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Abstract

Background—Transcranial magnetic stimulation (TMS) has the potential to treat brain disorders
by tonically modulating firing patterns in disease-specific neural circuits. The selection of
treatment parameters for clinical repetitive transcranial magnetic stimulation (rTMS) trials has not
been rule-based, likely contributing to the variability of observed outcomes.

Objective—To utilize our newly developed baboon (Papio hamadryas anubis) model of rTMS
during position-emission tomography (PET) to quantify the brain’s rate-response functions in the
motor system during rTMS.

Methods—We delivered image-guided, suprathreshold 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; we also administered a (reversible) paralytic to eliminate any
somatosensory feedback due to rTMS-induced muscle contractions. Each rTMS/PET session was
analyzed using normalized cerebral blood flow (CBF) measurements; statistical parametric images
and the resulting areas of significance underwent post-foc analysis to determine any rate-specific
rTMS effects throughout the motor network.

INTRODUCTION

Transcranial magnetic stimulation (TMS) has well-established applications in basic
neuroscience and promising applications in neurological and psychiatric disorders—
including recent U.S. Food and Drug Administration approval for TMS use in depression
and preoperative motor mapping. At present, human TMS treatment trials lack a strong
theoretical basis for selecting optimal ranges for a multitude of treatment parameters—
including the TMS coil’s position, orientation, intensity, stimulation rate and duration.1=3 As
a result, treatment design parameters are determined ad foc and lack the support of a
coherent theory or model.# Our understanding of the underlying physiological mechanisms
of action in TMS-induced brain activations is limited by the inconsistent application of these
parameters.1—3 To address this shortcoming, we developed a functional neuroimaging non-
human primate (Papio hamadryas anubis) model.> The baboon’s large head size, simple
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cortical gyrification patterns (relative to humans), and availability for repeated studies
support its use for a thorough investigation of the mechanisms and important parameters
underlying TMS-induced brain activations.

Of all the available TMS parameters, intensity and stimulation rate have consistently
demonstrated conflicting results when using either electromyography (EMG)%-10 or
imaging*11-16 assessments of TMS-induced brain activity. As TMS intensity increases, the
size of the neuronal population above firing threshold increases—both excitatory and
inhibitory neurons—due to the larger electric field strengths at the target site; these TMS-
induced neuronal activations may have specific hemodynamic consequences, resulting in
cerebral blood flow (CBF) changes which may be used to quantify/assess the effect(s) of
certain TMS protocols.1’ Suprathreshold TMS increases both the local and remote CBF
responses,*11.12.14,1518,19 \yhereas subthreshold TMS may or may not activate the targeted
network;13:14.16 the state dependence of these networks may also be assessed.18:19 Since
many clinical TMS applications aim to modulate specific brain regions and/or
networks,29-23 the level of TMS intensity is an important determinant of whether or not we
are stimulating just one node or multiple nodes in that brain network. The attractiveness of
this approach can be readily appreciated in the limbic-cortical network of depression,24-26
where nodes—i.e. subgenual cingulate—of the network may be too deep to directly
stimulate (non-invasively) with rTMS, but the network may still be accessed by its more
superficial nodes such as the dorsolateral prefrontal cortex (DLPFC).

rTMS rate is commonly accepted as the main determinant of whether a repetitive TMS
(rTMS) intervention will be excitatory (>1 Hz) or inhibitory (<1 Hz)}3—where the
assumption is that all excitatory rTMS frequencies increase brain activity in the same linear
way.513 However, since the visual system?7:28 (i.e. photic stimulation) and the
somatosensory system2%-32 (j.e. tactile or electrical stimulation) demonstrate different
frequency-dependent tuning curves, we believe that further investigation into the frequency-
specific brain responses are warranted. Furthermore, we believe that once determined, these
rate-responses may be used to inform treatment protocols and increase their overall efficacy,
especially at the network level where some nodes may be too deep in the brain for direct
TMS interactions (e.g. subgenual cingulate cortex in the depression circuit). Therefore, to
impress the concept of the rate-specific “network” rTMS approach, we investigated the rate-
dependence of suprathreshold rTMS on the local and remote effects of CBF in the motor
system.

