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Purrose. Adults with amblyopia exhibit impairments when reaching to grasp three-
dimensional objects. We examined whether their deficits derive from problems with
feedforward planning of these prehension movements or in using visual feedback to
control them on-line.

MertHops. Twenty-one adults with mild to severe anisometropic and/or strabismic ambly-
opia and reduced binocularity participated, along with 21 normally sighted age- and
gender-matched controls. Subjects used their preferred hand to reach for, precision grasp,
and then lift cylindrical table-top objects (two sizes, two distances) using binocular, domi-
nant eye, or amblyopic/non-sighting eye vision just to plan their movements during a
1-second task preview with vision then occluded so feedback was absent or to plan and
execute them (i.e., with visual feedback fully available). Kinematic and error measures
of the timing and accuracy of the reach and grasp were quantified by view and feedback
and compared by ANOVA.

Resurrs. The amblyopic adults performed generally worse than controls across all three
views in both feedback conditions. With vision for planning only, their movement initia-
tion and duration times were significantly increased, as were their initial reach times and
error rates, especially when using the amblyopic eye alone, whatever its visual acuity loss.
These relative planning deficits were only partially rectified with visual feedback avail-
able on-line. Relative grasp planning deficits were less evident in the amblyopia group,
who instead produced significantly increased grip times and errors under binocular and
amblyopic eye visual feedback conditions, although the subgroup with unmeasurable
stereovision also formed wider (inaccurate) grasps across all conditions.

Concrusions. Adults with amblyopia seem to have problems constructing reliable internal
spatial representations for the feedforward planning of prehension, particularly with their
affected eye and mainly affecting their reach, with additional deficits in on-line grasp
control related to poor binocularity.

Keywords: eye-hand coordination, on-line control, binocular stereovision, visual acuity,
strabismus

mblyopia is a common neurodevelopmental disorder

with a global prevalence of around 2%.' Key risk factors
are a misalignment (strabismus) and/or refractive imbal-
ance (anisometropia) between the two eyes during the first
7 to 8 years of childhood, representing a critical period
in the normal experience-dependent maturation of the
visual cortex.? The main neuropathologies in both ambly-
opia subtypes, occurring in the primary visual/striate cortex
and generally worsening in higher downstream extrastri-
ate visual areas, include weak responses to the affected
(e.g., deviating) eye,>® partly mediated by direct suppres-
sive influences from the dominant (fellow/fixing) eye,7’9 and
the loss of corresponding binocular activations.!®'!! Conse-
quently, people with amblyopia characteristically exhibit
reductions in visual acuity (VA) and contrast sensitivity in
their affected eye and a range of binocular dysfunctions,
such as impaired sensorimotor fusion and stereo/depth
vision.?!2 The normal processing of binocular vergence and
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disparity cues is a prominent feature of dorsal stream extras-
triate cortex.'> > Indeed, amblyopia has been associated
with deficits in several widely accepted dorsal stream func-
tions, such as global motion perception,'®!” spatial local-
ization,'®-2 attentional engagement,”'~2* and control of eye,
limb, and body movements,?~?® deficits that can sometimes
generalize across all three (i.e., binocular, dominant eye, and
affected eye) viewing conditions.!?:17:22:23,26,28

Our interests have been in determining the nature and
underlying mechanisms of the deficits in eye-hand coordi-
nation skills for reaching, precision grasping, and manipu-
lating objects (i.e., prehension) in people with amblyopia,
which, as with impairments in some other fine manual
skills,?~3? seem more related to their subnormal binocu-
larity than monocular VA losses.?>=37 Performance of these
goal-directed movements typically involves two fundamen-
tal visuomotor transformation stages’®~% mainly mediated
by distinct dorsal extrastriate and parietofrontal cortical

)
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networks, -4 with additional inputs from ventral stream

object perception areas.’> First the three-dimensional (3D)
spatial position of the target object has to be located and
fixated, so that its solid 3D size, shape, and material proper-
ties can be extracted, these steps being key to the planning
(i.e., off-line or feedforward control) of the reach and grasp,
respectively. More specifically, determining the egocentric
distance of the target is required to decide the optimal veloc-
ity and trajectory for transporting the hand toward it, with
information about its solid properties being used to decide
the optimal hand posture and thumb-finger contact points
for securing the grip. When the movements begin, visual
feedback derived from continuous monitoring of real-time
changes in depth between the moving hand/digits and the
goal object is normally used to detect and correct spatial
errors in the reach or grasp (i.e., on-line control), leading to
improvements in their endpoint accuracy. Evidence obtained
from developmentally normal adults suggests that process-
ing of two sources of binocular information, usually compro-
mised in amblyopia, makes an important contribution to
proficient performance. Vergence-related distance signals,
generated when fixating the target, influence the reach plan,
with disparity-related information regarding the 3D proper-
ties of the object being incorporated into plans for the grasp
and (more critically) also providing the fast and reliable feed-
back required for on-line control.*0-4

Indeed, our studies®®?’ and those of others have
found evidence suggesting that adults with persistent ambly-
opia of either subtype have deficits in both feedforward and
feedback prehension control mechanisms compared to such
neurotypical subjects. For one thing, they usually spend rela-
tively more time in the planning stage prior to movement
initiation, an effect that, although most consistent when
using their amblyopic eye alone, can also occur for binoc-
ular and dominant eye viewing, too. Kinematic parameters
of the initial reach and grasp thought to reflect the imme-
diate outcomes of these lengthier planning processes are
also generally prolonged across all of these three views
in amblyopic compared to normal adults. Specifically, they
spend selectively more time in the acceleration phase of
the reach and in opening their hands to a peak grip when
preparing their grasp. These more cautious starts to their
movements have been interpreted as attempts, at the plan-
ning stage, to partly compensate for uncertainties in visually
encoding the 3D properties of the target and in selecting
the best motor response for the task at hand.’”*¥->! They
also spend extra time applying their grasp after contacting
the object, suggesting recourse to another, non-visual adap-
tation for impaired on-line guidance of the grasp, in which
haptic feedback acquired during this immediate post-contact
period takes primacy in establishing the reliability of the
final grip.3*%7

