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Abstract Inter-limb learning transfer (ILT) between the Introduction

upper-limbs has been well documented, but no corre-

sponding study of the lower limbs has been done. Wea~Nhile central motor control of the limbs is primarily
investigated ILT in the lower limbs of subjects who learnedcontralateral, there is increasing evidence that specibc
to move a cursor toward targets within 800 ms using anklgéypes of learned motor actions can transfer across the
movements: plantar/dorsi-Bexion and inversion/eversionhemispheres (Sainbur2002. Inter-limb transfer (ILT) of
Twenty-two healthy right-dominant subjects were dividedacquired motor skills, i.e., the ability of a limb to perform
into two groups: half performed the tasks brst using thea task learned by the opposite limb, has been demon-
right foot (group RL), and the other half performed it brststrated for many activities such as drawing, writing,
with the left foot (group LR). Targets appeared on amirror tracing, ball catching, and pointing (Ketterlinus
computer screen at head-height while subjects were seatd®31;, Cook 19333 b; Hellebrandt et al1947). Most ILT

with one foot on a goniometric ankle platform. Subjectsresearch focuses on the upper limbs and shows ILT to be
were required to move the cursor toward one of threeeither symmetric (bi-directional) or asymmetric, depend-
randomly appearing targets under two conditions: (1)ing on the task studied. The learning of simple tasks, such
neutral or no visual motor rotation, and (2) with a°30 as grasping, lifting small objects, or anticipatory timing,
visuo-motor rotation. Performance was quantibed byransfers across hemispheres symmetrically (Lee and
computing thez-score for direction and position errors for Carroll 2007). ILT of more complex learned movements,
each subject and ILT was assessed by comparing grouguch as reaching in the presence of visuo-motor (VM)
performances for each foot. Results demonstrated thabtations is generally asymmetric and correspondingly
group LR but not group RL experienced signibcant ILT of more complex. In these studies, the two major determi-
directional as well as positional information in both tasks innants of reaching effectiveness, initial trajectory and pnal
a manner refl3ective of the distinctly different functional hand position, are selectively learned and transferred by

roles played by the upper and lower limbs. opposite hemispheres. Specibcally, initial trajectory
information transfers from the non-dominant (L) arm to
Keywords Inter-limb transfer- Motor learning- the dominant (R) arm but not vice-versa, and the opposite
Ankle - Cross hemispheric transfeLimb dominance occurs for bPnal position information (Sainburg and Wang
Visuomotor rotation Lower limb 2002 Criscimagna-Hemminger et ak003 Wang and

Sainburg2006. This type of asymmetric ILT may ref3ect
hemispheric specialization, wherein the dominant hemi-

T. Morris () - M. Wininger - W. Craelius sphere specializes in movement trajectory information
Department of Biomedical Engineering, while the non-dominant hemisphere specializes in pnal
Rutgers University, New Brunswick, NJ, USA position (Sainburg2002. According to this theory, both
e-mail: tifm@eden.rutgres.edu hemispheres receive similar information on visual rotation
N. A. Newby but specialized controllers in each hemisphere use it
Nian-Crae, Inc., Somerset, NJ, USA differently.
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The possibility of ILT between the lower limbs has beensand, etc.), and the preference for the foot in providing
investigated, with mixed results. In one study, subjectsupport during tasks such as hopping on one foot, etc.
walked on a split-belt treadmill requiring each leg to adapt(Elias et al.1998. A written version of the Waterloo test
to a different speed, but no evidence of learning transferwas followed by an active physical version in which sub-
ence to the mirror condition was found (Prokop et al.jects were asked to demonstrate use of their feet, according
1999. Similar absence of ILT was found in another studyto the written questions. To ensure that only right-dominant
in which subjects learned a one-legged hopping task on subjects were used, only those with foot dominance scores
treadmill (Anstis 1995. Positive evidence for ILT was greater than 5 were included.
reported by van Hedel et aRQ02, whose subjects learned
to step over an obstacle with the lowest clearance possibExperimental set-up
while walking on a treadmill. In this study, obstacle
avoidance skill was primarily manifested as improved kneeSubjects sat in a height-adjustable chair with feet hip-width
control, which transferred symmetrically between the legsapart, and shank oriented vertically, as depicted in Eig.
Ankle adaptation and transfer, in contrast, were nofThe foot was secured to a custom isokinetic ankle platform,
observed, presumably due to the greater complexity andnd chair height was adjusted to bring the foot in contact
hence variability of the ankle joint. It was postulated thatwith the platform with minimal vertical load (Morris et al.
the positive bnding in this study could have occurred2007). The ankle platform was mounted on a universal
because the task involved learning by knee Rexors, rathgoint btted with potentiometers for goniometric registration
than the extensors as tested in the two earlier studies (vaf dorsiRexion and plantar RBexion on theaxis and
Hedel et al.2002. According to this hypothesis, knee inversionbeversion motions on thexis. The goniometer
Rexors are more receptive to ILT than extensors duringutput was digitized and sent to a computer to control
walking because they are inherently more centrally coupledursor movement. Subjects thus could move the cursor up
than knee extensors via reciprocal inhibition. and down with dorsiBexion and plantar RBexion respec-