MATERIALS & METHODS

Animal preparation

Five normal, adult baboons (Papio hamadryas anubis, 4 females) with body weight of 16.4 +
2.4 kg (mean + SEM) 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 Animals®® and the Animal Welfare Act3* Before imaging, each animal
was screened for neurological disorders (i.e. epilepsy) using electroencephalographic (EEG)
techniques described by Szab6 et a/..2> The anesthetized animal preparation—for optimized
physiological stability and functional imaging responses—has been described in previous
studies.>36 Briefly, for each imaging procedure (MRI and PET), each animal received an
injection of intramuscular ketamine (5 mg/kg) to facilitate oral intubation and catheterization
of a venous delivery line; intramuscular atropine (0.3 mg) was administered to reduce
oropharyngeal secretions. During each imaging session, we maintained sedation with
continuous i.v. administration of ketamine (5-6 mg/kg/hr) and vecuronium (0.25 mg/kg/hr)
—a paralytic that acts at the neuromuscular junction. Upon conclusion of the imaging
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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.

TMS image-guidance

rTMS

All TMS delivery was image-guided, utilizing high-resolution structural and functional
magnetic resonance images (fFMRIs) using previously described techniques.>36 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/ ip angle = 2300 ms/3.66 ms/13°) with slice-select inversion recovery pulses (Tl =
751 ms), FOV =128 mm x 128 mm x 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 H,1°0 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 /30 ms), FOV = 150 mm x 150 mm x 48 mm, and
spatial resolutions of 1.5 mm x 1.5 mm x 4 mm. Somatosensory stimulation was applied to
the animal’s right hand via a custom-made pneumatic-driven vibrotactile stimulator;38
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 toolbox37 in the
FMRIB’s Software Library (FSL).38 The resulting fMRIs were utilized to determine the
location of each baboon’s primary sensory cortex representation of the right hand (S1hand)-
The Slhang and primary motor cortex representation of the hand (M1p,nq) representations lie
directly across the central sulcus from one another.3 Therefore we determined each
animal’s M1p,nq location (i.e. target location) to be the site in the precentral gyrus which is
adjacent to that animal’s S1h,ng FTMRI activation. We validated this approach in our previous
baboon TMS/PET study.®

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 er a/*%4! These articles describe techniques
through which we measured and modeled the E-field vectors induced by each TMS pulse.
Using each animal’s fMRI map of the S1y,,,4 and the corresponding target locations for
M1hang, We determined the scalp location closest to the M1p4nq 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 (M1hang), 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 (Fig. 1A). Once
positioned, the orientation of the TMS coil—i.e. the E-field and current direction—was
adjusted to be perpendicular to the animal’s central sulcus (with the E-field directed antero-
medially, towards the animal’s shout); this approach is consistent with the cortical column
cosine (C3) aiming theory proposed by Fox et al..* We applied single pulses of TMS to each
baboon’s left M 154 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.
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Each baboon underwent rTMS at stimulation frequencies of 3 Hz, 5 Hz, 10 Hz and 15 Hz.
rTMS pulses were delivered to M1pang at 120% RMT during concurrent H,1°0 PET scans.
Each rTMS frequency was delivered at least 30 seconds prior to the injection of 1°0O-labeled
water and continued until 60 seconds after the injection (Fig. 1B). 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.%11 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.

In this experimental design we did not employ a sham condition because we did not know a
prioriwhat (if any) effect rTMS frequency may have on the auditory cortex, thus we would
need corresponding sham rTMS frequency conditions for each rate being investigated.
These sham conditions would have drastically increased scan times and the period required
for animal sedation (and chemically-induced paralysis) during each imaging session. In
addition, because we were not investigating any treatment effects during this acute
application of rTMS, we did not anticipate any placebo effects due to rTMS in our baboon
model. The combinations of rTMS frequency, stimulus duration, and TMS intensity fall
within published rTMS safety guidelines.42-44

A separate study comparing the effects of rTMS dose was also performed to assess whether
or not the number of rTMS pulses applied affects CBF throughout the motor system (Fig.
1C). For this study, we applied 3 Hz rTMS intermittently in on/off 5 second-trains for a total
of 225 rTMS pulses. We selected 3 Hz rTMS as our frequency of interest for the following
reasons: 1) our prior research with 3 Hz rTMS*4° successfully produced reliable TMS-
induced brain activations, 2) we did not have a priori knowledge of the optimum network
frequency, and 3) technical issues such as coil heating were easily managed by using a lower
rTMS frequency.

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, 02, 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
(ex posto facto) by a board-certified clinical neurophysiologist (C.A.S.).
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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
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 (H,1°0, half-life of 122 s) was administered intravenously—370
MBq H,1°0 dose/scan—and cerebral blood ow (CBF) was measured using a bolus
technique.* 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.>

Data analysis

We performed image preprocessing using previously validated methods and in-house
software.* 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 tool*6 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.#” Regional tissue uptake of 1°O-water was
value normalized to a whole-brain (global) mean of 1000 counts.