These approaches differ notably from those of normal
adults operating under various conditions of uncertain
prehension planning, such as with monocular viewing?®?:52-5°
or simulated anisometropia.®® In these conditions, subjects
generally open their grip to a peak aperture earlier in the
movement, and they prolong the late deceleration phase
of the reach when approaching the target, consistent with
spending extra time using visual feedback to try to improve
endpoint accuracy. The inferred attempts by amblyopic
adults to trade prehension speed for accuracy are, however,
only partly successful, as their performance remains slower
and more error prone and imprecise (i.e., variable), often
across all three views compared to normal subjects, imply-
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ing inadequacies in on-line control regardless of whether the
visual feedback employed for the purpose involves binocu-
lar, dominant eye, or affected eye vision.

The current experiments were designed to explicitly test
these inferences by directly comparing the speed and accu-
racy of reaching and grasping performance in amblyopic
adults under so-called open- versus closed-loop conditions.
That is, vision was available only to plan the upcoming
movements and was occluded just before the hand began to
move, in contrast to the more everyday situation (as previ-
ously studied in the work cited above??:343749-55) in which
continuous visual feedback from both the hand and the
target were available throughout execution of the move-
ment. The logic was that movements performed in the
absence of visual feedback would be products of a feed-
forward mode of control, based on the visuospatial repre-
sentation of the task and motor response selections (i.e.,
the internal model) generated at the planning stage; any
improvements in performance with full vision (FV) available
throughout the movement would reflect the use of visual
feedback to correct errors existing at the planning stage. The
test involved further direct comparisons with developmen-
tally normal adults behaving under the same conditions, so
that we could formally evaluate any relative between-group
differences in their use of vision for planning only (VPO)
and for on-line control with FV available.

These direct tests of our hypotheses are important. The
first reason is because we recently applied them to normally
sighted adults and found that advantages of binocular over
monocular vision for prehension planning were not quite as
marked®® as originally inferred from earlier analyses of FV
prehension in similar subjects.>*37:>> Second, many adults
with amblyopia are aware that their visual impairments place
limijtations on their ability to control their hands and/or
other actions when engaging in activities of daily living,
to the extent that they self-report employing various strate-
gies, including caution, to help ameliorate their difficul-
ties.”” These observations show that their movement deficits
are cognitively penetrable and may, therefore, arise mainly
or solely from problems with constructing reliable internal
models for action planning. If so, they may be amenable
to instructional training regimes that target off-line motor
learning mechanisms for enhancing predictive/feedforward
control.’®>° On the other hand, it could be that their deficits
arise primarily from difficulties with rapid processing of
visual feedback for on-line action control, with failure to
instantiate robust internal world models being a secondary
consequence of such impoverished real-time experiences.
This possibility aligns most closely with our previous conclu-
sions that the acquisition of neural substrates supporting
binocular stereovision in childhood are key to the optimal
development of prehension skills.

MATERIALS AND METHODS
Participants and Their Visual Status

Two groups of 21 adult subjects gave informed consent
to participate in the experiments, conducted with approval
from the Senate Ethical Committee of City, University of
London, and followed the tenets of the Declaration of
Helsinki. Subjects undertook a series of clinical tests of their
visual status, during which they wore any habitual spectacle
or contact lens corrections for refractive errors. Corrected
binocular, dominant (Dom)/sighting eye, and non-dominant
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(ND)/amblyopic eye logMAR VA was measured using stan-
dard Bailey-Lovie charts viewed at the conventional distance
of 6 meters. Binocular functions were tested at near from
measures of suppression (using Bagolini striated glasses), at
motor fusion/vergence break points (with a variable prism
bar applied base-out and base-in), and at crossed stereoacu-
ity (SA) thresholds (Wirt-Titmus test; Stereo Optical Co. Inc.,
Chicago, IL, USA), with any ocular deviation assessed by
cover test. Table 1 summarizes clinical details related to the
amblyopic adults, all of whom were right handed (scoring
>+70 on the Edinburgh Handedness Inventory).* Subjects
with anisometropia had a difference in refractive error > 1
D between the two eyes in the same major meridian. Those
with strabismic amblyopia had a constant manifest deviation
(tropia), with several exhibiting signs of mixed etiology.

As in our previous work,?3” the depth of amblyopia
present was determined from the interocular difference in
VA between the two eyes and ordinally classed as being
mild, moderate, or severe for IODs, with values of 0.20
to 0.39, 0.40 to 1.0, and >1.0 logMAR, respectively. The
two subjects with the most severe amblyopia (cases 20 and
21) had resided in the United Kingdom for <2 years and
had never been treated. The rest had received some patch-
ing therapy between the ages of 3 and 8 years, although
six other subjects classed as moderately or severely ambly-
opic recalled being only partially or very poorly compliant
with this therapy. Eleven members of the amblyopic cohort
appeared to be non-binocular, in that they had complete
suppression of their affected eye and no (Nil) motor fusion;
and they were classified as stereo Nil, because they failed the
Titmus fly at the largest available disparity of 3000 arcsec.
All of the other 10 subjects had reduced stereovision, with
SA thresholds > 80 arcsec, but seven cases (1, 4, 5, 7-9,
15) who exhibited some preservation of sensory fusion also
had normal convergence facilities, as indicated by base-out
motor fusion break points > 20 p” (prism diopters).