The goal of the present study was to systematically testively, and left and right by everting/inverting the right foot
for ILT in a single lower limb joint: the ankle. Our learning or oppositely for the left foot. Subjects viewed the cursor
paradigm was patterned after earlier studies of ILT in theand targets on a ¥6screen with 800x 600 pixels reso-
upper limb and involved target reaching by the foot withoutlution updated at 60 Hz. Subjects bxated on the screen,
and with presence of VM rotations (Sainburg and Wangwhich was head-height, and did not directly observe
2002 Wang and Sainbur@006. We report the existence their feet during testing. Goniometric accuracy was
of signibcant ILT between the lower limbs, and note its0.64+ 0.17 and data were sampled at 13 Hz.
clinical implications. Each subject performed two tasks adapted from Sain-

burg and Wang 2002, as shown in Tabld. Group RL
subjects performed the tasks brst with the right foot, and

Methods then with the left foot; group LR subjects did the opposite.
During task (1), the cursor moved in proportion to the
Subjects biaxial ankle rotations of the user. Throughout task (2), a

VM rotation was imposed, wherein the previously learned

Twenty-two neurologically intact right-footed adults (meanankle motions now moved the cursor °3Qcounter
age 27.1, range 21P36 years, 10 males and 12 females)
participated in this study; twenty of the subjects completec'
the entire protocol, and an additional two subjects only
performed the neutral protocol. Subjects were randomly
divided into either group RL or LR. Group demographics
did not differ with respect to age, weight and height. ||
Written, informed consent was obtained from each subjec
prior to participation, and was approved by the Rutgers
University Internal Review Board. The inclusion criterion
consisted of being right foot dominant. All subjects had
normal ranges of ankle motion and experienced no pain c
stiffness. ) _ ) ) _ _

Footedness was assessed using the modibed Waterlft | EXRTTEND seu, St vre s 0 ot st
footedness questionnaire that addressed the preference s strapped onto the ankle platform. Subjects watched a computer
a foot manipulating an object (kicking a ball, smoothing screen as they controlled a cursor with ankle motions
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Table 1 Experimental design

Group Task 1: Neutral Task 2: VM Rotate Catch:Neutral 1 .3 .
144 Trials 144 Trials 4 Trials
11 Subjects per group 10 subjects per group 5 subjects r f :
p —
RL R «~-L R L D, D/E ! Dn D ( D/E | DE*
LR L R L R «<7T—IDy { .
In Task 1, the second, OFT foot of each group is compared with the
corresponding n&é foot of the other group, as denoted &yows.
Identical comparison is made for task 2. In the catch trial, the brs
four initial directions (IDs) of the OFT feet of both groups are
compared )
Left Right Left Right Right
Neutral  Neutral VMR VMR  Neutral

