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Transcranial magnetic stimulation (TMS) has emerged as an important technique in cognitive neuroscience, permitting causal infer-
ences about the contribution of a given brain area to behavior. Despite widespread use, exactly how TMS influences neural activity
throughout an interconnected network, and how such influences ultimately change behavior, remain unclear. The oculomotor system of
nonhuman primates (NHPs) offers a potential animal model to bridge this gap. Here, based on results suggesting that neck muscle
activity provides a sensitive indicator of oculomotor activation, we show that single pulses of TMS over the frontal eye fields (FEFs) in
awake NHPs evoked rapid (within �25 ms) and fairly consistent (�50 –75% of all trials) expression of a contralateral head-turning
synergy. This neck muscle response resembled that evoked by subsaccadic electrical microstimulation of the FEF. Systematic variation in
TMS location revealed that this response could also be evoked from the dorsolateral prefrontal cortex (dlPFC). Combining TMS with an
oculomotor task revealed state dependency, with TMS evoking larger neck muscle responses when the stimulated area was actively
engaged. Together, these results advance the suitability of the NHP oculomotor system as an animal model for TMS. The polysynaptic
neck muscle response evoked by TMS of the prefrontal cortex is a quantifiable trial-by-trial reflection of oculomotor activation, compa-
rable to the monosynaptic motor-evoked potential evoked by TMS of primary motor cortex. Our results also speak to a role for both the
FEF and dlPFC in head orienting, presumably via subcortical connections with the superior colliculus.
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Introduction
Transcranial magnetic stimulation (TMS) has emerged as an im-
portant methodology in cognitive neuroscience (for review, see
Hallett, 2007). While TMS can be combined with human neuro-
imaging (Siebner et al., 2009), an in-depth understanding of how
TMS influences neural activity requires animal models (Mueller
et al., 2014). Studies in anesthetized rodents (Ji et al., 1998), fe-
lines (Moliadze et al., 2003), and nonhuman primates (NHPs;
Salinas et al., 2013) have described frequency-dependent and
intensity-dependent effects of TMS on neural and hemodynamic
activity. Generalizing these anesthetized results to humans is lim-
ited since the behavioral effects of TMS likely reflect its influence

on both the stimulated area and other interconnected regions,
particularly when TMS is applied outside of primary sensory or
motor areas. A number of groups (Gerits et al., 2011; Valero-
Cabre et al., 2012) have suggested that the NHP oculomotor sys-
tem offers a better model for understanding the effects of TMS on
brain and behavior. Seminal work by these groups established the
feasibility of this animal model by showing that TMS of the fron-
tal eye fields (FEFs), an area involved in saccade control (for
review, see Johnston and Everling, 2011), influenced saccadic
reaction time (SRT). While encouraging, the reported effects re-
quired comparison to the SRT on control trials (which can be
quite variable), necessitating numerous trials and hindering sys-
tematic exploration of how different TMS parameters (e.g., loca-
tion, intensity) influence oculomotor behavior.

A series of results from our laboratory suggest that neck mus-
cle activity provides an alternative, and perhaps a more sensitive,
indicator of oculomotor activity (Corneil and Munoz, 2014). In
NHPs, electrical microstimulation of the FEF evokes robust re-
cruitment of a contralateral head-turning synergy (Elsley et al.,
2007), which persists even if stimulation current is lower than
that required to evoke saccades (Corneil et al., 2010). Stimulation
of the nearby supplementary eye fields (SEFs) evokes the same
neck muscle response (Chapman et al., 2012), with the magni-
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tude of recruitment scaling with endogenous activity at the time
of stimulation (Chapman and Corneil, 2014). Such state depen-
dency is also a hallmark of TMS (for review, see Silvanto et al.,
2008). TMS of the FEF in humans also evokes state-dependent re-
cruitment of a contralateral head-turning synergy (Goonetilleke et
al., 2011).

The first goal of this paper is to examine whether TMS of the
FEF in NHPs evokes the same neck muscle response as micro-
stimulation and, if so, to quantify how such an evoked response
changes with manipulations of TMS location and intensity. Our
second goal is to examine whether any evoked neck muscle re-
sponse changes when delivered during a behavioral task. To fa-
cilitate comparison, we used the same task as in humans
(Goonetilleke et al., 2011), delivering TMS of the FEF before
leftward and rightward memory-guided saccades. Our results in-
dicate that TMS throughout a large extent of the prefrontal cortex
(PFC) evokes the same neck muscle response as evoked by mi-
crostimulation, with the magnitude of recruitment depending on
the location and intensity of TMS, and on endogenous activity at
the time of stimulation.

Preliminary results have been presented in abstract form (Gu
et al., 2013).

Materials and Methods
Three male macaque monkeys (two Macaca mulatta, monkeys sp and zn,
and one Macaca fascicularis, monkey al ) weighing �13, 12, and 9 kg,
respectively, performed in these experiments. All training, surgical, and
experimental procedures were approved by the Animal Use Subcommit-
tee of the University of Western Ontario Council on Animal Care, and
were conducted in accordance with the Canadian Council on Animal
Care policy on the use of laboratory animals, which conforms to the
guidelines laid down by the National Institutes of Health regarding the
care and use of animals for experimental procedures. The NHPs’ health
and weight were monitored daily.

Surgical preparation. Each NHP underwent two surgeries. In the first
surgery, a titanium head post for head restraint and a grid of receptacles
that served as markers (10 mm spacing) were embedded within an acrylic
implant. A mixture of titanium and ceramic screws were used to secure
the acrylic, with ceramic screws placed in the vicinity of where TMS
would be delivered. The grid of receptacles was placed directly on the left
(monkeys sp and al ) or the right (monkey zn) anterior quarter of the
skull, covering cortical areas anterior to the central sulcus. The rationale
of the grid-and-receptacle technique is based on neuronavigation, but
our method takes advantage of embedding the receptacles permanently
in the acrylic to offer a simple means of reproducing TMS location from
day to day. Each receptacle was filled with a 2 g/l copper(II) sulfate
solution (monkeys sp [nine receptacles] and zn [six receptacles]) or
threaded to receive rods filled with the same solution (monkey al [10
receptacles]; Fig. 1A). This solution was highly visible during an anatom-
ical MRI scan conducted for each monkey. From this scan, we con-
structed a 3-D rendering of the location, and referenced receptacle
locations to underlying cortical landmarks, such as the central, arcuate,
and principal sulci (Fig. 1A, right subplots). In monkey al, the grid of
receptacles was designed to also mesh with a mating plastic mold fit to the
bottom of the TMS coil, enabling us to stabilize the TMS coil within the
dental acrylic. In all NHPs, the thickness of the acrylic was kept as thin as
possible over the intended locations of TMS (�7–10 mm, which was the
height of the receptacles). NHPs have quite thick muscles of mastication,
and from scans of monkeys without implants, we measured the thickness
of the muscles and skin above the skull over the frontal cortex to range
between 6 and 8 mm in a 9.6 kg male Macaca mulatta, and 8 –10 mm in a
8.5 kg male Macaca fascicularis. Thus, the distance from the TMS coil to
the cortical surface is about the same as it would be if TMS were to be
applied directly to the scalp. Further, due to the skull’s low conductivity,
the electric fields induced in the brain will be very similar regardless of
whether TMS is applied directly to the scalp or to acrylic, providing the
thickness of these segments is the same.