Control subjects had developmentally normal or
corrected-to-normal vision. They were selected so as to
match the members of the amblyopia group by gender (five
males, 16 females), age (range, 18-58 years; mean =+ SD,
26.2 + 9.7) and right-handedness. Twelve had participated
in our previous study>® Mean + SD binocular, Dom, and
ND eye logMAR VAs were -0.13 £ 0.08, —0.08 £ 0.09, and
—0.06 + 0.09, respectively, with IODs all < 0.12 logMAR.
All subjects had normal vergence facilities, with minimum
break points at least 20 p” base-out and 16 p” base-in, and
fine-grade SA thresholds of at least 40 arcsec. Unpaired
t-tests confirmed no significant between-group differences
in subject age (P = 0.30) or Dom eye VA (P = 0.14), but
binocular logMAR acuities were slightly better in the control
group (P = 0.037).

Recording and Evaluating the Subject’s Hand
Movements

Methods were similar to those of our recent related stud-
ies.37-5% Subjects sat at a small black table gripping a circu-
lar (30-mm-diameter) button between the thumb and index
finger of their right hand, which served as a fixed start and
end position for each movement trial. Small infrared (IR)
reflecting spherical markers (7-mm-diameter) were placed
on the wrist and on the thumbnail and index-finger nail
of this hand. The positions of these, along with a fourth
IR marker attached to the goal object in each trial, were
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recorded by three Proflex (Qualisys AB, Goteborg, Sweden)
IR-emitting and IR-detecting cameras located at different
positions above the table. The motion capture rate was set
at 60 Hz with the cameras calibrated to a spatial accuracy
of <0.4 mm before each experiment. Liquid-crystal PLATO
Visual Occlusion Spectacles (Translucent Technologies Inc.,
Toronto, ON, Canada) were used to control the subjects’
viewing conditions on each trial. These were large enough to
fit comfortably over any spectacles that the subjects habitu-
ally wore. The goggle lenses were rendered instantaneously
transparent over both eyes or just over the Dom eye or
ND/amblyopic eye via electronic signals sent from the PC
also controlling the camera system to start the different hand
movement trials. On these, participants were instructed to
reach for, precision grasp, lift, and place to the right side of
the table the single goal object presented by moving as natu-
rally and accurately as possible. Objects were one of two
neutral, white cylinders (100-mm high) that offered high-
contrast targets against the black table top surface and were
readily amenable to precision grasping; one was relatively
small and lightweight (23-mm diameter, 32 g), but the other
was larger and heavier (46-mm diameter, 128 g). These were
placed at one of two locations: at a relatively near (250 mm)
distance from the start button along the subject’s midline or
at a far (400 mm) distance 10° off-midline to the right and
closer to the subject’s arm’s length.

All participants completed a full set of four blocks of 24
trials, each of which was a combination of the three views
by two object sizes and two distances, repeated twice. Trial
types followed the same pseudorandomized order (specifi-
cally, identical view X size x distance combinations never
occurred consecutively) within the four different blocks to
add some variety to the task and to reduce predictability
regarding the next upcoming trial type. In the first two
blocks, the signal to move was the sudden opening of the
PLATO lenses, and they remained open for 5 seconds while
the subjects planned and executed their movements with
visual feedback continuously available (i.e., under closed-
loop, full-vision conditions). In the last two blocks, vision
was available for planning the movements only (i.e., under
open-loop, VPO conditions). In the latter, the PLATO lenses
opened for a 1-second period to allow sufficient time for the
subject to fixate the goal object and plan their movement
toward it. The lenses then closed, and this was the signal
to move so that the reach and grasp were performed with
vision occluded. A few practice trials were given under each
view before each experimental condition to ensure that each
participants performed according to instructions. Any VPO
trials in which the subject false-started during the preview
were discarded and rerun at the end of the relevant block.
We chose to run FV and VPO trials in separate blocks to mini-
mize the occurrence of altered strategy effects on closed-
loop performance reported to occur when the two feed-
back conditions are systematically interleaved or random-
ized within a trial block.®® We also chose to run the two
FV and two VPO blocks in that order, rather than counter-
balancing them within the groups, to try to equalize any
potential short-term learning biases related to the general
experimental setup on the subject’s VPO performance, as
stereo-deficient people can have extra difficulty performing
3D tasks that are unfamiliar.?®

The recorded hand movement data were initially
processed using programs written in MATLAB (MathWorks,
Natick, MA, USA). These generated a number of objective
measures of the reach and the grasp kinematics, along with
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Ficure 1. Examples of wrist velocity (A, B) and grip aperture (C, D) profiles obtained from correctly executed movements of a control
subject (A, C) in the full vision condition and from an amblyopic subject (B, D) with VPO. The cue to start moving occurred at time zero in
all profiles. Green circles indicate movement onset (when the wrist velocity first exceeded 50 m/s); blue circles indicate the moment of peak
deceleration (PD) of the wrist; red circles indicate the moment of initial object contact (when the target was first displaced by >1 mm). Panel
A shows four kinematic parameters derived from the wrist velocity: movement onset (MO) time, time to peak velocity (ttPV), low velocity
reach phase (LVP) between PD and object contact, and overall movement duration (MD) between MO and the endpoint (when the target
was first displaced by >10 mm, indicating that its lift had begun). Panel C shows grasp-related kinematic parameters: peak grip aperture
(PGA), time to peak grip (ttPG) after MO, grip at object contact (GOC), and grip application time (GAT), between initial contact and the
movement endpoint. In panels B and D, note the prolonged movement onset and duration times; the arrows indicate errors or corrections
to the movements occurring in the grasp phase after initial object contact. The arrow in panel B represents a reorientation of the wrist; the

arrow in panel D represents a reapplication of the grip.

depictions of wrist velocity (Figs. 1A, 1B) and its trajec-
tory related to the reach and of changes in the grip aper-
ture (Figs. 1C, 1D) formed by the opposing thumb and
index finger between the start and end of each movement.
From these, we selected 10 specific dependent measures
(see Fig. 1 for illustrations) with which to evaluate the
subject’s performance on each trial as informed by and
defined in our previous work.

