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Abstract

Binocular vision provides the most accurate andipeedepth information; however, many people have
impairments in binocular visual function. It is gdde that other sensory inputs could be used taiob
reliable depth information when binocular visiomst available. However, it is currently unknown
whether depth information from another modality royes target localization in depth during action
execution. Therefore, the goal of this study waaseess whether somatosensory input improves target
localization during the performance of a precigiacement task. Visually normal young adults (n=15)
performed a bead threading task during binoculdrraanocular viewing in two experimental

conditions where needle location was specified Joyision only, or 2) vision and somatosensory input
which was provided by the non-dominant limb. Parfance on the task was assessed using spatial and
temporal kinematic measures. In accordance witthypethesis, results showed that the interval spent
placing the bead on the needle was significantbyteh during monocular viewing when somatosensory
input was available in comparison to a vision argyndition. In contrast, results showed no eviddnce
support that somatosensory input about the need&ibn affects trajectory control. These findings
demonstrate that the central nervous system nedegtominately on visual input during reach exeauytio

however, somatosensory input can be used to feilihe performance of the precision placement task



1. Introduction

One of the main benefits of having normal binocuiaron is improved depth perception. The ability
to accurately localize objects in three dimensig88l) space is of critical importance during the
performance of goal-directed reaching and graspiagements. The two binocular cues that contribute
to movement planning and execution are ocular vexg@and stereopsis. Studies have shown that ocular
vergence provides reliable input about object’sl@&tion, which is important for planning reaching
movements (Brenner and van Damme, 1998; Mon-Williamd Dijkerman, 1999; Tresilian et al.,
1999). Stereopsis on the other hand provides trs¢ precise information about object features, agch
its size and orientation (Howard, 2012), whichnigortant for grasp execution (Jeannerod et al.5199
Unfortunately, abnormal binocular vision is thelimark of developmental visual disorders such as
amblyopia or strabismus, which affect 2 — 4% ofeotlise typically developing children (Birch, 2013).
In addition, disorders of binocular vision are atemmon in older adults (Leat et al., 2013), and
following neurological injury (Bridge, 2016). Patis with abnormal binocularity must develop
compensatory strategies, which could rely on infrat® the other sensory modalities. For example,
somatosensory input could provide information flamping reaching movements, and adjusting grip
forces when grasping objects. Although theoretygalihusible, the role of somatosensory input igear
localization during monocular viewing when perfongiireaching movements has not been studied in
previous literature. It is important to understavitether input from the other modalities can be used
facilitate the performance of goal-directed movetaevhen binocular vision is not available as this
information could be used towards developing paétraining regimens to improve visuomotor
coordination for people with abnormal binoculardtion. Therefore, the goal of our investigation was
to assess the contribution of somatosensory fe&dbabe performance of a precision placement task
during binocular and monocular viewing.

Binocular vision provides unique input for optintaintrol of upper limb reaching and grasping

movements. When planning a reaching movement, Mispat specifies the extrinsic object properties,
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such as distance and orientation, as well as thiasit object properties, such as size and texture
(Bradshaw et al., 2004; Jeannerod et al., 1995md#l and Grant, 2006). This sensory information is
used to plan the initial reach trajectory and gqiplication forces, as well as, to fine-tune tlagettory
during execution, which is referred to as onlinatoal (Elliott et al., 2001; Elliott et al., 2018han et

al., 2006). Significant deficits in motor perfornt@ have been reported in people with abnormal
binocular vision (Grant et al., 2007; Grant and Bleg, 2011; O'Connor et al., 2010a, 2010b; Webber e
al., 2008), and in visually-normal observers dummgnocular viewing (Gnanaseelan et al., 2014;
Gonzalez and Niechwiej-Szwedo, 2016; Servos andi&ep1994; 1998), or when binocular vision

was degraded (Piano and O'Connor, 2013). Impoytahiése deficits are more apparent during
performance of complex motor actions. For exantpke speed and accuracy of aiming movements
towards a single target is not significantly aféettduring monocular viewing (Coull et al., 2000;
Niechwiej-Szwedo et al., 2011; Niechwiej-Szwedalet2014). In contrast, prehension movements and
action sequences are performed significantly slamerwith more errors when binocular vision is not
available (Gnanaseelan et al., 2014; Gonzalez a&chiWiej-Szwedo, 2016; Piano and O'Connor,
2013). Specifically, one type of motor task thadisrupted when binocular vision is not availalsle i

bead threading, which consists of grasping a sbeatl and placing it on a vertical needle (Gonzalez
and Niechwiej-Szwedo, 2016; O'Connor et al., 20BRano and O'Connor, 2013). Our previous studies
have shown that grasp duration was ~20% longendumonocular viewing; however, the greatest
deficit was found for the placement component whiels ~70% longer in duration during monocular as
compared to binocular viewing (Gonzalez and Nieeip8zwedo, 2016). These results demonstrate that
the ability to localize the needle in 3D spaceriien to place the bead is severely disrupted when
viewing with one eye. This disruption most likelgooirs because ocular vergence is an important cue

for distance, and this cue is not reliable durirmpotular viewing due to phoria.