In the second surgery, chronically indwelling bipolar hook electro-
myography (EMG) electrodes were implanted bilaterally into three dor-
sal neck muscles responsible for horizontal head turning (for surgical
details, see Elsley et al., 2007). The implanted muscles included two deep
suboccipital muscles: obliquus capitis inferior (OCI) and rectus capitis
posterior major (RCM), and the more superficial splenius capitis (SP)
muscle (Fig. 1B). These muscles contribute to horizontal head turns to
the side of the muscle (Corneil et al., 2001) and are robustly recruited by
extracellular stimulation of the FEF (Elsley et al., 2007) and the SEF
(Chapman et al., 2012). Leads from these electrodes were tunneled sub-
cutaneously up to the skull and connected to a connector embedded
within the acrylic.

TMS. Biphasic pulses of TMS were applied over the acrylic implant
using a MagStim Rapid Transcranial Magnetic Stimulator with a figure-
eight coil designed for peripheral nerve stimulation (25 mm inner coil
radius; MagStim). This specific coil has been previously used by other
TMS studies with NHPs (Amaya et al., 2010; Gerits et al., 2011; Valero-
Cabre et al., 2012). The TMS coil was held in position by a customized
clamp anchored to the head post. The center of the TMS coil was placed
directly on top of the receptacles or dental acrylic for monkeys sp and zn,
or set by positioning a plastic mold on the bottom of the coil into the grid
receptacles for monkey al. The coil was placed surface normal to the
acrylic and rotated 45° clockwise from anterior–posterior directional

A

B

C

Figure 1. A, The locations of the fiducial markers for both monkeys sp and al overlaid on their
anatomical MRI scans, with the central and arcuate sulcus highlighted (left subplots), and a
representative head of a monkey with the estimated locations of the fiducial makers (right
subplots). B, Schematic line drawings of the muscles of interest, which were implanted bilat-
erally. All three of these muscles contribute to horizontal head turns to the ipsilateral side. C, The
memory-guided saccade paradigm. The FP remained illuminated prior, during, and after a
peripheral target was flashed 20° left or right. Two TMS pulses (20 Hz, 50 ms apart) were
delivered on one-third of all trials, concurrently with FP offset, which also served as the GO cue
for the monkey to look at the remembered location of the target.
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current flow, to induce a posterior–medial to anterior–lateral direction
current flow.

Behavioral paradigms. The NHPs were placed in a customized primate
chair (Crist Instruments). All experiments were conducted with the head
restrained in a dark, sound-attenuated room. NHPs were placed 0.6 m
away from an array of red LEDs.

We delivered TMS in two experimental contexts. In the first context,
single pulses of TMS were delivered while NHPs simply fixated at a
fixation point (FP). Neck muscle responses were measured while TMS
coil location over the frontal cortex was varied systematically (the map-
ping experiment) or while the level of TMS output was varied (the inten-
sity experiment). Our rationale for requiring the NHPs to fixate during
TMS was because tonic neck muscle activity varies with eye-in-head
position (Stuphorn et al., 1999; Corneil et al., 2002). In the mapping
experiment, the intensity of TMS was set to the lowest levels capable of
reliably recruiting contralateral neck muscle activity [45, 40, and 35% of
maximum stimulation output (MSO) for monkeys sp, zn, and al, respec-
tively]. The coil was moved systematically to different locations in 5 or 10
mm steps, similar to a recent TMS study of NHP primary motor cortex
(M1) study (Amaya et al., 2010). At each location on a given day, we
delivered single pulses of TMS 25 times, triggering TMS manually while
the monkey fixated at a central FP. For a given mapping session con-
ducted within a single day, TMS was delivered to �20 different locations,
with the order of locations randomly selected at the beginning of the day.
A total of 10 complete mapping sessions were collected for both monkeys
sp and al; a total of 3 mapping sessions were collected for monkey zn.

Based on the results of the mapping experiment, the TMS location
with the largest evoked contralateral neck muscle response was identified
for monkeys sp and al. Using these locations, we examined the effect of
systematic variations of the different levels of stimulator output (inten-
sity experiment). First, we examined contralateral neck muscle recruit-
ment, varying the intensity of TMS in 5% increments from 5% below to
15% above the TMS intensity level used in the mapping experiment
(40 – 60% and 30 –50% MSO for monkeys sp and al respectively). All
other experimental details were the same as in the mapping experiment.
A total of 10 sessions were conducted for both NHPs, with the order of
intensity settings within a single day selected randomly. Second, based on
previous reports that TMS of M1 can suppress the activity of antagonist
muscles at lower stimulation levels than that required to excite agonist
muscles (Kimiskidis et al., 2005; Werhahn et al., 2007), we collected an
additional series of 10 sessions with stimulator output varying in 5%
increments from 5% below to 25% below stimulator output in the map-
ping experiment (20 –35% MSO and 15–30% MSO for monkeys sp and
al respectively). During this experiment, the NHPs looked at a FP posi-
tioned 20° horizontally ipsilateral to the side of TMS coil, which in-
creased the background EMG activity on the antagonist muscles of
interest; all other experimental details were the same as in the mapping
experiment.

