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FEATURE ARTICLE

TMS Over Human Frontal Eye Fields
Disrupts Trans-saccadic Memory of
Multiple Objects

We recently showed that transcranial magnetic stimulation (TMS)
over the right parietal eye fields disrupts memory of object features
and locations across saccades. We applied TMS over the frontal
eye fields (FEF) as subjects compared the feature details of visual
targets presented either within a single eye fixation (Fixation Task)
or across a saccade (Saccade Task). TMS pulses were randomly
delivered at one of 3 time intervals around the time of the saccade,
or at equivalent times in the Fixation Task. A No-TMS control
confirmed that subjects could normally retain ~3 visual features.
TMS in the Fixation Task had no effect compared with No-TMS, but
differences among TMS times were found during right FEF
stimulation. TMS over either the right or left FEF disrupted memory
performance in the Saccade Task when stimulation coincided most
closely with the saccade. The capacity to compare pre-and
postsaccadic features was reduced to 1-2 objects, as expected if
the spatial aspect of memory was disrupted. These findings suggest
that the FEF plays a role in the spatial processing involved in trans-
saccadic memory of visual features. We propose that this process
employs saccade-related feedback signals similar to those
observed in spatial updating.

Keywords: frontal eye fields, saccades, transcranial magnetic stimulation,
trans-saccadic memory, visual working memory

Introduction

Humans typically make 3-5 rapid eye movements, called
saccades, per second (Rayner 1998). Because visual processing
is partially suppressed during a saccade (Matin 1974) our view of
the world is limited to discrete moments between saccades
when our eyes are stationary. To perceive a unified visual world,
visual information acquired during these discrete eye fixations
must be retained across saccades, a process referred to as trans-
saccadic memory (Irwin 1991, 1996). It has been previously
shown that the capacity of trans-saccadic memory is limited to
only 3-4 items (Irwin 1992; Irwin and Andrews 1996; Irwin and
Gordon 1998; Prime et al. 2007)—similar to visual working
memory (Luck and Vogel 1997; Vogel, Woodman, and Luck
2001). However, trans-saccadic memory is more complex than
visual working memory. Trans-saccadic memory takes into
account changes in gaze by updating object and spatial
information with every saccade (Hayhoe et al. 1991; Prime
et al. 2000). Presently, little is known about the neural
mechanisms that contribute to the putative processes that
maintain and update objects and their locations across saccades.

Functional imaging studies have found that activity in the
posterior parietal cortex is tightly correlated with the number
of items maintained in visual working memory before reaching
its capacity limit of about 4 items (Todd and Marois 2004; Vogel
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and Machizawa 2004; Xu and Chun 20006). In a recent study, we
showed that trans-saccadic memory of multiple feature objects
was disrupted when transcranial magnetic stimulation (TMS)
was applied to the right, but not the left, parietal eye field
(PEF), an area analogous to the monkey lateral intraparietal
cortex (Prime et al. 2008). Our results confirmed that parietal
TMS interferes with memory for even one object feature
(Harris et al. 2008). Moreover, in our previous study, parietal
TMS produced additional reductions in memory of multiple
objects, especially when it coincided with a saccade. The PEF is
part of a cortical network involved in saccadic eye movements
(for review see Pierrot-Deseilligny and Muri 1997), spatial
working memory (Jonides et al. 1993; Smith et al. 1995), and
visual attention (Saalmann et al. 2007), and is involved in the
spatial updating of movement goals across saccades—a process
called spatial remapping (Duhamel et al. 1992; Colby and
Goldberg 1999; Medendorp et al. 2003; Merriam et al. 2003).
Based on our TMS data, we argued that the PEF also plays a role
in updating the remembered locations of object features across
saccades, perhaps through recurrent interconnections with the
“ventral stream” of visual analysis (Prime et al. 2008).

Another cortical structure involved in saccade production and
remapping is the frontal eye field (FEF). The FEF is part of the
same complex cortical network that governs saccadic eye
movements (Leichnetz and Goldberg 1988; Milea et al. 2007,
Pierrot-Deseilligny et al. 2004). And like the PEF, some FEF
neurons also show spatial remapping in response to saccadic eye
movements (Sommer and Wurtz 2006; Umeno and Goldberg
1997,2001). Also, the PEF and FEF in both the human and monkey
brain share a role in a variety of visuospatial processes related to
trans-saccadic memory such as spatial working memory (Jonides
et al. 1993; Smith et al. 1995; Courtney et al. 1998; Gaymard et al.
1999; Curtis and D’Esposito 2006), visual search (Schall and Hanes
1993; O’Shea et al. 2006; Anderson et al. 2007), and visual attention
(Corbetta et al. 1998; Beauchamp et al. 2001; Juan et al. 2004;
Petersen et al. 1994; Shomstein et al. 2006; Saalmann et al. 2007).
Finally, the FEF is known to influence processing in visual area V4,
a “ventral stream” area involved in feature analysis (Moore and
Armstrong 2003). These properties suggest that the FEF could also
play a role in trans-saccadic memory.

However, the FEF and PEF appear to serve different functions
within this frontoparietal network mediating oculomotor
control (Connolly et al. 2002; Grosbras et al. 2005), spatial
memory (Postle 2005; Curtis 2006), and attention (Wardak et al.
2006; Buschman and Miller 2007). The PEF acts as a general
salience map of object locations that integrates sensory and
motor information for a variety of cognitive and behavioral tasks
(Andersen and Buneo 2002; Goldberg et al. 2006; Gottlieb 2007),
whereas the salience map of the FEF is more specifically tied

0TOZ ‘2T YdJe uo eqonuel Jo Alsiaaiun 1e Bio sfeuinolplojxo:102199//:dny woly papeojumod


http://cercor.oxfordjournals.org

with latter stages of oculomotor processing downstream from
the PEF (Pierrot-Deseilligny et al. 1995). Moreover, TMS of the
human PEF and FEF during concurrent functional magnetic
resonance imaging has offered evidence that the PEF and FEF
exert different top-down control over early visual processing in
the visual cortex (Ruff et al. 2008). As mentioned earlier, we
showed that the right PEF plays a crucial role in trans-saccadic
memory using TMS (Prime et al. 2008). The goal of the present
study was to use TMS to investigate the possible contribution of
the FEFs to trans-saccadic memory and compare the results here
with our PEF results.

Previous TMS studies have shown that magnetic stimulation of
the human FEF can disrupt spatial working memory (Campana
et al. 2007; O’Shea et al. 2007), visual search performance
(Muggleton et al. 2003; O’Shea et al. 2004), and covert spatial
attention (Grosbras and Paus 2002; Smith et al. 2005; Neggers
et al. 2007). TMS-induced changes to task performance in these
studies offer evidence that the stimulated brain region plays
a role in the task (Pascual-Leone et al. 1999, 2000). However, to
our knowledge, no study to date has demonstrated a specific
role of the FEF in trans-saccadic memory.

In the present study, we used TMS to deliver a magnetic
pulse to our subjects’ FEF as they performed the same trans-
saccadic memory task from our previous PEF study (Prime et al.
2008). In our task, subjects memorized the location and feature
details of multiple objects and compared one of them to probe
at the same location presented after a memory interval that
either contained a saccade (Saccade Task) or did not (Fixation
Task). We hypothesized that applying TMS to the FEF will also
disrupt trans-saccadic memory of multiple feature objects, as
we found earlier with the right PEF. Moreover, we contrasted
our new FEF findings with our previous PEF findings,
specifically asking: does the FEF show the same asymmetry
between the left and right cortices? Does TMS to the FEF
produce the same baseline deficits to feature memory and/or
deficits to retention of multiple objects? And finally, do the
effects of TMS to FEF show the same saccade-timing sensitivity
as the PEF? The results show that, like the PEF, TMS to the FEF
also disrupts trans-saccadic memory, but the 2 structures
showed different patterns of disruption that may reveal
differences in their contribution to trans-saccadic memory.

Methods

Subjects

Six subjects (4 males and 2 females; age range was 20-34 years and
mean age was 26.3) participated in this study after providing written
informed consent. All participants were in good health and had normal
or corrected-to-normal visual acuity, and according to a self-report,
without any known contraindications to TMS. All experimental
procedures received ethical approval by York Human Participants
Review Subcommittee.