clockwise (ccw) relative to the starting circle, causing the
subject to learn a new motion, that needed to be rotatéd 3(rig. 2 Experimental Protocol for group LR. The task sequence and
clockwise (cw) to hit each target. Each task consisted of 2ideal direction of movements toward targets for a member of group
trials to each of three (random) targets, for a total of 72L'R are illustrated. Targets and tra!'ectories to them (1, 2, 3 ftgimo
trials per task for each foot; each subject performed 282”ght) are coded ashades from light to dark. The left foot (eft
) | Al ’ ~neutral) initially trains to hit each target 24 times, using (ideally)
trials in total. In addition, Pve subjects were presented witlqorsiRexion and inversioryr) for target 1, dorsiBexion onlylX) for
a catch-trial, in which the VM rotation was removed. Thetarget 2, and dorsiRexion and eversidwk) for target 3. The right
arrows denote the cross-group and within-group ComparifOOt (right neutral) then performs the same tasl§, however, movements
from targets 1 and 3 are reversearrpws omitted). For left VM
sons (Tablel). rotation (30 ccw), movements must be shifted cw, as shown. For
At the start of each trial, subjects positioned the cursoright VM rotation, the movements are also shifted cwrrows
inside of a start circle located in the center of the screelomitted). For the neutral (catch) trial, the ccw rotation is removed
and held it for 0.3 seconds, using the foot attached to th{arrows omitted)
platform. After receiving an audio and visual 00goQ0 cue, the
subjects were given 800 ms to move the cursor to one of
three targets that appeared at random. Targets were locatéeP) error, initial direction (ID) error, and Pnal direction
around the base at radial distances of 250 pixels from it§FD) error. FP error was measured by the Euclidean dis-
center, which represented approximatetydd ankle rota- tance between the center of the target and the foot-path
tion. lllustration of the experimental protocol for group LR position at the end of movement and reported as the per-
is shown in Fig.2. The arrows depict the ideal movement centage ratio of bnal position error to the distance from the
vectors to the targets, for the left neutral and VMR center of the base to the center of each target (250 pixels).
conditions. ID error was calculated as the difference between the
Knowledge of results was given to the subjects by a scorgector debned by the foot-path position at the start of
and audio feedback, which were both based on the Pnahovement to the center of the target and the vector debned
position of the cursor. Errors less than 42 pixels (0)84 by the start of movement to the point of maximum velocity.
received ten points, errors within 42 and 84 pixels (0&84d FD error was determined by calculating the difference
1.68) received three points, and errors within 84 andbetween the vector debned by the foot-path position at the
126 pixels (1.68 and 2.52) received 1 point. The subjects start of movement to the center of the target and the vector
performed the task with each foot Prst without a VM rotationdebned by the start of movement to the foot-path position
and then during a VM rotation in which the cursor wasat the end of movement.
rotated 30 counterclockwise relative to the start circle.  To standardize subjects according to basic skill level,
During VM rotation, target 3 was along theaxis, and was thez-score as shown in Ed. was computed for each of the
reached by almost pure inversion by the right foot andhree measures. Since the goal was to normalize each
eversion by the left; target 1 was centered after rotation. subject, and not each trial, scores from all 288 trials were
pooled to compute one mean and standard deviation value
Evaluation for each subject. Since the distribution of the subjectsO data
was logarithmic, the log-normal meam, and standard
A custom MATLAB program quantiped the movement deviation, s, were computed as shown in Edgsand 3,
data using three measures of performance: Pnal positioespectively.
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Xi — .
Z = i — Hiog (1) Table 2 Demographics
Olog Group RL Group LR
L2 (n = 11) (n = 11)
Hiog = ez (2)
Age 26.2+ 5.0 257+ 4.3
Olog = 1/ (672 — 1)e-2u+e? (3)  Weight (Ibs) 146.9+ 35.4 146.14 27.7
Height (in) 66.2+ 3.4 66.2+ 2.7
To test for ILT, the transfer (second) foot of one groupphysical footedness 10.9+ 4.6 10.1+ 3.2
was compared with the nad(Pbrst) foot of the other group  assessment
in both tasks. The statistical approach was identical towvritten footedness 125+ 3.4 12.04+ 3.6

previous studies (Sainburg and WaRg02 and consisted  duestionnaire

of comparing the performance of the two groups during thex written footedness questionnaire was the primary determinant of
Prst epochs (average of four trials) for each foot using dootedness and physical footedness assessment was used to conbrm
post-hoc group comparison. The percent of measuremefte written results

error decrease was computed for both ankles as the ratio of

the difference between the group averagecores to the
average of the naé foot (Eq.4).

and ten subjects in each group completed both the neutral
and rotated tasks.

