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Abstract It has been proposed that visually guided
reaching movements performed in the lower visual Weld
(LVF) of peripersonal space are more eVective and
eYcient than their upper visual Weld (UVF) counterparts
(Danckert and Goodale 2001). In the present investiga-
tion we sought to determine whether this purported
visual Weld asymmetry reXects advantaged processing of
online visual feedback. To accomplish that objective, par-
ticipants performed discrete reaching movements to each
of three target locations in the LVF and UVF. In addi-
tion, reaches were completed under conditions wherein
target location remained constant throughout a reaching
response (i.e., control trials) and a separate condition
wherein target location unexpectedly perturbed at move-
ment onset (i.e., experimental trials). We reasoned that the
target perturbation paradigm would provide a novel
means to assess a possible superior–inferior visual Weld
asymmetry for online reaching control. In terms of the
impact of a target perturbation, both visual Welds demon-
strated equal proWciency integrating visual feedback for
online limb adjustments. Interestingly, however, the spa-
tial distribution of movement endpoints in the LVF was
less than UVF counterparts (cf. Binsted and Heath 2005).
Taken together, the present Wndings suggest that
although LVF and UVF reaches readily use visual feed-
back to accommodate an unexpected target perturbation,
reaches in the LVF elicit advantaged spatial beneWts
inXuencing the eVectiveness of online limb corrections.

Keywords Goal-directed · Lower visual Weld · 
Perturbation · Upper visual Weld · Visually guided

Online adjustments to visually guided reaching move-
ments are thought to be mediated by dedicated visuomo-
tor mechanisms that reside in the posterior parietal
cortex (PPC) of the dorsal visual pathway. In support of
that position, single neuron recording in the monkey has
shown preferential reach-related activity in area 7a for
online error corrections (MacKay 1992; see also Mount-
castle et al. 1975). In humans, selective transcranial mag-
netic stimulation of the PPC (Desmurget et al. 1999) as
well as naturally occurring PPC lesions (Pisella et al.
2000) disrupt the normally “automatic” limb adjust-
ments characterizing unexpected changes in target posi-
tion (e.g., Goodale et al. 1986; see also Gréa et al. 2002).

Interestingly, it has been proposed that an anatomical
disparity in the superior–inferior retinal axis (Curcio and
Allen 1990; Dichtl et al. 19991) leads to a lower visual Weld
(LVF) advantage for attentional resolution (Handy et al.
2003), motion segmentation (Lakha and Humphreys
2005) and the control of goal-directed actions (see Previc
1990 or Previc 1998 for review). With speciWc regard to
goal-directed reaching movements, an over-representation
of the LVF within a number of the constituent regions of
the dorsal visual pathway (Maunsell and Van Essen 1987;
Galati et al. 2000) is thought to underpin a functional bias
for the processing of visual cues for online control in lower
working space (see Danckert and Goodale 2003 for a
review). In support of that position, Danckert and Goo-
dale (2001) found that continuous reaches (i.e., a Fitts
reciprocal aiming task) to targets of various sizes were
generally more accurate when performed in the LVF as
opposed to the upper visual Weld (UVF).2 Moreover, LVF,
but not UVF, reaches produced a robust speed-accuracy
trade-oV as deWned by Fitts Law (Fitts 1954). Similarly,
Khan and Lawrence (2005) reported that LVF reachesO. Krigolson
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1 Interestingly, Dichtl et al. (1999) reported that retinal nerve Wber
thickness is greater at the inferior disc border than the superior disc
border.
2 Danckert and Goodale (2001) report a LVF endpoint accuracy
advantage for target “lengths” of 3.7, 7.5, 14.9 and 30.0 mm. A target
“length” of 1.9 mm, however, did not produce a visual Weld asymme-
try.
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elicit reduced spatial variations late in the reaching trajec-
tory and enhanced endpoint accuracy: a Wnding they
attributed to improved feedback processing in the lower
region of working space. It is, however, important to note
that Binsted and Heath (2005) did not observe a
functional asymmetry for reaches performed in the supe-
rior–inferior retinal axis across a number of movement
parameters. For example, Binsted and Heath (2005)
reported the magnitude and timing of initial movement
impulses and overall durations of LVF and UVF reaches
elicited similar speed versus accuracy relations and com-
parable endpoint accuracy values. That study did, how-
ever, report a small but statistically reliable advantage for
LVF reaches in terms of the spatial variability of move-
ment endpoints (cf. Khan and Lawrence 2005). Thus,
examination of the three published studies contrasting
visual Weld asymmetries in goal-directed aiming highlights
a degree of controversy regarding the extent to which a
LVF advantage for visuomotor control is systematic and
generalizable.