Apparatus

Subjects sat in a dark room with their head immobilized by
a personalized dental impression bar. A customized computer network
system of 3 microprocessor personal computers was used for both
stimulus presentation and data recording. The experimental device was
the same for all conditions and consisted of a video projector that back-
projected visual stimuli onto a 1.9- x 1.4-m display screen, spanning
124.5° visual angle horizontally by 108.9° visual angle vertically.
Subjects sat 50 cm in front of the screen. The screen was unlit (black)
with a luminance level of 0.015 cd/m? Eye position was monitored in
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4 subjects using the EyeLink 2 eye-tracking system (SR Research,
Mississauga, Ontario, Canada). To access the FEF with the TMS coil, the
eye-tracker was removed from its headband and bolted to the apparatus
that held the bite-bar leaving the top of the subject’s head exposed. The
two-dimensional (2-D) coordinates of eye movements were recorded at
a sampling rate of 500 Hz and stored on hard disk for off-line analysis.
Saccades continuously were detected using a velocity criterion of 36°
per second and eye position criterion of 1.5° visual angle around the
fixation-cross. In both the Saccade and Fixation Tasks, eye position
was monitored in real time by custom-written software that only
accepted trials for a predetermined “tolerance” window of perfor-
mance for both eye fixations and movements. In particular, for a trial to
be successful, subjects were required to maintain eye fixations within
a 1.5° window around the fixation-cross and, in the case of the Saccade
Task, begin the saccade within one second following the onset of the
second fixation-cross and then end the saccade at the correct, specified
fixation location. Trials were automatically aborted if eye fixation was
not maintained within the tolerance window of 1.5° centered on the
fixation-cross and if subjects did not begin their saccade within one
second of the presentation of the saccade-target in the Saccade Task
(the presentation of the second fixation-cross). Auditory tones
provided feedback for whether the trial was successful or aborted.

Localization of Brain Sites and TMS Protocol

Stimulation sites were determined individually in each subject using
frameless stereotaxy. Before testing in the behavioral sessions,
a Ti-weighted MR brain scan was obtained from each subject. To
localize FEF, we selected stereotaxic coordinates (left FEF: x=-32; y=-2;
z = 40; right FEF: x = 32; y = -2; z=47) based on a previous review of
several brain imaging studies identifying activation foci for FEF (Paus
1996). These coordinates correspond well with other TMS studies
targeting this region in humans (Terao et al. 1998; Ro et al. 1999; O’Shea
et al. 20006; Silvanto et al. 2006; Campana et al. 2007; O’Shea et al. 2007;
Juan et al. 2008) and allow for a comparison between our stimulation
sites and other TMS and functional magnetic resonance imaging (fMRI)
studies. These anatomical coordinates corresponding to left and right
FEF were then converted from standardized stereotaxic space
(Talairach and Tournoux 1988) into each subject’s native coordinate
space (Paus 1999), and the corresponding region was labeled on the
MRI (Fig. 1). To coregister the TMS coil and scalp topography in real
3-D space with cortical regions identified in the MRI of the subject’s
head, we used an ultrasound-based TMS-MRI coregistration system and
Brain Voyager QX software (Brain Voyager TMS Neuronavigator; Brain
Innovation, Maastricht, The Netherlands).

This system consists of several miniature ultrasound senders, which
are attached to the subject’s head and TMS coil. Local spatial coordinate
systems are then created by linking the relative raw spatial position of
the ultrasound senders to a set of fixed additional landmarks on the
subject’s head (nasion and the 2 incisurae intertragicae) via a digitizing
pen. After this stage, the system provides topographic information of
the head ultrasound senders relative to a subject-based coordinate
frame. Similarly, the TMS coil also hosts a set of ultrasound senders
whose relative spatial positions are linked to fixed landmarks specified
on the coil to calculate another local coordinate system. Once the local
spatial coordinate system is defined for the subject’s head and the TMS
coil in real 3-D space, these coordinate systems are coregistered with
the coordinate system of the MR space. TMS coil placement was guided
by on-line TMS-MRI coregistration.

Three additional control conditions were conducted to vyield
estimated of nonspecific effects of TMS. First, performance was
assessed following stimulation of Cz (vertex) according to the 10-20
EEG (electroencephalogram) coordinate system. Specifically, the vertex
was localized by placing the coil over the very apex of the subject’s
head—the junction halfway between the preauricular points and
halfway between the nasion and inion. Second, 2 sham conditions were
included, one over the right FEF and the other over the left FEF, in
which the coil was held close to the subject’s skull, but angled away so
that no current was induced in the brain for both right and left FEF.
Stimulation conditions were performed on separate days to minimize
fatigue and TMS exposure for each session. Consecutive testing
sessions were separated by at least 24 h. Site of stimulation (left FEF,
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Coronal

Transverse

Figure 1. Location of right FEF TMS site for one representative subject. The anatomical site of stimulation for right FEF (shown here) is indicated by the line intersection in the
sagittal (rightmost panel), coronal (middle panel), and transverse (leftmost panel) sections of 7;-weighted MRI. The coil was placed tangential to the skull with the handle pointing
backward parallel to the midline. Left and right FEF sites were identified based on a previous review of the several brain imaging studies of the activation foci for FEF (Paus 1996)
that reported the average anatomical Talairach coordinates: left FEF (x = —32; y = —2; z = 46) and right FEF x = 32, y = =2, z = 47).

right FEF, and vertex) and sham conditions (left FEF sham and right FEF
sham) order were counterbalanced across subjects over 2 experimental
sessions. Last, a “No-TMS” baseline condition was included where
subjects received no stimulation as they performed the task.

Single-pulse TMS was delivered using a MagStim 200 magnetic
stimulator and a 70-mm figure-of-8 coil (MagStim, Whitland, UK). The
locus of TMS stimulation has a spatial resolution of approximately 0.5-1
cm (Brasil-Neto et al. 1992; Wilson et al. 1993) with an estimated
penetration depth of roughly 2 cm (Epstein et al. 1990; Rudiak and Marg
1994), reflecting stimulation of the underlying cortex near the grey-
white junction (Epstein et al. 1990). Custom software triggered the
magnetic stimulator at 100, 200, or 300 ms after the onset of the saccade-
go signal for the stimulation and sham conditions only (see experimental
paradigm below). As a result of the normal latency distribution of
saccades, in the Saccade Task this placed the timing of the TMS pulse
either approximately 100 ms before, about the same time, or about 100
ms after the initiation of the saccade. These 3 discrete stimulation times
are the same as those used in our pervious study so our results here
would be comparable with our previous PEF TMS results (Prime et al.
2008). It was observed in that study that the TMS-induced effects on the
right PEF occurred at these times, especially in the Saccade Task.
By having different stimulation times, we can determine the timing of
the contribution of the cortical areas of interest for this experimental
trans-saccadic memory task (“causal chronometry”).

The intensity of magnetic stimulation was fixed to 60% of the
stimulator output, the same as a number of previous TMS studies of the
FEF (Muggleton et al. 2003; O’Shea et al. 2004; Campana et al. 2007; Juan
et al. 2008). It has been argued that using the motor threshold is not an
appropriate method to gauge TMS thresholds in nonmotor areas of the
brain (Stewart et al. 2001; Boroojerdi et al. 2002) and methods that
attempt to adjust intensity to correct for scalp-to-brain target distance
(e.g., Stokes et al. 2005) do not take into account the possibility that
different brain areas may have different susceptibilities to a given
stimulation intensity depending on such factors as task-related activation
(Robertson et al. 2003). Nonetheless, we still recorded the mean resting
motor threshold of our subjects to allow for comparisons with other TMS
studies over the FEF; thus, our stimulation intensity was 115% relative to
our subjects’ mean resting motor threshold (SD = * 2.9%; range =
107-125%). All stimulation parameters were in accordance with the
safety guidelines for magnetic stimulation (Wassermann 1998). Earplugs
were provided to dampen the noise associated with the discharge from
the TMS coil. None of the subjects reported any undesirable side effects
as a result of the stimulation.

