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DETERMINING TARGETS FOR PERSONALIZED MULTITARGET NONINVASIVE STIMULATION 
OF THE FRONTOPARIETAL CONTROL NETWORK

Personalization of selecting a target for rTMS is a problem, solving which can significantly increase the method efficacy. Stimulation of the key hubs of individual-level 

resting-state networks represents an approach to personalization. The study aimed to develop an rTMS personalization method based on the selection of individual 

frontoparietal control network (FPCN) hubs and assessment of their localization variability. To determine the FPCN hubs, individual maps were built using the FPCN 

group mask as a seed. The searchlight algorithm with the sphere radius of 5 mm was used to select targets within the dorsolateral prefrontal cortex (DLPFC) and 

posterior parietal cortex (PPC). The target spatial localization variability and correctness of using the routine “5 cm rule” for the DLPFC localization were analyzed. 

In 24 healthy volunteers (9 males, average age 29±7 years), high interindividual variability of targets was demonstrated. In no area is there a universal position of 

the stimulation coil that would effectively stimulate targets in all volunteers. Spatial dispersion of points is higher in the DLPFC (volumes of the polyhedra containing 

the point sets are 2095 mm3 in the DLPFC and 739 mm3 in the PPC). All individual targets in the DLPFC are located within the FPCN mask, while in the PPC some 

targets are outside this mask. The average distance between the М1 zones and DLPFC is 64±13 mm. In 75% of the subjects, this exceeds 5 cm, which confirms 

that it was incorrect to use the routine “5 cm rule” for coil positioning in the majority of subjects. An algorithm to select personalized targets for rTMS based on the 

resting-state fMRI data in the DLPFC and PPC being the key FPCN hubs has been developed.
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ОПРЕДЕЛЕНИЕ МИШЕНЕЙ ДЛЯ ПЕРСОНАЛИЗИРОВАННОЙ МУЛЬТИТАРГЕТНОЙ НЕИНВАЗИВНОЙ 
СТИМУЛЯЦИИ ЛОБНО-ТЕМЕННОЙ СЕТИ КОНТРОЛЯ

Персонализация выбора мишени для рТМС — актуальная задача, решение которой может значительно увеличить эффективность метода. Один 

из подходов к персонализации — стимуляция ключевых хабов индивидуальных сетей покоя. Цель исследования — разработка методологии 

персонализации рТМС на основе выделения индивидуальных хабов фронто-париетальной контрольной сети (FPCN) с оценкой вариабельности 

их локализации. Для определения хабов FPCN были построены индивидуальные карты с использованием в качестве seed групповой маски сети 

FPCN. С помощью алгоритма прожектора с радиусом сферы 5 мм были выбраны мишени в пределах дорсолатеральной префронтальной коры 

(ДЛПФК) и задней теменной коры (ЗТК). Анализировали вариабельность пространственной локализации мишеней и корректность применения 

рутинного «правила 5 см» для локализации ДЛПФК. У 24 здоровых добровольцев (9 мужчин, средний возраст 29±7 лет) продемонстрирована 

высокая межиндивидуальная вариабельность мишеней. Ни в одной из областей не существует универсального положения стимулирующей 

катушки, позволившего бы эффективно стимулировать мишени у всех добровольцев. Пространственный разброс точек выше в ДЛПФК (объемы 

многогранников, содержащих множества точек равны 2095 мм3 в ДЛПФК и 739 мм3 в ЗТК). Все индивидуальные мишени в ДЛПФК лежат в пределах 

маски FPCN, а для ЗТК ряд мишеней находится вне этой маски. Среднее расстояние между зоной кисти первичной моторной коры (М1) и ДЛПКК 

составило 64±13 мм. У 75% участников это расстояние превышало 5 см, что подтверждает некорректность применения рутинного «правила 5 см» 

позиционирования катушки для большинства испытуемых. Разработан алгоритм выбора персонализированных мишеней для рТМС по данным фМРТ 

покоя в ДЛПФК и ЗТК, которые являются ключевыми хабами FPCN.
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Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive 
neuromodulation method widely used in research and clinical 
practice [1]. The rTMS protocols have long-term effects 
similar to the synaptic plasticity mechanisms: high-frequency 
protocols and intermittent theta-burst stimulation have an 
effect similar to the long-term potentiation (LTP-like), increasing 
the stimulated cortex area excitability, while low-frequency 
protocols and continuous theta-burst stimulation have an effect 
similar to the long-term depression (LTD-like), decreasing the 
stimulated area excitability [2]. In recent years, the rTMS neural 
network effects represented by the possibility of modulating 
activity of not only the stimulated zone, but also distant brain 
areas structurally or functionally connected to this zone, are 
extensively discussed [3, 4].

