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A salient peripheral cue can capture attention, influencing subsequent
responses to a target. Attentional cueing effects have been studied for
head-restrained saccades; however, under natural conditions, the head
contributes to gaze shifts. We asked whether attention influences head
movements in combined eye—head gaze shifts and, if so, whether this
influence is different for the eye and head components. Subjects made
combined eye—head gaze shifts to horizontal visual targets. Prior to
target onset, a behaviorally irrelevant cue was flashed at the same
(congruent) or opposite (incongruent) location at various stimulus-
onset asynchrony (SOA) times. We measured eye and head move-
ments and neck muscle electromyographic signals. Reaction times for
the eye and head were highly correlated; both showed significantly
shorter latencies (attentional facilitation) for congruent compared with
incongruent cues at the two shortest SOAs and the opposite pattern
(inhibition of return) at the longer SOAs, consistent with attentional
modulation of a common eye—head gaze drive. Interestingly, we also
found that the head latency relative to saccade onset was significantly
shorter for congruent than that for incongruent cues. This suggests an
effect of attention on the head separate from that on the eyes.

INTRODUCTION

Under natural, head-unrestrained viewing conditions, sac-
cades are typically composed of a combination of eye and head
movements resulting in an overall gaze shift. The role of
attention in saccadic eye movements has been studied exten-
sively in head-restrained conditions. It has been established
that saccade execution requires a shift of attention to the
saccade goal (e.g., Deubel and Schneider 1996; Hoffman and
Subramaniam 1995; Kowler et al. 1995; McPeek et al. 1999),
indicating a close linkage between eye movements and atten-
tion. Such a linkage is also supported by a number of studies
showing shared neural substrates for saccadic eye movement
planning and attentional processing (e.g., Beauchamp et al.
2001; Cavanaugh and Wurtz 2004; Corbetta et al. 1998;
Goldberg et al. 2006; Ignashchenkova et al. 2004; Kastner and
Ungerleider 2000; Moore and Fallah 2001; Muller et al. 2005;
Thompson et al. 2005). In addition, exogenous attentional
cueing of a saccade target position before target presentation
can facilitate or inhibit responses to the target, resulting in
modulations of saccade latencies (e.g., Dorris et al. 2002;
Fecteau and Munoz 2006; Posner et al. 1982).

Considerably less is known about the role of attention in
combined eye—head gaze shifts (Cicchini et al. 2008; Corneil
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and Munoz 1999; Corneil et al. 2004, 2008). Corneil and
Munoz (1999) showed that the onset of a distractor in another
sensory modality—believed to attract attention—can elicit
head movement responses that precede the saccade by >50 ms.
Despite this early head movement onset, the subsequent gaze
saccades were accurate, indicating that the gaze control system
has on-line information about ongoing head movements (Cor-
neil et al. 1999; Vliegen et al. 2004, 2005). Furthermore, in
monkeys Corneil et al. (2008) showed that exogenous atten-
tional cues produce changes in electromyographic (EMG)
activity that are correlated with attentional facilitation and
inhibition of return, as well as with saccade latencies. How-
ever, they did not directly compare the effects of exogenous
cues on eye and head movement latencies. Since the head
movement system is not gated by omnipause neurons (OPNs)
(Gandhi and Sparks 2007), as is the case for saccades (Keller
1974, 1977; Luschei and Fuchs 1972), this neck muscle re-
sponse is believed to reflect the attentional cueing effect of the
exogenous cue. The lack of inhibition by OPNs might also
cause the observation that movement decisions are generally
reflected first in neck muscle activity, followed later by eye
movements, as has been observed in a saccade countermanding
paradigm (Corneil and Elsley 2005) or with frontal eye field
(FEF) or superior colliculus (SC) microstimulation (Chen
2006; Elsley et al. 2007; Tu and Keating 2000). Despite these
recent electrophysiological insights into the role of attention on
head movements in gaze saccades, it remains largely unex-
plored how attention influences the timing of the head drive
during combined eye—head gaze shifts.