Each frequency comparison was analyzed using voxel-wise statistical parametric images
(SPIs). Group z-score images (SPI{z}) were obtained by contrasting each animal’s task state
(i.e. all rTMS frequencies) and control state (i.e. rest) using the pooled standard deviation.
The objective of the analysis was to determine the locations of the M1 response induced by
rTMS (at all frequencies) and its connected regions. All p-values were Bonferroni corrected
for multiple comparisons. Only Z scores corresponding to p < 0.01 (corrected) are reported
in this study.

ROI statistical analysis

RESULTS

Region of interest analyses*® were performed at sites identified by the SP1{z} that were
known to be associated with the motor system: M1, premotor, supplementary motor area
(SMA), cingulate motor area, thalamus, striatum and cerebellum. We also investigated ROIs
in the frontal and parietal areas, which were consistent with previous motor system
studies.*%:59 The ROIs were determined using the Research Imaging Institute’s (RII,
UTHSCSA) Multiple Image Processing Station (MIPS) and visualized in its free image
browser Multi-Image Analysis GUI (MANGO; available at rii.uthscsa.edu) with a 3 mm x 3
mm x 3 mm search cube. A repeated-measures one-way analysis of variance (ANOVA) was
used for the initial frequency analysis of the rTMS studies. For comparisons found
significant by ANOVA, Newman-Keuls post-foc tests were performed to determine which
frequencies demonstrated significant differences.

We monitored sedation level and seizure activity (via EEG) during each animal’s rTMS/
PET session and found no instances of oversedation, ictal, interictal, or abnormal brain
activity. Since each animal was lightly-sedated throughout each PET session, there were no
significant changes in their EEG waveforms during or immediately after each rTMS
protocol (e.g. there was no increase in arousal following rTMS). After each imaging session,
we recovered and monitored each animal for a period of one hour. During this period, each
animal exhibited normal behavior—including regular food intake and activity level. No
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animals demonstrated any evidence of adverse effects of rTMS during (or after) their
respective imaging sessions.

Motor network connectivity

The rTMS/PET study demonstrated significant activations (Fig. 2) in the targeted M1nng
area, the premotor cortex, caudate, and the contralateral supplementary motor area (SMA),
cingulate motor area, and cerebellum for all implementations of high-frequency rTMS.
There were also significant deactivations in the contralateral thalamus; each of these regions
is associated with the motor system and our results were consistent with previous reports of
motor network connectivity. 49-58 All of the locations are listed in Table 1; where
homologous brain regions were labeled using a rhesus atlas.>®

Frequency effects in the motor network

Region-specific rate-responses for each rTMS stimulation frequency were shown in Fig. 3.
An ANOVA revealed significant activations during rTMS when compared to the baseline
ROI value for each of these regions and the results are listed in Table 2. Newman-Keuls
post-hoc analyses revealed that at the target site (left M1), only the 5 Hz and 15 Hz rTMS
frequencies demonstrated significant differences from the resting CBF levels. All
frequencies demonstrated significant activations in the premotor cortex, caudate and the
cerebellum (Fig. 3; Table 2). In the premotor cortex and cerebellum there were no
significant differences between each rTMS frequency, whereas in the caudate there were
significant differences between frequencies (Fig. 3; Table 2). In the SMA, only the 5 Hz
rTMS frequency demonstrated significant differences from the resting CBF levels (Fig. 3;
Table 2). In the cingulate motor area, only the 5 Hz and 10 Hz rTMS frequencies
demonstrated significant differences from the resting CBF levels, whereas there were also
significant differences between frequencies (Fig. 3; Table 2). In the thalamus, all rTMS
frequencies demonstrated significant differences from the resting CBF levels (Fig. 3; Table
2), however only the 5 Hz and 15 Hz rTMS frequencies were significantly different from the
other rTMS frequencies. The majority of these regions exhibited system-wide, linear
responses with frequency up to the 5 Hz peak followed by decreases at higher frequencies,
suggesting that the motor system is tuned to the 5 Hz frequency. In addition, although many
studies have reported inhibitory brain activity to the contralateral M1 region during

rTMS, 111214 \we found no significant CBF changes at any rTMS frequency in the
homologous contralateral M1panq region (Fig. 2-3; Table 2).