Experimental Procedure

The experimental procedure is similar as the one previously described
in Prime et al. (2008), but instead of applying TMS to the PEF we
stimulated the FEF to investigate if this brain area is also included
among the putative neural mechanisms underlying trans-saccadic
memory. This experimental procedure is illustrated in Figure 2. As

before, the experiment was designed to test subjects in 2 memory
tasks: the Saccade Task for trans-saccadic memory and as a comparison
the Fixation Task for simple visual working memory. Recall that in the
Saccade Task subjects were required to compare the orientation of
a postsaccadic probe relative to the orientation of a presaccadic target
at the same location usually among similar looking presaccadic
distracters. When distracters were included in the target-display,
subjects did not know which presaccadic item was the target and
which items were distracters, thus, were required to remember the
details of as many of the presaccadic items of the target-display as
possible. Saccade Task performance was compared with performance
in the Fixation Task where subjects maintained fixation throughout
the trial.

During Saccade Task trials (Fig. 2A), subjects fixated a cross
(subtended 1.5°) randomly presented at one of 29 possible spatial
locations within a display area spanning 18° x 18°. Upon fixation,
subjects were briefly presented (100 ms) with a target-display. In the
2 subjects that did not have their eye movements monitored, the
interstimulus interval between the fixation-cross and the target-display
was 1 s. The target-display consisted of either a solitary target or
a target accompanied by a random number of distracters, ranging from
1 to 5, or 7. In other words, the total set-size of the target-display
ranged from 1 to 6, or 8 items (target + distracters). Spatial locations for
all items in the target-display (i.e. target and distracters) were randomly
generated within the display area. None of the target-display items
spatially overlapped with the fixation-cross.

All targets and distracters were gabor-like patches (2° in diameter) of
alternating black and white bars. The gratings’ mean luminance was
17 c¢d/m? and the spatial frequency was 2 cycles per degree of visual
angle. The orientation of the target and each distracter in the target-
display was selected randomly from 6 possible orientations—35°, 45°,
or 55° clockwise or counterclockwise from vertical.

A mask—a white uniform field (i.e., 33.61 cd/m?) covering the entire
screen—briefly flashed for 150 ms to reduce the possibility of visual
persistence immediately following the target-display. Following the
mask, the fixation-cross reappeared in a new randomly determined
spatial location within the display area. Subjects then made a saccadic
eye movement to this new location of the fixation-cross. The delivery of
the TMS pulse was time-locked to the onset of the saccade-go signal
(i.e., the reappearance of the fixation-cross). The TMS pulse was
delivered after the onset of the saccade-go signal at one of 3 possible
time intervals (100, 200, or 300 ms). These time intervals, including the
no stimulation condition, were randomly interleaved within each block
of trials for each site of stimulation (left FEF TMS, right FEF TMS, and
vertex) and sham conditions (left FEF sham and right FEF sham).

Once subjects refixated the fixation-cross and after a brief 200 ms
delay (after refixation was detected by the experimental computer),
a probe was flashed for 100 ms in the same location as the presaccadic
target followed by a second mask. The rationale behind the brief delay
before presenting the probe was based on previous findings that show
that subjects can mislocalize stimuli presented around the time of the
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Figure 2. General experimental paradigm of TMS study. (A) In the Saccade Task subjects fixated on the fixation-cross while the target display was briefly presented containing
either a lone target or a target accompanied by a random number of distracters (i.e., total set-size of target + distracters was 1 to 6, or 8). Following the mask, subjects moved
their eyes to the new location of fixation-cross. In TMS trials, TMS pulses were time-locked to the onset of the second fixation-cross. Pulses were delivered either 100, 200, or
300 ms after the second fixation-cross was presented. After the saccade a probe was presented (100 ms) at the same location as the target. Subjects were required to indicate
how the probe’s orientation differed relative to the target's orientation. (B) The Fixation Task was the same as the Saccade Task except that subjects were required to maintain
eye fixation through target display and probe presentations. The fixation-cross remained fixed in the same position throughout the trial. Again, TMS pulses were delivered at one
of the 3 time intervals relative to the onset of the second fixation-cross in TMS trials. This figure is slightly adapted from our previous TMS study of the parietal cortex (Prime

et al. 2008).

saccade, including stimuli presented immediately after saccade onset
(Honda 1991, 1999; Schlag and Schlag-Rey 1995; Miller 1996; Lappe
et al. 2000; Park et al. 2001), or the perception of the feature details of
a postsaccadic stimulus presented too soon after a saccade can be
influenced by the feature detail of a similar presaccadic stimulus
(Wittenberg et al. 2008). In the 2 subjects that did not have their eye
movements monitored, the interstimulus interval between the onset of
the second fixation-cross and the probe was 500 ms. The probe
resembled the target except that the probe’s line orientation differed
by a predetermined amount, either 9.9° clockwise or counterclockwise
from the originally displayed target’s orientation. This probe-target
difference corresponded to the average discrimination threshold for
80% of correct responses across subjects when comparing the
orientation of only 2 targets separated by a saccade, as shown in our
previous study (Prime et al. 2007).

Subjects then judged whether the probe’s lines were clockwise or
counterclockwise to the target’s lines by a 2 alternative forced-choice
task. Subjects’ used their dominant right hand to report the orientation
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of the target by pressing the left mouse button with the index finger
for counterclockwise target orientations and the right mouse button
with the middle finger for clockwise target orientations. Subjects were
instructed to make their best estimate if uncertain about the orien-
tation of the target.

We also included a Fixation Task (Fig. 2B) that was identical to the
Saccade Task aside from the fixation-cross not changing location after
the target-display’s presentation. In this way, subjects maintained eye
fixation throughout the trial. As a result, targets and probes are
presented within a single fixation. TMS pulses were delivered at the
same intervals of time as in the Saccade Task. To ensure the stimulus
onset asynchrony (SOA) of the target-display and the probe were the
same between the 2 tasks, saccade time and latencies for Saccade trials
only were recorded in real time and used to deliver the subsequent
SOA for Fixation trials. For this reason, the blocks were designed so
Saccade trials always preceded an equal number of Fixation trials. A
total of 2100 trials were performed over multiple sessions (2 blocks of
420 trials for each TMS stimulation site and each control condition).
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Results

Baseline Performance: No-TMS Condition

Figure 3 shows the mean percentage correct responses of the
No-TMS trials across all subjects for both the Saccade and
Fixation tasks as a function of set-size. These data replicated
our earlier results (Prime et al. 2007). Specifically, subjects’
accuracy in the Saccade Task was the same as in the Fixation
Task, as revealed by a 2-way ANOVA (task x set-size) for
repeated measures that yielded no significant difference for
task (F; 5 = 1.02; P=0.36) but a significant difference was found
for set-size (Fs30 = 8.01; P < 0.01). The interaction was not

100 —- Fixation Task

-~ Saccade Task

90 1

80 1

70 1

60 1

50 1

Percentage Correct

40 1

30 1

T No TMS

0 T T T T T T T

1 2 3 4 5 6 7
Set-size

oo

Figure 3. Results of the baseline No-TMS trials. This figure shows the mean
percentage correct responses across all subjects (n = 6) in both the Saccade and
Fixation tasks for different set-sizes. Fixation Task performance is represented by the
solid curve with the closed squares. Saccade Task performance is represented by the
dashed curve with the open squares. Performance in these tasks was found
statistically the same. These data replicated our previous findings (Prime et al. 2007).
Error bars represent standard error.

LEFT FEF

significant (Fs30 = 1.17; P = 0.35). A statistical estimate of the
numerical capacity of this memory system is provided below;
here this No-TMS data will be used as a baseline in which to
compare the TMS conditions in the subsequent analyses.

Left and Right FEF TMS

Figure 4 shows the main results of mean percentage correct
responses across all subjects when stimulation was applied to
either the left or right FEF in both Saccade and Fixation tasks
for the 3 different TMS time intervals. Results of left FEF TMS
are shown in Figure 44 and right FEF TMS shown in Figure 4B.
Top panels show performance from the Fixation Task and
bottom panels show performance from the Saccade Task. The
mean latency (£SD) for saccades in the left and right FEF TMS
conditions were 224.8 (¥60.5 ms) and 257.1 ms (¥46.3 ms),
respectively, indicating that saccade onset usually occurred
sometime between the 200-ms TMS pulse and the 300-ms TMS
pulse, whereas the 100-ms pulse occurred before saccade
onset. Each colored data curve in Figure 4 represents a different
TMS time interval. The baseline data from the No-TMS
condition shown in Figure 3 were replotted here as the black
curves for comparison.