We used a Posner cueing paradigm (e.g., Posner 1980) to
specifically examine the influence of exogenous attention on
head movements in combined eye—head gaze shifts. We sought
to elucidate whether attention influences the latency of head
movements and, if so, whether the head is differentially influ-
enced by attention or whether this influence is the same as for
saccades. We asked subjects to make combined eye—head gaze
shifts to eccentric target positions after presenting a spatially
congruent or incongruent, behaviorally irrelevant cue at differ-
ent times before target onset. By analyzing eye and head
movement latencies, we show evidence for a tight coupling
between eye and head movements with attention exerting a
common influence on both. However, we also find cue-depen-
dent modulations of the head latencies that are different from
those of saccade latencies.

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

WWW.jn.org

600z ‘€T Arenuer uo Bio ABojoisAyd-ul woly papeojumoq



http://jn.physiology.org

ATTENTION AND HEAD MOVEMENTS 199

METHODS
Subjects

Seven healthy human subjects (ages 23-31 yr) participated in this
experiment, of which five were naive to the goals of this study. All
subjects had normal or corrected-to-normal vision and did not have
any known neurological disorders. Experiments were approved by the
Univerisité catholique de Louvain Ethics Committee in accordance
with the Declaration of Helsinki.

Apparatus

Subjects sat in a chair in front of a 90-cm-distant tangential screen
and viewed targets located at eye level. Green (fixation) and red
(saccade targets) laser spots were back-projected onto the translucent
screen by means of M3ST and M2 mirror galvanometers (GSI
Lumonics, Billerica, MA).

Movements of the right eye were recorded at 400 Hz using the
Chronos video head-mounted eye tracker (Chronos Vision, Berlin).
Head movements were recorded through the use of active infrared
markers mounted on the eye tracker helmet. The three-dimensional
positions of these markers were recorded using a Codamotion system
(Codamotion, Leicestershire, UK) at 200 Hz. Muscle activity of the
sternocleido-mastoid (SCM) and the trapezius (TR) muscles of the
neck were recorded bilaterally. The SCM and TR are two of many
muscles involved in rotating the head. Other muscles involved include
the splenii and the obliquus capitus inferior, all of which are in the
deep muscle layers and whose activity cannot be recorded using
surface electrodes. Therefore it should be noted that we did not record
from the complete group of muscles involved in head rotation and we
may be recording from muscles that are secondary to earlier recruit-
ment in the deeper neck muscles. The EMG signals were measured at
a sampling rate of 1 kHz using a NeuroLog EMG system (Digitimer,
Hertfordshire, UK). Skin was prepared using isopropyl alcohol and
Neuroline 710-15-K-wired electrodes (Ambu, Ballerup, Denmark)
were attached onto the left and right SCM and TR muscles (Gray
1977) at two locations about 4 cm apart for each muscle. A ninth
electrode was placed on the skin on top of the C7 vertebra (vertebra
prominens) as the reference. Each pair of electrodes corresponding to
one muscle was connected to a NeuroLog NL844 preamplifier (Digi-
timer) in a differential setup. The resulting four preamplified signals

° fixation (500 - 1000ms)

cue (30ms)

target

o—r 0

SOAs: 50, 100, 200, 500, 1000ms

response

(highpass filter = 10 Hz, amplification = 1K) were isolated using a
NeuroLog NL820 isolator (Digitimer). A real-time computer (PXI-
8186; National Instruments, Austin, TX) using LabVIEW (National
Instruments) controlled the presentation of the targets, synchronized
the recording of the Codamotion and Chronos devices, and recorded
the EMG signal at 1 kHz using PXI-6025E (National Instruments)
multipurpose data acquisition boards.

Procedure

Each experiment began with a calibration sequence where subjects
were required to fixate a series of 17 targets at different two-
dimensional positions on the screen while keeping the head still.
These data were used to calibrate the eye position traces and to
provide a straight-ahead head position reference for the experimental
conditions that followed.

