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Abstract

Background—Repetitive transcranial magnetic stimulation (rTMS) has the potential to treat 

brain disorders by modulating the activity of disease-specific brain networks, yet the rTMS 

frequencies used are delivered in a binary fashion—excitatory (> 1 Hz) and inhibitory (≤1 Hz).

Objective—To assess the effective connectivity of the motor network at different rTMS 

stimulation rates during positron-emission tomography (PET) and confirm that not all excitatory 

rTMS frequencies act on the motor network in the same manner.

Methods—We delivered image-guided, supra-threshold rTMS at 3 Hz, 5 Hz, 10 Hz, 15 Hz and 

rest (in separate randomized sessions) to the primary motor cortex (M1) of the lightly anesthetized 

baboon during PET imaging. Each rTMS/PET session was analyzed using normalized cerebral 

blood flow (CBF) measurements. Path analysis—using structural equation modeling (SEM)—was 

employed to determine the effective connectivity of the motor network at all rTMS frequencies. 

Once determined, the final model of the motor network was used to assess any differences in 

effective connectivity at each rTMS frequency.

Results—The exploratory SEM produced a very well fitting final network model (χ2 = 18.04, df 
= 21, RMSEA = 0.000, p = 0.647, TLI = 1.12) using seven nodes of the motor network. 5 Hz 

rTMS produced the strongest path coefficients in four of the seven connections, suggesting that 

this frequency is the optimal rTMS frequency for stimulation the motor network (as a whole), 

however, the premotor → cerebellum connection was optimally stimulated at 10 Hz rTMS and the 

supplementary motor area → caudate connection was optimally driven at 15 Hz rTMS.

Conclusion(s)—We have demonstrated that 1) 5 Hz rTMS revealed the strongest path 

coefficients (i.e. causal influence) on the nodes of the motor network, 2) stimulation at 
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“excitatory” rTMS frequencies did not produce increased CBF in all nodes of the motor network, 

3) specific rTMS frequencies may be used to target specific none-to-node interactions in the 

stimulated brain network, and 4) more research needs to be performed to determine the optimum 

frequency for each brain circuit and/or node.
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INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) has the potential to treat brain disorders 

by modulating the activity of disease-specific brain networks. A prime example of this 

approach may be seen in the rTMS treatments of the fronto-limbic network of major 

depressive disorder,1–3 in which rTMS is delivered to the dorsolateral prefrontal cortex to 

indirectly modulate the activity levels of the subgenual cingulate—which is too deep for 

standard rTMS coils to reach. Traditionally, rTMS rate has been applied in rTMS treatment 

protocols in either an inhibitory (≤1 Hz) or excitatory (>1 Hz) fashion,4,5 where it is 

assumed that these inhibitory or excitatory rTMS treatments affect the targeted brain 

networks in the same linear way—i.e. excitatory brain activity at the target site produces 

excitatory brain activity at all of the remote sites of the network.6,7

In our previous study,8 we reported that a unimodal relationship (peaking at 5 Hz rTMS) 

existed between rTMS frequency and the cerebral blood flow (CBF) of the motor network 

during concurrent positron emission tomographic (PET) imaging. We also found that some 

of the nodes in the motor network were maximally inhibited at 5 Hz rTMS. Therefore, it is 

not appropriate to assume: 1) that increasing rTMS frequency will result in higher levels of 

brain activity or 2) that high rTMS frequencies (e.g. > 1 Hz) will produce excitatory brain 

activity in all nodes of the targeted brain network. In this study, we extend our previous 

results8,9 by investigating the effective connectivity of the baboon’s motor network—at 

different rTMS frequencies—to determine if 5 Hz rTMS is the optimal frequency for 

stimulation of all of the nodes within the motor network.

MATERIALS & METHODS

Animal preparation

Five healthy, adult baboons (Papio hamadryas anubis; 4 females; age = 11.61 ± 2.92 years 

(mean ± SEM); body weight = 17.50 ± 5.42 kg) were studied in accordance with the policies 

of the Institutional Animal Care and Use Committee of the University of Texas Health 

Science Center at San Antonio; this study fully complied with U.S. Public Health Service’s 

Guide for the Care and Use of Laboratory Animals10 and the Animal Welfare Act.11 The 

data acquired in these five animals was used in prior publications8,9; the results from these 

prior publications were reanalyzed in this study to assess the effective connectivity of the 

baboon’s motor network. Each animal was pre-screened—using 

electroencephalography12—to ensure that only animals with no neurological deficits were 

enrolled in the study. The optimized anesthetized animal preparation has been described in 
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previous studies.9,13 Each animal received an injection of intramuscular ketamine (5 mg/kg) 

and atropine (0.3 mg) before each MRI and PET imaging procedure. We maintained 

sedation during each imaging session with continuous i.v. administration of ketamine (5–6 

mg/kg/hr) and a paralytic (vecuronium; 0.25 mg/kg/hr). Upon conclusion of the imaging 

session, we administered atropine (0.6–1.2 mg, i.v.) and neostigmine (0.5–2.0 mg, i.v.) to 

reverse muscle paralysis. During the entire procedure, the animals’ respiration, heart rate and 

oxygenation were monitored.