ILT = Hnaive — HOFT % 100% (4)

Lnaive Task sequence and overall performance

Where pinaive I the average-score of motor skill for the _ To illustrate the protocol, cursor trajectories for a repre-
brst epoch of the brst group that performed the task WItgentative subject from each group during all tasks are

the ankle of interest, andorr is the average-score of the 1 Fig.3. The RL subject is outlined in red (solid)

brst epo.ch of the group that pe_rformed th_e.task with th(?amd the LR subject is outlined in blue (dashed); trajectories
ankle of interest following opp93|te fO(_)t training (OFT). 15 ey respective targets (1, 2, and 3 from left to right) are
A repeated measure analysis of variance (ANOVA) Wag; 4o a5 shades from light to dark. Tracking the RL subject,

pe_zrrtormed using SPSS 15‘?1 (S;SS Inc, Chi_cago IL'_USAQ)eginning with the Prst column, Prst row, it can be seen that
with group (RL or LR) as the between subjects Va”able’trajectories during the Pnal trial of task 1 were generally

and target and foot (R or L) as the within-subject faCtorS'aimed near the targets. Note that the initial direction toward

Post hoc pair-wise comparisons using a Bonferroni corfarget 1 was off course, but corrected quickly.

rection were implemented to test the differences among Accuracy during the brst trial after VM rotation was
targets, and to determine if there were differences bemeer[ﬁarkedly reduced (second column, brst row) with

the nade foot ancz).that r~ecec|jvmg QFT' h . increased errors in initial and Pnal direction, as well as bnal
Tz a_ssiess Sg JeCtS.Ohi aptat:aqn to the M rota(t;on, gbsition. Initial performance of his left foot following OFT
catch trial was done with Pve subjects (three RL and tWqg g6 in the third column, second row, and left (trans-

L_R) who performed four repetitions in th_e neutral COnd"fer) foot performance after several trials is shown in the
tion after having completed the VM task with the Pnal foot.fourth column, second row. Targeting accuracy improved
Task adaptation was debned as the difference between t% the last VM trial

initial direction errors of the Pbrst post-training trial and

, To determine if adaptation to the VM counter-clockwise
those of the Pnal neutral trial.

rotation occurred, bve subjects performed the neutral task
immediately following the last VM rotation trial (post-
exposure). Most of the trajectories (Pfth column, second

Results row) were rotated clockwise to the targets.
Average performance for both tasks from both groups is
Subjects summarized in Fig4; more detailed views and compatri-

sons are presented in later bPgures. Each data point
Subject demographics and selected results from the fogepresents the average and standard error of-themal-
tedness survey are presented in Tahl@he mean written ized target errors from 12 trials. Each row of panels shows
footedness assessment scores for group RL and LR wepgirves made by the Prst and second feet in the baseline and
12.5 and 12.0, respectively, and the mean physical foov¥M rotated conditions for both groups. The three rows
tedness scores were 10.9 and 10.1, respectively. Thesbow performance in terms of FP, ID and FD. One general
scores are all well above the required score of 5, indicative@bservation is that the beginning trials of both groups in the
of right dominance. All subjects completed the neutral taskneutral condition exhibited the worst performance (highest
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Pre-Exposure Initial Training Following Opposite Post-Exposure
Foot Training
RL RL LR _ Wk
B = [7= | B T
Right Foot 1 1 * : | : e | % !
Paths | |
I [ [ & |
I | © || I
O I P P S-S S, N |
LR LR RL RL RL
~s 1 1% : X y
| » l | * I L ] L 4 ) /
Left Foot I | I I ]
Paths | | | L
| |1 |
e i e | s s s sl
Neutral Rotation Rotation Rotation Neutral
Final Initial Initial Final Initial