Each test trial began with the presentation of a green fixation spot,
0.1° in diameter, at eye level for a random duration between 500 and
1,000 ms (Fig. 1). Subjects were asked to fixate the fixation spot and
maintain an upright, straight-ahead head position. Next, a cue (red
laser spot, 0.1° in diameter) was flashed at eye level 30° to the left or
right of fixation for a duration of 30 ms. After a variable delay
(stimulus-onset asynchrony [SOA] = 50, 100, 200, 500, and 1,000
ms), a target (red laser spot, 0.1° in diameter) was presented for 1.5 s
at 30° left or right until the end of the trial. Subjects were asked to
ignore the cue and to make a rapid gaze shift (combined eye—head
movement) toward the target as soon as it appeared; they were
instructed to differentiate between the cue and the target by ignoring
the first, flashed red target and making a gaze shift to the second,
sustained red target. In addition to the instructions, the eccentricity of
the target ensured that subjects recruited the head, and not just the eye,
to perform the movement. An intertrial interval (ITI) with no target
presented lasted about 2 s, during which subjects were asked to return
their gaze and head to the central position. Each subject completed a
total of 400 trials.

Data analysis

Data were analyzed off-line using Matlab (The MathWorks, Natick,
MA). Eye position was calibrated using the calibration sequence
(offset and amplitude adjustment) and then low-pass filtered (autore-

FIG. 1. Task setup. Targets were back-projected onto a
translucent screen. Each trial began with the presentation of a
green fixation spot at center that randomly lasted for 500-1,000
ms. Next, a red cue was flashed for 30 ms either 30° left or right
of fixation, aligned vertically with the fixation spot. After a
variable delay (corresponding to stimulus-onset asynchronies
[SOAs] of 50, 100, 200, 500, and 1,000 ms), a red target was
presented at the congruent or incongruent position (randomly
determined), also 30° left or right of fixation for 1.5 s. Subjects
were asked to ignore the noninformative cue and to make a
rapid combined head—eye gaze movement to the target as soon
as they saw it. A black screen signaled the end of the trial. The
intertrial interval (ITT) lasted 2 s.

swoost

ITI (2000ms)
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gressive forward—backward filter, cutoff frequency = 50 Hz) and
differentiated twice (central difference algorithm) to obtain eye ve-
locity and acceleration. Saccades were then detected based on a
1,000°/s> absolute acceleration threshold (de Brouwer et al. 2001,
2002). We measured the first saccade made after target onset.

Head orientation was computed based on three infrared markers
placed on the Chronos helmet. The position of the three markers for
the straight-ahead head position (from the calibration sequence) was
converted into a reference position quaternion. Head position was then
computed as the rotational quaternion between current orientation of
the helmet as defined by the three infrared markers and the reference
position. Head orientation was also low-pass filtered (autoregressive
forward—backward filter, cutoff frequency = 50 Hz) and differenti-
ated twice (central difference algorithm). Head movement onset was
detected based on a 200°/s> absolute acceleration threshold.

We also used a second measure to determine head movement onset,
based on the raw recorded EMG activity. EMG onset was detected
using a variable-threshold algorithm. This procedure used the resting
signal noise of the rectified EMG signal at the beginning of each trial
to estimate the noise amplitude. Muscle activity onset was defined as
the moment when the rectified EMG signal rose consistently (for =30
ms) above mean + 3SD. All trials were visually inspected and EMG
onset corrected, if necessary.