In the second context, we delivered TMS in conjunction with a behav-
ioral task. To facilitate comparisons, NHPs performed a memory-guided
saccade task (Fig. 1C), with the timing of TMS matching that performed
in previous human studies (Wipfli et al., 2001; Goonetilleke et al., 2011).
To achieve a liquid reward, the monkeys first had to look at a central FP
within a 6° radius window, maintaining central fixation before (500 ms),
during (100 ms), and after (700 –900 ms, varied randomly among four
equally spaced intervals) presentation of a peripheral visual target. The
peripheral target was flashed 20° to the left or right of the FP. The NHP
was then allowed to saccade to the remembered location of the peripheral
target within 800 ms after the disappearance of the FP (i.e., the disap-
pearance of the FP served as the GO cue), within an 8° radius window.
The peripheral target reappeared 100 ms after the monkey entered the
window, and the monkey maintained fixation in the target window for an
additional 300 ms. Two pulses of TMS (20 Hz, 50 ms apart) were deliv-
ered on one-third of all trials, with the first pulse of TMS coinciding with
FP disappearance (Fig. 1C). Window size remained the same on trials
with or without TMS. All trial conditions (left or right cue, with or
without TMS) were pseudorandomly interleaved within a session of
�240 successful trials. Within such a session, the NHP had to complete a
block of 30 trials (5 or 10 trials with or without TMS in each direction)

before moving to the next block. The intensity of TMS was set at 20, 25,
and 25% for monkeys al, sp, and zn, respectively; these intensities were
close to the lowest stimulator intensity that evoked an antagonist muscle
response from the intensity experiment.

Across different sessions, the location of TMS was varied among three
distinct groups. In the first group of sites, the PFC group, TMS was
applied to sites on or anterior to the arcuate sulcus, where TMS in the
mapping experiment evoked a contralateral head-turning synergy (three,
four, and one different sites in monkeys al, sp, and zn respectively; similar
EMG and behavioral results were obtained at all locations, and hence the
data were pooled together in the results). This group of sites allowed us to
test whether neck muscle responses evoked by TMS varied with an ocu-
lomotor task, as predicted by state dependency. In the second group of
sites, the auditory control group, TMS was delivered 5 cm above the scalp
(monkeys al and sp) directly over the PFC sites to control for the acoustic
noise of TMS pulses. In the third group of sites, the brain control group,
TMS was applied to a site posterior to the arcuate sulcus (monkeys al and
sp), where TMS was not able to evoke a contralateral head-turning syn-
ergy in the mapping experiment. This group serves to additionally con-
trol for any other sensations associated with TMS, and also tested for
spatial specificity of any effects seen with the PFC group. Importantly, the
site tested in monkey al was the location from where TMS evoked a
different profile of neck muscle activity, which may have arisen from
TMS to M1 (see Results). We observed no difference in the neck EMG or
behavioral results obtained between the auditory control group and
brain control group, and hence have pooled the results from these two
control groups together in the results.

Data acquisition. Eye-in-head position was tracked with an eye-
tracking system (ETL-200, iScan) at 120 Hz. The processing of the EMG
signals commenced at the headstage (Plexon), which was plugged into
the EMG connector embedded within the acrylic implant. The headstage
performed differential amplification of the EMG signals (20� gain) and
filtering (bandwidth, 20 Hz to 17 kHz). A flexible ribbon cable linked the
headstage to the Plexon preamplifier, which contained a signal process-
ing board customized for EMG recording (50� gain bandwidth, 100 Hz
to 4 kHz). All analog signals were digitized at 10 kHz.

Off-line analyses were conducted with customized Matlab (Math-
works) programs. Further details regarding analysis windows are given in
the Results. EMG signals were rectified and downsized into 1 ms bins, as
previously described (Elsley et al., 2007). For the mapping and intensity
experiments, trials with baseline EMG activity �3 SEs away from the
mean from the pooled baseline were rejected. For the memory-guided
saccade paradigm, a customized graphical user interface permitted trial-
by-trial inspection. Eye position data were passed through a Butterworth
filter, and a program automatically detected the beginning and end of
saccades using a velocity threshold of 30°/s. Trials with SRTs �80 ms
relative to the GO cue were rejected for being anticipatory, whereas trials
with SRTs �500 ms relative to the GO cue were rejected for presumed
inattention. All trials with blinks were rejected for monkey al; while trials
with blinks were accepted for both monkeys sp and zn (see Results).
Blinks had very distinct characteristic eye traces, with both horizontal
and vertical eye position changing instantaneously by �30°. No SRTs
were derived from trials with blinks in monkeys sp and zn.

Results
All three NHPs acclimatized to delivery of TMS within the first
day of application and showed no signs of discomfort (note that
all NHPs were trained on oculomotor tasks before introduction
of TMS). This allowed us to collect a substantial dataset from two
monkeys (sp and al), and a smaller dataset from a third monkey
(zn). Overall there was no qualitative difference between the three
synergistic muscles we recorded from, and hence we report the
results from bilateral OCI for monkeys al and zn, and bilateral SP
for monkey sp (bilateral OCI or RCM recordings were not avail-
able from monkey sp due to electrode failure). An ipsilateral or
contralateral neck muscle is defined as any muscle that turned the
head toward or away from the stimulated cortex, respectively. In
the first set of experiments, we studied the effects of TMS while
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the NHPs simply maintained stable fixa-
tion. We collected a total of 10 mapping
sessions from monkeys sp and al, and 3
sessions from monkey zn. From these
mapping sessions, we identified the loca-
tion evoking the largest neck muscle re-
sponse, and used this location to study the
effects of manipulating stimulator output
on both agonist (contralateral) neck mus-
cle recruitment and antagonist (ipsilat-
eral) neck muscle inhibition (20 sessions
total for both monkey sp and al). In the
second set of experiments, across all three
monkeys, we collected a total of 110 ses-
sions consisting of �240 trials each in the
memory-guided saccade paradigm: 73
sessions were the PFC group, 19 sessions
were the auditory control group, and 18
sessions were brain control group. Col-
lectively, this dataset is an order of mag-
nitude greater than that collected by
previous groups (Gerits et al., 2011;
Valero-Cabre et al., 2012), further estab-
lishing the suitability of this animal
model.

