RAPID COMMUNICATION

Evidence for an Eye-Centered Spherical Representation of the
Visuomotor Map

PHILIPP VETTER, SUSAN J. GOODBODY, AND DANIEL M. WOLPERT
Sobell Department of Neurophysiology, Institute of Neurology, London WC1N 3BG United Kingdom

Vetter, Philipp, Susan J. Goodbody, and Daniel M. Wolpert. such a single-point remapping based on five a priori hypotheses
Evidence for an eye-centered spherical representation of the visgd-the coordinate system of the visuomotor map: Cartesian

motor map.J. Neurophysiol.81: 935-939, 1999. During visually coordinates based at the shoulder and eye, and spherical coor-

guided movement, visual coordmates of target Iocatlon_must _be trapsnates based on both shoulder and eye and joint-based coor-
formed into coordinates appropriate for movement. To investigate t

representation of this visuomotor coordinate transformation, we € Enates. This work builds on previous studies of spatial gener-

amined changes in pointing behavior induced by a local visuomo? zation In one (Bedford 1989, 1993b) and twq dlmensu_)ns
remapping. The visual feedback of finger position was limited to of{&®hahramani et al. 1996), suggesting a Cartesian coordinate
location within the workspace, at which a discrepancy was introduc8¥Stem, and generalization in the velocity domain suggesting a
between the actual and visually perceived finger position. This rema}ecay of adaptation at novel velocities (Kitazawa et al. 1997).
ping induced a change in pointing that extended over the entifdne present study used pointing in three-dimensional space,

workspace and was best captured by a spherical coordinate systeiich allowed natural pointing movements and joint angle
centered near the eyes. measurements.

INTRODUCTION METHODS

To reach a visually perceived target, the CNS must trandUPjects
form visual information into appropriate motor commands Eignt right-handed subjects (5 men; 3 women; ages 21-33) gave
(Andersen et al. 1985; Flanders et al. 1992; Ghilardi et aheir informed consent and participated in the study. Subjects were
1995; Kalaska and Crammond 1992; Soechting and Flandassve to the purpose of the experiment. They participated in a remap-
1989). This transformation from visual to motor coordinates 8ng and a control session on separate days in a balanced order.
known as the visuomotor map. Plasticity of the visuomotdrontrol sessions were identical to the remapping session except that
map is essential, as sensorimotor discrepancies inevitably afi§e/isuomotor remapping was introduced.
throughout life, for instance due to body growth (Held 1965;
Howard 1982). This plasticity has been studied extensivelXpparatus
demonstrating the remarkable ability of the visuomotor map to

adapt, at least partially, to a wide variety of stable remappingsA_ schematic of the (SjetU_Ph is fShOV\éln in Fig. 1d'T(;le Stllgjégt’s ar:m
(for a reVieW, see Welch 1986) osition was monitored with infrare emlttlng lodes ( S) the

azfitions of which were detected by an Optotrak 3020 motion analysis

To aSSﬁSS the r:jatural C((j)_ordl_nateh'_syﬁterg_ of the Vlsuomog ‘]_Em (Northern Digital, Waterloo, Ontario) at 90 Hz. 18 IREDs
map, we have used a paradigm in which subjects were expo mounted on three rigid bodies (RB) placed on the subject’s

to a single novel visuomotor (visuoproprioceptive) pairingingertip (8), forearm (6), and upper arm (4). To measure joint angles,
Such a single-point remapping can be captured by a shifttife center of the shoulder rotation (shoulder position) was determined
almost any coordinate system. However, the pattern of geney-pivoting the elbow around a fixed shoulder and calculating the
alization, that is the change in pointing at other points in thmint relative to the upper arm RB whose positional variance in
workspace, will be determined by the particular coordinaféartesian space was minimal. The elbow position was determined by
system in which the visuomotor map is represented. In coi@tating the upper arm and forearm and calculating the point relative
trast, previous studies of visuomotor adaptation generally hg@ghe upper arm RB whose positional variance relative to the forearm
used prisns 1 alfer e visuomolor map Over & arge regon'Q 2 ML, e, he e centr of aton Jont ol
the vvprkspace. This is qulvalent tq prowdmg a_set of tram'ﬁatrices, which define the position and orientation of the upper arm
data,'n t,he_ for'm. of many visuoproprioceptive pairs. From su d forearm RBs. From the orientation of the upper RB, the joint
studies it is difficult to infer the natural coordinate system Qfnglesy, g, «, which represent successive rotations of the upper arm
the map as the set of visuoproprioceptive pairs experiencgbut fixed Cartesiar, y, andz axes, respectively, were calculated
may be in conflict with the visuomotor map’s natural coordisee Fig. 1). The zero angular position for the upper arm was taken as
nate system, leading to an ambiguous adaptation. the upper arm pointing downward aligned with the vertakis and