Starting with the Fixation Task (Fig. 4, top panels), left FEF
TMS data curves showed similar trends as the No-TMS curves
(Fig. 4A4). This was confirmed by separate repeated measure
ANOVAs comparing the baseline No-TMS condition to each
different TMS time interval in the Fixation Task. No significant
differences were found comparing the baseline No-TMS to
100-ms TMS interval (F; 5 = 0.85; P= 0.4), 200-ms TMS interval
(F5=147; P=0.28), and 300-ms TMS interval (F, 5 = 0.61; P=
0.47). Similarly, for the right FEF (Fig. 4B) TMS at 200 ms did
not yield any differences compared with baseline (£, 5 = 0.67;
P=045) in the Fixation task. And even though some points of
the 100- and 300-ms curves were lower than the baseline
curve, we found no statistical differences compared with

RIGHT FEF

100

MSVL NOLLVXId

Percentage Correct
g

MSV1 3avIoOVs

8

1 2 3 4 5 6 7 8

Set size

Figure 4. Main FEF TMS results. Left FEF TMS (A) and right FEF TMS (B) conditions for both the Fixation Task (top panels) and Saccade Task (bottom panels). These data are shown
as mean percentage correct responses across all subjects (n = 6) against different set-sizes. Each colored data curve represents the different TMS time intervals in the TMS trials.
The green curve represents the TMS data when TMS was delivered at the 100-ms time interval. Similarly, the red curve represents the 200-ms time interval and the blue curve
represents the 300-ms time interval. As a comparison, we replotted the baseline No-TMS data curves from Figure 3 for each task (black curves). Error bars represent standard error.
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baseline performance (F;s = 3.32; P=0.12 and F, 5 = 048; P=
0.51, respectively).

Errors were observed more consistently in the Saccade Task
(Fig. 4, bottom panels), with significant results for one of the
time intervals for the left FEF and 2 of the time intervals for
the right FEF. Left FEF TMS (Fig. 4 A) elicited more errors at the
200-ms interval compared with baseline (F, 5 = 6.73; P = 0.04).
No difference was found between the left FEF TMS and No-TMS
conditions for the 100 and 300-ms TMS time intervals (F; s =
0.87; P=0.39 and F, 5 = 1.24; P = 0.32, respectively). For the
right FEF (Fig. 4B), TMS-induced errors relative to baseline
were found in both the 100- and 200-ms intervals (F; 5 = 7.09;
P =004 and F,5 = 14.39; P < 0.01, respectively), but no
difference was found between the 300-ms interval and baseline
(F,5=0.08; P=0.78). Thus overall we observed 2 trends similar
to our previous observations with the PEF: greater effects for
the Saccade task, and greater effects for the right hemisphere,
but in this case there was less asymmetry in the Saccade Task.

We also analyzed the mean correct responses with respect
to the timing of the TMS pulse relative to saccade onset in the
Saccade Task for both the left and right FEF conditions. Mean
correct responses were calculated for relative TMS timings that
was divided into 50-ms-size bins relative to the onset of the
saccade: that is,-500 to-450 ms,-450 to-400 ms,-400 to-350 ms,
-350 to -300 ms, -300 to -250 ms, -250 to -200 ms, -200 to
-150 ms, -150 to -100 ms, -100 to -50 ms, -50 to 0 ms, O to
+50 ms, +50 to +100, and +100 to +150, where negative timings
represent the TMS pulses delivered before the saccade and
positive timings represent the TMS pulses delivered after the
saccade. In the left FEF condition, mean correct responses
were the lowest when the TMS pulse was delivered just before
the onset of the saccade (-100 to -50 ms, M=49.23%, SE =+ 0.06%
and -50 to 0 ms, M = 51.99%, SE = * 0.04%) and immediately
after saccade onset (0 to +50 ms, M=56.15%, SE =% 0.02%). Mean
correct responses increased as TMS timings increased further
from saccade onset in both directions: for example, -200 to
-150 ms, M=64.17%,SE =+ 0.04% and +50 to +100 ms, M= 69.17%,
SE = + 0.05%. These differences among these different TMS timing
relative to saccade onset in the left FEF TMS was significant: Fy3 4, =
2.28; P <0.01. Similar results were found in the right FEF condition
except the greatest reduction in correct responses occurred
carlier before the saccade at -200 to -150 ms (M = 51.0%, SE =
* 0.03%), -150 to -100 ms (M = 56.68%, SE = £ 0.03%), -100 to
-50 ms (M = 54.01%, SE = = 0.09%), and -50 to 0 ms (M = 59.73%,
SE = * 0.04%). Mean correct responses increased as TMS timings
increased from saccade onset in both directions: for example, -250
to 200 ms (M = 62.2%, SE = * 0.04%) and 0 to 50 ms (M = 66.32%,
SE = * 0.06%). These differences among these different TMS timing
relative to saccade onset in the right FEF TMS was significant:
Fi342 = 292; P < 001.

In our previous TMS study (Prime et al. 2008) we found that
differences between the data curves in the TMS conditions
relative to baseline were partially due to adownward shift in their
intercepts, designated by the percentage correct at the set-size
of 1 item. We also sought to determine if the same shift in
intercept applies to the data in the present study. Separately for
the left and right FEF in the Saccade Task where we found TMS
effects, we compared percentage correct responses among the
different TMS conditions and baseline No-TMS condition when
the set-size was 1 item in both tasks. No differences were found
in the Saccade Task during the right FEF TMS (F; » = 0.14; P=
0.93). Similarly, the left FEF TMS in the Saccade Task did not
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yield any differences among the TMS time conditions and the No-
TMS condition at 1 set-size (Fs 0 =0.11; P=0.95). Though we did
not find any shifts among the data curve intercepts relative to
their respective baseline curve as in our previous study, there
also was a complex effect on the rate at which performance
dropped off for higher set-sizes. However, to be consistent with
our previous study’s analysis of the data, we still take into account
the data curves’ actual intercept at one item set-size when we fit
models to the data (Fig. 6).

We also sought to determine whether the TMS effects were
related to the visual hemifield the target was presented in or
the direction of the saccade. We found no interaction between
TMS site (left FEF vs. right FEF) and visual field (left hemifield
vs. right hemifield) in either the Fixation Task (F;s = 043; P=
0.55) or the Saccade Task (F, 5 = 0.12; P = 0.74). Similarly, we
found no interaction between TMS site (left FEF vs. right FEF)
and saccade direction (left saccades vs. right saccades) in the
Saccade Task (Fys = 2.21; P = 0.19).

Control Site and Sham Conditions

To rule out any nonspecific TMS-induced effect, control
conditions were included—a vertex TMS condition and 2 sham
conditions, one left FEF sham and the other right FEF sham. For
these conditions, the same repeated measures ANOVAs were
conducted as done earlier with the right and left FEF TMS
conditions. None of TMS intervals in the vertex TMS condition
vielded any significant differences relative to baseline No-TMS.
Specifically, in the Fixation Task mean percentage correct
was the same as baseline for TMS intervals at 100 ms (F,s =
0.06; P = 0.82), 200 ms (F;5 = 0.14; P = 0.72), and 300 ms
(Fis = 0.3, P = 0.87). Similarly, vertex TMS mean percentage
correct in the Saccade Task was the same as baseline for TMS
intervals at 100 ms (F; 5 = 0.26; P = 0.63), 200 ms (F; 5 = 0.89;
P =0.39), and 300 ms (F, 5 = 0.003; P=0.95).