The high effect variability, one of the possible reasons for 
which is considered to be suboptimal selection of a target for 
stimulation, is an important issue of using rTMS in both clinical 
and research practice. The size of most stimulated anatomical 
regions is larger than the size of the focus of the magnetic 
field generated by the stimulation coil, which results in a large 
number of possible variants of coil positioning within the region. 
Furthermore, various zones located within these anatomical 
regions can have different cytoarchitecture, as well as structural 
and functional connectivity, which is especially important in the 
context of the rTMS neural network effects [5, 6].

The emergence of TMS neuronavigation systems and 
algorithms to calculate the TMS-induced electric field maximum 
made it possible to control the stimulation coil position relative 
to individual structural data of the patient’s MRI in real time, as 
well as to considerably increase the coil positioning accuracy 
[7]. Moreover, neuronavigation systems allowed one to use 
functional MRI data (both group and individual) for targeting, 
thereby opening up new opportunities for the personalized 
identification and influence on the selected targets [8]. Various 
approaches to personalized target identification based on 
functional MRI in the resting state and with different paradigms 
are being explored. The personalized determination of the 
localization of "hubs" of a particular resting-state network 
represents one such approach. In this case the main hypothesis 
is that there is a possibility of providing the TMS neural network 
effects and modulating the activity of a certain network when 
stimulating one or more network “hubs”.

There are a number of methodological issues related to 
both individual allocation of the resting-state networks and 
determination of the target itself based on the activation maps 
identified. For example, several algorithms for allocation of 
individual resting-state networks were proposed: iterative (see 
[9] for details), Infomap algorithm [10], multi-session hierarchical 
Bayesian model (MS-HBM) [11], independent component 
analysis (ICA), etc. A point, the signal of which reaches the 
maximum of the functional connectivity characteristic of interest, 
can be specified as a target within the selected connectivity 
map [12], or a number of approaches can be used considering 
connectivity of the zones surrounding this point. For example, 
the searchlight algorithm selects the point with the maximum 
average value of the functional connectivity characteristic of 
interest over the sphere with the specified radius having the 
center in this point [13], while the cluster algorithm uses the 
specified threshold to cut off the cluster with the maximum 
signal and use the coordinates of the center of mass of this 
cluster [14].

The fronto-parietal control network (FPCN) is one of the 
networks most consistently identified in resting-state fMRI, the 
activity of which is associated with cognitive activity [15, 16]. 
The major FPCN hubs located superficially and accessible 

for rTMS are the dorsolateral prefrontal cortex (DLPFC) and 
posterior parietal cortex (PPC). The studies have shown the 
possibility of modulating cognitive functions in the population of 
healthy subjects and patients when conducting rTMS of these 
regions without using a personalized approach, however, the 
results of these studies are heterogeneous due to high effect 
variability [17–19]. 

The objective of this study was to develop a method 
for personalized identification of the targets for transcranial 
magnetic stimulation based on the identification of individual 
FPCN hubs within the DLPFC and PPC with assessment of 
variability of localization of such targets in healthy volunteers.

METHODS

The study was conducted at the Russian Сenter of Neurology 
and Neurosciences in 2025. Medical history and demographic 
data were collected for all healthy volunteers.

Subjects

Inclusion criteria: the informed consent availability; age 
20–50 years. Exclusion criteria: refusal to participate in the 
study; contraindications for MRI; a neurological disorder 
affecting cognitive functions or a mental disorder at the time 
of enrollment or a history of such disorders; a chronic severe 
somatic disorder, decompensated chronic disorder or acute 
phase of the disease (for example, ARVI).

A total of 24 healthy volunteers aged 21–48 years (9 males, 
average age 29 years, standard deviation 7 years) were included 
in the study.

All volunteers underwent neuroimaging assessment on a 
3 T Siemens MAGNETOM Prisma scanner (Germany).