Responses in other brain areas during rTMS to M1

Many previous studies have found anatomical connections between the motor and cingulate
motor area in the macaque monkey.59-63 These studies found that the cingulate cortex had
numerous connections to the DLPFC, the insular cortex, and area 7 of the parietal lobe. Our
results in the baboon demonstrate significant activations in each of these brain regions; see
Table 1 and Fig. 2. We observed brain activity in the prefrontal/frontal area in the DLPFC,
insular cortex, parietal operculum and the anterior intraparietal area (AIP). Region-specific
rate-responses for each rTMS stimulation frequency were shown in Fig. 4 and the initial
ANOVA results for these regions are listed in Table 2.

Post-hoc tests indicated that the DLPFC activations demonstrated significant activations at
all rTMS frequencies (except at 15 Hz); all rTMS frequencies were also significantly
different from the 15 Hz rTMS scan at the DLPFC during M1 stimulation (Fig 4). In the
insular cortex and the parietal operculum, all rTMS frequencies were significantly different
from the resting CBF levels (Fig. 4), however only the 5 Hz rTMS frequency was
significantly different from the other rTMS frequencies. In the AIP, all rTMS frequencies
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demonstrated significant differences from the resting CBF levels, however only the 5 Hz
and 15 Hz rTMS frequency were significantly different from each other (Fig. 4).

Additionally, the primary auditory cortex (A1) exhibited a saturated CBF response at all
rTMS frequencies with no significant differences between rTMS frequencies. Thus, future
studies may not need to account for auditory rTMS rate effects when delivering sham rTMS.
However, factors such as sham TMS intensity (i.e. loudness) and local skin sensations
created by active rTMS may still be potential confounds when examining TMS-induced
brain activations.

Number of stimuli vs. frequency

We also delivered 3 Hz rTMS (continuously and intermittently) to ensure that the number of
rTMS pulses delivered during each 90-second rTMS session did not have an cumulative
effect on CBF (Fig. 5A). Although the continuous and intermittent 3 Hz rTMS sessions are
not significantly different from the resting CBF value in L-M1, when comparing intermittent
and continuous 3 Hz rTMS at every location listed in Table 1, a very significant (o < 0.0001)
linear relationship exists between them (Fig. 5B). Therefore, at these session durations (90
seconds), we believe that the number of stimuli (i.e. < 450 pulses) and the intertrain interval
(5 seconds) in the intermittent 3 Hz rTMS sessions were not as important as the frequency of
the stimulation on local changes in CBF.

DISCUSSION

Stimulation rate is commonly accepted as the main determinant of whether rTMS will be
excitatory (> 1 Hz) or inhibitory (< 1 Hz)—where the assumption is that all excitatory rTMS
frequencies increase brain activity in the same monotonic (i.e. linear) way.513 In this
respect, we believe that a generic “high-frequency” or “low-frequency” approach to rTMS is
inadequate, since specific brain networks (e.g. the visual and somatosensory system)
demonstrate frequency-dependent tuning curves.2’-32 Also, by using functional
neuroimaging instead of an electrophysiological approach, we are focusing on the brain’s
response to TMS, thus neglecting any ambiguous contributions from the spinal cord or any
other parts of the peripheral nervous system. In this study, we investigated the motor
system’s CBF responses to various rTMS frequencies. The targeted M1 demonstrated its
largest rTMS-induced brain activations at a 5 Hz stimulation frequency. Rather than a
plateau effect (i.e. saturation) at higher stimulation frequencies, we found significant
decreases in CBF throughout the motor network. This unimodal frequency-dependence was
observed at both local and remote brain regions at sites known to be associated with the
motor network.

Motor network responses

While there were significant frequency responses in the targeted M1nanq region (Fig. 3), the
variability of the CBF responses to rTMS in this region should be discussed. It is important
to note that each animal’s M1 region was determined and targeted on a per-subject basis,
inherently introducing variability in the targeted M1 location. When spatially normalizing
for group comparisons, the assumptions were: 1) that the target site for each of these animals
would be in the same location and 2) that the TMS coil (i.e. the induced E-field vector)
would be oriented in the same manner for each animal. Although the topography of the
baboon’s M1 region is more consistent than in human subjects,” there were slight variations
in the target locations of each baboon. Regardless of frequency-dependence, if each animal’s
target location were different, then their group SPI{z} may be dampened due to a locally
distributed CBF response. In addition to stereotactic mismatches, at suprathreshold rTMS
intensities there are other complex issues to consider. As the stimulation intensity increases
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the size of the neuronal population—both excitatory and inhibitory neurons—above firing
threshold also increases. Thus, by stimulating each animal’s target M1y,,,4 location at
suprathreshold rTMS intensities, we may also be measuring an inherently diminished CBF
response at the local M1 target site. However, by using a suprathreshold rTMS intensity we
also activated remote regions—which are connected to the target location. We observed less
variation in the CBF changes at the remote sites indicating that the effect of this activity was
more specific at these remote sites.