We collected a total of 2,800 trials. Of these 93 (3.3%) were
removed because EMG signals were not clear enough to allow for
movement onset detection. A further 157 (5.6%) were removed
because of unclear eye position signals due to the Chronos iris-
detection method. We also removed trials in which saccade latency
was <80 or >500 ms (Carpenter 1988; Fischer et al. 1993). Such
trials came to a total of 331 (11.8%). Also trials in which saccade or
head amplitude was >40° or <10° (82 trials = 2.9%) were removed.
Errors in which subjects made either saccades or head movements
away from instead of toward the target direction were removed (72
trials = 2.6%). Within the data analysis, we also excluded a total of
393 (14%) trials that had saccade latencies outside of 3SD of the mean
latency for each subject. This resulted in 1,672 (59.7%) trials retained
for further analysis.

RESULTS

Figure 2, A-C shows a typical congruent test trial for the
1,000-ms SOA condition. The saccade (bold line in Fig. 2A4)
began before the head movement (vertical solid line). The head
movement onset, based on the head acceleration threshold, is
shown in Fig. 2B (dotted vertical line) and the onset of the head
movement, based on EMG activity, in Fig. 2C. For this

FIG. 2. Typical trial and head movement latencies. Positional traces for the
eye (A) and head (B) as well as electromyographic (EMG) muscle activity (C)
are shown as a function of time for one typical trial. C: EMG muscle activity
is shown for the left (L) and right (R) sternocleido-mastoid (SCM) and
trapezius (TR) muscles. The x-axis depicts time beginning from trial onset. The
y-axis in A and B depicts positions in degrees from O toward the left (signed
negative). The y-axis in C depicts EMG activity in millivolts (mV). The first
vertical dashed line (gray) across all traces represents the cue onset and the
second vertical dashed line (black) represents target onset (SOA = 1,000 ms).
The gray and black dots intersecting these lines in A depict the positions of the
cue and the target during this trial (i.e., a congruent trial where both cue and
target were presented at 30° left). The solid vertical line represents saccade
onset (A) and the dotted vertical line depicts head movement onset based on the
acceleration criterion (B). The bold segment of the position trace in A
represents the saccade. D: correlation between head movement latencies as
detected using a 200°/s> acceleration threshold (y-axis) or using the EMG onset
time (x-axis). EMG onset time was calculated as the point in time when the
rectified EMG signal rose consistently (for 30 ms) above mean + 3SD. The
inset shows the histogram of residuals to the linear regression (gray line, y =
8.63 + 0.99x), i.e., by how much the 2 head movement latency measurements
differed.

leftward movement, mainly the left trapezius (L-TR) and right
sternocleido-mastoid (R-SCM) muscles were active. Since the
head movement had slower dynamics, there was a vestibu-
loocular reflex (VOR) period after the saccade ended.

We measured head movement latencies using two different
independent techniques: an acceleration criterion and a thresh-
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old criterion (signal rise over mean + 3SD for 30 ms) on the
EMG neck muscle activity. To determine the consistency of
these two measures of head latency, we plotted them against
each other in Fig. 2D. There was a highly significant correla-
tion between the two measures, with a slope of 0.99 and an R?
value of 0.987 (P < 0.01). The inset in the graph depicts the
range of residuals with a small SD of 9.31 ms, reflecting the
tight correlation. The mean latency difference between the two
head onset detection methods revealed that the acceleration-
based latency lags behind the EMG latency by 6.02 ms on
average. We chose to use the EMG-based head movement
latencies for all subsequent analyses for two reasons. First, we
believe that EMG-based latencies are more precise than head-
acceleration latencies. This is because head-acceleration laten-
cies were calculated by double differentiating the head position
signals (see METHODS). Each differentiation introduces numer-
ical smoothing that makes the precise detection of the move-
ment onset difficult. The use of an acceleration threshold could
also be problematic in cases where subjects move more or less

A B

saccade congruent
450 -

fast (and thus need more or less acceleration); in this case the
detected onset would change only because of the fixed accel-
eration threshold. This is not the case when considering EMG
activity where the first rapid rise in signal indicates the onset of
muscle activity regardless of the level of acceleration. Also, we
acquired head position at only 200 Hz (compared with 1 kHz
for EMG), which adds to the fact that overall head kinematics
provide a much less precise estimation of head movement
onset than EMG.

