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eye-head-hand coordination: there is more to reaching than meets eye. 
J Neurophysiol 123: 000 – 000, 2020. First published April 1, 2020; 
doi:10.1152/jn.00099.2020.—Does arm reaching affect eye-head 
shifts? Does the head alter eye-hand coordinated movements? Senso- 
rimotor research has focused on either eye-head or eye-hand coordi- 
nation, with only occasional works studying all these effectors to- 
gether. Arora et al. (Arora HK, Bharmauria V, Yan X, Sun S, Wang H, 
Crawford JD. J Neurophysiol 122: 1946 –1961, 2019) examined eye- 
head-hand coordination for the first time in nonhuman primates and 
provide evidence suggesting that head and hand movements are more 
coupled than traditionally considered. 
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An important question of sensorimotor neuroscience is to 
unravel how the brain controls multiple effectors to produce 
coordinated movements. Since the pioneering studies of Bizzi 
et al. (1971) and Prablanc et al. (1979) on eye-head and eye- 
hand coordination, respectively, these two types of move- ment 
have been a model system for understanding how the brain 
controls multisegmental motion. A huge amount of studies, 
both in humans and in nonhuman primates, were focused on 
either of these systems. 

The coordinated movements of the eyes and head that enable 
high spatial frequency samples of the visual environment by 
shifting the line of sight (gaze) from one part of the visual scene 
to another are an essential aspect of the visual process. Eye- 
head coordinated movements are quite stereotyped: they 
typically start with a rapid eye movement (saccade) that is 
followed by a slower head movement in the same direction. In 
the last phase, the vestibulo-ocular reflex stabilizes the gaze by 
moving the eyes in the opposite direction till the head stops 
moving. In monkeys and humans there is a high degree of 
variability in the relative timing of eye and head movements 
(Guitton and Volle 1987). The relative contribution of ocular 
and head components to gaze shifts depends on the species, the 
subject, the eccentricity of the target and the initial position of 
the eyes (Freedman and Sparks 1997). The variability on this 
pattern is expressed by the variable time difference between the 
onset of eye and head movements and their relative contribu- 
tion (Freedman and Sparks 1997; Sparks et al.   2001). 

 
Address for correspondence: K. Hadjidimitrakis, Department of Biomedical 

and Neuromotor Sciences, University of Bologna, Piazza di Porta San Donato 
2, Bologna 40126, Italy (e-mail:  kon.chatzidimitrakis@unibo.it). 

Like eye-head coordination, eye-hand coordination is a fun- 

damental behavior that primates use to interact with the world. 

When humans reach to grasp objects, they look at the target 

first, then bring the hand to the center of gaze as the object is 

grasped (Hayhoe et al. 2002; Johansson et al. 2001; Land et al. 

1999). Nonhuman primates use the same strategy (Dean et al. 
2011; Song and McPeek 2009). Foveation of target before reach 

onset has been shown to improve hand movement accu- racy 

(Biguer et al. 1982; Prablanc et al. 1979). During eye- hand 

coordinated movements, reaction times of saccades and reaches 

are significantly correlated in both humans and non- human 

primates (Biguer et al. 1982; Dean et al. 2011; Suzuki et al. 

2008; Yttri et al. 2013). Furthermore, in monkeys saccade and 

reach end points are significantly correlated (Kattoulas et al. 

2008) and the presence of a reach reduces saccadic latency 

(Snyder et al. 2002), thus suggesting a common controlling 

mechanism. 
What happens when all three effectors i.e., eye, head, and 

hand move simultaneously and need to be coordinated? Arora 
et al. (2019) were the first to address this question in nonhuman 
primates. In their study, two macaque monkeys were seated in 
front of a touchscreen where a visual target was presented in 
one of eight peripheral locations that covered a large part of the 
visual field. In the reach task the animals had to perform both a 
gaze shift from a central screen position to the peripheral target 
location, and a forward reach to move their hand from a rest 
position next to their waist and touch the same target. In the 
gaze shift task monkeys only shifted their gaze and looked at 
the peripheral target without performing a reach. In both tasks, 
Arora and colleagues (2019) examined both spatial and 
temporal relationships and the kinematics of eye, head, and 
hand movements. The authors reported a number of interesting 
findings. First, head movements were larger in the reach 
compared with the gaze shift task, especially along the vertical 
axis. Despite this, gaze precision was higher in the former task 
and this was due to a smaller range of eye-in-head positions. 
Second, regarding the temporal relationships between the ef- 
fectors, gaze shifts ended just before the onset of the hand 
movement and gaze remained stable till the hand touched the 
target. At the same time, although the head movement started 
during the gaze shift in both tasks, in the reach trials its largest 
component was executed after the gaze shift ended and this late 
component occurred mostly along the vertical direction. Third, 
regarding movement kinematics, peak head velocity for a given 
head movement amplitude was higher during the    reach 