We compared predicted and actual changes in pointing afte¢ forearm pointing along the positiyeaxis when the elbow was

bentto 90°. The elbow anglpwas the angle between the forearm and

1The costs of publication of this article were defrayed in part by thE® upper arm and was calculated from the relative orientations of the
payment of page charges. The article must therefore be hereby matied ‘Upper arm and forearm RBs.
vertisemeritin accordance with 18 U.S.C. Section 1734 solely to indicate this A three-dimensional virtual visual feedback setup was used to
fact. overlay images on to the arm’s workspace (for details of this setup,

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 935



936 P. VETTER, S. J. GOODBODY, AND D. M. WOLPERT

shuttered glasses rear projection screen maximize the differences in the predictions of the hypotheses tested.
To limit the visuoproprioceptive exposure, visual feedback of finger
position (green cube) was only displayed when subjects were within
3 cm of the target. The trial ended when subjects had held their finger
on target continuously for 2 s. The remapping was introduced grad-
ually in the exposure phase, incrementing on each trial so that the full
perturbation was present on trial 17. In the control condition, visual
feedback was altered so that subjects had to point to their average
preexposure position to see their finger on target.

In the postexposure phase, the changes in pointing due to the
exposure phase was assessed. As in the preexposure phase, subject:
pointed to the targets without visual feedback. The exposure target
was presented 18 times and all other targets 3 times in a pseudoran-
dom order. To prevent any decay of learning, an exposure trial was
presented after every three trials.

) ) ) ) Analysis
Fic. 1. Apparatus for measuring unconstrained 3-dimensional arm move- y

ments under 3-dimensional virtual visual feedback. Looking down at the For each subject and target, average pre- and postexposure pointing
mirror through field sequential glasses, the subject sees virtual images of itions were calculated. The difference between pre- and postexpo-
finger and targets, which are projected onto the rear projection screen from Ge represented the generalization of the remapping over the work-

computer. Shuttered glasses alternately blanked the view from each eye in . L
synchrony with the display, allowing each eye to be presented with tjgace. These changes were compared with predictions based on the

appropriate planar view—subjects therefore perceived a 3-dimensional sca¥€ hypotheses about the natural coordinate system of the visuomotor
Shaded area shows the workspace in which the targets appeared. The expd8aie The first was a Cartesian coordinate system with a fixed origin
target, at which a visuomotor remapping was introduced, is shown. between the eyes. Second, a Cartesian coordinate system with origin

at the shoulder was considered. This coordinate system differs from
see Goodbody and Wolpert 1998). The images were generated \ifith eye-centered system as the eye is fixed in external space whereas
the OpenGL graphics package, which uses projective geometrythe shoulder is free to move by several cm. Thus the Cartesian
adjust the size of the image appropriately with its distance and angleoulder coordinate system represents the finger position relative to
from the eye. Therefore the subject sees a perspective view in whibe shoulder. Third, a spherical coordinate system centered about the
the size of the object on the retina reduces as the object moves furtgges €, ¢, 6) was tested, in which, ¢, and 6 represent distance,
away. The system was calibrated for each subject as the perspectizignuth, and elevation, respectively. Fourth, a spherical coordinate
algorithm depends on the subject’s interocular distance. Subjesystem with the origin at the average shoulder position was consid-
could not see their arm but were shown their finger locatma 4 cm ered. Finally a joint-based coordinate system was examined (see
green cube. A computer controlled discrepancy between the finger @jparatusfor joint-angle definition).
cube position could be introduced. Targets were displayed as red, 4or each point, a vectap was calculated representing the location

mm radius spheres. of the finger in a particular coordinate system. For each hypothesis,
the observed change at the exposure targeius= @postexposure™
Procedure ®preexposure FOI €aCH hypothesis and nonexposure target, predictions