First, we investigated whether attention influenced the eye
and head movement latencies differently or in the same man-
ner. Figure 3A depicts both saccade (red lines) and head
movement (blue) latencies plotted as a function of SOA sep-
arately for the congruent (cue and target positions are the same,
solid lines) and incongruent (opposite cue and target positions,
dotted lines) conditions across all subjects. For the two shortest
SOAs, saccade latencies were shorter in the congruent condi-
tion compared with the incongruent condition. For the longer
SOAs, the opposite pattern occurred. The influence of a be-
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represent SE. B—F: individual subject data
plotted in the same manner as A.
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haviorally irrelevant cue on subsequent eye movements to a
target presented in the congruent compared with other loca-
tions has been previously shown to depend on the SOA (e.g.,
Posner and Cohen 1984); typically, at shorter SOAs, saccades
are faster for the congruent condition compared with the incon-
gruent condition (attentional facilitation). At longer SOAs
(~200-300 ms) this pattern reverses (known as inhibition of
return [IOR]). An ANOVA with SOA and condition (congru-
ent and incongruent) revealed significant differences between
the conditions [F(1,1,662) = 232.22, P < 0.001] and a signif-
icant decrease in latencies with greater SOAs [F(4,1,662) =
15.23, P < 0.001], as well as a significant interaction effect
between the two [F(4,1,662) = 17.55, P < 0.001]. Bonferroni-
corrected f-tests confirmed that latencies were faster in the
congruent condition compared with the incongruent condition
for the 50- and 100-ms SOAs (P < 0.001), whereas the
opposite pattern occurred for longer SOAs (P < 0.001).

Head movement latencies closely matched the pattern ob-
served for saccade latencies (blue lines). ANOVA analyses
revealed significant differences between the congruent and
incongruent conditions [F(1,1,662) = 7.56, P < 0.01] and
significant decreases in latencies with larger SOAs [F(4,1,662) =
328.54, P < 0.001] as well as a significant interaction effect
[F(4,1,662) = 14.436, P < 0.001]. Bonferroni-corrected z-tests
confirmed that latencies were faster in the congruent condition
compared with the incongruent condition for the 50-ms SOAs
(P < 0.01), whereas the opposite pattern occurred for the 200-,
500-, and 1,000-ms SOAs (P < 0.001). There was a nonsig-
nificant difference for the 100-ms condition (P = 0.06).

Figure 3, B-H shows individual subject latencies for the
saccade and head movements plotted in the same manner as in
Fig. 3A. As is apparent, the patterns of head movement and
saccade latencies were very similar within each condition. Four
subjects showed both attentional facilitation and IOR (subjects
3,4,5, and 6; P < 0.05) and three only showed IOR across all
SOAs (subjects 1, 2, and 7; P < 0.05). The effects of atten-
tional facilitation and IOR are both highly dependent on
stimulus luminance and can vary across different subjects
(unpublished observations). Importantly, for each subject, the
latency patterns remain very similar across saccade and head
movements (see following text for quantitative analysis).

We directly compared saccade latency to head movement
onset in Fig. 4. Figure 4A depicts the relationship between
saccade onset and EMG activity in an example condition for
the left trapezius muscle (SOA = 200 ms, leftward move-
ments, congruent condition) across 86 trials sorted by saccade
latency (white tick marks) and aligned on target onset (time 0,
dotted vertical line) for a typical subject. The figure shows that
for each trial (horizontal raster) the maximum normalized
EMG activity (red color) closely follows saccade onset by an
approximately constant interval. Figure 4B shows a quantifi-
cation of the relationship between saccade latency and head
movement latency across the two cueing conditions. The cor-
relation between head movement onset and saccade latency
was highly significant [R(1,672) = 0.977, P < 0.001] across all
subjects. Individual correlations ranged between (0.784 and
0.995 (subject 1 = 0.974,2 =0.978,3 = 0.98,4 = 0.982,5 =
0.995, 6 = 0.784, 7 = 0.993).