Six measures were related to the prehension timings or
dynamics. These included the movement onset (MO) time
between the moments that the PLATO lenses initially opened
(FV trials) or closed (VPO trials) and the IR marker on
the wrist exceeding a forward velocity of 50 mm/s indi-
cating that the reach had begun. The movement duration
(MD) between MO and displacement (by >10 mm) of the
IR marker on the goal object indicated that its lift had
begun. These measures are generally accepted parameters
of the efficiency/certainty of the movement planning and
execution stages, respectively, and previously have been
shown to be prolonged in the adult amblyopia compared
to control groups under standard (FV) conditions.’>%” To
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examine whether different subactions contributed to the
expected longer overall MDs, we evaluated two subcompo-
nents of the reach dynamics from the marker on the wrist:
the time to peak velocity (ttPV), corresponding to its initial
acceleration phase, and its low velocity phase (LVP), corre-
sponding to the late hand-target approach period (between
peak wrist deceleration and initial contact with the object,
defined by displacement of the IR marker on its surface
by >1 mm). Two equivalent (early, late) subcomponents
of the grasp were the time to peak grip (ttPG), represent-
ing the period during which the thumb and finger mark-
ers were initially opened to a maximum aperture, and the
grip application time (GAT), corresponding to the post-
contact period spent securing the grasp and applying load
forces to the object required to lift it. These four param-
eters have also been reported to be of longer duration
in adult amblyopia compared to control subjects,>37:4-51
with the relatively prolonged ttPV and GAT suggested to
be compensations for difficulties with visually guided on-
line control during the approach to the goal object (e.g.,
the LVP).
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The other four measures examined aspects of perfor-
mance accuracy, including error rates. Reaching accuracy
was evaluated from the occurrence of forward and/or lateral
deviations in the spatial path of the wrist marker before
target contact appearing as mis-reaches in the hand trajec-
tory. Grasping accuracy was assessed by the width of the
peak grip aperture (PGA) and the width of the grip at
initial object contact (GOC), both of which are consid-
ered to reflect the reliability with which subjects estimate
the size (e.g., width) of the goal object, and by mis-grasps
appearing as adjustments (reopening and closure) of the
digits in the grip aperture profile or as forward/lateral
shifts in overall wrist/hand orientation during the object
contact phase, indicative of endpoint grasping errors.
Adults with amblyopia typically mis-reach and mis-
grasp more often than control subjects, problems inter-
preted as resulting, respectively, from errors in program-
ming hand transport and digit placement on the goal
object.?*37

Statistical Analyses

Analyses of the dependent kinematic measures were based
on the median values obtained under each separate view and
feedback condition in the two subject groups; mis-reaching
and mis-grasping errors were expressed as the percent of
trials in which they occurred by view and feedback in each
group. These data were first assessed by repeated-measures
analysis of variance (ANOVA) using SPSS Statistics (IBM,
Chicago, IL, USA) for the three views x two feedback condi-
tions within each subject group. This was to confirm that
the control group exhibited the typical binocular advantages
over Dom eye viewing with visual feedback available repeat-
edly observed before in normal adults®*3">° and that these
advantages were reduced or lost with binocular VPO, as we
recently found in a different sample of adult controls.>® It
was also to check that the current sample of amblyopic
adults showed the typical prehension deficits previously
reported under standard FV conditions 3% The datasets
were then assessed by complete (two group x two feed-
back x three views) ANOVA to identify any main effects of
group and any important two- or three-way interactions with
feedback and/or view. Main effects of group were exam-
ined further by ANOVA to explore any associations with
key features of the amblyopic participant’s status—that is,
with their depth of amblyopia (mild vs. moderate to severe),
degree of convergence facility (normal vs. reduced/absent),
and stereovision loss (reduced vs. Nil/unmeasurable) as

TaBLe 2. Mean (SEM) Movement Onset and Duration Times

Control Group
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different between-subject factors. Note that it would appear
that the subjects falling into these latter categories might also
have been classed as binocular versus non-binocular, as all
of those with Nil stereo had Nil sensory and motor fusion.
However, three of these subjects (10, 16, and 21) reported
experiencing depth percepts while viewing 3D movies. We
applied the Huynh-Feldt correction when variances in the
ANOVA were revealed to be non-spherical and the Bonfer-
roni correction for tests involving more than one pairwise
comparison. Significance in these various tests was declared
as P < 0.05.

REsULTS
Overview

The quantitative data obtained are shown in Tables 2 to
4. Control subjects exhibited the typical binocular advan-
tages over Dom eye viewing in the standard FV condition
observed in past studies, but only one (shorter low velocity
phases) with VPO.>°. Further in line with previous work, the
current amblyopia subjects generally produced slower and
less accurate movements than the normal adults with FV
available. These deficits were often evident across all three
possible views, contributing to the significant main effects of
group for eight of the 10 parameters examined (see Tables),
with the amblyopic adults also exhibiting fewer binocular FV
advantages over their Dom eye, with none at all for grasp-
ing performance (Table 4). There were also significant main
effects of feedback on nine of the 10 measures due to poorer
VPO than FV performance by both subject groups. However,
direct comparisons of just their VPO performance (see Figs.
2-4) revealed significant relative planning deficits among
the amblyopic participants for overall movement onsets and
durations and for all three parameters related to their reach-
ing behavior.