While it is commonly accepted that low-frequency (i.e. < 1 Hz) rTMS decreases cortical
excitability to the contralateral M1, there have been few reports of suprathreshold high-
frequency rTMS effects on the contralateral M1 site.54 Previous EMG studies have reported
conflicting effects due to cortico-cortical connections with the contralateral M1 site (see
Fitzgerald et a/ for a review). Neuroimaging studies of rTMS effects have also reported
mixed results on contralateral M1 activity11:12:14-16.65 gt different rTMS frequencies and
intensity ranges. In this study, the contralateral M1 hand region did not demonstrate
significant brain activity at any of the rTMS frequencies used in this study (Fig. 3); although
the contralateral M1 leg area appears to be inhibited (Fig. 2). This may also be a result of the
per-subject targeting of M1—as is evident in the large errors of the group-wise contralateral
M1 rate data (Fig. 3). Some researchers have reported increases in CBF to the contralateral
M1 at suprathreshold intensities, even when using low-frequency rTMS.1° It is plausible that
more consistent application of rTMS to the target M1 site may have produced significant
activations at the contralateral M1 site. Another explanation for the lack of contralateral M1
hand inhibitions may be that those connections are tuned to lower (i.e. 1 Hz) rTMS
frequencies.

Interestingly, we found a deactivation of the contralateral thalamus (also tuned to 5 Hz
rTMS), however, we do not know if this deactivation was due to thalamo-cortical or cortico-
thalamic fibers. One possible explanation for the decreased activation in the contralateral
thalamus may be increased arousal due to rTMS. However, since each animal remained
lightly sedated throughout each imaging session and we observed no increases in EEG
activity (e.g. rTMS-induced arousal) following each rTMS protocol, this possibility appears
highly unlikely in our current study. It is plausible that deactivation of the contralateral
thalamus may be the result of the ipsilateral M1 inhibiting the contralateral M1 (via
transcallosal connections) then transferring this inhibitory response to the contralateral
thalamus; again, inhibition (or lack thereof) of the contralateral M1 may have been affected
by the subject-specific targeting of the motor cortex (described above). Another possibility
would be that the ipsilateral M1 communicates directly with the contralateral thalamus via
cortico-thalamic crossing fibers. Either way, the deactivation of the contralateral thalamus is
strongest at 5 Hz rTMS—the frequency at which the motor network appears to be tuned. Di
Lazzaro et al.%8 suggested that 5 Hz rTMS can selectively modify the excitability of
GABAergic inhibitory networks in the motor cortex. We believe that a decrease in
GABAergic contributions from the thalamus may be responsible for (at least) part of the
increased activation of the ipsilateral M1, however more research must be performed to
investigate this further.

Non-motor responses

If we are exclusively trying to target the motor network, recruitment of non-motor brain
regions may decrease the efficacy of a network-based TMS treatment protocol. Activity in
these non-motor regions may be counter-productive or even deleterious to the treatment
outcome. By simply decreasing TMS intensity (ex. 120% RMT to 110% RMT), we may
reduce the number of indirectly connected neurons which are above firing threshold, while
still activating the pertinent motor network’s nodes.
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Motor network rate effects

We observed frequency-dependent CBF responses throughout the motor network with a
unimodal frequency distribution peaking at 5 Hz rTMS (Fig. 3). At higher rTMS
frequencies, the measured CBF responses decrease at each of the motor network nodes. This
behavior may be explained by GABAergic intracortical effects inhibiting the CBF response.
For example, Modugno et al.’ reported that short trains (4 pulses) of 5 Hz rTMS at 130%
RMT resulted in inhibition, whereas longer trains (20 pulses) resulted in facilitation. Thus,
the time constant for facilitatory stimulation was longer than that of inhibition. As a result,
the interval between successive rTMS pulses may be too short for the motor network to fully
recover when the stimulus frequency is greater than 5 Hz (as the facilitatory time constant is
approached and/or passed), whereas the inhibitory network effects have fully recovered due
to their shorter time constant. Previous EMG studies®:67 demonstrated similar excitatory and
inhibitory effects in motor evoked potentials when delivering TMS at similar intensities and
interstimulus intervals (i.e. frequency).