Single pulse of TMS evokes
contralateral head-turning synergy
Despite head restraint, TMS applied to the
frontal cortex over the arcuate sulcus in all
three monkeys reliably increased the ac-
tivity of contralateral neck muscles and/or
decreased the activity of ipsilateral neck
muscles (Fig. 2; to account for difference
between the muscles across the three ani-
mals, the EMG data were normalized to
the mean baseline EMG activity 50 ms be-
fore TMS). This evoked response began
�20 ms after the TMS pulse, and persisted
for �30 ms (see shaded regions). Neck
muscle activity then either returned to
prestimulation levels or rebounded above
the prestimulation levels of activity on the
ipsilateral muscles (Fig. 2, A, C). In this
figure, we have purposely retained the
stimulation artifact on the EMG traces
(lighter portion of lines) to show that
TMS at this intensity does not extend into
the response window (shaded regions; the
artifact in monkey al was negligible). The
EMG responses evoked by TMS evolved simultaneously on ipsi-
lateral and contralateral neck muscles when both responses were
present, but the decrease in ipsilateral neck muscle activity tended
to be more reliable. To determine whether TMS evoked a signif-
icant response when averaged across all �25 trials, we used the 50
ms interval preceding TMS to define a 99% confidence interval
(CI) for baseline activity for each session. For the examples shown
in Figure 2, the activities of contralateral neck muscles and of
ipsilateral neck muscles within the response window of 20 –50 ms
after TMS for all three monkeys were significantly greater and
lower than the 99% CI, respectively. Overall, the synergy and
timing of the neck muscle responses evoked by TMS resembled
that evoked by intracortical microstimulation of FEF (Elsley et

al., 2007). Importantly, single-pulse TMS to the frontal cortex
never evoked a saccadic eye movement, which is consistent with
previous reports delivering TMS-FEF in humans (Müri et al.,
1991; Wessel and Kömpf, 1991) and NHPs (Valero-Cabre et al.,
2012). The ability of low-frequency forms of stimulation to evoke
neck muscle responses without saccades likely reflects differences
in the premotor properties of saccadic versus cephalomotor
circuits (Corneil and Munoz, 2014), as electrical stimulation
frequencies ��50 Hz are incapable of recruiting the brains-
tem saccadic burst generator (Tehovnik and Lee, 1993; Ca-
vanaugh and Wurtz, 2004). Furthermore, we did not observe
any tendency for the evoked response to adapt with repeated
TMS application.
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Figure 2. Representative examples from monkey sp (A), monkey zn (B), and monkey al (C) of the contralateral head-turning
synergy evoked by single pulses of TMS over the superior arm of the arcuate. Rectified EMG activity aligned to TMS onset (solid black
line) is shown for �25 trials for contralateral and ipsilateral neck muscles (left and right columns respectively, the last trial is the
topmost trace), as well as the session average (bottom lines showing mean � SE; black or gray traces for contralateral or ipsilateral
muscles, respectively), which is normalized to the baseline EMG activity averaged from the 50 ms before TMS onset. In all monkeys,
TMS evoked a simultaneous increase or decrease in activity for contralateral or ipsilateral neck muscles �20 –50 ms after TMS
(shaded box). TMS evoked a substantial artifact in monkeys sp and zn, and is shown as recorded in the individual traces in the lighter
portions of the lines. Note that this artifact did not contaminate the response window. Scale bar for mean traces show the average
baseline activity 50 ms before TMS.
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TMS selectively evokes a contralateral head-turning synergy
over PFC
We sought to determine how the contralateral head-turning re-
sponse evoked by TMS changed with systematic changes in TMS
location. In all three monkeys, we moved the TMS coil based on
the grid provided by the markers embedded in the acrylic, allow-
ing us to map the evoked neck muscle response with a 5 mm
resolution. As shown in Figure 3 for monkeys sp and al, TMS

applied progressively more anterior evoked larger excitation in
contralateral neck muscles and more prominent inhibition on
ipsilateral neck muscles. Thus, over a wide expansion of the fron-
tal cortex, anterior to and including the arcuate sulcus, TMS
evoked a contralateral head-turning synergy. In both monkeys sp
and al, the locations evoking the largest increases in contralateral
neck muscles resided over the superior arm of the arcuate sulcus
(Fig. 3, left, asterisks; these two sites were shown in Fig. 2). At

*

Monkey sp
A

50 msec

1 a.u.

*

Monkey al

Contralateral Head
Turner Muscle

Ipsilateral Head
Turner Muscle

99% CI
Inhibitory Response
99% CI
Excitatory Response

99% CI - Both
Excitatory and
Inhibitory Response

Gross M1 Response

B

Figure 3. Results of the mapping experiment for monkey sp (A) and monkey al (B). Left, Each subplot shows the mean�SE of contralateral (red) and ipsilateral (blue) neck muscle activity aligned
to TMS (black line), normalized to baseline activity at each site; shaded boxes show the response window, as in Figure 2. Right, The depicted sites represent approximate locations of markers
projected onto a representation of a monkey’s head for both monkeys sp and al. The asterisks in the left panel mark the location associated with the largest contralateral neck muscle response. Black
arrows in B show locations from where TMS evoked a distinct profile of bilateral cocontraction in monkey al. Right, The filling of the circles indicates responses that went above or below the 99% CIs
calculated from the baseline activity for contralateral and ipsilateral muscles, respectively (see legend). Black stars mark the locations from where a gross twitch from the contralateral hand could
be evoked with TMS.
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both of these sites, on a trial-by-trial basis,
TMS evoked an excitatory contralateral
neck muscle response (wherein the aver-
age activity within a 10 ms window slid
from 20 to 50 ms after TMS was �3 SEs
above the baseline activity within that
trial) on 56% (141 significant responses
out of 249 trials; average response latency,
24 ms) and 75% (185 significant re-
sponses out of 247 trials; average response
latency, 23 ms) of all trials for monkeys sp
and al, respectively.