As a further analysis, we compared the relative timing of eye
and head movements across the cueing conditions. To do so,
we subtracted saccade latency from head EMG latency for each
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FIG. 4. Coupling between saccade and head movement (EMG) latencies.
A: example of coupling between saccade onset and normalized EMG activity
for the left trapezius muscle (L-TR) for 86 leftward movements sorted by
saccade onset relative to target presentation (fime 0, light blue vertical dotted
line). Trials are from the 200-ms SOA condition. Saccade onset is depicted by
the white tick marks for each trial. Muscle activity is normalized with respect
to peak amplitude and color coded, with 1 (red) equal to maximum activity.
B: correlation between head movement latency (based on EMG, y-axis) and
saccade latency (x-axis). The regression was as follows: y = 31.7 + 0.954x
(gray line).

trial, giving us the relative latency of the head and the eye. We
then separately examined the relative latency at each SOA. This is
shown in Fig. 5A (all subjects together) and indicates that the head
generally lags behind the eye and that the relative latency not
only is condition dependent but also is modulated by SOA. A
two-way ANOVA analysis with condition and SOA as factors
revealed a significant main effect across both conditions
[F(1,1,662) = 11.55, P < 0.001, Student-Newman—Keuls
[SNK] < 0.05] and SOAs [F(4,1,662) = 14.28, P < 0.001]
with significant differences between the two shorter and three
longer SOAs (post hoc test, SNK << 0.05). This can also be
seen in the individual subject analysis in Fig. 5B, in which the
differences between congruent and incongruent relative laten-
cies are plotted as a function of SOA for each subject (light
gray lines) and across all subjects (black line). This value was
calculated by subtracting the relative latency in the congruent
condition from that of the incongruent condition. No differ-
ences across conditions for the relative latencies would result
in a flat line at O (shown by the dotted line) across all SOAs. As
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FIG. 5. Difference between saccade and head movement onsets. A: mean
difference across all subjects between head and saccade onset plotted as a
function of SOA separately for congruent (solid line) and incongruent (dotted
line) conditions. Error bars indicate SE. B: difference between congruent and
incongruent relative latencies plotted as a function of SOA across all subjects
(thick black line) and for individual subjects (thin gray lines).

can be seen, all subjects showed large differences between
conditions that were different across SOAs. Individual separate
ANOVA analyses for SOA (short and long) revealed signifi-
cant differences between conditions (congruent and incongru-
ent). For the short SOAs, three subjects (P < 0.01) had
significantly shorter relative latencies in the congruent com-
pared with the incongruent conditions and four subjects had no
differences (P > 0.05). For the long SOAs, four subjects had
significantly shorter relative latencies during the congruent
compared with the incongruent conditions (P < 0.01) and three
showed no differences between the two conditions (P > 0.05).
In summary, these differences in the relative latency between
the eye and head for the congruent and incongruent cueing
conditions indicate a separate influence of attention on the
head-only component that differs from its influence on the eye
component.

Taken together, the analysis of the saccade and head move-
ment latencies showed a tight coupling of both systems (Fig. 4)
that was similarly modulated by attentional cueing. This is
consistent with a trigger for both eye and head movements that
is influenced in the same manner by attention. In addition, the
relative latencies also revealed an independent effect of atten-
tion on the head movement latency compared with saccade
latency.

DISCUSSION

To summarize our results, we have shown that head move-
ments are influenced by attentional cueing in a manner very

similar to that of saccades. Both eye and head movements
showed shorter latencies in the congruent compared with the
incongruent condition during the shortest SOA. This effect was
previously shown for saccades with the head fixed and is
generally referred to as attentional facilitation or capture (Fec-
teau and Munoz 2005; Jonides and Irwin 1981; Klein 2000;
Posner and Cohen 1984). At longer SOAs, we found the
opposite pattern, where both head and saccade reaction times
were longer for the congruent compared with the incongruent
condition. This effect is known as inhibition of return (IOR)
and is commonly measured as the relative difference between
congruent and incongruent conditions (Abrams and Dobkin
1994a,b; Klein 2000; Maylor and Hockey 1985; Posner and
Cohen 1984; Posner et al. 1985; Rafal et al. 1994; Reuter-
Lorenz et al. 1996; Tanaka and Shimojo 1996; Taylor and
Klein 1998).