task and, more importantly, the mean hand velocity was much 
more strongly correlated with peak head velocity compared 
with peak gaze velocity. 

Altogether, the results of Arora et al. (2019) suggest a 
stronger coupling of head and arm with respect to the eye that 
seems rather unexpected. However, a significant number of 
older— but also some recent— human studies are in line with 
their findings. Smeets et al. (1996) tested the effect of hand 
movement on eye-head coordination under various conditions 
of a naturalistic object manipulation task and found in all of 
them strong correlation between head and hand reaction times 
and peak velocities. To explain their results, these authors based 
on evidence from Bizzi et al. (1971), suggesting that the 
predictability of target position is the most important factor 
affecting eye-head coordination. In other words, the more 
predictable is the target of interest, the more the head would be 
decoupled from the gaze shift. Accordingly, Smeets et al. 1996 
argued that head movement facilitates subsequent gaze shifts 
toward the future position of the hand to guide object manip- 
ulations, thus leading to strong correlation between head and 
hand movement parameters. In the same line Pelz et al. (2001), 
using a similar task paradigm with Smeets and  colleagues, 
found that the head showed a considerable degree of indepen- 
dence from the gaze and often head movements followed hand 
trajectory. 

This last finding could account for one of the main findings 
reported by Arora and colleagues (2019), i.e., that the major 
component of head movement during the reaching task oc- 
curred mostly along the vertical axis and was coincident with 
hand movement. In fact, although Arora et al. (2019) did not 
mention it explicitly, it is evident that all reach trajectories in 
their study had a large upward component (see their Fig. 3, C 
and D) and this could account for the vertical head movement 
that occurred after the gaze shift ended, simultaneously with the 
hand movement. Adding further support to this interpreta- tion 
of Arora et al. (2019) findings, very recent evidence by Berger 
et al. (2020) has shown that in freely moving monkeys 
performing either reaches, or walk-to-reach movement se- 
quences, the activity in frontal and parietal cortex was corre- 
lated not only with hand kinematics, but also with translational 
head movements. The experiments by Berger et al. (2020) 
highlight the fact that the classic approach of constraining 
movement in a single or in a couple of joints that has been 
widely used in neurophysiological studies of motor control to 
facilitate data analysis and results interpretation should be 
revised and novel task paradigms using reaching movements 
under whole body motion in various behavioral constrains 
should be used. The advent of wireless, multielectrode arrays 
that can record neural activity from several brain regions, 
combined with simultaneous motion capture recordings from 
multiple effectors, makes such methodological approaches en- 
tirely feasible today. Such an approach could provide a more 
comprehensive view of the neural substrates of motor encoding 
in the parietofrontal network under more natural  behavioral 
contexts. 

Such natural behavioral contexts have been employed in an 
increasing number of recent human studies that also provide 
further support to Arora et al. (2019) findings. The effect of 
hand movements on eye-head shifts performed under different 
whole body postures (e.g., standing, sitting) was examined in 
one work where larger head movements were reported   when 

the hand moved that resulted in final head position being 
aligned with the target (Stamenkovic et al. 2018). The authors 
argued that the extra head displacement could facilitate the 
underlying sensorimotor transformations from a visual/eye- 
centered  to  a  proprioceptive/hand-centered reference  frame 
that are necessary for the planning of hand movement. In a 
similar vein, Arora et al. (2019) propose that the additional head 
movement that brings the target at or near the fovea could be a 
mechanism for optimizing depth vision for the last phase of 
reach movement when the hand is about to touch the target. 
These two speculations are not mutually exclusive and it should 
be noted that both of them suggest that, in the presence of a 
hand movement, gaze shifts are being adapted to optimize 
reaching. 