Movement Onset and Execution Times

Figure 2 shows the much longer MO and MD times produced
by the amblyopia group across all three views with VPO
and reveals that this relatively greater caution/hesitancy
was particularly striking when subjects used their ambly-
opic eye. It also shows that both timings were much
shorter when on-line visual feedback was either expected
after MO (Fig. 2A) or actually present during the move-
ment (Fig. 2B), especially for amblyopic eye viewing,
and remained consistently slower than equivalent normal

Amblyopia Group

Parameters Feedback Condition Binocular Dom Eye ND Eye Binocular Dom Eye Amb Eye

Movement onset times (ms)™ Planning only 556 (29) 557 (27) 552 (21) 643 (25) 640 (17) 733 (33)"
Full vision 483 (16) 511(15) 518 (15)  542(19™ 586 21 602 (25)
Improvement 13% 8% 7% 16% 8% 18%

Movement duration times (ms)” Planning only 1082 (63) 1116 (66) 1138 (70) 1248 (66) 1271 (65) 1644 (98)™
Full vision 852 (13) 954 (49) 9751 963 (42)™ 1090 (49) 1151 (55)
Improvement 21% 15% 14% 23% 14% 30%

Amb, amblyopic; Dom, dominant; ND, non-dominant. Improvement is the percent reduction with visual feedback compared to VPO.
Parameters column: main effects of group. Binocular columns: measures showing advantages over the Dom eye. Amb Eye column: measures

showing deficits compared to binocular viewing.
P <0.01.
" P < 0.001.

Downloaded from iovs.arvojournals.org on 12/01/2023



Investigative Ophthalmology & Visual Science

Reach and Grasp Deficits in Adult Amblyopia
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Amblyopia Group

Parameters Feedback Condition Binocular Dom Eye ND Eye Binocular Dom Eye Amb Eye
Time to peak velocity (ms)™ Planning only 277 (10) 275 (11) 280 (11) 318 (13) 330 (13) 346 (17)
Full vision 276 (7) 273 (8 277 (1) 316 (11) 317 (1D 335 (13)
Improvement <1% <1% 1% <1% 4% 3%
Low velocity phase (ms)” Planning only 402 (21)° 466 (30) 462 (32) 516 (44) 506 (34) 707 (70)°
Full vision 305 A 37737 379014 348 27 411 (33) 434 (30)
Improvement 24% 19% 18% 33% 19% 39%
Mis-reaches (% trials)” Planning only 4.8 (D 7.5(2) 6.4 (2) 11.3 (2) 12.1 (2) 14.5 (3)
Full vision 2.5 (D 4.4 (1) 3.9 (2) 6.9 (D 10.7 (2) 11.6 (3)
Improvement 48% 41% 39% 39% 12% 20%

Parameters column: main effects of group. Binocular columns: measures showing advantages over the Dom eye. Amb Eye column:

measures showing deficits compared to binocular viewing.
"P < 0.05.
P <0.01.
P < 0.001.

TABLE 4. Grasping Performance, Mean (SEM)

Control Group

Amblyopia Group

Parameters Feedback Condition Binocular Dom Eye ND Eye Binocular Dom Eye Amb Eye
Time to peak grip (ms)” Planning only 521 (28) 515 (20) 525 (31) 583 (29) 603 (30) 708 3™
Full vision 482 (14) 494 (18) 500 (18) 521 (19) 542 (20) 570 (26)”
Improvement 7% 4% 5% 11% 10% 19%
Grip application time (ms)” Planning only 211 (A7) 223 (16) 222 (24) 227 (A7) 235 (22) 289 32)”
Full vision 121 (4 147 (7) 153 (8 142 (10) 170 A7) 194 (13"
Improvement 42% 34% 31% 37% 28% 33%
Peak grip aperture (mm) Planning only 88.7 (3) 89.3 (3) 89.5 (3) 92.7 (3) 93.6 (4 91.8 (4)
Full vision 72.4 (D™ 77.3 (2 76.8 (1) 78.2 (2) 80.9 3) 80.7 (3)
Improvement 18% 13% 14% 16% 14% 12%
Grip size at contact (mm) Planning only 54.4 (2) 54.6 (2) 54.2 (2) 55.8 (2) 56.7 (2) 56.5 (2)
Full vision 44.2 (<1) 47.1 (<D 47.1 (<D 45.3 (<1) 47.5 (D) 46.8 (1)
Improvement 19% 14% 13% 19% 16% 17%
Mis-grasps (% trials)® Planning only 40.5 (7) 35.5 (6) 36.5 (6) 50.0 (8) 44.0 (6) 57.6 (8)
Full vision 4.1 (<D™ 162 (2 19.0 (3) 11.1 3) 19.5 4 34.0 (O™
Improvement 90% 54% 48% 78% 56% 41%

Parameters column: main effects of group. Binocular columns: measures showing advantages over the Dom eye. Amb Eye column:

measures showing deficits compared to binocular viewing.
"P < 0.05.
P <0.01.
P < 0.001.

adult performance. These effects were, together, responsi-
ble for significant three-way (group x feedback x view)
interactions (Frs, > 4.5, P < 0.025) for both param-
eters. For example, the average reduction in ND eye
MD between VPO and FV conditions was ~160 ms for
the control subjects but was ~500 ms in the amblyopia
group, as reflected in the relative between-group differ-
ences in their mean percent “improvement” between condi-
tions (Table 2). More specifically, mean improvements were
similar for binocular movement onsets (13% control vs.
16% amblyopia groups) and durations (21% control vs.
23% amblyopia groups) and for Dom eyes also (i.e., 8%
vs. 8% for MO; 15% vs. 14% for MD). But, they were
~2 to 3 times greater for amblyopic compared to normal
ND eye viewing (i.e., 7% control vs. 18% amblyopia for
MO; 14% control vs. 30% amblyopia for MD). Improve-
ments occurring with binocular visual feedback further
resulted in both subject groups acquiring significant bene-
fits over their Dom eyes for both its anticipated (for MO)
and actual (for MD) availability in the FV condition (all
P < 0.00D).
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Reaching Performance