In the present investigation we sought to determine if
the discrepant Wndings just described might relate to
between-experiment diVerences in the extent reaching
movements were controlled primarily online or primarily
oVline (see Heath 2005). Indeed, the instruction set pro-
vided to participants in the Binsted and Heath (2005)
investigation emphasized the optimization of movement
speed and produced average movement times of 360 ms.
That instruction set has been shown to minimize partici-
pants’ use of visual feedback for online error reduction
(e.g., Vince 1948; Keele 1968). In contrast, Danckert and
Goodale’s (2001) instruction set emphasizing “both speed
and accuracy equally” (p. 304) as well as Khan and Law-
rence’s (2005) instruction set to move “as smoothly as
possible” (p. 396) in a criterion time of 400 ms may have
engendered participants adoption of a more online mode
of reaching control. Notably, a LVF advantage for reach-
ing control might be restricted to situations wherein
visual information is used for online error nulliWcation.

The present study employed a variant of the discrete
reaching task used by Khan and Lawrence (2005) and
Binsted and Heath (2005). In particular, our investiga-
tion included a condition wherein the position of a to-
be-touched target object was unexpectedly perturbed at
the onset of a reaching movement, thus creating a
requirement for online and visually based limb adjust-
ments.3 Previous studies employing the target perturba-
tion paradigm used here have shown that the visuomotor
system is readily able to modify an initially inappropriate
movement trajectory via the evocation of discrete (Car-
nahan et al. 1993; Heath et al. 1998, 1999; Paulignan

et al. 1997) and/or continuous corrections to the movement
trajectory (Elliott et al. 1999a; Heath 2005; Pelisson et al.
1986). Importantly, the present investigation required par-
ticipants to foveate on a position above or below target
space prior to and during reaching movements so that
responses were completed in LVF and UVF, respec-
tively. We reasoned that such a manipulation provided a
novel means to test whether preferred connections of the
LVF to the dorsal visual pathway elicit more eYcient
and eVective online movement corrections than reaches
performed in the UVF of peripersonal space.

Methods

Participants

Twenty-Wve participants from the Indiana University
community volunteered for this experiment (18–
34 years: 14 males and 11 females). All participants
reported normal vision and were right-handed as deter-
mined by a modiWed version of the University of Water-
loo Handedness questionnaire (Bryden 1977).
Participants provided informed consent approved by the
OYce of Human Research, Indiana University, and this
study was conducted in accordance with the ethical stan-
dards laid down in the 1964 Declaration of Helsinki.

Apparatus

An aiming apparatus similar to Held and Gottlieb (1958)
was used in this experiment. The apparatus was placed on
a normal table-top and consisted of a two-sided rectangu-
lar box (74 cm high, 96 cm wide, 60 cm deep) divided in
half by a partially transparent mirror. A 17-in. computer
monitor (NEC Multisync 1765: 16 ms response rate) was
placed upside down on the superior surface of the
apparatus in order to project stimuli onto the partially
transparent mirror. The diVerence in height between the
computer monitor and mirror, and the mirror and the
lower surface of the aiming apparatus was constant (i.e.,
37 cm), thus an image projected onto the mirror appeared
on the surface of the aiming apparatus (i.e., below the
mirror). Participants sat at an open end of the apparatus
and completed reaching movements to virtual targets (see
below) that appeared on the surface of the apparatus. The
distance between the eyes and virtual targets was »42 cm
and this optical geometry was maintained via a head–chin
rest (Lafayette Instruments, Model 14302).

Reaching movements were initiated from a common
home position (i.e., a microswitch located 16 cm to the left
of the participants’ midline and 31 cm from the front edge
of the table surface) to “touch” a virtual target 35 cm
(near), 38 cm (middle), and 41 cm (far) to the right of the
home position (and 31 cm from the front edge of the
table). Targets were white circles (0.5 cm in diameter) pre-
sented against a high-contrast black background. Addi-
tionally, a Wxation cross (2£2 cm) was projected 8 cm

3 Research employing the double-step paradigm has shown that on-
line movement corrections occur involuntarily (Goodale et al. 1986)
via an ‘automatic pilot’ (Pisella et al. 2000) operating without aware-
ness from the participant. It is important to note that the target per-
turbation used in the present investigation was explicit (e.g., Heath
et al. 1998) and participants were aware of the need for online limb
adjustments.
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above or below target location. The visual angle between
the Wxation cross and target was 12°. Fixating on the cross
above the target resulted in reaching movements con-
ducted in the LVF, whereas Wxating on the cross below the
target resulted in reaching movements conducted in UVF.