Magnetic Resonance Imaging

All MRIs were performed on a Siemens TIM-Trio 3T clinical scanner using a body 

radiofrequency (RF) transmission coil with a 12-channel head RF receiver coil (Siemens, 

Erlangen, Germany). We obtained high-resolution anatomical images using an MP-RAGE 

sequence (TR/TE/flip angle = 2300 ms/3.66 ms/13°) with slice-select inversion recovery 

pulses (TI = 751 ms), FOV = 128 mm × 128 mm × 80 mm, and 0.5 mm isotropic spatial 

resolution. We used the anatomical MRIs for co-registration between imaging modalities 

(MRI and PET) in order to register each animal’s H2
15O PET images to their native MRI 

then warp them to a representative baboon’s MRI brain space.

Blood-oxygen-level dependent (BOLD) fMRI was acquired using gradient-echo, echo-

planar imaging (EPI; TR/TE = 2.5 s/30 ms), FOV = 150 mm × 150 mm x 48 mm, and spatial 

resolutions of 1.5 mm × 1.5 mm × 4 mm. Somatosensory stimulation was applied to the 

animal's right hand via a custom-made pneumatic-driven vibrotactile stimulator;13 

vibrotactile stimulations were applied—at a stimulation frequency of 5 Hz—using an 50 

second on/off block design. We processed the fMRI data using the FEAT toolbox14 in the 

FMRIB’s Software Library (FSL).15 The resulting fMRIs were utilized to determine the 

location of each baboon’s primary sensory cortex representation of the right hand (S1hand). 

The S1hand and primary motor cortex representation of the hand (M1hand) representations lie 

directly across the central sulcus from one another.16 Therefore we determined each 

animal’s M1hand location (i.e. target location) to be the site in the precentral gyrus, which is 

adjacent to that animal’s S1hand fMRI activation. We validated this approach in our previous 

baboon TMS/PET study.9

rTMS

All TMS delivery was image-guided, using high-resolution structural and functional 

magnetic resonance images (fMRIs) using previously described techniques.9,13 We used a 

MagPro Cool-B65 figure-of-eight rTMS coil connected to a MagPro R30 Magnetic 

Stimulation Unit (MagVenture A/S, Farum, Denmark) for each rTMS procedure. The TMS 

coil’s site of maximal electric field (E-field) induction (i.e. “hot spot”) was determined using 

methods developed by Salinas et al.17,18 Using each animal’s fMRI map of the S1hand and 

the corresponding target locations for M1hand, we determined the scalp location closest to 

the M1hand site, then measured the distances from this scalp location to specific anatomical 

landmarks (nasion, inion, earholes). Finally, we stereotactically positioned the TMS coil 

over each animal’s left primary motor cortex (M1hand), while lying supine in the PET 

scanner, so that the location of the TMS coil’s maximum induced E-field coincided with the 

targeted M1 location. Once positioned, the orientation of the TMS coil—i.e. the E-field and 
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current direction—was adjusted to be perpendicular to the animal’s central sulcus (with the 

E-field directed antero-medially, towards the animal’s snout); this approach is consistent 

with the cortical column cosine (C3) aiming theory proposed by Fox et al..19 We applied 

single pulses of TMS to each baboon’s left M1hand to visually establish each animal’s 

resting motor threshold (rMT) at the first dorsal interosseous (FDI) muscle of the 

contralateral hand; the rMT was defined as the minimum intensity of stimulation capable of 

producing FDI muscle contractions in at least 5 out of 10 trials. Once each baboon’s rMT 

was found, a one-time bolus injection of vecuronium was given to eliminate movement 

throughout the rTMS/PET session.

Each baboon underwent rTMS at stimulation frequencies of 3 Hz, 5 Hz, 10 Hz and 15 Hz. 

rTMS pulses were delivered to M1hand at 120% rMT during concurrent H2
15O PET scans. 