There were main effects of group on reach timing due to
generally slower performance by the amblyopic subjects in
both the acceleration and deceleration phases (Table 3).
Their slower ttPVs compared to the controls were, moreover,
uniquely independent of the view or feedback conditions
(Fig. 3A), consistent with strategically altered reach plan-
ning by these subjects.48-5° Results for the later, LVP of
the reach, however, more closely resembled those for overall
movement durations, including the presence of a significant
group x feedback x view interaction (F,g, = 5.1, P < 0.025).
Several factors contributed to this. First, the control subjects
showed a benefit of binocular over Dom eye vision with
feedback available (faster LVPs of ~70 ms, P < 0.001), with a
smaller binocular advantage (P < 0.05) also uniquely present
with VPO. Second, the amblyopia subjects’ final approach
times were significantly slower than the controls with binoc-
ular (P < 0.05) and, especially, amblyopic eye VPO (P <
0.001). But, these improved so much with FV available (by
33% and 39%, respectively) (Table 3) that they were all now
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(B). Conventions are as in Figure 2.

similar to normal (P > 0.1), including significantly faster
binocular LVPs (of ~60 ms) compared to their Dom eye
alone (P < 0.01).

There was also a main effect of group on reach accu-
racy, with the amblyopic subjects committing significantly
more mis-reaching errors across all three views in the
VPO condition than the control group (Fig. 3B), suggest-
ing poorer target localization during the planning stage.
Moreover, this relative planning deficit was not rectified by
visual feedback (Fig. 3B), as the improvements in reach
accuracy they achieved with FV available were markedly
less than normal (by between ~10% and 30%) under
each view (Table 3). Figure 3B also indicates that the
control group made generally fewer binocular than Dom
eye mis-reaching errors, but this apparent advantage did
not quite achieve significance (P = 0.1), partly due to
between-subject variability in their rates of occurrence
(Table 3).
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Grasping Performance

There were main effects of group on grasp timing (Table 4),
with respect to the early phase up to peak grip aperture
(ttPG) and to the final grip application time, although these
occurred for different reasons. Results for the ttPG broadly
resembled those for movement durations, with the ambly-
opia subjects being significantly more cautious/slower in
initially opening their hand than the controls across all three
views with VPO (P < 0.005), especially with their ambly-
opic compared to the normal ND eye (P = 0.001), but they
markedly reduced the relative delays with FV available on-
line (P < 0.05). GATs when contacting the objects prior
to picking them up showed a novel pattern (Fig. 4A) in
which (uniquely for the movement dynamics) the ambly-
opia group exhibited only a trend toward an overall rela-
tive planning deficit (P > 0.1), specifically due to their very
slow amblyopic eye performance. Instead, their GATs were
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viewing. “P < 0.05.

significantly prolonged compared to the controls in the FV
condition (P < 0.025), due to relative deficits in the use of
on-line binocular and amblyopic eye vision (both P < 0.05)
for securing their grip.3®° Consistent with this, the normal
adults exhibited a typical binocular FV advantage over the
Dom eye (P < 0.05) for reducing this final period of their
grasp, which the amblyopia group did not.

Unlike the reach component, the amblyopia group
showed no significant planning deficit for any measure of
grasping accuracy that we assessed. Indeed, there were
no main effects of group on the width of the grip at
peak or initial object contact (Table 4), although control
subjects exhibited the usual binocular full vision advan-
tage for enhancing the accuracy of these parameters which
the amblyopia group did not share. There was, however, a
main effect of group for mis-grasping error rates (Table 4,
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Fig. 4B). As with their GATs, there was only a trend (P = 0.1)
toward the amblyopia group committing more VPO errors
due to poor performance with their affected eye, with the
significant effect (P = 0.025) being mainly driven by their
higher rates of binocular and amblyopic eye mis-grasping
with on-line vision available. This was combined with a lack
of a binocular FV advantage for improving grasping accu-
racy, which was strongly present among the control subjects
(P < 0.00D).

Associations Between Visual and Prehension
Deficits in the Amblyopia Group

Spearman’s rank correlation analyses established that the
degree of visual and stereo acuity loss co-varied among our
amblyopic subjects (r = 0.49, P < 0.025), with each also posi-
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tively correlated with their existing motor fusion/vergence
facility (r = 0.61, P < 0.0025 and » = 0.74, P < 0.001, respec-
tively). There were no specific associations between any of
these deficits and the apparent cause of their amblyopia.

ANOVA was conducted on each parameter in the VPO
condition with each of the three above-listed ordinal features
entered as separate between-subgroup factors in the analy-
ses. Given that overall VPO performance was most variable
when using the amblyopic eye (refer to the large standard
errors evident in Tables 2 to 4), its degree of mild versus
moderate-to-severe acuity loss might be expected to corre-
late with the severity of at least some deficits in movement
planning, but it did not, nor were there any rank correla-
tions with their interocular acuity differences or VA class for
amblyopic eye performance alone. Instead, the only signif-
icant associations found related to their loss of stereovi-
sion. First, movement onset times were longer (by 80-90
ms or ~10%-22%) across all three views in the subjects
with unmeasurable compared to reduced stereovision (F; 19
= 4.9, P < 0.05). Second, the subgroup with Nil stereoacu-
ity formed much wider grasps (by 12-18 mm or ~10%-20%)
across all three views at both peak grip aperture (F; 9 =
5.1, P < 0.05) (see Fig. 5A) and initial object contact (F 1o =
4.5, P < 0.05; not shown) compared to those in whom some
stereovision was preserved.

Further ANOVA by these ordinal features for the full
vision condition, again, revealed significant associations only
with their degree of stereovision loss. As with VPO, wider
grips at peak (F; 19 = 10.9, P < 0.005) (Fig. 5B) and at object
contact (Fy 19 = 4.6, p < 0.05; not shown) were produced
under all three views by the subjects with Nil compared to
reduced stereoacuity.