Fig. 3 Sample movement trajectories of representative subjectsshows the last cycle of movements of each foot during the baseline
Trajectories from a subject in group RL are ilid boxes, and  condition. Thesecond column shows the Prst cycle of movements
trajectories from a subject in group LR are ifushed boxes. during the initial training session. Th&ird and fourth columns show
Trajectories areshaded in accord with the target. Thérst column the Prst and last cycle of movements following OFT

Fig. 4 Performance Curves for RL LR
both groups in chronological - -

order. Each data point 04 | jNoRotation |  Rotation | NoRotation | Rotation
represents the average of 12 @ - 3‘4’ _ 4 04 Jr]' | 1
consecutive trials (meat: SE). & o, | \¢ ‘h‘ 8 2 | \ 4

The first two curves in each P II; Dgf IL'(‘ | 25 . 0Py 02 {ﬁm\cr_ bd $ |M 1
panel are from the prst and e ol \<\® »o A "h@,‘;. | wo? (D\%@ °
second foot that performed the I 0 o I v

L L L L I "

task in the neutral condition : .

| I
| |
: » | | :
S R 14 1\# b ”
N 05 ¢x N 1 o5} Y& < 1R, 4 E
o) VR N " 4 ‘ WAL W' 4
. J(,\""’ ltv. I 4'\%\@,. W - . VAV, i M&i?‘ 2
I 1 ! )
| |
| A ) i
@ | & 05 | % ]
N 05 ‘km | % 1 : ™
) \ % o ¢ % R,
* *“%b *»%@I AW 8 il ¥ -;I N bengt
0 i o b 4 2 2 z -
R L R L L R L R
Epoch Epoch

z-scores) in all three categories, as expected. Also evideubjects needed to make VM transformations for the task,
from Fig. 4 is that all performance curves trended down-which constituted a novel learning challenge. Therefore,
wardly, meaning that errors decreased from the pbrst to lagterformance curves of the baseline (neutral) condition

of the six epochs in all tasks. were compared to determine possible occurrence of ILT, as
shown in Fig.5. ANOVA of all three measures showed a
ILT during task 1: neutral signibcant interaction between foot and gro@p<( 0.05),

but not between foot and target (> 0.05). Comparing the
Since the task space of the ankle was in a different planaitial left foot performance of both groups (right panels of
from the target effector space, and ankle movements werkig. 5), it can be seen that the right fogtscores of group
not mapped to that of the cursor in absolute coordinated,R are lower than those of group RL for both FP
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Fig. 5 Performance curves ‘ —=— RL
showing the meap-scores from . | -~e-- LR
the neutral trials for the right Right Left
o ot dwapeie OO e ] 08
A= d. = 559 ILT = 31%
consecutive trials (meas: SE). 9 04 H e ILT = 35% 04 ?
The performances for group RL @ 021 '1 | D2H =% }__ es ’% _____________ _i
and group LR are shown : ol ’ B --@»-"'?ﬁ:-ﬂ? . 0 s t
separately for the right and left L el
feet. For the right foot, Group 02k ; . " -024 . , . : E
RL is nae to the task; for the 1 2 3 4 6 1 2 3 4 5 6
left foot, group LR is naive to
the task 15 p=.34 15F T y = 053 1
e ] ILT=51% II:_T- 54%
g 1 —"___I‘--\ 1 1% 1
a s, et P — %—
- oo . T 1 T % wf L 0 T r &
1 2 3 4 5 6 1 2 3 4 5 6
15F - 3 15 = 2
[ p <.05 p=.18
S I ___j ILT =73% ILT=42%
@ T IS _ T '
N 05h N- 1 05§ ;‘@ -
| . | - —~8--- 3
=) . ——— S e et ELL L LT etaltebabee
I S e = T 4 e
1 2 3 4 5 6 1 2 3 4 5 6

Epoch Epoch

(0.16+ 0.06 versus 0.3& 0.06, P < 0.05), and FD difference between the groups is evident also by comparing
(0.26+ 0.21 and 0.96+ 0.21, P < 0.05). Right foot ID the performance curves of the right and left feet. In the case
scores for group LR were lower than those of group RL bubf the right foot, the performance curves of the RL group

the two scores did not signibcantly differ (0.490.37  are consistently higher than those for the LR group for all

versus 1.0+ 0.37, P = 0.34). Left footz-scores showed epochs in all measures, unlike the left foot, in which the

slight trends for FP (0.2% 0.08 vs. 0.42t 0.08, group curves cross.