The lights in the experimental suite were darkened to
prevent direct viewing of the aiming limb. In place of the
veridical limb, two light emitting diodes (red LEDs)
attached to a splint complex were secured to the index
Wnger of the right hand (i.e., the pointing Wnger) to pro-
vide visual feedback about limb position. Eprime (ver
1.0) was used to present visual stimuli and to control
visual and auditory events.

Procedure

Two trial blocks (control and experimental) were used in
this investigation. The presentation of trial blocks was
counterbalanced across participants. Participants were
instructed to point to a target using the index Wnger of
their right hand emphasizing “the accuracy and speed” of
their movement. As stated in the Introduction, we empha-
sized both the accuracy and speed of reaching movements
to ensure participants reaching strategy would allow for
the integration of visual feedback for online error correc-
tions. A trial began once participants depressed the home
position. That action illuminated the LEDs attached to
the splint complex, and the LEDs remained illuminated
for the duration of a trial. Additionally, depressing the
home position resulted in projection of the Wxation cross
and participants were required to foveate this position for
the duration of a trial. After a 1,000 ms interval, the Wxa-
tion cross was concurrently presented with a target object
for a 1,500 ms preview period.

During control trials, one of the three target locations
(e.g., near, middle, far) was presented during the preview
phase, after which participants received an auditory tone
instructing them to initiate their reaching movement.
The target and the Wxation cross remained visible
throughout the reaching movement. Participants com-
pleted an equal number of reaches to each target loca-
tion in each visual Weld for a total of 90 control trials.
Reaches in the UVF and LVF, as well as the order of tar-
get location, were ordered pseudo-randomly. Impor-
tantly, participants were made aware that the location of
the target would not change during control trials.

In the experimental trials, the same procedures as just
described were employed with two exceptions. First, the
middle target was always presented during preview. Sec-
ondly, on a small percentage of trials an unpredictable
target perturbation occurred at movement onset. SpeciW-
cally, during 70% of the experimental trials the middle
target also served as the target location during the reach-
ing response, whereas the remaining 30% of experimental
trials entailed a target perturbation once participant’s
Wnger released pressure from the home position. For one
half of the perturbation trials, the middle target was
replaced with the near target, and on the other half, the
middle target was replaced with the far target. Partici-

pants completed a total of 200 experimental trials; hence,
the number of perturbation trials associated with the
near and the far target corresponds to the number of
near and far trials performed in the block of control tri-
als. The ordering of target perturbations as well as the
ordering of the visual Wxation was pseudo-randomized.
Participants were told a priori that a small percentage of
experimental trials would entail an unexpected change in
target location.

Data collection and reduction

In addition to containing dual LEDs, the splint complex
attached to the pointing Wnger contained an infra-red
emitting diode (IRED). IRED position data were sam-
pled at 200 Hz for 2 s following the auditory initiation
cue via an OPTOTRAK 3020 (NDI, Waterloo, ON,
Canada). OV-line, displacement data were Wltered via a
second-order dual-pass Butterworth Wlter employing a
low-pass cut-oV frequency of 15 Hz. Instantaneous
velocities were calculated by diVerentiating the displace-
ment data using a three-point central Wnite diVerence
algorithm. Velocity data were diVerentiated again to
obtain acceleration information.

To make certain visual Wxation was maintained dur-
ing reaching movements, a SONY TR42 8-mm cam-
corder Wlming in high-speed mode (60 Hz) was used to
provide up-close images of participants’ eyes. The video
image was monitored online via a 13-in. Toshiba color
CRT. Trials in which the experimenter detected an eye
movement during the response accounted for no more
than 1% of the trials for any participant and were not
included in subsequent data analyses.