DISCUSSION

Our aim was to determine whether prehension deficits
known to be present in adults with persistent ambly-
opia are mainly products of problems with the feedfor-
ward planning or feedback control of their movements.
To this end, we compared the reach and grasp perfor-
mance of normally sighted and amblyopic adults directed at
isolated, high-contrast, 3D objects with binocular, dominant,
or non-dominant/amblyopic eye vision available to them
only during the pre-movement planning stage or during
both its planning and execution. There were four major
new findings. First, although we anticipated disruptions
in amblyopic eye performance with VPO, some of those
related to movement timings (e.g., onsets and durations)
were particularly marked. Second, we obtained evidence
of further generalized relative planning deficits for both
reach timing and accuracy affecting all three views. Third,
although we found little evidence for comparably gener-
alized grasp planning deficits in the same subjects, aside
from slower hand pre-shaping during initial grip formation
(i.e., the ttPG), the subgroup with clinically unmeasurable
stereovision produced significantly less accurate grips at
peak and at endpoint target contact. Finally, relative deficits
in binocular and amblyopic eye endpoint grasping perfor-
mance (increased grip application times and error rates)
occurred selectively with full vision available, indicative of
impaired on-line control of digit placements on the goal
objects.

The notably prolonged movement onset times follow-
ing amblyopic eye VPO suggests that any feedforward plan,
generated by the subjects when viewing the task constraints
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during the preview, inspired little confidence in their subse-
quent performance when they knew that vision in this
eye would be occluded. Indeed, that performance too was
notably slow and cautious, uniquely including significantly
increased endpoint grasp times and error rates relative to the
matched control view. Amblyopic eye viewing also derived
the most benefit for movement initiation when the subjects
knew that vision in this eye would be continuously avail-
able following the “go” signal and for nearly all aspects of
its subsequent execution. These findings further suggest that
amblyopic eye vision is, at best, able to support only a rudi-
mentary model for predictive prehension control, as their
movements in progress seem to require constant updating
via on-line visual feedback. Zhao and Warren*’ argued that
such behavior is inconsistent with the generation of any
internal model at all but is more likely mediated by a weak
off-line strategy based on context-specific spatial memory
of the task requirements. Although failure to formulate an
adequate motor plan was independent of the severity of the
visual acuity loss in the subject’s affected eye, our current
data do not allow us to identify which of the many atten-
tional and other perceptual deficits specific to amblyopic eye
viewing may have contributed to this weakness.

Relative planning deficits in the amblyopic adults were,
however, also manifest to a lesser extent by much longer
than normal binocular and DOM/fellow eye VPO movement
initiation and duration times, indicating that the problem
is not exclusive to amblyopic eye viewing. Indeed, as with
onset times, movement durations were prolonged in the
amblyopia group regardless of view or feedback conditions.
A major contributor to these effects was their slow ttPVs,
representing the initial acceleration phase of the reach. This
slowing effect has been seen before in adult amblyopic
subjects under standard FV conditions and is considered an
acquired, adaptive strategy designed to enhance subsequent
reaching accuracy, which normally sighted adults achieve
by slowing the final approach to the target (LVP) for error
correction using visual feedback. However, unplanned post
hoc repeated-measures ANOVA showed that there were no
between-group differences between either of these reach
parameters, when expressed as a percentage of their overall
movement durations. That is, although the absolute dura-
tions of both its acceleration and late deceleration phases
were longer in the present group of amblyopic subjects, they
exhibited mean proportions of their total (prolonged) execu-
tion times equivalent to those of the normal adults (ttPV%,
amblyopia 28.5% vs. controls 27.8%, F; 4 = 0.4, P > 0.5;
LVP%, amblyopia 40.2% vs. controls 38.9%, F, 40 = 0.9, P >
0.25). Yet their reaching accuracy was poorer than normal
across all conditions, with the only marked improvement
in error rates (of 39%) occurring with binocular full vision
compared to planning only.

Accurate localization of the goal object in 3D space, espe-
cially its absolute distance from the viewer, is important for
optimal reach planning and execution. Consistent with this,
we have previously observed similar effects across all views
in amblyopic adults (comparatively slow reaches along with
high error rates) under low visibility conditions when such
subjects may have had difficulty locating the target against
the background environment.?” We and others?°-28:59-52 have
also previously argued that normal binocular vision in child-
hood provides information essential to developing visuomo-
tor systems underlying the protracted refinement of eye—
hand coordination skills, which can partially transfer to
action control when using one eye alone. Our experimen-
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tal setup offered several monocular cues to the distance of
the target (e.g., familiar image size, height in scene). But,
for the control subjects, an additional binocular metric cue
known to enhance normal reaching performance®-*® should
have been provided from signals regarding the degree of
convergence achieved when they fixated the object during
the VPO preview and with FV available. In fact, the small
subgroup of our amblyopic subjects (z = 7) (Table 1) with
normally preserved convergence facilities made nearly 50%
fewer reaching errors than those with reduced or unmea-
surable motor fusion in the binocular VPO condition and
across all three FV views. Although neither effect achieved
statistical significance (both P < 0.20), the possibility that
mis-reaching in amblyopia may be influenced by deficient
access to distance-related vergence information would be
worth more specific future attention.