were made by addingal to the preexposure pointing coordinates:
Each session had four phases—familiarization, preexposure, exXpfiegiction = @preexposuret dw and then transforming all the predic-
sure, and postexposure—interspersed with rest periods every tids into Cartesian space. Thus the change in pointing at the exposure
movements. Pointing movements were made to 36 targets in theget created a single, global offset in the coordinate system (e.g.,
three-dimensional workspace. One of these targets was the exposiwe= (dr, d¢, d6) in spherical coordinates). In other words, to predict
target, at which the visuomotor remapping was introduced (Fig. 1the change in pointing, the offset calculated from the exposure target
Each trial consisted of a pointing movement to one of the targetsas added to all preexposure pointing coordinates. For spherical
The trial started when the finger moved behind a notional fronteeordinates, we also examined the possibility that the distance
parallel plane 12.2 cm in front of the eyes, at which time a targetas altered by a gairk change mechanism, such thafegicion =
appeared. Subjects were asked to assume a similar starting posikion r, cexposure
with the finger close to their midline. The prediction error for each target was calculated as the magnitude
In the familiarization phase, subjects pointed to targets with continuooithe vector difference between the predicted and actual changes in
veridical feedback of their finger position. The exposure target wasinting. Average preexposure and postexposure positions were used
presented 12 times, and all the other targets were presented twice to ealculate the actual change in pointing. A repeated measure analysis
pseudorandom order. In the preexposure phase, subjects’ pointing embrgariance was performed on the prediction errors as a function of
were assessed before the remapping. Subjects pointed to targets withgpbthesis and target number.
visual feedback of their finger location. The exposure target was pre-
sented 18 times and all other targets 3 times in a pseudorandom orger:r.S ULTS
Each trial ended when the subject’s finger velocity dropped below 1 cm/s:
In the exposure phase, subjects repeatedly pointed to the eXposuf€hanges in pointing between the pre- and postexposure

target k = 8.1 cm,y = 36.2 cm.z = —27.6 cm; origin between thev\Phases in the control condition were not significant along any
eyes) 50 times. During this phase, a visuomotor remapping

introduced, tailored for each subject based on their average preexg(;-the Cartesian coordinate axes (Figh) 2However, remap-

sure pointing position at the exposure target. This ensured a sim#ah9 of a single point in space induced significant changes in
remapping for all subjects independent of their preexposure pointiRQiNting over the whole workspace (FigBR The changes
biases. The remapping required subjects to point 6 cm to the righere significant along the andy but not thez axis (2-tailed
(positive x) of this average position to perceive their finger on targdtfest; P values= x: 0.0001,y: 0.0011,z 0.41). On question-
The location and direction of the remapping were chosen so asiig, only one subject suspected a remapping during the exper-
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imental condition. The pattern of generalization resembledPdSCUSSION
colinear shift in the coronal planeg), whereas in the horizon- A three-di ional virtual reality set dt
tal plane ky) changes looked rotational. The average magni- ', . ree-dimensional virtual reality Setup was used o expose
tude of change in pointing was 4.54 0.32 cm (meant SE) SbeeCtS to' a hlghlyllpcallzeq remapping bgtween actual af‘d
and did not decay significantly with distance from the exposufiSPlayed finger position. This induced significant changes in
point (Fig. 3). sgbjects pomtln_g bghawor over t.he entire workspace which

The actual changes in pointing were best predicted by sph@id not decay significantly with distance from the remapped
ical coordinates centered around the eyes (FB). These location. Several hypotheses as to the natural coordinate sys-
predictions were significantly better than spherical coordinattn of the visuomotor map were tested by comparing predicted
about the shoulderP(< 0.05), joint angles® < 0.05), and changes in pointing with actual changes. The hypothesis of
Cartesian coordinate$ (< 0.001) as well as the hypothesisspherical coordinates with the origin at the eyes best captured
that there is no generalizatiof (< 0.05). The absolute pre-the observed changes. These predictions were significantly
diction errors for each subject and hypothesis are summarizeztter than those based on spherical coordinates about the
in Table 1. This shows that spherical coordinates about the esf@ulder, joint angle coordinates, or Cartesian coordinates.
produced the best prediction for five of the eight subjects andOur results are consistent with Bedford's (1989, 1993a,b) find-
produced the second best prediction for the three remainiings that changes in pointing did not decay with distance from the
subjects. As shown in Fig.G3 spherical coordinates about theremapping and were approximately linear along a fixed radius of
eyes captured the pattern of changes in the pointing observaa. Ghahramani et al. (1996) found a decaying pattern of gener-
An analysis of the prediction errors for the spherical coordinasdization in their planar two-dimensional study. Their study was
system about the eyes (that is the vector differences betwdiarited in two important respects that could account for these
the black and gray arrows of Fig.C3 showed no obvious differences. First they had no control over the starting position of
trends and in particular showed no correlation along any of thiee hand, a factor that is thought to exert an influence over the
Cartesian axesP(> 0.05). The predictions made by the hyvisuomotor remapping. In our study, subjects were confined to
pothesis of a scaling of the distanc® component of the executing movements from a limited region of space in front of
spherical coordinate, as opposed to a single offset, were syir body. Second, the nature of their apparatus constrained the
tematically worse than for the single offset hypothesis (data ratbject to make unnatural pointing movements, forcing subjects to
shown). point at the height of their shoulder.
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FIG. 3. A: magnitude of change in pointing with distance from the exposure taBgetlative decrement of the mean prediction
errors (=SE) over the hypothesis based on spherical coordinates around th€egemparison of predicted changes in pointing
based on spherical coordinates around the eyes (gray) with actual changes (black) in the same format as Fig. 2. Predictions are based
on the change in pointing at the exposure target (highlighted by a square). Pooled data from all subjects are shown.