Each rTMS frequency was delivered at least 30 seconds prior to the injection of 15O-labeled 

water and continued until 60 seconds after the injection. The number of rTMS pulses 

delivered at each stimulation frequency was held constant at 450 pulses (e.g. train duration 

varied across frequencies); this was done to decrease any possible dose effects—which may 

alter the excitability state of the motor cortex.20,21,22 The 3 Hz rTMS frequency was 

continuously applied 90 seconds prior to radiotracer injection and continued for 60 seconds 

afterward, for a total 3 Hz rTMS duration of 150 seconds. The 5 Hz rTMS frequency was 

also continuously applied, but began only 30 seconds prior to radiotracer injection and 

continued for 60 seconds afterward, for a total 5 Hz rTMS duration of 90 seconds. The 10 

Hz rTMS frequency was applied intermittently in 5 second trains with 5 second inter-train 

intervals, whereas the 15 Hz rTMS frequency was applied intermittently in 5 second trains 

with 10 second inter-train intervals; the 10 Hz and 15 Hz rTMS pulse trains began 30 

seconds prior to radiotracer injection and continued for 60 seconds, for a total rTMS 

duration of 90 seconds (e.g. 450 pulses for each rTMS frequency). The order of stimulation 

frequencies was randomized and a rest condition was used to represent the baseline scan.

Electroencephalography

We performed EEG recordings throughout each rTMS/PET session to monitor the level of 

sedation and any possible onset of seizure activity. The EEG unit used in this study was not 

TMS-compatible therefore we did not analyze the resulting EEG waveforms for real-time 

TMS-induced effects. After the baboons were sedated, we positioned eight cephalic 

electrodes for each rTMS session (FP1, FP2, T3, C4, O1, O2, ground and reference sites)—

using the 10–20 EEG system—with EEG electrode paste and secured them with collodion-

soaked gauze strips. The electrodes were connected to a portable, laptop-based EEG 

acquisition machine (Nihon-Kohden, Tokyo, Japan), which enabled real-time monitoring of 

the EEG waveforms (when the signal was not contaminated by rTMS artifacts); in addition 

to online EEG monitoring, the EEG results of each rTMS/PET session were also reviewed 

by a board-certified clinical neurophysiologist (C.Á.S.).

Positron emission tomography

PET data were acquired with a CTI EXACT HR+ scanner (Knoxville, TN). Sixty-three 

contiguous slices (2.5 mm thick) were acquired in a transaxial plane of 128 x 128 voxels 

with a 2 mm in-plane voxel resolution. Images were corrected by measured attenuation 
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using 68Ge/68Ga transmission scans and reconstructed at an in-plane resolution of 7-mm 

full width at half maximum (FWHM) and an axial resolution of 6.5-mm FWHM. Water 

labeled with oxygen-15 (H2
15O, half-life of 122 s) was administered intravenously—370 

MBq H2
15O dose/scan—and cerebral blood flow (CBF) was measured using a bolus 

technique.19 We applied each condition (high-frequency rTMS or rest) once during each 

PET session. We immobilized each baboon in the PET scanner using a custom-made, 

padded animal restraint.9

Data analysis

We performed image preprocessing using previously validated methods and in-house 

software.19 PET images were reconstructed into 60 slices (2 mm thick) with an image 

matrix size of 60 x 128 x 128, using a 5 mm Hann filter resulting in images with a spatial 

resolution of approximately 7 mm (full-width at half-maximum (FWHM)). PET images 

were corrected for head motion using the MCFLIRT tool23 in FSL; the PET and MRI 

images were spatially transformed to a representative baboon’s MRI brain space and co-

registered using the Convex Hull algorithm.24 Regional tissue uptake of 15O-water was value 

normalized to a whole-brain (global) mean of 1000 counts.

Structural Equation Modeling

Cubic regions of interest (ROIs; 3 mm x 3 mm x 3 mm) were selected from the statistical 

parametric imaging results of the “All rTMS vs. Rest” experiment presented in Salinas et 
al.,8 which demonstrated the highest levels of brain activity during rTMS while targeting the 

motor cortex (Figure 1). These regions included the: targeted dorsal precentral (L-M1), 

ipsilateral dorsal premotor (L-PM), supplementary motor area (SMA), contralateral anterior 

cingulate (R-Cg), contralateral cerebellum (R-Cb), ipsilateral caudate (L-Cd), contralateral 

thalamus (R-Th), ipsilateral parietal operculum (L-SII), ipsilateral insula (L-Ins), and 

contralateral anterior intraparietal sulcus (R-AIP). We also included an ROI for the 

contralateral dorsal precentral (R-M1) gyrus since it has been reported to demonstrate 

decreased CBF during low-frequency (i.e. ≤1Hz) rTMS to L-M1.4,20,25–27 The coordinates 

and relative cerebral blood flow strengths of each of these regions are listed in Table 1; the 

labels associated with these regions correspond to homologous areas in the rhesus brain.28

Each subject’s average normalized PET counts were obtained for each ROI at: rest, 3 Hz 

rTMS, 5 Hz rTMS, 10 Hz rTMS, and 15 Hz rTMS. These ROI datasets were input to Amos 

7.029 for structural equation modeling (SEM) of rTMS frequency in the motor network in a 

step-wise, exploratory search. The exploratory search used in this analysis replicated that of 

Laird et al.,30 which used SEM to assess the effect of TMS intensity on the human motor 

network. In our approach, each ROI was modeled as an observed, endogenous variable while 

a separate observed, exogenous variable—which directly modulated the stimulated site—

was also modeled (e.g. rTMS rate in our study).8 Error terms (loaded onto each ROI) were 

also modeled as unobserved, exogenous variables.

