: 
Functional connectivity map of the left hemisphere with seed in the subgenual cingulate 

cortex (SGC) from 4 scans of the same subject smoothed by Gaussian kernels with different 

FWHM. Note that the location of the most negatively correlated region (green) is highly 

variable between the scans.
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Figure 4: 
Functional connectivity map of the left hemisphere with seed in the subgenual cingulate 

cortex (SGC) from 2 different days of the same subject smoothed by Gaussian kernels with 

different FWHM.
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Figure 5: 
(a) and (b) show the inter-scan (15-min) and inter-day (30-min) distance between the most 

positive and negative peaks of the NAc-DLPFC FC maps from the volume rsfMRI data, 

respectively. (c) and (d) illustrate the values of the most positive and negative CC, 

respectively. (e) shows the consistency measure, which reflects the variability of NAc-

DLPFC FC maps in the entire DLPFC region.
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Figure 6: 
(a) and (b) show the inter-scan (15-min) and inter-day (30-min) distance between the most 

positive and negative peaks of the NAc-DLPFC FC maps from the surface rsfMRI data, 

respectively. (c) and (d) illustrate the values of the most positive and negative CC, 

respectively. (e) shows the consistency measure, which reflects the variability of NAc-

DLPFC FC maps in the entire DLPFC region.
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Figure 7: 
(a) Distance between negative peaks of SGC-DLPFC FC maps and positive peaks of NAc-

DLPFC FC maps. (b) Distance between negative peaks of SGC-DLPFC FC maps and 

positive peaks of NAc-DLPFC FC maps.
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