Previous generalization studies focusing on movement dyer-centered coordinates (Flanders et al. 1992; Soechting et al.
namics have found joint-based generalization (Shadmehr a@f90). Mcintyre et al. (1997) found evidence for an eye-
Mussa-Ivaldi 1994). However, we show in this study that fazentered frame of reference by analyzing variable errors and
the visuomotor map, the natural coordinate system is nminstant errors in a three-dimensional pointing task to remem-
joint-based. Imamizu et al. (1995) examined pointing behavibered positions with visual feedback of the finger position.
with a 75° rotatory remapping and, consistent with our dat&his finding was independent of the hand used, its starting
showed that subjects learned the rotation for movements in grasition, and head orientation. In a pointing task without visual
direction and generalized this to movements in other direfeedback of finger position, Baud-Bovy and Viviani (1998)
tions. found evidence for a representation in spherical coordinates by

Flanders et al. (1992) had subjects perform targeted aamalyzing the variable errors. Our results show that the process
movements to remembered positions of virtual targets in thres- visuomotor learning also has a natural coordinate system
dimensional space. They suggested that retinocentric cooflaissed on spherical coordinates centered near the eyes.
nates gradually evolve through head-centered to become shoulA neurophysiological study in monkey by Lacquaniti et al.

TABLE 1. Average prediction errors for individual subjects and hypotheses

Subjects
S1 S2 S3 S4 S5 S6 S7 S8
Spherical eye 3.69 (1) 2.79 (1) 3.02 (1) 2.09 (1) 3.47 (1) 3.63(2) 2.87 (2) 2.32(2)
Spherical shoulder 3.97 (2) 2.90 (2) 3.15(2) 2.53(2) 3.59 (3) 3.84(3) 2.99 (3) 2.23 (1)
Joint 4.27 (3) 3.19(3) 3.30(3) 3.31(5) 3.56 (2) 4.34 (5) 2.85(1) 2.35(3)
Cartesian eye 4.66 (4) 3.73(6) 3.86 (5) 2.93(3) 4.11 (6) 4.82 (6) 3.37 (4) 3.53(5)
Cartesian shoulder 4.67 (5) 3.37 (4) 3.51 (4) 3.06 (4) 3.74 (4) 4.19 (4) 3.47 (5) 2.45 (4)
No change 4.84 (6) 3.55 (5) 3.97 (6) 4.28 (6) 4.06 (5) 2.93 (1) 5.89 (6) 4.06 (6)

Errors are in centimeters. Ranking of the hypotheses for each subject is given in parentheses.
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(1995) suggests that the superior parietal lobule (BrodmaBeprForo, F. Perceptual learning. Iithe Psychology of Learning and Moti-
area 5) mlght represent a neural Substrate for an ego_centrr@ﬂon,edlted by D. Medin. New York: Academic F’reSS, 1993b, vol. 30, p.

spherical representation of reaching to a visual target. Analyﬁli_%;DER.S M., HELMS-TILLERY, S.I.H.,AND SoECHTING, J. F. Early stages in a

of electrical discharge of parietal neurons during three'dIm(:m'sensorimotor transformatioBehav. Brain Scil5: 309-362, 1992.

Si_onal reach@ng revealed a sp_ecific neural tuning along tBBanrawani, Z., WoLPERT, D. M., AND JorDAN, M. I. Generalization to local
distance, azimuth, and elevation axes. Both shoulder- angmappings of the visuomotor coordinate transformatibriNeurosci.16:

eye-centered spherical frames fit the neural data, but the ey&085-7096, 1996.
centered frame fitted inghtIy better. GHiLarDI, M. F., GorpoN, J.,AND GHEZ, C. Learning a visuomotor transfor-

: : : . : mation in a local area of work space produces directional biases in other
In co_nclu5|on, by study_mg a highly Ilmlted. visuomotor _ 5 Neurophysiol73: 25352539, 1995,
remapping, we could examine the natural Qoordmate SySsteMdboeooy, S. J.aND WoLperT, D. M. Temporal and amplitude generalization
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three-dimensional space. On the basis of a comparison of thep. R. Plasticity in sensory-motor systen®ci. Am.213: 84-94, 1965.

prediction of several a priori hypotheses, we have determinlé@NARD, I. P. Human Visual OrientationChichester, UK: Wiley, 1982.
hat the pattern of ceneralization seen is best captured blMAMIZU, H., Urx_lo, Y AND KawATO, M. In_tern_al rgprgsentatlons of the motor
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