MRI data acquisition and pre-processing

The neuroimaging assessment protocol included the T1-weighted 
imaging mode with the Multi-Planar Reconstruction (MPR) 
option for structural data acquisition (TR 2300 ms, voxel 
1 × 1 × 1 mm3) and the Multiplanar Gradient Echo mode 
(TR 1500 ms, voxel 2 × 2 × 2.2 mm3) to record the resting-state 
fMRI signal for analysis of functional connectivity.

The MRI data were analyzed using the CONN  (Functional 
Connectivity SPM Toolbox 2017, McGovern Institute for Brain 
Research, Massachusetts Institute of Technology (http://
www.nitrc.org/projects/conn), Cambridge, USA) version 
22.v2407, and SPM12 (Functional Imaging Laboratory, 
Wellcome Department of Imaging Neuroscience, Institute of 
Neurology (http://www.fil.ion.ucl.ac.uk/spm/software), London, 
UK) software packages. Functional images were subjected 
to realignment with susceptibility distortion correction using 
field maps, slice timing correction, outlier identification. The 
structural data were segmented into tissues and normalized 
into the MNI (Montreal Neurological Institute) space, while 
functional data were normalized using the deformation field 
calculated for structural data (indirect normalization). Spatial 
smoothing was applied to functional data with a Gaussian 
filter with the full width at half maximum (FWHM) kernel size 
of 8 mm. Furthermore, the average signal for the region, the 
connectivity with which was calculated (in the seed-to-voxel 
procedure described below), was determined based on the 
unsmoothed data in order to avoid mixing with the signal from 
adjacent regions.

Furthermore, regression was used to delete contributions of 
artifacts proportional to the signal of white matter (five principal 
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Table. Individual coordinates of targets in the left dorsolateral prefrontal cortex and posterior parietal cortex 

Note: DLPFC — dorsolateral prefrontal cortex, PPC — posterior parietal cortex, М1 — primary motor cortex.

No

Cortical area 

Distance between 
М1 and the target 
in the DLPFC, mm

DLPFC PPC

X-axis coordinate Y-axis coordinate Z-axis coordinate X-axis coordinate Y-axis coordinate Z-axis coordinate

1 –41 51 14 –27 –69 59 75

2 –45 48 6 –46 –57 52 76

3 –47 28 36 –39 –60 57 44

4 –41 47 21 –46 –48 58 68

5 –41 34 36 –54 –40 52 50

6 –43 48 14 –51 –53 50 72

7 –44 47 14 –51 –48 52 71

8 –49 28 32 –51 –47 52 46

9 –43 47 13 –55 –42 51 72

10 –51 21 34 –38 –72 46 39

11 –50 25 30 –39 –64 54 44

12 –46 46 9 –50 –52 52 72

13 –44 39 28 –56 –42 50 57

14 –47 43 8 –50 –51 53 71

15 –45 24 42 –45 –61 51 39

16 –42 52 6 –52 –48 51 80

17 –48 43 9 –51 –51 51 70

18 –41 40 30 –46 –57 54 59

19 –45 46 11 –60 –29 44 72

20 –40 35 37 –58 –42 46 51

21 –44 47 12 –57 –49 43 72

22 –40 51 17 –43 –54 57 73

23 –46 47 6 –46 –49 58 75

24 –45 48 6 –45 –54 56 76

components), cerebrospinal fluid (five principal components), 
motion parameters and their first order derivatives (12 regressors), 
outlier scans, session effect and its first-order derivative (two 
regressors), as well as the linear trend (two regressors) from 
functional data, with subsequent band-pass filtering in the 0.008–
0.09 Hz range.

Resting-state fMRI data analysis aimed at selecting 
targets for stimulation 

The literature dedicated to solving the problem of finding an 
invidual parcellation of the cortical surface into functional 
resting-state networks and selecting an optimal point in the 
zones available within this network fragment was reviewed. 
An optimal set of approaches was identified at each stage of 
data analysis, which was later combined into an algorithm for 
selecting personalized targets for rTMS. The main steps of this 
algorithm are provided below. 

Algorithm to select personalized targets for rTMS 
belonging to the fronto-parietal control network (FPCN)

Step 1. Construction of the map of the degree to which points 
in the brain belong to the FPCN.

The seed-to-voxel method is used: calculation of connectivity 
of the given region (referred to as seed region) with other voxels 

of the brain. The method is applied to individual resting-state 
fMRI data. The FPCN mask generated in the study [20] based 
on the average connectivity of the group of 1000 healthy 
volunteers is used as the seed region. The resulting seed 
connectivity map is used as a map of the degree to which 
points in the brain belong to the FPCN.