P =0.23), ID (0.51+ 0.22 vs. 1.1+ 0.22; P = 0.053) Since the off-center targets seemed to be more difbcult
and FD (0.53f 0.20 and 0.9 0.20,P = 0.18), but the for the subjects, pair-wise comparisons were done to
differences between the two groups were not signibcantletect the presence of systematic effects. ANOVA did

ILT measures are annotated in upper right of each panehot show a signibcant interaction between foot and target
note that the right ankle improvements in both FP and FCdor any of the scores A>> 0.05 for FP and ID,

are signibcantK < 0.05). P = 0.051 for FD). The mean scores for all epochs for
the three targets are shown in Figabc. As seen in
ILT during task 2: VM rotation Fig. 7a, b, target 2 (center) produced the lowest errors

and target 3 produced the highest for both feet in terms
Analysis of variance showed a signibcant interactionof both FP and FD. FP error differed signipcantly
between foot and group for the FD measure< 0.05), but  between targets 2 and 3 (0.610.07 vs. 0.50+ 0.10;
not for FP ¢ = 0.10) or ID (P = 0.13). Between-group P < 0.01) for the left but not the right foot. FD errors
comparisons were made to study the foot group interactiofFig. 7c) were also signibcantly higher at target 3 for the
in more detail (Fig.6). Group LR experienced signibcant left foot compared to the center target (0.£90.19 vs.
ILT in terms of both FP and FD, but the RL group did not. 0.04 4+ 0.08; P < 0.01). Target 3 required the left foot to
The average-score for FP of the right foot of group LR dorsiRex and evert and the right foot to dorsiRex and
was signibcantly lower than that of group RL (0.240.06 invert and thus although left foot eversion was less
vs. 0.37+ 0.06; P < 0.05). The left footz-score of group accurate than right foot inversion, the difbculty with
LR, in contrast, did not signibcantly differ from those of target 3 does not relate to the type of movement, but its
group RL (0.27+ 0.06 vs. 0.22+ 0.06; P = 0.61). Like-  position. Note that targets 1 and 3 did not differ signif-
wise, FD scores were also lower for the right foot of groupicantly for either foot, and hence there is no evidence for
LR (0.33+ 0.15 vs. 0.88: 0.15; P <0.05). The movement preference along theaxis.
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Fig. 6 Performance curves [—— RL]

showing the meag-scores from Right g LR Left

the VM rotation trials for the

right and left feetEach data 1 *p < .05 p=.54

point represents the average of
12 consecutive trials

(mean+ SE). The
performances for group RL and
group LR are shown separately
for the right and left feet. For . . . .
the right foot, group RL is naé 1 2 3 4 5 6
to the task; for the left foot,

ir=56% 04 ILT = 23%1
N

FP Z-Score
o

o (]

| SRR a—

group LR is naive to the task p=.33
@
= ILT = 48% |
(=]
n "
N T _’\_\:—_‘_“ ‘/-‘ |
0 N e o
1 2 3 4 5 6 1 2 3 4 5 6
o 101 *p<.05 | 1 p=.40 |
= | ILT = 62% ILT = 28%
%
N
@]
o
Epoch Epoch
Catch trials ||:|Target1 [ Target 2 M Target 3 I
i i A A a " e
Five subjects were exposed to a catch trial to determine th 06 s =ar ,_F'_T'I PosanEmen
after-effects of the VM rotation. After the bnal VM rotation e i
trial, the 30" ccw rotation was removed, and four succes- 8 i
sive trials were run. Changes in ID errors were compute( N 02 : ml_]_‘
for all three targets for both groups, with negative differ- . I—}‘I
ences representing a cw rotation. Mean ID difference: b
were similar for targets 1 and 2—@7.8+ 19.9 and i Intiet Clieeoion Eimore
—27.9+ 17.7, respectively). The mean ID difference was u
lower for target 3 £17.7+ 23.%), but there were no g 1
signibcant differences among the three targets. The clos = 05
approximation to 30 cw errors in the after-effect test 0 .—1—|- ==l B
indicates that adaptation occurred during VM rotation.
c Final Direction Errors
1| *p<o1 {777
. . ® |
Discussion s ! ’—}—‘ ’_]_‘
a 05 I
I
~N H
Validity of study 0 h