It should be noted that the premotor, cerebellum and DLPFC nodes appear to have peaks at
3 Hz rather than the 5 Hz peak found in the other network nodes; the thalamus and caudate
also apparently have a second (albeit lower) peak at 15 Hz (Fig. 3). Discordance with the
motor network’s observed rate effects may be (partially) explained by the diverse
connections and functions of these respective areas. Numerous feedback loops and
connections to other non-motor networks may skew the frequency-response profiles of these
nodes (specifically in the subcortical nodes). Another possibility is that these cortical areas
are actually communicating with M1 at a different optimal frequency (3 Hz); this suggests
the rather interesting concept of sub-specificity within the motor network. However, further
research must be done on the frequency-dependency of each of these nodes for a better
understanding of this discrepancy.

Frequency-specific network responses

The concept of frequency-specificity in the brain is by no means novel—as it has been
demonstrated in numerous research studies for several decades.%® Recent studies have
investigated the instrinsic oscillatory patterns of the brain using rTMS and
electroencephalographic (EEG) techniques®®:70 during cognitive tasks; however, since EEG
has poor spatial resolution, topographic mapping of frequency-dependence in rTMS/EEG
studies remains inconclusive. Feurra and colleagues’! applied transcranial alternating
current stimulation (tACS) to the motor cortex at 5, 10, 20 and 40 Hz and found that only
the 20 Hz stimulation increased corticospinal excitability (measured with EMG), where the
lack of tACS-induced effects at the other (6a and y) frequencies may actually be the result
of using a sinusoidal tACS stimulus to entrain non-sinusoidal brain rhythms (e.g. the
Rolandic central mu rhythm). Although these state-dependent effects are important, they do
not reflect a brain network phenomenon but rather the peripheral motor output.

The frequency-dependent network approach to rTMS (measured with functional
neuroimaging) is itself unexplored territory. While most rTMS imaging studies focus on the
local—i.e. the target site’s—induced brain activity, we believe that frequency-dependent
changes in CBF throughout the nodes of a specific brain network offers practitioners (and
researchers alike) a novel approach to non-invasive brain stimulation. For example, the
frequency-selective entrainment of remote nodes in the targeted brain network has great
potential for non-invasive brain therapies of neurological and psychiatric disorders—
especially when the affected nodes are too deep to be directly targeted by rTMS (e.g.
subgenual cingulate cortex in the depression circuit?429), In addition, by analyzing the
frequency-dependence of low-frequency (i.e. inhibitory) rTMS protocols on CBF changes in

Brain Stimul. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salinas et al.

Page 10

specific brain networks we may also find frequency-dependent inhibitory networks—which
would be beneficial in stroke rTMS studies.?223

The frequency-dependence of remote nodes of specific brain networks may be exploited to
increase the efficacy of non-invasive brain stimulation therapeutic protocols. By delivering
suprathreshold rTMS we are stimulating the “network” and not just the targeted site. We
believe that this may be an underdeveloped aspect of non-invasive brain stimulation, since it
may be used to deliver rTMS pulses to deeper brain regions via their network
connectivity.26

Number of stimuli

Although, it seems logical to conclude that simply delivering more stimulation pulses (i.e.
by increasing frequency) over a specific period of time would increase CBF responses, there
appears to be an upper limit to this frequency-dependent CBF response when controlling the
number of rTMS pulses. We believe that by controlling the number of delivered pulses we
are examining the true rate-dependent nature of the motor network. However, it should be
noted that previous (non-TMS) rate effect studies of the rodent?9:31:32 and human3?
somatosensory cortices reported mixed results on whether or not the number of stimuli
delivered to a brain system was the most important factor in determining the amount of
neuronal activity (i.e. CBF changes) elicited. Most of these studies29-30 suggested that
although there is a linear response up to the peak (4-5 Hz in somatosensory cortex), CBF
becomes saturated at higher frequencies—due to an evenly-distributed frequency response
across the stimulated neuronal population.2® Others countered31:32 —and we concur—that
CBF changes reflect “integrated rather than average neuronal activity” and when the number
and duration of the stimuli are controlled, frequency-dependence arises as the chief
parameter for neuronal specificity. In contrast, Fox & Raichle?’ reported the frequency-
dependent nature of the human visual system to be independent of the number of photic
stimuli; however, the nature of the stimulus may also be a factor in our observed CBF
responses since photic and somatosensory stimuli are delivered and processed indirectly
whereas TMS directly activates the cortical site.