Step 2. Creating a set of candidate voxels for selection of 
targets located on the brain surface.

Voxels located on the brain surface are selected. For that 
the function spm_erode is applied to the intracranial volume 
mask from the SPM package transformed into the specific 
subject’s individual space. This function calculates the region 
obtained from the specified region by removing one layer of 
voxels from its surface. Voxels removed by this function are 
calculated by subtraction of intracranial volume masks before 
and after the spm_erode application. The set of these voxels 
is taken as the intracranial volume margin; targets are further 
selected among these voxels.

Step 3. Selection of the candidate voxels located within the 
specified target regions.

The ones located within the target regions, DLPFC and PPC, 
are selected among the voxels obtained in the previous 
step. The left DLPFC was defined as the portion of the left 
middle frontal gyrus, excluding the premotor cortex. The mask 
of the left middle frontal gyrus was taken from the atlas created 
by A. Hammers and colleagues [21]. The mask of the premotor 
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Fig. 1. Projections of targets in 24 subjects on coordinate planes. Red are targets in the DLPFC, blue are targets in the posterior parietal cortex

Fig. 2. Convex hulls of sets of points with the coordinates of targets in the PPC (Fig. А) and DLPFC (Fig. В)

А B

cortex was obtained by merging areas of the left dorsal and 
ventral premotor cortex from the HMAT (Human Motor Area 
Template, [22]). The left posterior parietal cortex was defined 
as the union of the left supramarginal and angular gyri and the 
superior parietal lobule from the atlas by A. Hammers.

Step 4. Selection of targets by the searchlight method 
[13, 14].

The quality measure equal to the mean of the values of the 
above seed connectivity map within the sphere with the center 
in a given voxel and the 5 mm radius is calculated for each 
voxel selected in the previous steps (to consider the effect of 
stimulation on a certain cortical region surrounding the target 
point). Voxels with the maximum quality measure values within 
each target region are selected as targets.

Analysis of the target spatial localization

Individual targets for each subject were transformed into 
the MNI space using the deformation field transforming the 
structural image into this space that was generated during 
MRI data pre-processing. Group mean values and standard 
deviations of the coordinates of these targets were calculated 
to describe the distribution of their localization in different 
subjects. Distances between the targets in the DLPFC and 
the motor cortex in the hand muscle cortical representation 
area were calculated. For that the group map of activation 

(for 486 subjects) upon moving the right fingers based on the 
Human Connectome Project data [21] was used, downloaded 
from the Neurovault database (dataset ID https://identifiers.
org/neurovault.image:3162). This map was binarized with 
the threshold Z > 22 selected in such a way as to highlight 
the cluster in the precentral gyrus region, without including 
other nearby clusters. The distance to the closest voxel in 
the resulting binarized activation map was calculated for each 
target in the DLPFC.

RESULTS

An algorithm for determining the coordinates of points within 
individual FPCN hubs in the DLPFC and PPC that could be 
used as targets for rTMS was developed based on the literature 
review.

Coordinates of targets in two cortical regions were determined 
for each volunteer (Table).

After transforming each target to the MNI space the 
group-mean coordinates of targets in the DLPFC are –44.6, 
41.1, 19.7 mm, standard deviations are 3.1, 9.5, 12.0 mm. 
The mean coordinates of targets in the PPC are –48.2, –51.7, 
52.0 mm, standard deviations are 7.6, 9.6, 4.2 mm. For the 
DLPFC, the mean distance between the target and its midpoint 
is 14.3 mm, the maximum distance is 28.3 mm, for PPC these 
are 10.4 mm and 28 mm, respectively. The maximum distance 
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Fig. 3. Positions of targets for all subjects in the MNI space. Shown in yellow is 
the group-derived mask of the frontoparietal control network (FPCN) from [20] 
used as a seed region in the calculations of individual connectivity. Shown in red 
are the individual targets in DLPFC (defined as the part of the middle frontal gyrus 
excluding the premotor cortex), shown in blue are the targets in the posterior 
parietal cortex (defined as the union of the supramarginal and angular gyri and 
the superior parietal lobule). The data is shown on the mni152 template from the 
MRIcroGL software

Fig. 4. Comparison of the mean target locations in the DLPFC in MNI space 
from this study (red) and the paper [24] (green). In the study [24], the point was 
calculated as the mean of targets defined as peaks of independent components 
of the individual resting-state fMRI signal visually identified as the FPCN.

between pairs of targets is 45.9 mm in the DLPFC, 54.1 mm in 
the PPC (Fig. 1).