Left Right
. . Foot
Herein we report the brst systematic study of ILT of °¢

learned movements by the ankle. We studied 22 healthFig. 7 Target performance comparison. The mean scores for all
subjects, separated into two groups. Using a target reachirvisuomotor rotation trials for each foot are shown abadveor bars

' L ) represent: SE.a FP errorsb FD errors;c ID errors
VM rotation task similar to that developed for the upper-
limb, we demonstrated ILT occurring from the non-domi- learning transfer included information about Pnal move-
nant (left) to the dominant (right) foot, but not vice-versa. ment direction and position P(< 0.05). Signibcant
As seen in the between-group comparisons in Bjghe improvements in performance ranging from 55 to 74%
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were seen following OFT. A test of adaptation in a subsesignibcantly, Figure); (2) there was no signibcant dif-
of subjects using a catch trial after removing the 30-degreéerence between targets 1 and 3 for either foot; (3)
ccw VM rotation, revealed a cw after-effect in all three ANOVA showed no interaction between foot and target.
targets, with two of the targets having after-effects close tal'hus, the target difference may not have signibcantly
30°, indicating nearly complete adaptation. FurthermorejnBuenced the ILT asymmetry of our results in terms of
we showed ILT occurring for a novel task involving VM rotation, and the consistency of the latter with those of
coordinate transformation between foot and cursor motionthe non-rotated test argue against a major inf3uence.
In this test, the learning transfer pattern was identical to the
VM task, with right foot Pnal movement direction and Comparison with upper-limb ILT
position errors decreasing after OFT. These results, with
preferential L to R transfer in both tasks, are consistenDirect comparison of ILT characteristics of the upper and
with previous studies in which exercise training of the leftlower-limbs is not straightforward due to fundamental
leg improved the performance of the right leg, but not vicedifferences in their function. Upper-limbs specialize in bne
versa (Haaland and Ho#003. manipulation, with inbnite degrees of freedom, usually
Thus, ILT can be generalized to the ankle and extend theooperating in the same workspace whereas the lower
results of van Hedel et al.2002, who showed that limbs specialize in relatively gross rhythmic alternations,
movements learned at the knee to avoid an obstacle onuwsually operating in separate workspaces, where stability
treadmill are transferred from one leg to the other, non-and balance are the primary objectives. For manipulation
preferentially. In that study, the ankles did not experienceasks, the foot task space, i.e., pedals and levers, is usually
signibcant ILT and their negative bnding was attributed taemoved from the effector space, i.e., vehicles or equip-
the greater variability and complexity of the ankles asment. Accordingly, motor strategies for upper and lower
compared with knees. Herein, by studying isolated ankldimbs differ widely, as documented by their relative cor-
movements in a single-joint targeting paradigm, withtical activities. Upper-limb activity involves primarily the
between-group comparisons, we found positive evidenceontralateral sensorimotor cortex, and the ipsilateral cere-
for ILT of ankle motor control. bellum, whereas ankle movements exhibit more ipsilateral
Our analysis differs from that of Sainburg et &002,  activity in the motor and pre-motor cortices and are con-
mainly in terms of baseline testing. In their studies, the taskinually under reciprocal control (Ciccarelli et a005
and effector space was common, since the cursor was prdietz 2002 Kapreli et al. 2009. Thus, the upper limbs
jected onto the hand. Our subjects were required to makeperate with more independence, and less cross-hemi-
coordinate transformations in all tests since their feet operatespheric interaction than the lower limbs.
near Roor level, while the cursor moved at eye-level while It has been suggested that ILT expresses as asymmetric
seated. Furthermore, cursor movement was in the frontalhen there is a large degree of hemispherical interactions
plane, while foot motion was three-dimensional. Learning thifWang and Sainbur006. In arm experiments, when
transformation was an integral part of the experiment, andvorkspace is common, ILT is asymmetric; when arms
indeed, we found evidence for signibcant ILT in the baselineperate in separate workspaces, i.e. both task and effector
(neutral) trials. It was thus not possible to use baseline peispace are separate, ILT is symmetric (Wang and Sainburg