We used path analysis—a subset of SEM—to determine the baboon’s optimal SEM of the 

motor network. This procedure began by assuming that rTMS rate acted unidirectionally at 

the site of stimulation—i.e. L-M1. From this initial path, we used a specification search, 
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which assumes that the L-M1 site may (unidirectionally) propagate to each of the other ten 

ROIs; for a description of the procedure see Figure 2. Each stepwise search records which 

path has the best fit (according to the data) then adds or removes one optional path at a time 

until the model cannot be improved. If at any point, one of the paths had any potential 

alternate connections, then a separate model of the network was created and assessed using 

the Bayes information criterion (BIC) and Browne–Cudeck criterion (zero-scale) (BCC). 

Path models with the lowest (i.e. closest to zero) BIC and BCC values were selected as the 

model that represented the optimal model relative to the actual data. The BIC and BCC are 

predictive fit indices that are used to rank competing SEM models that are fit using the same 

data. Once determined, the second-level pathway’s node(s) propagated to each of the other 

ROIs until an optimized third-level path was determined. This process continued until 

further iterations ceased to yield any new paths. To assess goodness-of-fit we utilized the: 

chi-square (χ2) statistic, the root-mean-square error of approximation (RMSEA), and the 

Tucker-Lewis index (TLI). In general, models with the following ranges of parameters are 

acceptable: an insignificant χ2 value, an RMSEA value of less than 0.08, and a TLI > 0.95; 

each fit characteristic and their ranges are thoroughly described in Laird et al..30 Of all of the 

potential SEM models created during path analysis, an optimal SEM model was chosen 

based on its BCC and BIC values as well as its χ2, RMSEA, and TLI goodness-of-fit 

statistics. Once established, this optimal SEM model was then used to assess rTMS 

frequency-specific differences on the node-to-node effective connectivity in the motor 

network. To ensure that any potential outliers within our PET dataset did not skew these 

results, we also ran the path analysis and frequency comparison steps five separate times—

with each iteration excluding a different subject’s data from the analysis.

RESULTS

As we stated in our previous reports,8,9 we observed no adverse rTMS-induced effects 

during or immediately following each animal’s rTMS/PET session. Within one hour of each 

rTMS/PET session, each animal recovered from their lightly sedated state and began 

exhibiting normal behavior and activity levels.

Structural Equation Modeling

The rTMS/PET study consisted of 25 data points (5 animals x 5 conditions). The final SEM 

modeled 25 variables: 7 observed, endogenous variables for each ROI, 7 unobserved, 

exogenous variables for the error terms loaded onto each ROI, and 1 observed, exogenous 

variable for rTMS rate. Beginning with the required path of rTMS rate loading onto L-M1, 

we then assessed which of the possible first-level paths (Figure 3, red path) would exist from 

L-M1 to the six other potential ROIs (i.e. nodes). From the site of stimulation (i.e. L-M1), a 

specification search revealed that rTMS-induced brain activity spread the to ipsilateral 

premotor cortex.

In the second-level of path analysis, the first-level path from L-MI to ipsilateral premotor 

cortex was set as required and six optional path loadings were drawn from the ipsilateral 

premotor cortex to all of the other nodes (including an optional feedback path to L-M1). 

Three second-level paths survived this level of the analysis resulting in second-level path 
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loadings from the ipsilateral premotor cortex to the ipsilateral insular cortex, SMA, and the 

contralateral cerebellum (Figure 3, blue paths).

In the third-level of path analysis, the first and second-level paths were set as required and 

eighteen optional path loadings (3 ROIs x 6 nodes) were drawn from the ipsilateral insular 

cortex, SMA, and the contralateral cerebellum to all other nodes. Two third-level paths 

survived, resulting in third-level path loadings from: 1) the SMA to the ipsilateral caudate 

nucleus and 2) the contralateral cerebellum to the R-M1 (Figure 3, green paths). A fourth-

level path analysis with the respective optional loadings indicated that the current three-level 

model would not be improved by adding more path levels. The final model of the baboon’s 

L-M1 connectivity is shown in Figure 3.

The exploratory SEM produced a very well fitting final network model (χ2 = 18.04, df = 21, 

RMSEA = 0.000, p = 0.647, TLI = 1.12) using only 7 of the initial 11 ROIs. Other SEM 

models created during the specification search procedure did not meet our selection criteria 

(described in “Structural Equation Modeling” of the Methods section). The four nodes 

excluded from the final model were the contralateral anterior cingulate, contralateral 

thalamus, ipsilateral parietal operculum, and contralateral anterior intraparietal sulcus. The 

seven nodes in the final motor network model are consistent with those shown in Laird et 
al.,30 and consisted of the L-M1, ipsilateral premotor, SMA, ipsilateral insula, contralateral 

cerebellum, ipsilateral caudate, and the R-M1.