Furthermore, our results revealed the presence of an addi-
tional modulation of head movement latencies relative to eye
latencies across the cueing conditions. Head movements were
generally initiated slightly but significantly earlier (relative to
saccades) when directed to previously cued locations, particu-
larly for longer SOA conditions. Taken together, this pattern of
influence on eye and head movements argues for a dual
influence of attention on combined eye—head movements and
is consistent with the presence of both common and separate
drives for the head and the eyes.

Common effects of attention on the eye and the head

Our results revealed a similar influence of attention on the
latency of the eye and head, suggesting that both motor
systems receive a shared trigger signal. This is consistent with
the findings of Corneil et al. (2008), who first demonstrated
that exogenous attentional cues modulate neck EMG activity in
monkeys and that this modulation is correlated with saccade
latencies. Compared with their study, we did not observe any
cue-related modulation of neck EMG activity, likely because
our surface electrodes were not sensitive enough to pick up the
small cue-related signals and because Corneil et al. (2008)
recorded from fifth layer neck muscles compared with surface
muscles in our case.

Many regions known to be involved in saccadic eye move-
ments and attention (Cavanaugh and Wurtz 2004; Corbetta et
al. 1998; Ignashchenkova et al. 2004; Krauzlis 2004, 2005;
McPeek 2006, 2008; Moore and Fallah 2001; Muller et al.
2005; Pierrot-Deseilligny et al. 2004; Thompson et al. 2005;
Wardak et al. 2006) are also involved in combined eye—head
movements. These include the frontal eye fields (Chen 2006;
Elsley et al. 2007; Knight and Fuchs 2007; Monteon et al.
2005; Tu and Keating 2000; van der Steen et al. 1986), the
supplementary eye fields (Chen and Walton 2005; Martinez-
Trujillo et al. 2003, 2004), and the superior colliculus (Freed-
man and Sparks 1997a; Freedman et al. 1996; Klier et al. 2001;
Martinez-Trujillo et al. 2003; Walton et al. 2007, 2008).
Previous studies have provided evidence in support of a single
gaze controller that programs both the eye and head compo-
nents (Galiana and Guitton 1992; Guitton 1992; Guitton et al.
2003; Lefevre and Galiana 1992; Sparks et al. 2001). Thus our
results are consistent with attentional modulation of neural
activity within this SEF-FEF-SC network representing the
common gaze pathway.
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Differential effects of attention on the eye and the head

Our data also showed a distinct influence of spatial attention
on head latency compared with eye latency. One explanation of
these findings is the existence of a twofold influence of atten-
tion on head movements, through both a common gaze drive
and a separate head drive. Recently, evidence has been pre-
sented for an independent head controller in addition to the
gaze controller, which can modulate the head component of the
gaze shift. This is supported by findings reporting context-
dependent head contributions to gaze shifts in addition to a
stereotypical close coupling between the eye and the head
(Bizzi et al. 1972; Freedman and Sparks 1997b; Hanes and
McCollum 2006; Monteon et al. 2005; Oommen and Stahl
2005; Oommen et al. 2004; Zangemeister and Stark 1982).
This separate head drive could involve areas such as M1, FEF,
and/or SEF and link to brain stem areas controlling the head,
bypassing the superior colliculus (SC), which we assume to be
part of the neural pathway involved in driving gaze. In this
view and consistent with previous studies, a common gaze
drive would program the default head contribution to a given
gaze shift, whereas the separate head drive could implement a
more cognitive control strategy. Our results indicate that both
of these drives might be influenced separately by attention.