formance as a normalization factor as done by Sainburg et a2006. Although our subjectsO feet manipulated a common
(2002. Instead, we computed z-normalization scores for eackffector (cursor on screen), they were technically in sepa-
subject, in order to minimize skill-differences. rate workspaces, a situation that is somewhat in between
The possible inBuence of musculoskeletal differenceshe two protocols used by Sainburg et al. Nevertheless, our
between ankles on the ILT results during VM rotation wasbnding of asymmetric ILT is consistent with previous
investigated by analyzing performance difference amongnterpretation, since lower-limbs have inherently greater
targets (Fig.7). For the left foot, target 3 was signibcantly cross-hemispheric activity.
more difbcult, in terms of both FP and FD errors, based on Lateralization of the arms, i.e. handedness, manifests as
pair-wise comparison with target 2. Since target 3 requiregreferential use of the left hand (for right-handers) for holding
eversion by the left foot, a motion which was amplibed byobjects in position while the right arm manipulates a tool, such
VM rotation (see Fig2), it could be argued that left foot as inthe case of handwriting (Sainburg and Wa@g@2. This
performance suffered relative to that of the right becauséehavioral specialization of the arms, when working in a
eversion was more difpcult than inversion, which is thecommon space, provides an explanatory context for the
motion the right foot needed to reach target 3. This arguasymmetric transfer of information between them. Asym-
ment, however, is not strongly supported by the evidencanetry is also rel3ected in the cortex, wherein left hand motions
since, (1) the right foot tallied more errors toward target 3are much more bilaterally represented in the sensorimotor
(inversion), than toward target 1 (although notcortex compared with the right (Kapreli et 2006.
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Lateralization of the feet, i.e. footedness, may be lesexercise their affected leg due to severe control debciency,
prominent than handedness, and may vary depending and therefore do not generally participate in directed phys-
the context. For example, during unilateral balance, thecal therapies. Therapeutic options are further limited since
right foot is the favored postural stabilizer, with the anklethe affected ankle is generally immobilized in an orthosis in
being the most important joint (Gabbat®97. Thus dur- orderto restore a semblance of gait. If the affected limb could
ing gait initiation, the right foot is likely to be the primary be improved by sustained exercises of the contralateral limb,
stabilizer. Our results on ILT of both position and direction this could ameliorate the complications caused its disuse and
going to the right foot are consistent with the fact that themaximize the effectiveness of rehabilitation. In particular,
feet are not involved in common manipulation, but ratherrestoring even a limited degree of ankle control could restore
each ankle, during the single stance phase, is alternatelyn-assisted gait and/or postural balance to many clients. The
required to control both position and trajectory. The pri-present results thus provide clear evidence for the potential
mary lead ankle, i.e. the right, may be endowed with abenept to the affected limb afforded by contralateral limb
more adaptive control system that would be more resporntraining, and studies are underway to test its efbcacy (Morris
sive to ILT. This concept is concordant with upper-limb et al.2007).

ILT, where each limb receives benebt only according to its

specialty, i.e. the right arm learns trajectory information Acknowledgments _We thank, Dr._ Steven Escaldi, Carey' Glass,
and the lft, posion. I shouid be noted that our experi<” O; Nam HUR K P10 and Rishrd Thomas o echnic
mental condition of sitting, with one ankle moving while rgrc grant.

the leg was partially weight-supported, simulates a com-

mon position for ankle exercise, and does not closely

simulate either standing or gait.

Whether the present results represent cross-hemisphe
transfgr (CHT) of learning, or transfer atalower level, suchAnstis S (1995) Aftereffects from jogging. Exp Brain Res
as spinal, cannot be concluded. Recent studies have pro- 103(3):476p478
vided strong evidence for CHT by showing that subjectsCiccarelli O, Toosy AT et al (2005) Identifying brain regions for
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debcits in arm trajectory, whereas those with right hemi-. Brain Res 166(1):31842 - o .
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