Our results indicate that rTMS frequency, not the number of stimuli, is the main determinant
of rTMS induced CBF changes in the motor network. Since the 3 Hz rTMS comparison
revealed no significant differences between 225 and 450 pulses, we must conclude that
frequency is the dominant factor on measured CBF changes (at least at these train durations
and number of pulses). However, at higher rTMS frequencies, longer train durations and/or
different inter-train intervals, the relationship between number of pulses and frequency may
be more complex.19:10.16 For example, Huang et a/.”2 found that continuous theta burst
stimulation (TBS) produces lower electrophysiological responses than intermittent TBS
when delivered TBS in 5 Hz trains. Similarly, Rothkegel er a/.’3 found that 5 Hz rTMS
delivered in intermittent trains induces facilitative EMG results whereas continuous 5 Hz
rTMS are inhibitive. As an aside, by intermittently delivering the higher rTMS frequencies
used in this study, we should have seen larger CBF changes at these higher frequencies
(assuming that TMS-induced CBF and EMG responses are coupled!?). Since these higher
frequencies did not produce larger CBF responses, even though they were delivered
intermittently, we believe this provides more evidence that 5 Hz is the optimum rTMS
frequency for the motor network. These effects, especially at suprathreshold rTMS
intensities (where network effects may be assessed), need to be explored in future studies.

Benefits of the baboon model of rTMS

On of the major advantages of the baboon TMS model is the ability to use a paralytic
(vecuronium) while investigating TMS-induced brain activations. In humans, upon
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stimulating M1 (especially at suprathreshold TMS intensities), cortico-cortical fibers
between M1 and somatosensory cortices and/or afferent feedback would facilitate the
corresponding brain activity in somatosensory cortex. In the baboon, the use of a paralytic
eliminated: 1) motion during the H,1°0 PET imaging session and 2) any afferent feedback
to the sensorimotor cortex due to TMS-induced muscle contractions. Therefore, in this
baboon rTMS study, the brain activations at the targeted M1 site exhibit more realistic motor
activations than in other rTMS studies.® Previous studies!3:14.16 utilized subthreshold rTMS
intensities to decrease the effect of these afferent feedback loops; these feedback loops may
confound the results of a motor rTMS study, since afferent feedback may also contribute to
the state-dependence of M1. Although the use of subthreshold intensities does decrease
afferent feedback (i.e. possible state-dependent effects'819), it cannot reliably activate brain
areas distant from the site of stimulation. Therefore, using a paralytic, we successfully
applied suprathreshold rTMS intensities—activating both local and remote sites—without
introducing any afferent feedback effects.

One disadvantage of the baboon TMS model is the need for anesthesia. We have
investigated the effects of ketamine on regional and global CBF measurements®33.70.71 gng
at these relatively low doses we have not found any anesthesia effects on CBF—either
globally or locally. Langsjo et al.” found that ketamine induces a global, concentration-
dependent increase in CBF with the largest increases in the anterior cingulate, thalamus,
putamen, and frontal cortex. However, at our dosage levels we have not observed any
ketamine-induced effects on CBF in our previous studies.>36:7> By maintaining the levels of
ketamine (5-6 mg/kg/hr) throughout each H,1°0 PET session we can mitigate any possible
anesthesia-induced CBF effects, therefore, the CBF differences reported here are valid and
not due to anesthesia effects.

Future Directions

We are currently investigating the effects of TMS on the electrophysiological /677 and
CBF78 responses in our baboon model of TMS. To affirm and expand these initial
frequency-specific results, we plan to investigate the effects of train duration and inter-train
interval on both the peripheral muscle activity (via EMG) and the brain’s network responses
(via functional neuroimaging) in our baboon model of TMS. Investigations into the effects
of rTMS train duration on CBF at different rTMS frequencies (and intensities) may be
correlated with EMG activity and used to elucidate the central and peripheral contributions
in the mechanism(s) of TMS-induced brain activity.