For each sham condition the data from the different TMS time
intervals were pooled together, because no magnetic stimula-
tion was actually delivered and comparisons between the
TMS time intervals within each sham condition in both tasks
confirmed that there were no statistical differences: different TMS
time intervals in left sham condition and Fixation Task (F»1s =
0.76; P = 0.48), in left sham condition and Saccade Task (F»5 =
1.11; P = 0.35), in right sham condition and Fixation Task
(Fy15=0.99; P=0.39), and in right sham condition and Saccade
Task (F»15 = 0.63; P = 0.54). Other than simplifying the data
analysis, the benefit of collapsing across TMS intervals would
be to increase statistical power when comparing the sham
conditions to baseline. Even so, left sham condition was found
the same as baseline in both the Fixation Task (F,s=0.57; P=
0.48) and the Saccade Task (F;, s = 0.02; P = 0.89). Likewise,
right sham data were the same as baseline in the Fixation
Task (F;, 5 =0.46; P=0.53) and the Saccade Task (F, 5s=1.81; P=
0.24). In sum, no differences were found between the baseline
condition—that is, No-TMS—and the control conditions. These
results suggest that the effect of TMS on task performance
by increasing subjects’ errors in the present study was specific
to the FEF.

Magnitude of the TMS Effect

The bar graphs in Figure 5 show the magnitude of the TMS-
induced effect on the subjects’ accuracy after calculating the
mean change-correct, the differences of mean percentage
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Figure 5. Magnitude of TMS effect. To determine the magnitude of the TMS effect we subtracted the TMS data curves of Figure 4 from their respective baseline No-TMS data
from Fig3. The change in mean percentage correct is shown for the left FEF (A), the right FEF TMS (B), and the control site TMS aimed at the subjects’ vertex (C). The top panels
represent the change in the Fixation Task and the bottom panels represent the change in the Saccade Task. Positive numbers reflect a greater percentage correct and negative
numbers reflect a lesser percentage correct compared with baseline. The line at zero represents no change from baseline. Consistent with Figure 4, left FEF TMS only increased
errors in the Saccade Task at the 200-ms time interval. Performance in the Fixation Task was only disrupted in the right FEF TMS condition when TMS was delivered at the
100-ms time interval relative to other time intervals. The most errors were found in the Saccade Task during right FEF TMS where accuracy declined at the 100- and 200-ms TMS
time intervals. No disruption was found for the vertex TMS and neither the right sham nor left sham (not shown).

correct responses between the No-TMS condition and left FEF
TMS (Fig. 5A4), right FEF TMS (Fig. 5B), and the vertex TMS
(Fig. 5C). To simplify the analyses, the data was plotted accord-
ing to TMS time intervals after collapsing set-size. These bar
graphs are informative in that they show the change in per-
centage correct for each TMS condition relative to baseline
condition and relative to the different TMS time intervals. Here,
we can compare the mean change-correct among the different
TMS intervals within each condition.

Comparisons of mean change-correct among the TMS time
intervals in the Fixation Task during left FEF TMS (Fig. 5A4)
yielded no significant differences (F;3 = 0.18; P = 0.83).
However, differences were found in the Saccade Task (F» s =
3.93; P = 0.04). Post hoc Tukey tests show that accuracy for
the 200-ms interval was significantly lower compared with 300
ms (P = 0.03), but no differences were found between 100 and
200 ms (P=0.5) and 100 and 300 ms (P=0.25). During right FEF
TMS (Fig. 5B), mean change-correct among the different TMS
time intervals were also found significant in the Fixation Task
(F>18 = 4.37; P = 0.03) and the Saccade Task (F»1s = 4.53; P =
0.02). In the Fixation Task, post hoc tests show a significant
difference between 100 ms and both the 200 ms (P = 0.03) and
the 300 ms (P = 0.05), but no difference between 200 and 300
ms (P = 0.95). Post hoc tests in the Saccade Task yielded
significant differences between 100 and 300 ms (P = 0.05) and
200 and 300 ms (P = 0.02). No difference was found between
100 and 200 ms (P = 0.84). Figures 5C shows the mean change-
correct for the control site, the vertex TMS. No differences were
found among the TMS intervals in the vertex TMS condition for
both the Fixation Task (F»,s = 0.39; P=0.68) and the Saccade
Task (F>15 = 0.29; P = 0.75). Taken altogether, these mean
change-correct results are consistent with our earlier analyses.

Estimating the Memory Capacity of Baseline and FEF
Performance

As in our previous studies (Prime et al. 2007, 2008), we
estimated subjects’ memory capacity for the No TMS condition

from Figure 3 and the TMS conditions where we found TMS
had an effect from Figure 4 (i.e., in the Saccade Task during left
FEF TMS at 200 ms and during right FEF TMS at 100 and 200
ms) including the right FEF TMS in the Fixation Task at 100 ms
were we found greater errors relative to other TMS intervals.
To estimate the memory capacity in these conditions, we
compared their data curves to the same predictive model from
our previously cited studies. This model generates simple
predictive curves of what the data would look like under
different hypothetical memory capacities. This is not intended
to be a formal model of visual working memory (see example
Bays and Husain 2008), but rather to address a simple question
in a way that allows quantitative comparison between con-
ditions: how many visual objects can humans remember across
saccades compared with simple fixation, with and without
TMS? In formulating our simple model, we assumed that remem-
bered items would be randomly selected from the target
display and took into account subjects guessing when the set-
size of the target display exceeded their memory capacity. As
in our previous TMS study (Prime et al. 2008), the model took
into account the different y-intercept positions (i.e., set-size of
one item) of the data curves in the baseline and FEF TMS
conditions so that the maximum predicted proportion of
correct responses were free to vary according to their true
performance at one item set-size. Thus, the model consisted of
the expected proportion of correct responses (2), the obtained
proportion of correct responses when the set-size of target
display is one item (a), capacity of trans-saccadic memory (),
and number of items presented in the target display (x). This

is expressed as:
s, Xy
7= X 2x
a

The model predicts different theoretical curves to show the
expected proportion of correct responses (2) for each potential
memory capacity () plotted as a function of set-size (x), plotted

ifx=y
Jif x<y
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in the same way as the data curves from Figure 4. These curves
are characterized by a plateau in performance at a up until the
memory capacity is reached, followed by a nonlinear drop-off in
performance when the set-size exceeds the memory capacity. In
order to quantitatively compare these predictive curves to the
data curves in the current study, the actual a values obtained
from each subject were used to plot the predictive curves
(i.e., the percent correct for one object x 0.01). To estimate our
subjects’ memory capacity, we calculated the mean squared
residual (MSR) errors for each subject between their actual data
and the curves of the predictive model at every specific set-size.
The best fit between the predictive curve and the data was
determined by the least MSR.

The bar graphs of Figure 64 and B shows the average MSR
errors for the Fixation Task and Saccade Task, respectively. For
brevity Figure 6 only shows MSR errors of the No-TMS
conditions and FEF TMS conditions where TMS-induced greater
errors. Lower bars signify a better fit. The No-TMS condition in
the Fixation Task (Fig. 6A top panel) best fits the model
predicting a capacity of 3 items. Similarly, the No TMS condition
in the Saccade Task appeared to have a capacity of 3 items
(Fig. 6B top left panel). A Mann-Whitney test comparing the
MSR errors distributions between these 2 tasks yielded no
statistical difference (P= 0.84). In general, these results replicate
previous findings and are consistent with several studies
showing that trans-saccadic memory and visual working memory
have the same capacity of at least 3 objects (Irwin 1992; Irwin
and Andrews 1996; Luck and Vogel 1997; Irwin and Gordon
1998; Vogel et al. 2001; Prime et al. 2007, 2008).

In general, TMS appeared to reduce this memory capacity.
The 100-ms right FEF TMS condition in the Fixation Task
yielded MSR errors that best fit the predictive curve for
a memory capacity of only 1 item (Fig. 64 bottom panel). A
comparison between MSR errors of the 100-ms right FEF TMS
condition and baseline No-TMS in the Fixation Task was found
significant (P < 0.01). The estimated memory capacity of the
left FEF TMS condition at the 200-ms TMS time in the Saccade

Task declined to 2 items (Fig. 6B bottom-left panel). The
Mann-Whitney test did not yield a significant difference
between these MSR errors of the 200 ms left FEF TMS
condition to those of the baseline No-TMS condition in the
Saccade Task (P = 0.18). MSR errors of both 100- and 200-ms
right FEF TMS in the Saccade Task at 100-ms TMS (Fig. 6B top-
right panel and bottom-right panel, respectively) best fit the
predictive curve for a memory capacity of only 1 item. Separate
comparisons of these 2 right FEF TMS conditions of 100 and
200 ms with that of the baseline No-TMS in the Saccade Task
were found significant (both P < 0.01). In summary, the TMS
effects found in the left and right FEF TMS conditions showed
a general reduction in the numerical capacity of object
memory, but our predictive model suggests that the right FEF
TMS showed a larger reduction to only one object.