Dependent variables and statistical analyses

Movement onset was the frame at which the instanta-
neous velocity rose above 50 mm/s for ten consecutive
frames (50 ms). Movement oVset was the frame at which
instantaneous velocity fell below a value of 50 mm/s for
ten connective frames. Dependent variables included:
movement time (MT: time between movement onset and
oVset), peak velocity (PV: maximum resultant velocity
between movement onset and oVset), time to peak veloc-
ity (TPV: time between movement onset and maximum
resultant velocity), time after peak velocity (TAPV: time
between maximum resultant velocity and movement
oVset), constant error (CE) in the primary movement
direction (overshoot = +CE, undershoot = -CE) and its
associated variable error (VE) value. We also computed
the spatial position of the limb in the primary movement
direction at discrete points in the reaching trajectory to
determine the extent to which our experimental manipu-
lations inXuenced unfolding reaching responses. SpeciW-
cally, we measured limb displacement at four kinematic
markers: peak acceleration (PA: maximum resultant
acceleration between movement onset and oVset), PV,
peak deceleration (PD: maximum resultant negative
acceleration between movement onset and oVset) and the
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ultimate endpoint of the response (END: i.e., position of
limb at movement oVset). Additionally, we computed the
proportion of endpoint variability (R2) explained by
limb displacement at PV and PD separately for each par-
ticipant.4 The logic behind this analysis is that reaches
controlled more online should produce lower R2 values
as the unfolding trajectory is modiWed to attenuate early
planning errors (see Heath 2005 for complete details).

Corrective submovements (i.e., discrete movement cor-
rections) were identiWed using the algorithms developed
by Chua and Elliott (1993). Corrective submovements
were deWned as signiWcant deviations in acceleration over
and above the primary acceleration and deceleration, and
included deviations before and after PV, and secondary
zero-crossings. A signiWcant deviation was deWned as a
“Xuctuation” that did not lead to a change in sign lasting
at least 70 ms (i.e., 14 samples) and meeting an amplitude
criterion of 10% of the greatest absolute acceleration
value. Zero-crossing were negative to positive transitions
in acceleration. As well, reversals in the direction of
movement were determined from the velocity proWles.
Reversals were positive to negative transitions in velocity
reXecting a change from forward to backward movement.
These corrections were tallied and divided by the number
of trials in each condition to determine the average
number of corrections per trial.

An alpha level of 0.05 was used to interpret all omni-
bus tests and only signiWcant eVects are reported. Unless
otherwise stated (see exceptions below), dependent vari-
ables were subjected to 2 (block: control, experimental)
by 2 (visual Weld: UVF, LVF) by 3 (target: near, middle,
far) repeated-measures ANOVA. Where appropriate,
F-statistics were corrected for violations of sphericity
using the appropriate Huynh-Feldt correction (corrected
degrees of freedom reported to one decimal place). Sig-
niWcant eVects/interactions were decomposed using sim-
ple eVects or power polynomials. For comparison with
other studies examining visual Weld asymmetries in goal-
directed aiming, Table 1 provides ANOVA summary of
the impact of visual Weld across common variables used
in this and other research.

Results

Performance measures

The analysis of MT exhibited an eVect for target, F(2,
48)=23.86, P<0.001, and a block by target interaction,
F(2, 48)=4.98, P<0.02. Reaches to the near target dur-
ing experimental trials elicited longer MTs than their

control condition counterparts (t(24)=2.25, P<0.04).
MTs for reaches to the middle and far target did not vary
as a function of experimental condition (ts(24)=1.03 and
0.77, respectively Ps>0.05) (Fig. 1). We also computed
slopes of the relationship between target distance and
MT separately for each participant and subjected those
data to 2 (block: experimental, control) by 2 (visual Weld:
LVF, UVF) repeated-measures ANOVA. Analysis of
slope values produced an eVect for block, F(1, 24)=7.49,
P<0.02: slopes for experimental trials (4 ms) were shal-
lower than control trials (10 ms). Slopes for the LVF
(6 ms) and UVF (7 ms) did not diVer.

Our analysis of CE showed that control trials under-
shot target location less than experimental trials, F(1,
24)=4.29, P<0.05. The results for VE showed that LVF
reaches were less variable than UVF reaches, F(1,
24)=4.51, P<0.05. In addition, VE elicited an eVect for
block, F(1, 24)=7.20, P<0.02, and an interaction involv-
ing block by target, F(2, 48)=6.29, P<0.01. Reaches to
the near and far target were more variable during experi-
mental than control trials (ts(24)=2.60 and 3.11, respec-
tively, Ps<0.02). Reaches to the middle target did not
vary across experimental conditions (t(24)=1.03, P>0.05)
(see Table 2 for CE and VE experimental means).

Kinematic measures

The results for PV yielded an eVect for target, F(2,
48)=283.17, P<0.001, and a block by target interaction,
F(2, 48)=53.01, P<0.001. PVs for reaches to the near
target during experimental trials were larger than their
control condition counterparts (t(24)=3.06, P<0.01),
whereas PVs did not diVer for the middle target

4 Previous research has shown that the proportion of endpoint vari-
ance explained by the spatial position of the limb at peak accelera-
tion does not provide suYcient predictive power to explain
unfolding reaching kinematics (see Heath 2005; Heath et al. 2004).
Hence, in the present research R2 values for movement endpoints
were restricted to the spatial location of the limb at peak velocity
and peak deceleration.