The fit statistics for each level of the analysis were shown in Table 2. The χ2 statistic may be 

used to assess differences between the modelled and measured covariance matrices.30,31 The 

goodness of fit of the model improves (e.g. higher p-values) as the χ2 value decreases. The 

table clearly shows that the p-value of each level of the model only significantly increased 

after the third-level paths were added to the model. Although the Browne-Cudeck criterion 

(BCC) and Bayes information criterion (BIC) were outstanding (i.e. 0.000) at each path 

level, only the p-value changed when path levels were added to the model—suggesting that 

these third-level paths play an important role in the final network model.

rTMS frequency effects on effective connectivity

Using the final model of effective connectivity in the motor network, we assessed each 

rTMS frequency’s effect on the node-to-node interactions at each path level (Table 3). In the 

first-level paths—1) rTMS rate to L-M1 and 2) the L-M1 to premotor—it is clear that the 

relative strength of the effective connectivity of these paths increases as rTMS frequency 

increases from 3 Hz to 5 Hz. However, as rTMS frequency increases from 5 Hz to 15 Hz, the 

relative strength of the effective connectivity decreases. This unimodal trend of effective 

connectivity increasing to a maximum at 5 Hz rTMS then decreasing at higher rTMS 

frequencies was also demonstrated in the second-level paths. Specifically, the premotor to 

SMA path had a positive correlation with this trend whereas the premotor to insula path was 

negatively correlated with the unimodal trend peaking at 5 Hz rTMS. Interestingly, the 

premotor to cerebellum path did not follow this trend. At 5 Hz rTMS, the premotor to 

cerebellum path demonstrated the weakest effective connectivity, whereas 10 Hz rTMS had 

the strongest effective connectivity for this path. In the third-level paths, the SMA to caudate 

path had a bimodal distribution, peaking at 3 Hz and 15 Hz rTMS. The cerebellum to R-M1 
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path exhibited its strongest effective connectivity paths at the 10 Hz and 15 Hz rTMS 

frequencies, however none of the rTMS frequencies in this path were significantly different 

from rest.

Outlier Assessments

In each of the five iterations—in which we removed one animal’s PET data from the path 

analysis (i.e. N = 4)—we obtained the same final SEM model as was found when using all 

five baboons, suggesting that our final SEM model is an accurate representation of the 

baboon’s motor network. Furthermore, in each of these iterations, the frequency-specific 

differences in the path coefficients (found using the final SEM model) were very similar to 

the path coefficients found using all five baboons. As expected, due to the lower sample size 

of these iterations (N = 4) the p-values associated with each path coefficient were higher 

than in the full sample. These findings lead us to believe that our dataset, although small, 

demonstrates robust results and that these results are not due to one particular subject.

DISCUSSION

The aim of this study was to quantify the effective connectivity of the motor network during 

stimulation of the L-M1 hand region at various rTMS stimulation rates. Eleven ROIs 

(obtained using statistical parametric mapping) and rTMS rate were modeled as observed 

variables in the path analysis, however, only seven ROIs remained in the final version of the 

effective connectivity model (Figure 3). It is important to note that the four ROIs (i.e. nodes)

—which were excluded from the final model—were still activated (or deactivated) during 

rTMS8,9; otherwise they would have not been chosen as ROIs in the initial SEM model. 

Laird et al.30 found varying TMS intensity influenced the contralateral cingulate, 

contralateral thalamus, and ipsilateral parietal operculum nodes. When assessing the effects 

of varying rTMS rates, however, these nodes did not appear to be significantly affected. 

Thus, we may conclude that although the brain activity of these nodes is altered by supra-

threshold rTMS, the effect of changing the rTMS rate did not significantly affect the way 

that these nodes communicate within the motor network. Also, our small sample size (N=5) 

may have influenced the inclusion of these nodes by increasing the statistical significance 

threshold for each node in the final model. Therefore, more research must be done to resolve 

whether or not the preliminary effective connectivity findings (described in this study) are 

affected by rTMS rate or if they are only influenced by increasing TMS intensity.

The effective connectivity of the seven nodes which were included in our path analysis were 

influenced by varying the rTMS rate, therefore these nodes comprised the final model of the 

rTMS rate’s effect on the baboon’s motor network. Interestingly, the contralateral M1 (i.e. 