In addition to our baboon validations of TMS’ effects on the motor network, we are also
investigating the use of functional connectivity to develop optimized targets for TMS
delivery in other brain networks.”® Although an anesthetized baboon model may not be used
to perform a task (e.g. working memory), to identify higher-order, non-primary brain areas
we may utilize region-seeded and/or independent component analyses of resting-state fMRI
data (i.e. resting-state networks) to target these areas; resting-state networks can be readily
identified in anesthetized non-human primates. Human and non-human primate resting-state
networks appear quite similar89 suggesting that functional locations (cyto-architectonic
regions) can be targeted by their resting-state network’s connectivity patterns.

CONCLUSIONS

We have demonstrated that suprathreshold rTMS may be used to non-invasively drive brain
networks and that these networks exhibit frequency-specific CBF responses. We would
argue—based on our results—that this frequency-dependence could be interpreted as
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“network” specificity, since each node of the network demonstrates similar frequency-tuning
curves, however each network may have different peak frequency. Therefore, by
characterizing a specific network’s (i.e. CBF) frequency-response we may then deliver more
efficient, targeted, non-invasive brain therapies.
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Figure 1.

rTMS/PET stimulation. A. Baboon positioned in a custom head/shoulder restraint during
rTMS/PET. rTMS was performed at frequencies of 3 Hz, 5 Hz, 10 Hz and 15 Hz with a
limited scalp EEG montage. Image reprinted with permission from Salinas et al,, 2011.5 B.
Stimulation protocol for delivering rTMS frequencies at 3 Hz, 5 Hz, 10 Hz and 15 Hz. The
number of stimuli were limited to 450 total TMS pulses, with 5 Hz, 10 Hz, and 15 Hz rTMS
applied for a total of 90 seconds (3 Hz rTMS was delivered for 150 seconds). The 3 Hz and
5 Hz rTMS frequencies were delivered continuously, whereas the train durations of the 10
Hz and 15 Hz stimulations were adjusted so that all of the pulses at that frequency were
given over the 90 second rTMS period. Limiting the number of pulses (especially at higher
rTMS frequencies) has the added benefit of reducing coil heating effects due to our long
train durations at suprathreshold rTMS intensities. B. Stimulation protocol for testing the
effect of the number of stimuli delivered. rTMS was delivered at 3 Hz using both continuous
(450 pulses) and intermittent (225 pulses) pulse trains for a total period of 150 seconds.
Radioisotope injection occurred at the “0” second timepoint in each scan.
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Figure 2.

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). The red line
represents a 1 cm distance. M1 = primary motor cortex; PMd = dorsal premotor cortex;
SMA = supplementary motor area; Cg = cingulate motor area; Cd = caudate; Th = thalamus;
Cb = cerebellum; DLPFC = dorsolateral prefrontal cortex; Ins = insular cortex; Op = parietal
operculum; AIP = anterior intraparietal sulcus; Al = primary auditory cortex.
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Figure 3.

ROI analysis (mean £ SEM) of the motor areas activated during rTMS of the L-M1. L= left;
R = right; M1 = primary motor cortex; PMd = dorsal premotor cortex; SMA =
supplementary motor area; Cg = cingulate motor area; Cd = caudate; Th = thalamus; Cb =

cerebellum; (*p < 0.05; **p < 0.01).
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Figure 4.

ROI analysis (mean £ SEM) of non-motor areas activated during rTMS of the L-M1. L=
left; R = right; DLPFC = dorsolateral prefrontal cortex; Ins = insular cortex; Op = parietal
operculum; AIP = anterior intraparietal sulcus; A1 = primary auditory cortex; (*p < 0.05;

**p < 0.01).
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Figure5.

Comparison of continuous and intermittent rTMS pulses on regional CBF. A. ROI analysis
(mean £ SEM) of L-M1 for continuous (450 pulses) and intermittent (225 pulses) delivery
of 3 Hz rTMS pulses. B. Linear regression of all the sites listed in Table 1 at 3 Hz rTMS.
This supports the notion that we are examining an intrinsic frequency response of the motor
system, rather than the cumulative effect of stimuli bombarding the system.
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Table 2

Repeated-measures one-way ANOVA values for each frequency experiment.

Region of Interest Fa20 p-value
L-M1 1554  6.25x10°°
R-M1 064  6.42x1071
Premotor 1210  368x107°
SMA 565  329x1073
Anterior Cingulate 1187 420x10°°
Cerebellum 48.62 500x 1010
Caudate 116.28 150x 1013
Thalamus 63.68 4.30x10°1
DLPFC 1216  358x10°°
Parietal Operculum 3415 1.12x10°8
Insula 3227 1.83x10°8
Al 2662 921x1078

Anterior Intraparietal Area  11.56  5.03 x 10 ~5
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