Table 1 ANOVA model summary for the recorded main eVect of
Weld [lower visual Weld (LVF), upper visual Weld (UVF)] and inde-
pendent and combined interactions of Weld across block (experimen-
tal, control) and target (near, middle, far) for movement time, peak
velocity, constant and variable error

a Interpreted as statistically reliable

Dependent variable df F P

Movement time
Field 1, 24 0.50 0.48
Field by block 1, 24 0.75 0.39
Field by target 2, 48 0.59 0.55
Field by block by target 2, 48 0.60 0.53

Peak velocity
Field 1, 24 0.03 0.86
Field by block 1, 24 0.68 0.41
Field by target 2, 48 0.32 0.72
Field by block by target 2, 48 2.00 0.15

Constant error
Field 1, 24 0.66 0.42
Field by block 1, 24 0.54 0.46
Field by target 2, 48 1.73 0.18
Field by block by target 2, 48 0.82 0.44

Variable error
Field 1, 24 4.51 0.04a

Field by block 1, 24 0.49 0.48
Field by target 2, 48 2.01 0.14
Field by block by target 2, 48 1.73 0.18
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(t(24)=¡0.44, P>0.05). For the far target, PVs during
experimental trials were less than control trials
(t(24)=¡3.26, P<0.01) (Fig. 1). In line with our MT anal-
ysis, we computed slopes for the relation between PV and
target distance. It was found that slopes for control trials
(129 mm/s) were steeper than experimental trials (38 mm/
s), F(1, 24)=26.50, P<0.001. The positive slope for experi-
mental trials indicates a degree of scaling with target eccen-
tricity, albeit to a lesser degree than control trials. Slopes
for the LVF (83 mm/s) and UVF (84 mm/s) did not vary.

The results for TPV revealed an eVect for target, F(2,
48)=40.93, P<0.001, such that TPV increased with tar-
get eccentricity (only linear eVect signiWcant: F(1,

24)=49.53, P<0.001). The analysis of TAPV yielded a
block by target interaction, F(2, 48)=6.69, P<0.01.
Reaches to the near target during experimental trials
spent more time after PV than reaches to the same target
during control trials (t(24)=3.00, P<0.01). TAPV for
reaches to middle and far targets did not vary across
control and experimental trials (ts(24)=0.60 and ¡0.54,
respectively, Ps>0.05).

Spatial displacement of reaching trajectories 

Limb displacement in the primary movement direction
was examined via 4 (marker: PA, PV, PD, END) by 2

Fig. 1 The top panel depicts 
peak velocity (PV: mm/s), and 
the lower panel depicts move-
ment time (MT: ms) as function 
of block (experimental, control), 
visual Weld [lower visual Weld 
(LVF), upper visual Weld (UVF)] 
and target location (near, mid-
dle, far)
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(block: control, experimental) by 2 (visual Weld: UVF,
LVF) by 3 (target: near, middle, far) repeated-measures
ANOVA. This analysis produced eVects for marker,
F(1.9, 45.7)=857.15, P<0.001, block, F(1, 24)=14.88,
P<0.02, and target, F(2, 48)=954.84, P<0.001, as well
as interactions involving marker by target, F(4.6,
111.6)=187.25, P<0.001, and marker by block by target,
F(2.7, 66.8)=9.82, P<0.001. We elected to decompose
the three-way interaction by examining the eVect for tar-
get separately at each kinematic maker and block. At
PA, target eccentricity did not inXuence experimental or
control trials (Fs(2,48)=1.95 and 2.07, respectively,
Ps>0.05). At PV (F(2, 48)=7.41 and 84.24, Ps<0.01),
PD (Fs(2, 48)=184.60 and 677.51, Ps<0.001) and END
(Fs(2, 48)=476.67 and 1774.57, Ps<0.001), however,
limb displacement scaled to target eccentricity for both
experimental and control trials, respectively. Although
these post hoc contrasts did not uncover the diVerential
impact of block on marker and target, examination of
Table 3 indicates the inXuence of block stemmed from a

more robust scaling between limb displacement and tar-
get location for control trials—particularly at PV.