Effects of TMS on Saccade Metrics and Latency
To ensure that the Saccade Task results were not simply due
to TMS disrupting saccade metrics, saccade accuracy, and
latency of the left and right FEF TMS conditions were
compared with those of the baseline No-TMS condition. Some
studies have shown evidence that TMS stimulation of the
frontal cortex can affect saccade latency, but not amplitude, of
endogenous saccades (Muri et al. 1991; Ro et al. 1997; Olk et al.
2006) and memory-guided saccades (Wipfli et al. 2001).
However, these findings remain controversial—in particular,
visually guided saccades, like the saccades done in this study,
have been found to be unaffected by TMS (Muri et al. 1991;
Wessel and Kompf 1991; Ro et al. 1997). Here, we show that
the changes in Saccade Task performance cannot be attributed
to changes in saccade metrics. We compared the baseline No-
TMS condition to each FEF TMS condition with respect to
mean saccade error, mean ellipse area, and saccade latency.
Mean saccade error was calculated as the average distance
between the saccade-target (i.e., second fixation-cross) and
the postsaccadic eye position after the primary saccade
(i.e., saccade end-point). No statistical differences of mean

A Fixation Task B Saccade Task
0.03 0.03 0.12
| No TMs No TMS 100ms RFEF TMS
0.02 - 0.02 0.08
0.01 1 ’l‘ IJ_I 0.01 0.04
5 N [ i
ool moe T ITIT T ol e 11 I LT 0 o ["1 AL
w
X 912 012 0.12
‘é’ 100ms RFEF TMS | 200ms LFEF TMS 200ms RFEF TMS
0.08 0.08 0.08
0.04 ’J'I 0.04 1 ’J.I 0.04 |J.‘
o.ﬁ.ﬁnﬂ... o Len ﬁﬁmn o..mrﬂﬂﬁ.
1 2 3 4 5 6 8 1 2 3 4 5 6 8 1 2 3 4 5 6 8

Estimated Memory Capacity

Figure 6. Estimating memory capacity during FEF stimulation. We used a simple predictive model from our previous study (Prime et al. 2007) for estimating the numerical
memory capacity of trans-saccadic memory and simple working memory. To determine which predictive curve from our predictive model estimating a specific memory capacity
best fit our data curves, we calculated the mean square residual errors (MSR errors) between the predictive curves and these data curves from Figure 4. Bar graphs represent the
average MSR errors across all subjects after calculating the MSR errors for each subject individually. The least average MSR error indicates the best fit to a theoretical memory
capacity according to our predictive model. For brevity we only show MSR errors for the FEF TMS conditions where we found significant effects. (A) MSR errors of the baseline
No-TMS condition (top panel) and 100-ms right FEF TMS (bottom panel) in the Fixation Task. The average MSR errors of the No-TMS condition best fit our predictive model
estimating a memory capacity of 3 items, replicating our previous results (Prime et al. 2007). MSR errors of the 100-ms right FEF TMS show a reduced capacity estimate to 1
item. (B) MSR errors of the baseline No-TMS condition (top left panel), 200-ms left FEF TMS (bottom left panel), 100-ms right FEF TMS (top right panel), and 200-ms right FEF
TMS (bottom right panel) in the Saccade Task. MSR errors of the No-TMS best fit our predictive model estimating 3 items capacity. Again, this replicated our previous results.
During 200-ms left FEF TMS in the Saccade Task, memory capacity was reduced to 2 items. Memory capacity in both the 100- and 200-ms right FEF TMS conditions was

reduced to 1 item.

766 Trans-saccadic Memory: A TMS Study -+ Prime et al.

0TOZ ‘2T YdJe uo eqonuel Jo Alsiaaiun 1e Bio sfeuinolplojxo:102199//:dny woly papeojumod


http://cercor.oxfordjournals.org

saccade error were found between the baseline No-TMS
condition and both FEF TMS conditions: No-TMS versus left
FEF TMS (14) = -0.3; P = 0.96) and No-TMS vs. right FEF TMS
(#14) = -0.46; P = 0.65). Similarly, the mean ellipse area of the
saccade end-points in the baseline No-TMS condition was the
same as left and right FEF TMS conditions: 14, = 1.02; P = 0.32
and 4 = 0.58; P = 0.57, respectively. Finally, no differences
were found for average saccade latency among the different
conditions: No-TMS vs. left FEF (%4, = -1.14; P = 0.27) and No-
TMS vs. right FEF (#(14) = -1.62; P=0.13). Taken together, these
results show that the TMS-induced effect found in the FEF TMS
conditions cannot be attributed to TMS-induced changes to the
subjects’ saccades, consistent with other TMS studies (Muri
et al. 1991; Wessel and Kompf 1991; Ro et al. 1997), but instead
were due to disruptions of the putative cognitive processes
mediated by stimulating the FEF.

Discussion

In the present study, TMS was used to determine whether the
FEF plays a role in trans-saccadic memory of multiple object
features. The main findings show that TMS disrupted perfor-
mance in the Saccade Task when stimulation was applied to
cither the right or left FEF, but not because it changed the
subjects’ saccade metrics. These observed TMS effects were
dependent on the timing of the TMS pulse. Specifically, TMS
disruption in the Saccade Task was found at 100 and 200 ms in
the right FEF TMS condition but only at 200 ms in the left FEF
TMS condition. Our analyses of the TMS timing relative to
saccade onset revealed that the largest TMS effect was found
when the TMS pulse was delivered immediately before saccade
onset and, in the case of the left FEF condition, immediately
after saccade onset. Fixation Task performance was not
disrupted during left FEF stimulation; however, differences
among TMS time intervals in the Fixation Task were found
when TMS was applied to the right FEF. In the baseline
condition without TMS, subjects were able to retain about
3 items in both the Saccade and Fixation tasks, replicating
previous results (Prime et al. 2007, 2008). However, this
capacity seemed to be generally reduced in conditions where
we observed a TMS effect. Taken together, our results suggest
that the FEF plays a functional role in maintaining visual details
in trans-saccadic memory.

Significant TMS Effects in the Saccade Task

Our Saccade Task involved 2 aspects—subjects had to
remember the orientations of multiple objects and spatially
update the locations of these objects to take into account the
saccade. We found that TMS during the Saccade Task elicited
a consistent performance deficit when the magnetic pulse was
delivered at 200 ms in both the left and right FEF conditions,
coinciding most closely with the time of the saccade. We
suggest these TMS-induced disruptions may be due to TMS
injecting “neural noise” into the saccade signals that arise when
subjects are about to make a saccade. How would neural noise in
the saccade signal interfere with Saccade Task performance?
The Saccade Task was designed so that subjects would have to
remember the feature and location details of multiple objects
across the saccade to compare the postsaccadic probe with the
correct presaccadic target, the target sharing the same spatial
location as the probe. To perform the Saccade Task accurately,
objects stored in trans-saccadic memory must be spatially

updated across the saccade. Thus, compared with the Fixation
Task, trans-saccadic memory must use oculomotor signals about
the saccade vector to take the change of gaze into account. We
have previously proposed that trans-saccadic memory may
“borrow” spatial remapping mechanisms, like those found in
the FEF (Umeno and Goldberg 1997, 2001; Sommer and Wurtz
20006), for updating the spatial locations of visual stimuli stored
in memory across saccades (Prime et al. 2006, 2008). The TMS-
induced deficit in the Saccade Task around the time of the
saccade offers support for this hypothesis.