From the maps shown in Figure 3, it is
clear that movements of the coil in the
order of 0.5–1.0 cm could provoke dis-
tinct profiles of neck muscle activity. In
both NHPs, the magnitude of the con-
tralateral neck muscle response decreased
substantially as the TMS coil was moved
either posterior and/or lateral of the loca-
tion associated with the peak response.
Such findings are consistent with the to-
pography of the FEF, where larger move-
ments are evoked more medially (Bruce
and Goldberg, 1985; Elsley et al., 2007),
and with the changes in evoked oculomo-
tor or hand muscle responses with 0.5 or 1
cm movements of the location of the TMS
coil in NHPs (Amaya et al., 2010; Gerits et
al., 2011; Valero-Cabre et al., 2012). To
assess how well our grid of receptacles standardized TMS coil
location, we also assessed the day-to-day repeatability of the
evoked responses from a given location (recall the maps in Fig. 3
were constructed by pooling data collected over 10 d). To do this,
we first calculated the magnitude of any significant contralateral
neck muscle response (averaged within a session of �25 trials),
and then rank-ordered all such magnitudes from smallest to larg-
est. Using these ranks, we then calculated the sum of all ranked
differences for the location associated with the largest response,
and compared this real sum to a bootstrapped distribution ob-
tained by shuffling ranks 10,000 times. For both NHPs, the real
sum of ranked differences lay below the 99% CI of the boot-
strapped distribution, meaning that magnitudes recorded when
revisiting a location were more similar than the magnitudes re-
corded when visiting different nearby locations.

Although the increase and decrease on the contralateral and
ipsilateral neck muscle activity appeared to evolve simultane-
ously, there were some subtle differences in these responses when
TMS was applied over or slightly posterior to the arcuate sulcus.
TMS at these locations occasionally evoked prominent decreases
in ipsilateral neck muscle activity without changing contralateral
neck muscle activity (Fig. 3A, second row for monkey sp; Fig. 3B,
second and third row for monkey al). Accordingly, the areas over
which a reliable decrease in ipsilateral neck muscle activity could
be evoked were larger than the areas over which an increase in
contralateral neck muscle activity could be evoked (Fig. 3).

TMS near the central sulcus evokes a distinct pattern of
bilateral neck muscle cocontraction
In monkeys sp and al, TMS 10% higher than the intensity used for
the mapping experiment evoked an observable twitch on the con-
tralateral hand when applied near the central sulcus (Fig. 3, right,
stars; higher intensities may have been required since the acrylic

tended to be thicker for more posterior locations). We presumed
that these locations corresponded to the hand representation of
M1, which have been previously reported in monkey TMS studies
(Edgley et al., 1997; Amaya et al., 2010; Valero-Cabre et al., 2012).
During our mapping experiment in monkey al, we encountered
locations slightly anterior and medial to the hand representation
where TMS evoked a distinct profile of bilateral neck muscle
recruitment (Fig. 3B, left, top row, arrows). Such locations lay
posterior to locations from where contralateral neck muscle ac-
tivity could not be evoked. This bilateral response began within
�5 ms of the TMS pulse and lasted only �5 ms in total. Following
this response, both contralateral and ipsilateral neck muscles exhib-
ited a brief period of reduced activity for another �20 ms before
returning to baseline. The timing and profile of this response are
consistent with TMS evoking activity along a different, perhaps
corticospinal or corticoreticulospinal, pathway than that evoked
when TMS is applied to more anterior locations (see Discussion).
The longer stimulation artifacts in both monkeys sp and zn ob-
scured our ability to replicate this observation. Note however in
monkey sp that TMS at the most posterior locations (Fig. 3A, left
panel, top row) did produce a hint of bilateral suppression that
differed from the neck muscle responses evoked at more anterior
locations; such bilateral suppression may correspond to the brief
period of reduced activity observed in monkey al after bilateral
cocontraction.

TMS intensity modulates the magnitude of the contralateral
head-turning synergy
Having established the TMS locations that recruit a contralateral
head-turning synergy, we now examine the influence of TMS
intensity. For both monkeys sp and al, we modulated stimulator
output while delivering TMS to the sites with the largest and most
reliable response (Fig. 3, asterisks). Increasing TMS intensity
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raised the magnitude of the contralateral
neck muscle recruitment, but did not no-
ticeably decrease the time of response on-
set (Fig. 4A). Previous studies of human
TMS to M1 have shown that TMS can in-
hibit antagonist muscle activity at lower
levels than that required to excite agonist
muscle activity (Kimiskidis et al., 2005;
Werhahn et al., 2007). We therefore sepa-
rately determined the lowest TMS inten-
sity capable of suppressing the activity of
ipsilateral neck muscles. For this experi-
ment, monkeys fixated 20° ipsilateral to
the side of TMS, increasing background
activity of the muscles of interest. In both
monkeys sp and al, a substantially lower
TMS intensity could inhibit ipsilateral
neck muscle activity, compared with that
required to evoke excitation of con-
tralateral neck muscle (Fig. 4B). Based
on these results, we determined that
MSO settings of 25 and 15% were capa-
ble of inhibiting ipsilateral neck muscle
activity for monkeys sp and al, respectively. We used this level
as references for the active motor threshold in the next
experiment.

TMS over PFC evoked a state-dependent neck muscle
response during a memory-guided saccade task
We now turn to the effects of TMS to the frontal cortex during an
oculomotor task. A central tenet of TMS is state dependency,
wherein the effects of TMS reflect the endogenous activity in an
area at the time of stimulation. To test state dependency, we
occasionally delivered low-intensity TMS just before the mon-
keys generated contralateral and ipsilateral memory-guided sac-
cades, relative to the side of the TMS coil. Much of the PFC,
including the FEF, is more active before contralateral memory-
guided saccades (Bruce and Goldberg, 1985; Funahashi et al.,
1990). Hence TMS should evoke larger neck muscle responses
when delivered before contralateral versus ipsilateral memory-
guided saccades. For this experiment, we delivered two pulses of
low-intensity TMS (20 Hz) aligned to the GO cue, with levels at or
above the active motor threshold determined above (25% MSO
for monkeys sp and zn, 20% MSO for monkey al).

Figure 5A shows contralateral neck muscle activity for indi-
vidual trials from a single session for monkey sp where the TMS
coil was placed over the PFC, segregated by saccade direction and
whether TMS was delivered or not. All trials are aligned to the GO
cue and further sorted based on saccadic reaction time (red cir-
cle). Even in the absence of TMS, contralateral neck muscle ac-
tivity increased just before contralateral saccades and remained
tonically elevated, and decreased just before ipsilateral saccades
and remained tonically suppressed. Such phasic and tonic cou-
pling of neck muscle activity with saccades and eccentric eye
positions have been previously described in NHPs (Stuphorn et
al., 1999; Corneil et al., 2002). However, TMS evoked a further in-
crease in contralateral neck muscle activity only when delivered be-
fore contralateral saccades (Fig. 5A, lower-right plot); note the
activity 100–150 ms after the GO cue that is not present before
contralateral saccades in the absence of TMS, nor before ipsilateral
saccades whether TMS was delivered or not. Thus, as predicted by
state dependency, TMS only increased contralateral neck muscle

activity when delivered to the PFC that is presumably more active
before contralateral memory-guided saccades.