Proportion of endpoint variance (R2) explained at PV
and PD and corrective submovements

R2 values were submitted to 2 (marker: PV, PD) by 2
(block: control, experimental) by 2 (visual Weld: UVF,
LVF) by 3 (target: near, middle, far) repeated-measures
ANOVA. This analysis produced eVects for marker, F(1,
24)=33.28, P<0.001, and target, F(2, 48)=4.92, P<0.02.
R2 values increased from PV (0.13§0.01) to PD
(0.37§0.04) and R2 values for near (0.25§0.02) and far
(0.28§0.03) targets were less than the middle target
(0.21§0.02) (signiWcant quadratic polynomial: F(1,
24)=19.30, P<0.001).

Analysis of corrective submovements revealed eVects
for block, F(1, 24)=11.01, P<0.01, target, F(2,
48)=5.27, P<0.01, and an interaction involving block
by target, F(2, 48)=21.94, P<0.001. Reaches to the near
(0.82) and far (0.65) targets during experimental trials
elicited more corrective submovements than their con-
trol condition counterparts (near=0.53; far=0.53)
(ts(24)=4.45 and 3.89, respectively, Ps<0.01). The mean
number of corrective submovements for the middle tar-
get did not vary across experimental (0.63) and control
(0.59) trials (t(24)=1.53, P>0.05).

Discussion

The current study examined whether online movement
corrections are more eVective and eYcient when imple-
mented in the LVF of peripersonal space. To accomplish
that objective, we examined the trajectories of discrete
reaches performed in the LVF and UVF under condi-
tions wherein target location remained constant (i.e.,
control trials) or was unexpectedly perturbed at move-
ment onset (i.e., experimental trials). We reasoned that
the latter situation would create a requirement to modify

Table 2 Constant and variable error (mm) in the primary move-
ment axis as a function of block (experimental and control), visual
Weld (upper: UVF and lower: LVF), and target displacement (near,
middle, far)

The standard error of the mean is in parentheses

Constant error Target displacement

Near Middle Far

Experimental-LVF ¡3.3 (1.8) ¡1.3 (1.9) ¡1.8 (2.5)
Experimental-UVF ¡3.5 (2.7) ¡1.7 (2.1) ¡2.1 (2.8)
Control-LVF 0.4 (2.1) 0.5 (2.0) ¡0.7 (2.1)
Control-UVF 0.4 (2.0) 0.1 (2.1) ¡0.4 (2.3)

Variable error Target displacement

Near Middle Far

Experimental-LVF 10.3 (0.7) 8.3 (0.4) 9.3 (0.5)
Experimental-UVF 10.4 (0.7) 9.4 (0.6) 11.2 (0.7)
Control-LVF 8.6 (0.4) 7.9 (0.4) 8.7 (0.5)
Control-UVF 9.7 (0.6) 10.4 (0.9) 9.2 (0.7)

Table 3 Limb displacement (mm) in the primary movement direction as a function of kinematic marker (PA, PV, PD, END), block (exper-
imental and control), visual Weld (upper: UVF and lower: LVF), and target distance (near, middle, far)

The standard error of the mean is in parentheses

Marker/experimental block Experimental Control

Near Middle Far Near Middle Far

Peak acceleration 
LVF 24 (3) 33 (6) 33 (5) 28 (4) 22 (3) 24 (3)
UVF 26 (4) 26 (5) 29 (6) 32 (6) 21 (3) 25 (4)
Peak velocity
LVF 226 (9) 230 (8) 237 (8) 208 (8) 229 (9) 248 (11)
UVF 230 (10) 231 (8) 241 (8) 205 (6) 228 (8) 247 (9)
Peak deceleration
LVF 335 (4) 361 (5) 390 (6) 326 (6) 356 (7) 387 (6)
UVF 337 (6) 361 (6) 392 (8) 324 (7) 354 (6) 388 (7)
Movement endpoint
LVF 351 (4) 379 (4) 411 (5) 347 (4) 378 (4) 410 (4)
UVF 351 (5) 380 (4) 410 (5) 347 (4) 378 (4) 411 (5)
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an originally planned movement trajectory, thus provid-
ing a novel opportunity to examine the hypothesized
LVF advantage for online limb adjustments.