Right FEF More Susceptible to TMS in the Saccade Task
Our results show that stimulation of either the left or right FEF
disrupted Saccade Task performance. However, this deficit
was broader in the right FEF condition—left FEF was disrupted
at only at the 200-ms TMS time, whereas the right FEF was
disrupted at 100 and 200 ms. These findings were consistent
with our analysis of TMS timings relative to saccade onset
showing that the TMS effect in the right FEF condition was
broader and occurred earlier than in the left FEF condition.
This broader TMS effect during right FEF stimulation appear
consistent with previous findings that show the frontal and
parietal cortices of the right hemisphere have a privileged role
in spatial memory (Jonides et al. 1993; Smith et al. 1995;
Asselen et al. 2006; c.f., Ruchkin et al. 1997) including a variety
of other visuospatial tasks (Honda et al. 1998; Karnath et al.
2004; Weidner and Fink 2007). Indeed, the right FEF has been
argued to be specialized for visuospatial processes (Muggleton
et al. 2003; O’Shea et al. 2004).

On the other hand, the deficit in Saccade Task performance
in the left FEF TMS condition found only at the 200-ms TMS
time may also be consistent with recent TMS studies that show
magnetically stimulating the left FEF disrupts spatial priming
(Campana et al. 2007; O’Shea et al. 2007) and interferes with
attentional orienting (Smith et al. 2005). We add to these
findings by showing that the left FEF also plays a role in
maintaining visual information across saccades.

TMS Effect is Time Dependent

The findings that the TMS-induced disruptions depended on
the timing of the TMS pulse might suggest a possible “mental
chronometry” of both memory systems (i.e., trans-saccadic
memory and visual working memory) where different cortical
areas are active at different cognitive stages (e.g., Bledowski
et al. 2006). We have already discussed the larger TMS-induced
errors in the Saccade Task when the magnetic pulse was
delivered over the right or left FEF at 200 ms, the stimulation
time that was closest to time of the subjects’ saccade confirmed
by our analyses of TMS timing relative to saccade onset. We
proposed that these larger errors at 200 ms in the Saccade
Task may reflect TMS disruption of the spatial remapping
mechanisms found in the FEF that are active around the time of
a saccade (Umeno and Goldberg 1997, 2001; Sommer and
Wurtz 2006), and possibly used in trans-saccadic memory to
spatially update objects in our Saccade Task. We also found
that TMS over the right FEF in the Fixation Task yielded more
errors when delivered at 100 ms relative to the other TMS time
intervals (i.e., 200 and 300 ms). These greater errors in
Fixation Task performance during right FEF TMS could
suggest that the mental chronometry of working memory
without saccades (Fixation Task) and trans-saccadic mem ory
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(Saccade Task) roughly overlap in the right FEF. However, we
do not wish to make strong conclusions about the Fixation
Task because we failed to find a significant TMS effect
compared with the baseline No TMS condition.

TMS Effect not Attributed to Changes in Saccade Metrics
The results here show that the FEF TMS effect in the Saccade
Task cannot be attributed to TMS affecting our subjects’
saccadic eye movements. Some recent TMS studies of FEF have
also induced changes to putative cognitive processes without
affecting eye movement (Grosbras and Paus 2002; Muggleton
et al. 2003; O’Shea et al. 2004, 2007; Campana et al. 2007). Other
studies have shown that TMS over the FEF can increase the
latency of endogenous saccades (Muri et al. 1991; Ro et al. 1997,
OIk et al. 2006) and memory-guided saccades (Wipfli et al. 2001)
when applied at a precise time interval before the saccade.
However, the evidence that TMS over the FEF affects saccade
latency remains controversial. First, TMS impairment of endog-
enous saccades is susceptible to between-subject variability
(Muri et al. 1991; Ro et al. 2002). Second, the TMS effect on
saccade latency has been shown to be inconsistent when TMS is
applied to identical sites on the opposite hemisphere (Leff et al.
2001). Finally, TMS of the FEF does not appear to affect visually
guided saccades (Muri et al. 1991; Wessel and Kompf 1991; Ro
et al. 1997; Terao et al. 1998), like the saccades used in our task.
Thus, these findings suggest that the TMS effect on saccade
latency may be task-dependent, specific to saccades with a
top-down or memory component, which does not apply to the
visually guided saccades subjects made in our task.

Comparing Results from Current FEF TMS Results with
Previous PEF TMS Study
Because the PEF and FEF are heavily interconnected (Stanton
et al. 1995) and because TMS may produce both local and
network effects (Paus et al. 1997; Ruff et al. 2008) it is not
surprising that our current results show some similarities to
our previous results with the PEF (Prime et al. 2008). However,
we did find 3 key differences that might be instructive to
understanding the differential roles of these structures in trans-
saccadic memory: unlike the PEF results we found no baseline
deficit at one item; the TMS effect in the PEF study was limited
to the right hemisphere while the TMS effect here was found in
both hemispheres during the Saccade Task only; and, using the
same TMS timings yielded slightly different timing effects of the
TMS pulse. We elaborate on each of these differences between
the current FEF results and the previous PEF study below.

First, in our previous study we found that TMS over the PEF
reduced memory capacity for even one feature. In contrast, we
observed little or no effect of TMS over the FEF on memory of
one feature. This may suggest that the PEF has a more direct
role in feature analysis (or at least more direct connections
with areas that carry out feature analysis). In contrast, TMS over
both structures reduced memory capacity for multiple targets
(which in our task required spatial knowledge), especially in
the presence of a saccade. This suggests that—consistent with
neurophysiological findings (Wurtz 2008)—both of these areas
participate in the mapping and remapping of spatial locations
and communicate this information to areas of the brain
involved in feature memory.

Second, TMS-induced disruptions of the Fixation Task,
testing working memory without saccades, occurred when
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magnetically stimulating the PEF of the right hemisphere. In
the present study, we found errors were greater when
stimulating the right FEF at the 100-ms time interval relative
to other TMS time intervals (i.e, 200 and 300 ms), but this
increase in TMS-induced errors only approached statistical
significance compared with the baseline No TMS condition. On
the other hand, whereas trans-saccadic memory was only
disrupted during right PEF stimulation, here we were able to
disrupt trans-saccadic memory during stimulation of both the
left and right FEF. Note again that the Saccade Task is
associated with updating dependent on saccade efference
copies. This might mean that the cortical asymmetry of TMS
effects here is most closely linked to visual working memory
per se (e.g., Jonides et al. 1993; Smith et al. 1995), whereas
there is less asymmetry to the effects on the saccade efference
signals used for updating, which are more fully processed at the
level of the FEF (Sommer and Wurtz 2008).

Finally, the results from both studies show slightly different
timing effects of the TMS pulse. Right PEF TMS disruption in
the Saccade Task was found at all 3 TMS times (i.e., 100, 200,
and 300 ms) but largest at 200 ms. Here, the TMS effect in the
left FEF condition here was limited to only the 200-ms TMS
time in the Saccade Task, and the right FEF condition yielded
an equal deficit at 100 and 200 ms. Furthermore, in our PEF
study where we found that Fixation Task performance was
disrupted at 200-ms TMS. However, the present study shows
only greater errors in the Fixation Task when TMS was
delivered over the right FEF earlier at 100 ms. This slightly
carlier effect compared with PEF TMS at 100 ms when TMS was
applied to the right FEF may be consistent with the “fast brain”
hypothesis of the FEF (Bullier 2001), which suggests that the
FEF occupies the same level of the visual processing hierarchy
as the visual cortex (Nowak and Bullier 1997; Schmolesky et al.
1998) rather than the same level of the parietal cortex as
generally thought (e.g., Maunsell and van Essen 1987).

Overall, these differences between the PEF and FEF results
may be consistent with the view that the FEF and PEF subserve
different functions in visuospatial processing and oculomotor
control. Specifically, the PEF is thought to act as a general
salience map of object locations that integrates sensory and
motor information for a variety of cognitive and behavioral
tasks (Andersen and Buneo 2002; Goldberg et al. 20006; Gottlieb
2007). On the other hand, the salience map of the FEF is more
specifically tied with latter stages of oculomotor processing
downstream from the PEF (Pierrot-Deseilligny et al. 1995)
receiving information from both the dorsal and ventral streams
of visual processing (Huerta et al. 1987; Schall et al. 1995).