Studies have shown that ocular vergence providieble input about the object’s 3D location during
binocular viewing which is important for planningeaching movement (Brenner and van Damme,
1998; Mon-Williams and Dijkerman, 1999; Tresilianag, 1999). For example, Mon Williams &
Dijkerman (Mon-Williams and Dijkerman, 1999) useakb-in and base-out prisms to manipulate ocular
vergence, which affected the perceived target mitgtaand in turn influenced the kinematics of ré@agh
movements. Specifically, when participants woresbast prisms the target appeared to be located
closer in depth, which led to lower reach peak e#ycand acceleration. On the other hand, the targe
appeared farther away with base-in prisms, whidhdehigher reach peak velocity and acceleration.
Therefore, the results from the studies by Mon-Mfifis and colleagues showed that the central nervous
system (CNS) uses ocular vergence as a distanaducimg binocular viewing, which directly affects
the planning and execution of upper limb reachirmy@ments.

The ocular vergence signal is disrupted during noalar viewing due to the phoria (Ono and Weber,
1981). Phoria occurs when the occluded eye devatygard (exophoria) or inward (esophoria).
Previous studies have shown that phoria disrupliggments of visual direction, which is associated
with mislocalization of the target object along #emuth (Khokhotva et al., 2005; Ono and Gonda,
1978; Ono and Weber, 1981). For example, a tempgateviation of the right eye (exophoria) results
in mislocalization of the target along azimuth stitht the target is perceived to the right of dwial
physical location. In the case of esophoria, tredsviates inward and the target appears shiftedrtb
the seeing eye, so if the right eye is occludegltdinget will be perceived to the left of whergsit
actually located. To summarize, ocular vergences e provide a reliable cue during monocular
viewing because phoria of the covered eye leattsctdization errors along the azimuth. It is
conceivable that the placement of the bead onekédla is longer during monocular viewing due to

phoria, which disrupts localization of the neediSD space.



When the visual input is less reliable, the CNSi@¢woely on inputs from other modalities. For
example, if the target is in contact with a bodytphe somatosensory system could provide
information about target location. Elegant studigvan Beers and colleagues (van Beers et al.,;1996
1998) compared the precision of somatosensory eudhMnputs in localizing one’s own unseen hand.
Results showed that somatosensory localizationmae precise in the radial direction with respect t
the shoulder, whereas visual localization was npoeeise along the azimuth. In addition, localizatio
was most precise in an experimental condition whervisual and somatosensory inputs were both
present, which indicates that multisensory integnaimproves performance. Relatively few studies
examined the kinematics of reaching movementsdoaliand somatosensory targets (Cameron and
Lopez-Moliner, 2015; Monaco et al., 2009). Nonetss| the main findings from these studies support
the idea that the presence of somatosensory ingaroives the planning and execution of reaching
movements.

To summarize, binocular vision provides an impdrsansory input regarding object location in 3D
space, which is critical for the performance oflgtieected movements. One aspect of performande tha
is impaired when one eye is occluded is targetliwaigon.Previous research has shown that presence of
somatosensory input regarding target locationss@ated with better reach endpoint precision daurin
binocular viewing. Therefore, the goal of the catretudy was to assess the contribution of
somatosensory input specifying target locatiorhtogerformance of a precision reach and placement
task during monocular viewing. It was hypothesitteat the presence of somatosensory input will be
associated with significantly better performancéndgcated by limb kinematics. It was also expected
that the improvement in motor performance with sms@nsory input will be greater during monocular

compared to binocular viewing.



M ethods
2.1 Participants

Fifteen adults (10 females, 5 males; mean age=23.46 years) with normal, or corrected-to-
normal vision were recruited. Participants had istolny of visual, or ocular abnormalities, and no
neuromuscular deficits. All participants were riglainded, which was established using the Waterloo
Handedness Questionnaire. The Porta test was askddrmine eye dominance, which showed that 12
participants were right eye dominant. Distance aliseuity was assessed binocularly and monocularly
using the Bailey Lovie vision chart. All participgrhad best visual acuity of 0 logMAR or betteeath
eye. Stereoacuity was measured using the Randeio@taiity Test (Randot SO-002 test), and all
participants achieved at least 40 seconds of dr¢thé experimental procedures were approved by the
ethics committee at the University of Waterloo.tiegrants signed an informed consent prior to

participating in the study.