Representative session averages from all three monkeys when
TMS was applied over the PFC or control sites are shown in
Figure 5B (using the PFC session shown in Fig. 5A for monkey
sp). To quantify state dependency, we first calculated the average
EMG activity 100 –150 ms after the GO cue for all four conditions
in a session, conservatively excluding any trials with SRTs �175
ms to reduce the confound of phasic changes in neck EMG asso-
ciated with short-latency saccades. For the representative exam-
ples for all three monkeys, the greatest level of EMG activity in the
window of interest occurred on trials where TMS of the PFC
preceded contralateral saccades. Consistent with state depen-
dency, such evoked activity was a function of both saccade direc-
tion and TMS of the PFC. No such state dependency was
observed when TMS was applied to control sites (Fig. 5B, right
plots).

Across our sessions, we first compared the effects of the pres-
ence or absence of TMS before contralateral saccades. For ses-
sions involving TMS of the PFC, neck muscle activity was
consistently larger 100 –150 ms after GO cue before contralateral
saccades on TMS versus non-TMS trials (Fig. 6A; 18% of all
sessions were significant, Bonferroni corrected; overall 17% me-
dian increase, paired t test, t(72) � 6.1, p � 1 � 10�7); note how
the data in Figure 6A clusters above the line of unity. In contrast,
when TMS was applied to control sites either posterior to the
arcuate (brain control sites) or into the air (auditory control
sites), we observed much more modest increases in neck EMG
before contralateral saccades when TMS was applied (Fig. 6B; 3%
of all sessions were significant, Bonferroni corrected; overall 6%
median increase, paired t test, t(36) � 3.1, p � 0.01). Although
significant, we suspect that much of this effect reflects the overall
decrease in SRT when TMS is applied at control sites (see below).
Importantly, some of the sites visited for the brain control group
were the sites from where bilateral neck EMG could be evoked in
the mapping study; TMS at such sites did not evoke a state-
dependent effect, emphasizing the spatial specificity of the effect
of TMS of the PFC on neck EMG during this oculomotor task.
Finally, there was no effect of TMS before ipsilateral saccades
regardless of whether TMS was applied to the PFC or to control

1000 2000

1000

2000

p < 1 × 10−7

PFC Sites

TM
S 

C
on

tra
la

te
ra

l S
ac

ca
de

 (µ
V

)

non-TMS Contralateral Saccade (µV)

A Control Sites

non-TMS Contralateral Saccade (µV)

TM
S 

C
on

tra
la

te
ra

l S
ac

ca
de

 (µ
V

)

1000 2000

1000

2000

p < 0.01

B

Figure 6. Quantification of effect of TMS before contralateral saccades. A, B, EMG activity before contralateral saccades was
averaged with the response window (100 –150 ms after the GO cue) and segregated based on whether TMS was delivered or not
to either PFC sites (A) or control sites (B). Each symbol represents a different session, and the dashed line shows the line of unity.
Different shapes correspond to different NHPs: squares, monkey sp; circles, monkey al; diamonds, monkey zn. Different colors
correspond to different locations: red and green, anterior to the arcuate; purple and light blue, slightly posterior to the arcuate;
black, brain control; dark blue, auditory control. Filled symbols represent differences that were significant within a session (Bon-
ferroni corrected t test). p value in the lower right corner of each subplot is the result of a paired t test.
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sites (data not shown; TMS of the PFC: 7% of all sessions were
significant, overall 1% median decrease, paired t test, t(72) � 1.0,
p � 0.32; TMS control: 7% of all sessions were significant, overall
1% median decrease, paired t test, t(36) � 0.2, p � 0.85).

Next, we compared the effects of TMS delivered before con-
tralateral versus ipsilateral saccades. Figure 7 plots the mean EMG
activity of contralateral versus ipsilateral TMS saccade trials from
each session for both PFC sites (A) and control sites (B). For the
PFC sites, data lay well above the line of unity, meaning that there
were consistently greater levels of neck EMG following TMS be-
fore contralateral versus ipsilateral saccades (11% of all sessions
were significant, Bonferroni corrected; overall 24% median in-
crease, paired t test, t(72) � 6.7, p � 1 � 10�8). We also observed
greater activity before contralateral versus ipsilateral saccades
when TMS was delivered to control sites (19% of all sessions were
significant, Bonferroni corrected; overall 13% median increase,
paired t test, t(36) � 3.6, p � 1 � 10�3), however this result was
mainly due to the preparation of contralateral versus ipsilateral
saccades, since similar results were observed on non-TMS trials
for both PFC and control sites (Fig. 7C,D; TMS of the PFC: 7% of
all sessions were significant, Bonferroni corrected; overall 6%
median increase, paired t test, t(72) � 4.2, p � 1 � 10�4; TMS
control: 8% of all sessions were significant, Bonferroni corrected;
overall 11% median increase, paired t test, t(36) � 4.1, p � 1 �
10�3). Thus, while the simple preparation for a contralateral
saccade increases neck EMG activity in the window of interest,
neck EMG is further increased if TMS is delivered over the PFC.

For monkey sp, TMS of the PFC often induced blinks (59% of
all TMS of the PFC trials, regardless of saccade direction), obscur-
ing our ability to extract SRT from such trials. Neck EMG activity

from blink trials from monkey sp were in-
cluded in the above analyses provided the
saccade after the blink attained the target.
To ensure that blinks did not confound
our results from this monkey, we com-
pared neck EMG activity before contralat-
eral saccades in the window of interest on
TMS trials with and without blinks, and
found no differences (two-way t test,
t(1178) � �0.18, p � 0.85). For monkey al,
blinks rarely occurred on TMS of the PFC
trials (�1%), and hence we simply dis-
carded blink trials as errors.

TMS selectively decreased contralateral
saccadic reaction times
Next we examined whether TMS influ-
enced SRT. In humans, TMS of the FEF
in this task decreased contralateral but
not ipsilateral SRT (Wipfli et al., 2001;
Goonetilleke et al., 2011). However, un-
like the neck EMG results, we did not find
any systematic effect of TMS compared
with controls when we analyzed SRT on a
session-by-session basis. We then pooled
SRTs across sessions to determine whether
TMS influenced SRT, similar to a previ-
ous study of TMS of the FEF in NHPs
(Gerits et al., 2011).