The impact of an unexpected target perturbation:
evidence for online control

The magnitude and timing of peak velocity scaled in
relation to Wnal target properties during both control
and experimental trials. Interestingly, however, the
slopes relating PV to target eccentricity were much shal-
lower for experimental as compared to control trials (cf.
Heath et al. 1998). Taken together, those Wndings indi-
cate that although some trajectory reorganization
occurred during the early stages of a perturbation trial
(e.g., Bédard and Proteau 2004), initial reaching kinemat-
ics were inXuenced by target characteristics available to
the visuomotor system at the time of response cuing (the
so-called real-time control hypothesis: Westwood and
Goodale 2003). Such a Wnding is in keeping with a two-
component model of reaching control (i.e., Woodworth
1899) and the notion that central planning mechanisms
governing the initial stages of visually guided actions are
largely, but not entirely, refractory to the integration of
aVerent resources for online error reduction (e.g., Beggs
and Howarth 1972; Carlton 1981).

In spite of the fact that the initial kinematics of some
experimental trials (i.e., the perturbation trials) were inap-
propriate for the optimization of speed and accuracy,
participants’ trajectories were reorganized based on Wnal
target properties (cf. Heath et al. 1998, 1999). Indeed,
Table 3 shows that in response to a target perturbation
participants amended the spatial characteristics of their
reaching trajectory en route to the target. In terms of the
overall duration of reaching movements, MTs for the
middle and far target did not vary as a function of control
and experimental trials. Thus, participants eYciently
modiWed their reaching trajectory when a target perturba-
tion occurred in a direction consistent with the primary
movement impulse. For a perturbation to the near target,
however, MTs were signiWcantly longer than their control
condition counterparts. That pattern of results has been
previously linked to the increased mechanical and psy-
chophysical diYculty associated with applying corrective
deceleration forces in a direction opposite the primary
movement impulse (Elliott et al. 1999b, 2001; Heath and
Westwood 2003; Oliveira et al. 2005). In line with that
position, our results show the overall lengthening of MT
for a near target perturbation to be attributed to
increased TAPV, that is, the time when the limb is decel-
erating and the operator is devoting signiWcant resources
to the evocation of online adjustments required to “hit
the target” (e.g., Langolf et al. 1976; MacKenzie et al.
1987; Krigolson and Heath 2004).

Concerning the nature of movement corrections,
trials containing a target perturbation elicited more
corrective submovements than trials wherein target posi-
tion remained stationary (cf. Heath et al. 1998, 1999).
Moreover, the majority of corrective submovements (i.e.,

75%) occurred after peak velocity. These results in com-
bination with the Wndings for TAPV described just
above appear to link visually based movement correc-
tions to discrete adjustments during the deceleration
phase of the reaching trajectory (e.g., Beggs and
Howarth 1972; Meyer et al. 1988). That explanation,
however, is tempered by the fact that the timing, magni-
tude and displacement of the limb at peak velocity dur-
ing perturbation trials scaled in relation to Wnal target
characteristics (albeit peak velocity scaled to a lesser
degree for experimental than control trials). Moreover,
experimental and control trials elicited similar R2 values
at PV and PD. Thus, participants’ ability to correct their
reaching trajectory online does not appear to have been
entirely limited to discrete adjustments during the latter
stage of the reaching trajectory; rather, evidence suggests
that a combination of discrete and continuous (e.g.,
Georgopoulos et al. 1983; Heath et al. 2004; Pelisson
et al. 1986; Stubbs 1976) corrections enabled the visuo-
motor system to eVect temporally eYcient and eVective
online movement corrections throughout the movement
trajectory (see Elliott et al. 1999a for review).5 Impor-
tantly, the fact that experimental and control trials
exhibited broadly comparable movements durations and
endpoint accuracy values indicates that visual feedback
was used to accommodate an unexpected target pertur-
bation (cf. Heath et al. 1998).

Online movement control in the LVF and UVF

As just described, the target perturbation paradigm used
here mandated online limb adjustments and thus pro-
vided a means to explore the hypothesized LVF advan-
tage for online reaching control (e.g., Khan and
Lawrence 2005). In terms of early reaching kinematics,
neither experimental nor control trials elicited a visual
Weld asymmetry. As such, the timing and magnitude of
PV, as well as the slopes associated with the linear equa-
tions for PV, did not diVer for LVF and UVF reaches.
Moreover, the spatial position of the limb during early
reaching kinematics (i.e., PA and PV) did not diVerenti-
ate between LVF and UVF reaches. Those results sug-
gest that the LVF does not access preferential visual
inputs for the initial kinematic parameterization of
action. As indicated above, however, it is possible that
the expression of a LVF advantage might be limited to
situations wherein visual feedback is used later in the
reaching trajectory for movement corrections. Thus, a
LVF advantage might be preferentially asserted during
the later stages of reaching, particularly when the per-
former modiWes their trajectory to accommodate a target
perturbation. In examination of that hypothesis, we
found that MT and the slopes associated with the linear