R-M1) did not demonstrate a direct pathway to L-M1. We believe that there are two reasons 

for this: 1) the effect of changing rTMS rate did not affect the cortico-cortical (i.e. structural) 

connections between L-M1 and R-M1 and 2) the use of higher rTMS frequencies 

confounded the R-M1 site’s CBF responses to stimulation. Many neuroimaging studies of 

the effects of rTMS have reported mixed results on contralateral M1 activity20,25–27,32,33 at 

different rTMS frequencies and intensity ranges—specifically when rTMS is applied at low 

frequencies (e.g. 1 Hz). Thus, it is not very surprising that R-M1 does not have a first-level 
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path connection to L-M1 in the final model at the high frequencies (3–15 Hz) used in this 

study. Nonetheless, each of the seven ROIs used in our path analysis have consistently been 

reported to be functionally connected in the human19,30,34,35 and non-human primate36,37 

motor networks.

SEM of the motor network

The final SEM model presented a very well fitting estimate (χ2 = 18.04, df = 21, RMSEA = 

0.000, TLI = 1.12) of the measured CBF responses induced by rTMS. This suggests that 

although we only had five baboons included in the analysis, their CBF responses were so 

robust that they could overcome SEM’s statistical significance criteria even with such a 

small sample size. In addition, by implementing a step-wise exploratory SEM, we 

maximized the likelihood that the final model’s pathways were informed by the measured 

CBF data and not the result of a hypothesis-driven approach. Thus, the nodes and paths in 

the final SEM model were the result of data-driven (i.e. unbiased) procedures; this approach 

may also have contributed to outstanding levels of fit in the final SEM model.

Frequency-specific nodal responses

In our previous publication,8 we proposed that the motor network appeared to be maximally 

driven at 5 Hz rTMS. Using path analysis, we have now shown that the majority of the nodes 

in the motor network are optimally driven (either excitatory or inhibitory) at 5 Hz supra-

threshold rTMS. This result supports our previous hypothesis8 that a simple treatment of 

stimulation rate as either excitatory (> 1 Hz) or inhibitory (≤1 Hz) may be inadequate, since 

not all higher rTMS frequencies elicited maximized CBF responses in the motor network. In 

addition, our current analysis revealed that some nodes in the targeted brain network might 

be optimally driven at different rTMS frequencies, since some inter-nodal relationships—

such as the premotor → cerebellum path—have stronger path coefficients at rTMS 

frequencies other than 5 Hz (Table 3). This finding may have a significant impact on the 

efficacy of rTMS therapies—specifically in rTMS treatments of major depressive disorder—

where rTMS is used to target accessible (i.e. superficial) brain regions which (hopefully) 

drive the remote nodes of the affected brain circuit. If these remote brain targets are not 

optimally driven at an artificially determined “excitatory” (e.g. > 1 Hz) rTMS frequency 

than the impact of the treatment(s) may be reduced or possibly reversed since 5 Hz rTMS 

was also shown to be the optimal stimulation rate for inhibiting the premotor → insula 

pathway in the motor network.

In addition, rTMS treatment protocols targeting other nodes within the motor network (i.e. 

cerebellum, premotor cortex, etc.) may also be apprised by the results of this study. For 

example, Vasant et al.38 reported that when stimulating the cerebellum with various rTMS 

frequencies (i.e. 1, 5, 10, and 20 Hz), only 10 Hz rTMS produced lasting effects in each 

subject’s cortico-pharyngeal motor evoked potentials (MEPs). Recall that in this study, we 

demonstrated that the premotor → cerebellum connection was also optimally stimulated at 

10 Hz rTMS (Table 3), suggesting that the cerebellum may prefer stimuli delivered at this 

frequency. Consequently, the frequency-specific path coefficients described in our M1 study, 

may also be used to inform rTMS practitioners of another node’s a priori rTMS frequency 

preferences. Furthermore, by determining the influence of rTMS frequency in other brain 
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networks (e.g. the fronto-limbic circuits involved in the pathogenesis of depression1–3,39), 

we may be able to establish the preferred rTMS frequency ranges for each node of the 

network being stimulated. This concept has the potential to greatly impact the efficacy of 

neuromodulatory therapies since it suggests that specific brain circuits may be targeted not 

only by their anatomical location, but also by the frequency-dependence of the brain 

network’s nodes. We believe that much work must be done on the frequency-dependence of 

specific brain circuits and that the information obtained from these studies may drastically 

improve the effect sizes (and/or remission rates) of many rTMS treatment protocols in both 

psychiatric and neurological disorders.

The baboon model of rTMS

We have discussed the main advantages of the baboon model of TMS in our previous 

publications.8,9 One of these advantages is that we can eliminate the effects of afferent 

feedback to the primary motor cortex by using a muscle paralytic. At supra-threshold TMS 

intensities delivered to the primary motor cortex, action potentials are produced, resulting in 

the contraction of the targeted muscle(s). The afferent feedback produced with each muscle 

contraction may influence the size and/or state of the local (i.e. targeted M1) brain activity. 