Relative grasp planning deficits were less marked in the
amblyopia subjects, but major between-group effects were
evident when full vision was available for on-line guidance
of the grasp. Accurate judgments of the 3D properties of the
goal object (e.g., its size and shape) are considered essen-
tial for the optimal thumb and finger placement needed to
secure it on contact with the final precision grip. A previ-
ous consensus was that the ttPG and the PGA itself, formed
when trying to match the initial grasp to these object proper-
ties, are largely or exclusively products of feedforward plan-
ning, with the PGA consistently showing binocular advan-
tages over monocular FV in neurotypical adults (Fig. 5A).
However, alternative evidence has shown that visual feed-
back obtained during the 400 to 500 ms typically lead-
ing up to the peak grip strongly influences its size.>®:6263
This revised interpretation is more consistent with another
long-standing conclusion that the key dividend associated
with normal binocular vision is in improving aspects of on-
line grasp control 53~ and derives from retinal disparity
processing in grasp-related areas of the lateral division of the
dorsal/action stream of extrastriate cortex,'>*> one of which,
the anterior intraparietal sulcus (alPS) area, is also particu-
larly implicated in 3D object shape and size processing.!444

The amblyopia group significantly increased their ttPG
regardless of view or feedback, with the peak grip (Fig. 5)
and grip size at initial object contact also increased in the
subgroup whose stereoacuity was unmeasurable using stan-
dard clinical tests. Given these dissociations, it could be that
the slower times to initial grip formation resulted from an
overall slowing of the movements made by the amblyopia
group, especially as this period substantially overlaps the
acceleration phase of the reach (i.e., ttPV) and was found
post hoc to be correlated with it under all view and feedback
conditions (# > 0.6, P < 0.001). The wider, less accurate grip
sizes at peak and at object contact produced by those with
the poorest stereovision, however, more likely resulted from
a combination of deficits in feedforward (with VPO) and
feedback (with FV) control, due to their severely reduced
access to disparity information, a situation that can also
compromise 3D shape/size perception when only monocu-
lar cues are available,®* perhaps involving defective process-
ing in the laterodorsal aIPS area.

Finally, the amblyopic group showed increased grip
application times and mis-grasping errors with the affected
eye in both feedback conditions and in the binocular full
vision condition compared to equivalent control perfor-
mances (Fig. 4). Post hoc correlation analysis showed posi-
tive associations between the increases in these two param-
eters for each of the three conditions (all » > 0.58, P <
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0.01), suggesting that they occurred for similar reasons.
Mis-grasps, by definition, involved reapplications or reori-
entations of the grip immediately following contact with
the goal object (e.g., Figs. 1B, 1D), suggesting that visual
information normally used for guiding initial digit place-
ments on the target was inadequate for a stable grasp, with
haptic feedback from them indicating a need for adjustment.
We have previously argued that amblyopic subjects prolong
their GAT as an acquired, adaptive strategy that increases
the availability of such non-visual feedback to compensate
for uncertainties in their initial thumb/finger placements
before attempting the object manipulation (e.g., lift) phase
of the grasp.>-3° The relatively more common requirement
to alter the initial grip is consistent with these inadequa-
cies and, in the comparative binocular FV conditions, is
further consistent with suggestions that feedback derived
from normal on-line stereovision is necessary to optimize
grip application at object contact>* Neuroimaging studies
further suggest that important nodes, such as the superior
parieto-occipital cortex area, on the medial division of the
dorsal/action stream, have special involvement in process-
ing hand orientation and object contact points for endpoint
grip application,®* implying separate deficits in this other
cortical circuit in amblyopia.

We have previously investigated prehension skills in
neurotypical and amblyopic children under standard (full
vision) conditions and shown that there is a developmen-
tal change in the way that both subject groups approach
the task.3>3¢ Specifically, younger children (5-6 years old)
adopt a predominantly feedforward mode of control, with
those 7 to 11 years old taking a progressively more inte-
grated approach in which visual feedback is incorporated
to guide their reach and grasp. We found that the perfor-
mance of the 5- to 6-year-old children with amblyopia was
particularly poor, much slower, and more error prone under
all viewing conditions than at all later ages, including adult-
hood, but especially when using their affected eye, a situa-
tion resembling that of our current amblyopia group in the
VPO condition. Taken together, these findings suggest that
the prehension abilities of young amblyopic children might
be relatively unaffected by the absence of feedback (i.e., with
VPO), but would gradually worsen with age as the use of
feedback becomes more significant, possibilities that would
be interesting to examine in future work.

Our study had limitations, including relatively low subject
numbers not atypical of this kind of work, with a hetero-
geneity of visual impairment among the amblyopia group,
but which was needed to examine potential factors associ-
ated with their prehension deficits. We only assessed visual
acuities at distance, not near, as in our test of stereoacuity,
which was within the range of the prehension tasks and
found to be related to some aspects of amblyopic adult
performance. However, because previous studies® have
reported no systematic differences between average distance
and near acuities in amblyopic eyes, with any individual
increases or decreases between the two measures typically <
1 line/0.1 logMAR, undetected associations with near acuity
are unlikely. More importantly, we found that amblyopic
subjects are capable of using visual feedback to improve
their planning performance to an extent that was some-
times quite similar to that of the normal adults—for example,
in reducing their binocular and Dom eye movement dura-
tions and low-velocity reach phases. But, we cannot iden-
tify the nature of the on-line feedback utilized for these
purposes. Did it derive simply from a continuous view of
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the goal object with full vision or from information about the
changing spatial relationship between the moving hand and
digits as they approached the target? Inferences from previ-
ous work have favored the former possibility, as proficient
use of the latter in control subjects (at least with binocular
FV) appears based on processing of changing hand-target
disparities, >3- to which amblyopic adults with reduced
stereovision have limited access. Future studies comparing
the performance of these subjects with different sources of
feedback available will be required to answer this question.

The data obtained from the amblyopic adults were
complex, reflecting the complexity of the causes of their
impaired eye-hand coordination skills, with suggestions that
they may not construct internal models for anticipatory
control with their affected eye, and they have generalized
reach planning deficits and difficulty using on-line visual
feedback for enhancing grasp proficiency, possibly result-
ing from separate problems in different dorsal stream corti-
cal subcircuits. Given these considerations, it seems unlikely
that any generic or even individually tailored instructional
training regime would lead to substantial improvements in
their overall prehension skills, as such regimes typically
target specific deficiencies in off-line control. Instead, we
suggest that the most viable approaches to pursue in the
future are those specifically designed to rehabilitate binoc-
ular functions in amblyopic subjects,?°-2%% some of which
have already shown promise for improving multiple compo-
nents of fine visuomotor performance.®’~%
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