5 Endpoint variability for trials involving a perturbation was greater
than for trials involving a stationary target position. As stated else-
where, increased endpoint variability is thought to represent inher-
ent neuromuscular instability in the evocation of online limb
adjustments (e.g., Khan et al. 2002).
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equations for MT, as well as endpoint accuracy values
(i.e., CE) did not elicit a visual Weld asymmetry. More-
over, participants devoted similar epochs in time (i.e.,
TAPV), a similar number of corrective submovements
and demonstrated equivalent R2 values for LVF and
UVF reaches—evidencing a comparable level of online
control. Interestingly, however, we did observe a statisti-
cally reliable advantage for LVF reaches in terms of the
spatial distribution of movement endpoints (i.e., VE). We
will return to this important metric following redress of
the temporal and endpoint accuracy symmetry of LVF
and UVF reaching movements.

Recall Danckert and Goodale’s (2001) observation
that reaches in the LVF, but not UVF, produce robust
speed versus accuracy relations. In contrast, the control
trials used in the present study as well as Binsted and
Heath’s (2005) results demonstrate that early and late
reaching kinematics elicit robust speed versus accuracy
relations for both visual Welds. In terms of reconciling
this discrepancy, it is entirely possible that Danckert and
Goodale’s use of exceptionally low index of diYculties
(IDs: 0.3–1.5 bits) contributed to the production of
essentially ballistic actions (see Gan and HoVman 1988)
selectively restricting the expression of speed versus
accuracy relations to the LVF. The range of IDs used
presently and in Binsted and Heath (IDs: 1.5–7 bits),
however, was selected on the basis of values that were
originally demonstrated by Fitts (1954) to show a robust
log-linear relation between movement diYculty and
movement time. Hence, we assert that speed versus accu-
racy relations can be expected for both LVF and UVF
reaches when movements are completed within a range
of IDs speciWed in Fitts’ classic research.

Concerning the issue of response accuracy, the three
published studies examining the endpoint accuracy of
LVF and UVF reaching movements have produced
mixed results. One study reported null diVerences (Bin-
sted and Heath 2005) whereas the other two studies
(Danckert and Goodale 2001; Khan and Lawrence 2005)
noted improved accuracy for the LVF: a Wnding Khan
and Lawrence linked to superior feedback-based pro-
cessing in the LVF. Of course, in the present investiga-
tion we employed a target perturbation paradigm as a
direct test of the reported visual Weld asymmetry for
visual feedback processing and did not Wnd evidence of a
LVF advantage for endpoint accuracy. Moreover, results
for movement duration and movement characteristics
during the deceleration phase of reaching trajectories did
not show evidence of a visual Weld asymmetry.

As one might expect, it is entirely possible that the
discrepant Wndings just mentioned might be best
explained by means of between-experiment methodolog-
ical diVerences. For example, in the Introduction we for-
warded the notion that an instruction set emphasizing
both movement accuracy and speed (Danckert and
Goodale 2001) or the “smoothness” of a reaching
response (Khan and Lawrence 2005) relative to instruc-
tions emphasizing movement speed alone (Binsted and
Heath 2005) might impact reaching control and account

for the equivocal expression of a visual Weld asymmetry.
We, however, are able to rule-out that possibility because
the instruction set used here (i.e., emphasizing both
movement speed and accuracy) is parallel to that used in
a previous study reporting a reliable LVF advantage for
endpoint accuracy (i.e., Danckert and Goodale 2001).
Thus, the present Wndings add importantly to the litera-
ture because they highlight the existence of a controversy
surrounding the extent a LVF advantage can be attrib-
uted to a broad range of parameters underlying visually
guided actions.

Notwithstanding the symmetrical temporal and accu-
racy characteristics of our LVF and UVF reaching
movements, we did observe a LVF advantage in terms of
endpoint variability. Similar Wndings were reported by
Khan and Lawrence (2005) and Binsted and Heath
(2005).6 Moreover, Brown et al. (2005) showed that max-
imum grip aperture is more stable when reaching to
grasp an object in the LVF. Thus, converging behavio-
ural evidence suggests that the greater density of retinal
ganglion cells in the superior hemiretina (Curcio and
Allen 1990) persisting to the visuomotor networks of the
dorsal visual pathway (e.g., Previc 1990) may enhance
the Wdelity of visuomotor processing and improve the
stability of actions performed in the LVF of peripersonal
space.
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