Putative Mechanisms for Trans-saccadic Memory

To perform the Saccade Task accurately, our task for testing
trans-saccadic memory, information stored in working memory
must be remapped according to the saccade’s metrics (Hayhoe
et al. 1991; Prime et al. 2006). In our previous TMS study of the
PEF, we showed that trans-saccadic memory of multiple feature
objects was disrupted when TMS was applied to the right, but
not the left, PEF around the time of the saccade (Prime et al.
2008). The PEF is well-known for its role in maintaining spatial
constancy by updating neural representations of object
locations across saccades, a process called spatial remapping
(Duhamel et al. 1992; Colby and Goldberg 1999; Medendorp
et al. 2003; Merriam et al. 2003). The PEF may also be involved
in other functions such as numerical processing (Sawamura
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et al. 2002; Nieder and Miller 2004; Hubbard et al. 2005) and
attention (Shomstein et al. 2006; Saalmann et al. 2007), but
perturbations to these mechanisms would not explain why our
TMS effects were more prominent during saccades. Therefore,
we argued that 1) the TMS-induced disruptions we found when
stimulating the right PEF were likely due to the magnetic
stimulation adding “neural noise” to the spatial remapping
process, and 2) that these remapping mechanisms are used for
trans-saccadic memory of the spatial locations of multiple
object features (see also Melcher and Colby 2008, for a similar
account of trans-saccadic perception.)

Here, we add to our previous PEF TMS findings by showing
novel results that the FEF also plays a role in trans-saccadic
memory. Specifically, TMS-induced disruptions were found
when stimulating both the right and left FEFs during the
Saccade Task. Both the PEF and FEF are part of the same
complex cortical network that governs saccadic eye move-
ments (Leichnetz and Goldberg 1988; Pierrot-Deseilligny et al.
2004; Milea et al. 2007), as well as a variety of visuospatial
processes such as spatial working memory (Jonides et al. 1993;
Smith et al. 1995; Courtney et al. 1998; Gaymard et al. 1999;
Curtis and D’Esposito 20006), visual search (Schall and Hanes
1993; O’Shea et al. 2006; Anderson et al. 2007), and visual
attention (Petersen et al. 1994; Corbetta et al. 1998; Beauchamp
et al. 2001; Juan et al. 2004; Shomstein et al. 2006; Saalmann
et al. 2007).

The TMS effects we observed when stimulating the FEF could
be partially explained by TMS disrupting any of these visuospatial
processing. For instance, our TMS results may reflect interfer-
ence strictly to working memory regardless of any intervening
saccade made during the memory interval as in the Saccade
Task. Such an explanation would seem consistent with previous
studies that show TMS applied over the FEF can disrupt spatial
memory in the absence of eye movements (Kessels et al. 2000;
Oliveri et al. 2001; Tanaka 2005; Campana et al. 2007; O’Shea
et al. 2007). Furthermore, the close proximity of other prefrontal
neurons associated with maintaining memory of object identity
and location as shown in the monkey (Rayner 1998), one might
suggest that the area of cortical stimulation by the TMS pulse
aimed at the FEF may have included these neighboring
prefrontal neurons. An alternative explanation may be related
to the attentional control process mediated by the FEF. The FEF
has been implicated as part of a top-down attentional control
network of higher cortical regions in the visual system’s
processing hierarchy that modulates stimulus selection pro-
cesses in earlier visual areas (Hopfinger et al. 2000; Hamker
2005a, b; Bressler et al. 2008; for review see Kastner and
Ungerleider 2000). The TMS effects we observed could be due
to TMS disrupting these top-down attentional control signals
originating from the FEF and disrupting the stimulus-selection
processes in the visual cortex involved in encoding targets in
memory. Indeed, top-down modulation of visual cortex activity
has been found when the FEF was microstimulated in the
monkey (Moore and Armstrong 2003) and magnetically stimu-
lated in the human (Ruff et al. 2006, 2008). We cannot
completely discount the possibility that the TMS effect in the
Saccade Task is not at least partially attributable to either of
these 2 potential explanations.

However, none of these explanations accounts for our
finding that the disruptive effects of TMS were most robust in
the Saccade Task, particularly when timed to coincide with
the saccade. In our trans-saccadic memory task, object features

must be spatially updated across saccades. The FEF is known to
be involved in the spatial remapping of remembered saccade
targets during intervening saccades (Umeno and Goldberg
1997, 2001; Sommer and Wurtz 2006). Rather than proposing
a new mechanism to explain our TMS effect, it seems most
parsimonious to propose that this effect was caused by the
injection of neural noise into this same spatial updating
mechanism. Thus, we propose that the same spatial remapping
mechanisms that arise in the FEF for saccade targets might also
be used for updating the spatial component of trans-saccadic
memory, perhaps in combination with signals originating in the
PEF (Prime et al. 2008). Again, our finding here that FEF
perturbation had less effect on the memory of one object
compared with PEF perturbation suggests that the signal
affected by FEF TMS might be more purely motor or spatial
in nature, whereas the PEF may play additional roles.

This efference/spatial updating theory does not contradict
our finding that TMS to the FEF also had borderline effects on
visual memory during fixation in the current experiment, or
the findings of other visual memory experiments during
fixation (Kessels et al. 2000; Oliveri et al. 2001; Tanaka 2005;
Campana et al. 2007; O’Shea et al. 2007). First, the TMS effect in
the Fixation Task may reflect a general reduction in visual
working memory. However, this can also be explained in terms
of the role of the FEF in spatial updating. The eye is almost
always transitioning from movement to fixation during normal
vision. To work properly, spatial updating system should not
disappear during fixation, but rather should inform the visual
system that the eyes are fixating. From a computational
standpoint, it is equally important for the visual system to
know that the eye is moving at zero velocity as it is to know
that it is making a saccade, microsaccade, or smooth pursuit
eye movement. The FEF appears to be involved in all of these
movements (Petit and Haxby 1999; Rosano et al. 2002). Thus,
injection of noise into these signals could still produce spatial
errors in working memory during fixation, by reducing
certainty about eye position. However the effect of TMS on
the FEF appears to be less during fixation compared with
saccades, either because lower levels of neural activity or less
susceptible to TMS-induced noise, or because this noise is
likely to be somewhat damped by inhibitory inputs from the
fixation system (Munoz and Everling 2004).

The central problem of trans-saccadic memory is that it
requires spatial information to update object feature informa-
tion across a saccade—that is, feature information must be
synthesized with saccade signals somewhere in the visual
system. It is widely believed that different aspects of visual
processing are broadly segregated into 2 separate visual streams
in the brain, the ventral stream for object feature analysis that
projects from the visual cortex to the temporal cortex, and the
dorsal stream for visuospatial processing for perception and
action that projects from the visual cortex to the posterior
parietal cortex (Ungerleider and Mishkin 1982; Goodale and
Milner 1992). Thus, the issue of how object information is
spatially updated in trans-saccadic memory is synonymous with
how these 2 visual streams interact.

In the case of trans-saccadic integration, the targets of the
“dorsal stream” spatial updating signals perturbed in our experi-
ments is likely the normal network for visual object memory
originating in the ventral stream of vision and culminating in the
frontal cortex (Baker et al. 1996; Courtney et al. 1996; McCarthy
et al. 1996). The FEF in particular is known to be connected
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to areas throughout this network, from visual area V4 to
dorsolateral prefrontal cortex (Moore and Armstrong 2003;
Pierrot-Deseilligny et al. 2004; Ruff et al. 2008). Thus, as argued
in our previous paper (Prime et al. 2008), these “dorsal-ventral”
interactions might take different forms, depending more on
top-down mechanisms in multiple object tasks such as ours, and
perhaps relying partially on automated feedback mechanisms
through earlier levels of visual cortex for the processing of
low-level feature properties within objects (Melcher 2005;
Melcher and Vidnyanszky 2006; Wittenberg et al. 2008). Con-
sistent with our latter proposal, a recent fMRI study showed that
activity related to the maintenance of feature information in
working memory is retained in early retinotopic visual areas in
the human (Harrison and Tong 2009). But whichever mechanism
is used for visuospatial memory, because humans make several
saccades per second, it can only be valid in real world circum-
stances if it accounts for eye movement. Our studies suggest
that it does this with the use of signals from both the PEF and FEF.
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