We pooled all trials without blinks for
monkeys sp (Fig. 8A) and al (Fig. 8B), and
segregated the data by saccade direction,
presence or absence of TMS, and whether

TMS was applied to the PFC sites or the control sites. In both
monkeys, TMS shortened SRT bilaterally regardless of whether it
was applied to the PFC or to control sites, although such de-
creases on contralateral trials tended to be slightly larger for TMS
of the PFC (monkey sp: contralateral SRTs decreased by 62 and 44
ms for PFC and control sites, respectively; ipsilateral SRTs de-
creased by 14 and 19 ms for PFC and control sites; monkey al:
contralateral SRTs decreased by 18 and 11 ms for PFC and con-
trol sites, respectively; ipsilateral SRTs decreased by 40 and 37 ms
for PFC and control sites). To analyze this dataset, we performed
separate two-way ANOVAs on SRT for contralateral or ipsilateral
saccade trials for each monkey for a total of four different ANO-
VAs, using the application (TMS vs no-TMS trials) and location
(PFC vs control) of TMS as factors. For both monkeys sp and al,
this revealed a significant interaction between TMS application
and location for contralateral saccade trials (F(1,4183) � 22.3, p �
1 � 10�5, and F(1,7596) � 8.7, p � 0.01, for monkey sp and al
respectively) but no significant interaction between TMS and
location for ipsilateral saccade trials (F(1,4262) � 2.0, p � 0.15, and
F(1,7633) � 3.5, p � 0.06, respectively). This confirms that TMS
application interacted with TMS location for contralateral but
not ipsilateral saccades in a fashion resembling that reported in
humans (Wipfli et al., 2001; Goonetilleke et al., 2011).

Sessions with larger neck EMG responses tend to feature
larger decreases in SRT
Finally, we investigated whether there was any relationship be-
tween the magnitude of neck EMG evoked by TMS and changes
in saccade latency. Our previous TMS work in humans revealed a
weak correlation between greater evoked neck EMG with larger
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SRT decreases (Goonetilleke et al., 2011),
and trial-by-trial activity in the superior
colliculus (SC) correlates to both neck
EMG and SRT (Rezvani and Corneil,
2008). Because of the prevalence of blink-
ing with monkey sp, we were only able to
use the data from monkey al. A direct
trial-by-trial correlation of evoked neck
EMG did not reveal any systematic rela-
tionship, perhaps because of the sub-
stantial trial-by-trial and session-by-
session variance in both EMG and SRT.
However, we did see a relationship across
sessions between the size of the evoked
neck EMG response and the decrease in
SRT; sessions with larger neck EMG re-
sponses on contralateral TMS trials
tended to be those sessions where TMS
evoked larger decreases in contralateral
SRT. To do this analysis, we rank-ordered
the mean decrease in contralateral SRT
across all sessions, and compared this to
the ranked-ordered mean increase in neck
EMG for contralateral trials. We then
summed up the absolute difference be-
tween the two ranks for each session, and
compared this difference to 1000 ran-
domly shuffled pairs of ranking. The
actual sum difference of our ranking com-
pared with the randomly shuffled pairs
was significantly smaller (p � 0.05) when
TMS was delivered to PFC sites, but not
significant (p � 0.24) when TMS was de-
livered to control sites.

Discussion
Our results indicate that TMS in NHPs
over a large swath of PFC evokes rapid and
brief recruitment of a contralateral head-
turning synergy. Such evoked neck EMG
responses provide a quantifiable metric
that is comparable to motor-evoked po-
tentials (MEPs) evoked by TMS of M1,
enabling systematic explorations of TMS location, intensity, and
behavioral task. This work advances the use of the oculomotor
system of awake, behaving NHPs as an animal model for under-
standing the effects of TMS. Our results also suggest that the
dorsolateral PFC (dlPFC) contributes to head orienting.

The contralateral head-turning synergy as a signature of
evoked oculomotor activity
The timing and patterning of neck muscle recruitment following
TMS matches well with that evoked by intracortical microstimu-
lation of the FEF (Elsley et al., 2007). The comparatively longer
latency for TMS (�25 ms for TMS vs 17 ms for microstimula-
tion) could reflect the increase in response latencies from weaker
stimulation intensities (Hadjidimitrakis et al., 2007; Corneil et
al., 2010). Based on the short response latencies, both forms of
stimulation appear to elicit neck muscle responses via feedfor-
ward recruitment along a polysynaptic pathway that likely in-
cludes the SC, from where microstimulation evokes the same
patterning of neck EMG �3– 4 ms earlier than the FEF (Corneil
et al., 2002). Our previous work has forwarded a mechanism

for why the cephalomotor component of orienting provides a
more sensitive indicator than saccades for small perturbations
of the oculomotor system (for review, see Corneil and Munoz,
2014).

The timing and patterning of neck EMG evoked by TMS con-
strains plausible mechanisms. For example, TMS evoked the con-
tralateral head-turning synergy only when delivered over and
anterior of the arcuate sulcus, which is inconsistent with spatially
nonspecific mechanisms, such as acoustic startle. Loud sounds
(�115–130 dB, compared with 75– 85 dB for TMS in humans;
Dhamne et al., 2014) can evoke neck EMG in humans but, unlike
our results, such neck EMG consists of bilateral neck muscle
recruitment that begins �60 ms after the click (Oude Nijhuis et
al., 2007) and rapidly adapts (Brown et al., 1991). Startle arising
from TMS, regardless of whether TMS is applied on or over the
head, can perturb saccade trajectory if applied within �50 ms of
saccade onset (Xu-Wilson et al., 2011). Such results differ from
our observations regarding the dependencies of evoked neck
EMG on TMS location; note as well that the minimum interval
between the second of two TMS pulses and the onset of memory-
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guided saccades in our experiment was 125 ms. Finally, acoustic
startle can reduce SRTs (Siegmund et al., 2001; Castellote et al.,
2007). While this may explain why memory-guided SRTs were
reduced bilaterally regardless of where TMS was applied in our
experiment, large increases in contralateral neck EMG only oc-
curred when TMS was applied over the PFC before contralateral
saccade trials, which is consistent with TMS summing with en-
dogenous activity associated with the upcoming contralateral
saccade.