Despite comparable linear measures of target dispersion, 
the volumes of polyhedra calculated by the convex hull method 
and containing sets of points for each of the assessed regions 
reported for the DLPFC turned out to be almost 3 times 
higher than that reported for the PPC (2095 and 739 mm3, 
respectively) (Fig. 2).

When superimposing targets on the FPCN mask used as 
a seed region for individual connectivity calculations, in the 
DLPFC all targets were within the mask, while in the PPC some 
targets were beyond the mask (Fig. 3).

When estimating distances from individual targets in the 
DLPFC to the primary motor cortex (М1), the mean value was 
64 mm, standard deviation was 13 mm (Table 1). Furthermore, 
only 6 volunteers had distances (25%) not exceeding 50 mm.

DISCUSSION

In the study, we proposed a personalized target selection 
algorithm based on selection of individual FPCN hubs within 
the DLPFC and PPC. High interindividual variability of targets 
was demonstrated. Furthermore, spatial dispersion of points 
was higher in the DLPFC, but all individual targets in the DLPFC 
were within the applied FPCN mask, while in PPC some 
targets turned out to be beyond this mask. The analysis of the 
determined target localization variability allows us to state that 
in none of the specified areas there is a single universal position 
of the stimulating coil that would allow for effective stimulation 
of the targets in all volunteers. Moreover, according to the 
data obtained, the distance between the M1 zones and the 
DLPFC did not exceed 5 cm only in 25% of subjects, which 
confirmed that it was incorrect to use the routine “5 cm rule” for 
coil positioning, at least in the population of healthy individuals.

The personalized target selection algorithm developed 
allows one to determine individual localization of targets in two 
key FPCN hubs. The resulting target localization in volunteers 
was variable in both DLPFC and PPC. Moreover, the size 
of the stimulated area for most figure-of-eight coils most 
frequently used for rTMS (for the details of calculations see 
[22]) is smaller, than the size of the individual target dispersion 
area in both DLPFC and PPC. Thus, it is clear that there is 
no single universal stimulation coil position that would allow for 
effective stimulation of targets in all volunteers in any specified 
region. These data challenge the “one-fits-all” concept widely 
used in both scientific research and clinical practice, implying 
the use of the universal approach (the same for all subjects/
patients) to determine the target in the region of interest based 
on the structural (for example, specified coordinates in the MNI 
space) or surface (for example, the “5 cm rule”) landmarks. 
The data showing that in the highly heterogeneous regions, 
such as DLPFC, the same anatomical zone can be part of 
different networks, so the neural network effects resulting from 
stimulation of this zone would be different, suggest that the 
concept is incorrect [23].

Comparison with the available literature data showed 
similarity of localization of targets in the DLPFC as a FPCN hub. 
Thus, the average of the targets corresponding to the peaks 
of the left FPCN independent component, identified visually 
among the independent component analysis (ICA) results, 
obtained in the study [24], was located at coordinates (–38, 
–39, 17) in the MNI space. This point is located at a distance of 
7.4 mm from the midpoint obtained in our study in the direction 
into the depth of the brain (Fig. 4). The more superficial location 
of targets reported in our study is explained by methodological 

features. Considering the limited depth of the magnetic field 
effect in rTMS, we limited the depth at which the targets were 
located by the intracranial volume margin found using the spm_
erode function of the SPM package.

We have found that the mean distance between the 
hand zone of primary motor cortex (М1) and targets in the 
DLPFC exceeds 6 cm. The data obtained are important in the 
context of assessing the “5 cm rule” validity as an approach to 
localization of the rTMS target in the DLPFC. Such an approach 
was originally proposed in the studies focused on therapy for 
treatment-resistant depression [25]. However, later it became 
widely used for localization of targets in the DLPFC and for other 
disorders, as well as in the studies involving healthy volunteers 
due to simplicity and convenience. According to our data, the 
distance between the target in the DLPFC and the hand zone in 
М1 did not exceed 5 cm only in 25% of subjects. Furthermore, 
it’s important to note that we assessed the shortest distance 
between two points, while the “5 cm rule” implies estimation of 
the distance between the projections of those on the convex 
scalp surface. These data confirm the results of multiple studies 
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