By eliminating this feedback, we are essentially able to more directly assess the effects of 

rTMS on the motor network. The use of a paralytic also ensured that the animal’s head (i.e. 

the targeted M1 site) did not move away from the stereotactically positioned TMS coil 

throughout the rTMS/PET session.

A second advantage of the baboon model of TMS is its potential to investigate the safety 

aspects of rTMS—specifically at high frequency, supra-threshold rTMS intensities. Chen et 
al.40 investigated the effects of supra-threshold rTMS (i.e. 1–25 Hz) on the motor system 

and found that the safe train duration of rTMS at 120% rMT was: 10 sec at 5 Hz and 3.2 sec 

at 10 Hz rTMS; they did not report safe train durations for supra-threshold 15 Hz rTMS. In 

our study, we applied rTMS at 120% rMT at train durations of: 90 sec at 5 Hz, 5 sec at 10 

Hz, and 5 sec at 15 Hz while acquiring online CBF measurements. Therefore, the baboon 

model of TMS enables us to assess 1) the safety limits of rTMS intensity, frequency, and 

duration and 2) the effects of each rTMS parameter on the targeted brain network (using 

either functional or effective connectivity measures).

As we have acknowledged in our previous baboon TMS studies,8,9 the use of anesthesia in 

this study may diminish its informative potential, however, our research group has 

investigated the effects of anesthesia in many previous baboon neuroimaging 

studies8,9,13,41–43 and we have found that at these relatively low doses there are no 

significant anesthesia effects on CBF—either globally or locally. Therefore, we are 

confident that the CBF responses reported in this study were the direct result of rTMS and 

were not due to anesthesia effects. Conversely, we could argue that low-doses of anesthesia 

actually made our experimental results more robust since the baboons were able to tolerate 

longer rTMS/PET sessions (i.e. 3 hours) than human rTMS/PET studies.19,30,34,35 

Accordingly, we understand that all rTMS effects found using our baboon model should be 

replicated in 1) larger sample sizes of non-human primates (with minimal to no anesthesia) 

and 2) human cohorts; these efforts are currently being explored by our research group.
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Intermittent vs. continuous trains of rTMS

The pulse pattern of rTMS trains may produce different results when applied in continuous 

or intermittent pulse trains. For example, Rothkegel et al.44 found that sub-threshold 5 Hz 

rTMS delivered to M1 in a continuous train of 1,200 pulses produced inhibitory neuroplastic 

changes in corticospinal excitability, whereas rTMS trains delivered in an intermittent 

fashion (also with 1,200 pulses) produced facilitation. These effects were measured using 

electromyographic (EMG) recordings of the targeted hand muscle’s MEP; the effects of 

pulse pattern on the local and remote brain regions of the motor network were not 

investigated. In fact, we have not been able to find direct comparisons of pulse pattern 

effects on any targeted brain networks in any of our literature searches. Furthermore, there 

have been no studies demonstrating this phenomenon at supra-threshold rTMS intensities—

at which many rTMS treatments are performed.45 For example, in a supplementary 

experiment reported in our initial rTMS frequency study of the baboon’s motor network,8 

we found no differences when 3 Hz rTMS was applied intermittently (i.e. on/off 5 second-

trains) or continuously (each for a total of 150 seconds). Each rTMS pulse pattern produced 

similar CBF responses throughout the targeted motor network. Figure S1 of the 

Supplementary Materials section shows that the CBF responses at the targeted M1 site and 

in all of the 37 sites assessed in that study were not significantly different from each other. In 

addition, a very significant (p < 0.0001) linear relationship existed between intermittent and 

continuously applied rTMS-induced brain activity (see Figure S1). Therefore, we believe 

that (at least) at these session durations (≤150 seconds; ≤450 pulses), intermittent or 

continuously applied pulse trains were not as important as the rTMS frequency on the local 

(and/or remote) changes in CBF. As such, we are confident that the effective connectivity 

differences reported in this study demonstrate the frequency-dependent nature of these brain 

regions and are not the result of the different pulse patterns applied at certain frequencies. 

However, we do agree that the preliminary findings reported in this study do warrant 

validation—using variations of rTMS frequency, intensity, and pulse pattern—to 

conclusively determine if these parameters influence the effective connectivity results 

reported in this study.