When passed during a task, the neural activity induced by
TMS is thought to contribute noise that disrupts subsequent be-
havior (Pascual-Leone et al., 2000; Miniussi et al., 2013). Such a
mechanism was invoked to explain the changes in antisaccade
SRTs following single-pulse TMS of the FEF in NHPs (Valero-
Cabre et al., 2012). While TMS may well be perturbing activity
throughout the oculomotor system before a saccade, our results
demonstrate that TMS first produces a pulse of excitation pro-
portional to endogenous activity that propagates through a poly-
synaptic pathway. Consistent with this, short-duration electrical
stimulation of the SEF evokes the largest neck muscle responses
in conditions where it also produces the greatest disruption in
saccade behavior (Chapman and Corneil, 2014). Together, these
results hint at the complexity in the response of the oculomotor
network following very short duration perturbation that can play
out over tens if not hundreds of milliseconds.

A broader role for the dlPFC in orienting the head
Given the area from which TMS evoked the contralateral head-
turning synergy, we suspect that the effects of TMS arise not just
from the FEF, but also from the dlPFC located on the gyral sur-
face anterior of the FEF. Modeling studies have shown that TMS
induces the largest electric fields at gyral crowns, with field
strength dropping off progressively down a sulcus (Ravazzani et
al., 1996; Thielscher et al., 2011). The FEF is mainly situated on
the anterior bank of the arcuate sulcus, extending �8 mm below
the cortical surface (Bruce and Goldberg, 1985). Hence it is un-
likely that TMS selectively influenced the FEF without influenc-
ing the dlPFC. Further, saccadic and presaccadic profiles of
activity can also be found on the gyral surface (Schall, 1991; Sa-
vaki et al., 2014), including FEF neurons located within �2–3
mm of the cortical surface that project directly to the SC (Som-
mer and Wurtz, 2000). The dlPFC, located anterior to FEF and on
the gyral surface, is also highly connected with the oculomotor
system via the FEF, SC, or brainstem (Kuypers and Lawrence,
1967; Goldman and Nauta, 1976; Barbas and Pandya, 1989;
Moschovakis et al., 2004; Hutchison and Everling, 2013), and
anecdotal observations show that microstimulation rostral to the
FEF, presumably within the dlPFC, evokes recruitment of the
same contralateral head-turning synergy (Elsley et al., 2007). Im-
portantly, a recent deactivation study showed that the dlPFC’s
influence on the SC is largely excitatory (Johnston et al., 2014),
which is consistent with our proposal that TMS of the dlPFC can
also initiate a polysynaptic response that culminates in neck mus-
cle recruitment.

These studies reinforce the idea that those portions of the PFC
that contribute to oculomotor activity are substantially larger
than the FEF. Further, our results support previous human im-
aging studies (Petit and Beauchamp, 2003; Tark and Curtis,
2009) arguing for a broader role of the PFC in head orienting.
Our results hearken back to Ferrier’s work (Ferrier, 1874), which
showed that surface electrical stimulation of the PFC in monkeys,
albeit at very high levels, evoked an orienting response that con-
sisted of multiple outputs, including saccades, head movements,

and pupil dilation. Our work with TMS demonstrates its ability
to selectively recruit head orienting, offering a metric that per-
mits direct quantification.

Our interpretation hinges on the assumption that the evoked
neck muscle responses originate directly from the PFC, rather
than indirectly from M1 secondary to current spread. Impor-
tantly, TMS of the PFC consistently evoked a contralateral head-
turning synergy within �25 ms, whereas TMS of M1 evoked
bilateral neck muscle cocontraction within 5–10 ms followed by
bilateral neck muscle suppression. The response to TMS of M1
may have originated from a direct corticospinal pathway (Lacroix
et al., 2004; Montgomery et al., 2013) or a corticoreticular path-
way (Fisher et al., 2012), and its timing is comparable to MEPs
recorded on hand muscles in NHPs (Amaya et al., 2010). TMS to
a similar location in humans evokes bilateral neck contraction
within �10 ms (Thompson et al., 1997). Alternatively, the bilat-
eral response could have arisen from the premotor cortex in the
precentral gyrus from where whole-body defensive responses
that include an ipsilateral head movement can be evoked (Gra-
ziano et al., 2002; Boulanger et al., 2009), although the timing and
patterning of underlying neck muscle recruitment is unknown.
Regardless, TMS during the memory-guided saccade task at such
precentral locations near M1 did not produce state-dependent
recruitment of the contralateral head-turning synergy, unlike
TMS locations over the PFC. Overall, fundamental differences in
the timing, synergy, and state dependency of neck muscle re-
sponses evoked by TMS of the PFC versus TMS of M1 implicate
distinct descending motor pathways.

The NHP oculomotor system as an animal model for the
effects of TMS
Our results fit in with a growing literature demonstrating the
suitability of the NHP oculomotor system as an animal model for
better linking the effects of TMS on brain and behavior (Gerits et
al., 2011; Valero-Cabre et al., 2012; Mueller et al., 2014). As in the
study by Valero-Cabre and colleagues (2012), our animals
proved very capable of performing an oculomotor task during
TMS application. This, along with a recent report describing
techniques to overcome mechanical and electrical artifacts fol-
lowing TMS of the FEF (Mueller et al., 2014), potentiates the
recording of neurophysiological activity following TMS during a
behavioral task, both in the stimulated area and in intercon-
nected oculomotor areas as well. While neurophysiological re-
cordings in downstream locations have been performed
following TMS of M1 in NHPs for some time (Baker et al., 1994;
Fisher et al., 2012), the accumulated knowledge about the oculo-
motor system makes it an ideal platform to see how neural activ-
ity following TMS evolves in time throughout an interconnected
network, how such activity depends on the level or phase of en-
dogenous activity at the time of TMS (Thut et al., 2011), and how
such induced changes are linked to behaviors. Our results dem-
onstrate that neck EMG can provide a feedforward measure of
oculomotor activation, reflecting the trial-by-trial efficacy of a
TMS pulse in driving neural activity at a resolution that is not
available through measures of saccadic behavior. In this regard,
neck EMGs evoked by TMS of the PFC may provide a measure
whose use can parallel the MEP, which is the de facto measure-
ment of interest in many experiments involving TMS of the M1.
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