Nevertheless, the influence of hand movement in depth on 
facilitating the coordination between hand and head movements 
needs to be studied further. For example, it would be interesting to 
examine to what extent the fact that in Arora et al. (2019) the eyes 
and the hand moved along somewhat different parts of space 
(touchscreen versus 3D space) contributed to the stronger rela- 
tionship between hand and head with respect to eye. Regarding 
this issue, another recent human study (Reppert et al. 2018) that 
investigated the rigor (peak velocity for a given amplitude) of eye, 
head, and hand movements when constrained in 2D space found 
somewhat different results with respect to Arora et al. (2019). In 
that study the eye started moving first and was followed by the 
hand and then the head. In addition, peak head velocities were 
lower during combined gaze shifts and reaches compared with 
when only gaze shifts occurred (Reppert et al. 2018). Despite these 
differences, Reppert and colleagues (2018) found the head and 
hand movement vigor to be significantly correlated, whereas their 
correlation with the vigor of eye movement was weak and not 
significant. 

This coupling of head and hand movements suggests some 
common neural pathways. While the neural substrates of eye-head 
and eye-hand coordination have been extensively studied (for 
references see Andersen et al. 2014; Sparks et al. 2001), the 
circuits that are responsible for head movement control are less 
studied and even more so the potential substrates of head-hand 
coordination. Arora et al. (2019) propose several brain areas 
involved in head-hand coordination, namely the superior collicu- 
lus (SC) in the brainstem, the frontal eye fields (FEF), and the 
parietal reach region (PRR) in the frontal and parietal cortex, 
respectively. The SC is well established as a key node of the gaze 
orienting subcortical circuits, and electrical stimulation of  the 
intermediate and deeper SC layers produces combinations of eye 
and head movements in the monkey (Cowie and Robinson 1994; 
Freedman et al. 1996). Furthermore, there is evidence of arm 
movement related activity in a more restricted zone of SC (Wer- 
ner et al. 1997), so the convergence of head and hand signals could 
take place in SC. Regarding the cortex, apart from the well known 
role of FEF in controlling gaze shifts (e.g., Tu and Keating 2000), 
there is some evidence for independent head control (Chen 2006) 
in this area. FEF are located next to the dorsal premotor cortex 
(PMd), where neurons with oculomotor and hand move- ment 
activity have been identified (Fujii et al. 2000). Lastly, Arora and 
colleagues (2019) suggest that  also  the  parietal cortex could 
implement multieffector coordination, given its significant contri- 
bution in coordinating saccades with hand movements, but also 
speculate that larger parietofrontal circuits could be  involved 
(Andersen et al. 2014; Yttri et al.  2013). 



Departing from this last point, there is quite compelling 
evidence for the involvement of two other regions in the head- 
hand coordination, one in parietal and the other in frontal 
cortex. In the former lies the ventral intraparietal area (VIP) that 
has been reported to control head movements and head- hand 
synergies occurring during defensive-like behaviors, i.e., the 
hand moving to protect the head (Cooke et al. 2003). 
Interestingly, VIP encodes the peripersonal space and has both 
visual and tactile receptive around the head (Schlack et al. 
2005) and strongly projects to a small part of the ventral 
premotor cortex (PMv) with very similar sensory and motor 
properties, the polysensory zone (PZ, Graziano et al. 2002). In 
the frontal cortex, area PMv could be involved in the head- hand 
coordination. In fact, apart from defensive-like move- ments, 
the head and hand move in a coordinated manner also during 
feeding. Together with controlling head orientation, feeding 
requires the grasping of food. Given that, it is not surprising that 
Borra et al. (2010) found that the hand region of the PMv —a 
key grasping area—projects to not only to the SC zone where 
arm related activity was reported (Werner et al. 1997), but also 
to the upper cervical spinal cord where the motor neurons 
innervating the neck muscles are   located. 

In sum, another interpretation of Arora et al.’s (2019) find- 
ings could be based on the activation of VIP and PMv circuits 
that support the basic motor repertoire of protecting the head 
during navigation and of coordinating the hand with the head 
during feeding. It is worthwhile recording simultaneously from 
both areas during a large variety of naturalistic head-hand 
coordinated movements and also investigating whether deac- 
tivating either of these areas or both disrupts neural processes 
that couple the two  effectors. 
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