Sub-threshold vs. supra-threshold rTMS

As TMS intensity increases, the size of the targeted site’s neuronal population—i.e. 

excitatory and inhibitory neurons—above firing threshold also increases.8 Several 

studies46–48 have demonstrated, using EMG recordings of targeted muscles, that supra-

threshold TMS intensities delivered to M1 produce a cortical silent period (CSP)—lasting up 

to 200 ms47—immediately following the muscle’s MEP. In addition, increasing TMS 

intensity also increases the duration of the CSP46–48—e.g. a 120% rMT TMS pulse will 

have a longer CSP than a 110% rMT TMS pulse delivered at the same rTMS frequency. This 

effect is most likely due to the summation of inhibitory post-synaptic potentials mediated by 

GABAB receptors.48 Moreover, increasing the frequency of rTMS pulses (delivered at the 

same supra-threshold % rMT) also increases the CSP when using rTMS frequencies ≥ 2 

Hz.47,48 Consequently, by delivering supra-threshold rTMS at high frequencies (e.g. ≥ 5 Hz) 

we may have biased our effective connectivity results as our rTMS frequency was increased 

up to 15 Hz, since each rTMS pulse delivered within the previous pulse’s CSP may not have 

the same effect as the initial pulse. The compounded effect of high rTMS frequency and 
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supra-threshold intensity may explain why we observed a decrease in the functional and 

effective connectivity of L-M1 at higher stimulation rates (i.e. 10 Hz and 15 Hz). Therefore, 

further investigations—including sub-threshold rTMS intensities—may inform whether or 

not the frequency effects described in this study are the result of longer CSPs or if they are 

due to the frequency-dependence of the network.

At sub-threshold rTMS intensities, however, CBF only changes at the targeted brain 

site,7,27,33 whereas supra-threshold rTMS stimulates both the local and remote nodes of the 

targeted brain network.8,9,19,20,26,30,32,33,49,50 Thus, at sub-threshold rTMS intensities, we 

may only be able to assess frequency-dependence at the site of stimulation and not in the 

other nodes of the targeted brain network. Nonetheless, Siebner et al.7 found that sub-

threshold 5 Hz rTMS produced the largest M1 CBF changes when delivering rTMS at 

stimulation rates of 1–5 Hz. Therefore, we are confident that our results represent the 

frequency-specific predilections of the motor network since we observed 1) a network-wide 

increase in many of the motor network nodes at 5 Hz rTMS and 2) some nodes demonstrated 

their strongest path coefficients at 10 Hz and 15 Hz rTMS. These results suggest that any 

(potential) increases in CSP duration may not overcome the inherent frequency-dependence 

of the motor network.

CONCLUSIONS

We have demonstrated that 1) 5 Hz rTMS revealed the strongest path coefficients (i.e. causal 

influence) on the nodes of the motor network, 2) stimulation at “excitatory” rTMS 

frequencies did not produce increased CBF in all nodes of the motor network, and 3) 

specific rTMS frequencies may be used to target specific none-to-node interactions in the 

stimulated brain network. We would argue that this frequency dependence also exists in 

other brain networks (e.g. the fronto-limbic depression circuit) and more research needs to 

be performed to determine the optimum frequency for each brain circuit and/or node. This 

approach may have significant influence on the efficacy of rTMS brain therapies.

Supplementary Material

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

• 1st study to investigate the rate-dependence of effective connectivity in the 

motor network with rTMS

• 5 Hz rTMS revealed the strongest path coefficients (i.e. causal influence) on 

the nodes of the motor network

• Stimulation at “excitatory” rTMS frequencies did not produce increased CBF 

in all nodes of the motor network

• Specific rTMS frequencies may be used to target specific none-to-node 

interactions in the stimulated brain network

• We propose that specific brain circuits may be targeted not only by their 

anatomical location, but also by the frequency-dependence of that brain 

network’s nodes
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Figure 1. 
Statistical parametric images of all rTMS frequencies compared to rest. All coordinates are 

relative to the anterior commissure, which is located at (0 mm, 0 mm, 0 mm). L = Left; R = 

Right; M1 = primary motor cortex; PM = dorsal premotor cortex; SMA = supplementary 

motor area; Cg = cingulate motor area; Cd = caudate; Th = thalamus; Cb = cerebellum; 

DLPFC = dorsolateral prefrontal cortex; Ins = insular cortex; SII = parietal operculum; AIP 

= anterior intraparietal sulcus. Image reprinted with permission from Elsevier and Salinas et 
al..8
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Figure 2. Path analysis
Beginning with the required path of rTMS rate loading onto the targeted (i.e. gray) region-

of-interest (ROI), the path analysis procedure then assesses which of the “optional paths” 

(top) are most probable due the covariance of the data; this results in a “final path” (bottom) 

for that first-level of path analysis. Once determined, the first-level path (red path) is then set 

as a required path, along with the rTMS rate loading on the target ROI, and the next level of 

optional path loadings (blue paths) are then modeled from the first level node. This 

procedure is repeated until the addition of more path levels (green paths, etc.) does not 

improve the fit of the model, resulting in a final model of the effective connectivity of the 

stimulated brain network.
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Figure 3. Final model of L-M1 effective connectivity
Exploratory path analysis revealed that seven nodes produced a very well fitting model of 

the effect of rTMS rate on the motor network. Red paths = 1st-level path; blue paths = 2nd-

level paths; green paths = 3rd-level paths.
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