Since our conclusions for a separate influence of attention on
the head and eye latencies are based on a relative latency
difference between the eye and the head, we cannot exclude the
possibility that attention may influence the eye drive separately
in addition to gaze rather than a separate head drive. However,
we believe this is not likely the case. There is much indepen-
dent evidence for a separate pathway for the head that is used
during combined eye—head gaze shifts (Bizzi et al. 1972;
Freedman and Sparks 1997b; Hanes and McCollum 2006;
Oommen and Stahl 2005; Oommen et al. 2004; Zangemeister
and Stark 1982). In contrast, although evidence has been
shown for a saccade drive pathway from FEF to the brain stem
that bypasses the SC, it appears that this pathway is not
normally used by the brain, as evidenced by major deficits in
saccade production when the SC is lesioned with moderate to
little recovery, especially with respect to saccade latency (Al-
bano and Wurtz 1982; Hanes et al. 2005; Mohler and Wurtz
1977; Schiller et al. 1980; Wurtz and Goldberg 1972). There-
fore we believe the relative differences between the eye and the
head latencies are due to a separate head drive rather than a
separate saccade drive.

Alternatively, instead of a separate head drive involved in
the cognitive modulation of head latencies, one could also
imagine that the eye saccade is delayed through the gating of
the OPNs, whereas the head movement is not suppressed by
this inhibition and can thus start earlier (Gandhi and Sparks
2007), making use of only the common gaze drive without the
need of an additional head drive. However, this does not
explain the differences in head latency onset (relative to sac-
cade onset) between the congruent and incongruent conditions.
It could be that in addition to bypassing the OPNs, the head
latency is shortened in the congruent condition by the previous
presence of the cue. Indeed, Corneil et al. (2008) have shown
activity related to the cue in neck muscle activity. One could
imagine that the cue affects the neural activity in SC differently
for different SOAs and that this difference percolates through
to the neck muscles (since the head movement is not gated by

OPNs), changing the time of movement initiation. The exact
nature of this cue-SC interaction remains unknown, but our
data indicate that the same stimulus parameters would affect
different subjects differently. Given the small size of the
differential effect observed, this hypothesis might be a plausi-
ble alternative to the above-suggested separate head control.

Functional implications

Our results suggest that attention may have an independent
influence on head movements, i.e., separate from that on
saccadic eye movements. The reason for this influence, how-
ever, remains unknown. One might speculate about the phylo-
genetic origin of this attentional influence on the head motor
system. For example, it could be an evolutionary vestige from
older species in which head movements are more prominent
(e.g., due to a lower eye-in-head movement range). In this case,
the head would act more like an eye in humans and thus
attentional modulation of the head drive might be expected.

There may also be a functional role for attentional modula-
tion of head movement in humans. It is well known that head
movements are often initiated before eye movements in natural
conditions (Land 1992; Pelz et al. 2001). Therefore it makes
sense not only to quickly orient our eyes but also to purpose-
fully direct our head to a salient target (i.e., a cued location).
This is particularly true for large gaze shifts toward very
eccentric targets that cannot be reached by movements of the
eye alone. In this case, the head is needed and should be subject
to attentional changes in a similar way as the eyes are (con-
sistent with our findings of similar modulation of eye and head
with attention). In addition, for larger saccades, volitional
control should speed up the head movement to give the slower
head motor system some advantage. To do so, the independent
head drive has to be differently affected by attention than the
gaze drive. This is in accordance with our findings.

Conclusions

We have shown that attention modulates head movements in
two ways during combined eye—head gaze shifts. First, eye and
head movement latencies were highly correlated, with head
movement latencies showing the same pattern on attentional
facilitation and IOR as saccade latencies, suggesting a common
influence of attention. In addition, head relative to eye latencies
revealed an additional influence of attention on the head motor
system.
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