1.2 Apparatus

Figure 1 shows the apparatus used in the experirAdmtard consisting of two hooks, which were
aligned in azimuth and separated vertically by 6 was positioned directly in front of participant’s
midline. Two beads (diameter 1.6 cm, bead hole 6mMBwere placed on the hooks. A vertical needle
(16.2 cm long and 0.2 cm in diameter) was placedm@way (in depth) from the bottom side of the
board holding the beads. The needle was alignadimuth with the two central beads, and the tithef
needle was aligned vertically with the top beacdorgher to ensure comfortable reaching distance, the
distance from the chin rest to the needle wasthalparticipant’s arm length (Mean Arm Length= 69.8
cm, SD=4.1 cm).

Upper limb kinematics were recorded using an Opko®D Investigator motion capture system

(Northern Digital, Waterloo, Canada). Two inframditting diodes (Ireds) were placed on the proximal



base of the thumb and index finger. Although batlydrs were recorded, only the index finger wasluse
for the kinematic analysis. Grip aperture was noteasured in this study because the Ireds were not
placed at the tip of the fingers as this could po&dly interfere with the participant’s graspinghavior.
Prior to beginning data collection, the Optotrakteyn was calibrated using a three-marker digitizing
probe.

Eye movements were recorded using a head-mountedlar eye tracker (Eyelink Il, SR
Research, Ottawa, Canada). Calibration for thetrypder was performed under binocular viewing
using a standard 9-point grid. Validation was pemied to ensure the reliability of the calibratioasy
<1’ error. Calibration targets were presented on antB-CRT monitor (Viewsonic P95f+, 1024x768) at
a viewing distance of 80 cm. Eye movement recoslingre done under binocular and monocular
viewing. Monocular viewing was accomplished usingrdrared long-pass filter (Edmund Optics,
Barrington, NJ, USA), which was placed in frontoofe eye. The filter blocked all visible light while
passing near infrared wavelengths such that théragker was able to record the position the calere
eye.. Both limb and eye movement recordings wemgpgzd at a rate of 250 Hz. MotionMonitor
software (Innovative Sports Technology, ChicagoAY®as used to temporally synchronize the
recordings limb and eye position data, and to natiegthe limb and eye position data into a comnion 3
reference frame. A common Cartesian coordinateesystas defined with an origin located at the
bottom left corner of the workspace (to the leftlod apparatus). The 3D reference frame was defined
with respect to the observer: horizontal planenfaith) as the x-axis; vertical plane (elevationjhesy-

axis; median plane (depth) as the z-axis.

1.3 Experimental Procedure
At the initiation of each trial participants haeiheyes closed, and placed the right index firager

thumb of the dominant hand at the tip of the neefi¢his time, the researcher placed two bead$hen



hooks on the board. Participants were instructezptm their eyes and fixate on the tip of the need|
which was followed by a verbal “Go” signal, andtiaiion of the reaching movement. Participants were
instructed to use their right hand to grasp onella¢a-time, starting with the bottom bead, angléze

it on the needle as fast as possible without drappihe trial was completed when both beads were
placed on the needle. Collection duration was t#ias each trial collection was terminated when th
participant finished the task. The task was peréatmander three viewing conditions: binocular, and
monocular with the right and left eye. Viewing cdrahs were randomized and counterbalanced
between participants. There were ten trials foheaewing condition.

The main experimental manipulation was the presehsematosensory feedback on half of the
trials. Thus, in each viewing condition there wBrieials with vision only, and 5 trials with
somatosensory feedback and vision. These trials veerdomized within each viewing condition using
the excel RAND function. Participants received stmsansory feedback regarding the 3D location of
the needle by using their own left hand to holdrtBedle. Specifically, the left thumb and indexgén
were placed on the needle in a standardized posBi& cm from the bottom. This position was also
labeled on the needle to ensure that each panticipad the needle at the same location during the
experiment. Participants held the needle closérédottom rather than at the needle’s tip because
placing the hand the tip obstructed the view oftibads so participants could not perform the task.
Trials with somatosensory feedback were randontgrépersed with vision only trials (i.e., control

condition), where the left hand was resting ontéiide 10 cm to the left of the needle’s position.

1.4 Data Analysis
2.4.1 Optotrak Data Reduction
The beads were dropped on 5.3% of trials (BE: 0ight eye: 1.3%; left eye: 3.3%), and these

data were excluded from the kinematic analysisal$svith missing data due to loss of finger tragkin



were also excluded from the kinematic analysis (428w position data were filtered using a dual-pass
Butterworth filter with a low cut-off frequency @0 Hz, and instantaneous velocities were calculated
using adjacent points (Matlab, Mathworks, Naticl§A). The main analysis focused on two kinematic
phases: reaching towards the needle and bead @atemthe needle. Figure 2 shows a typical vefocit
trajectory during binocular and monocular viewinigese the two kinematic phases of interest were
identified using velocity criteria. Specificallyhe start of the reaching phase was defined aseawinen
finger velocity in the z-axis reached at least 2@/mfor 20 consecutive milliseconds, with the ehd o
the reach defined as velocity falling under 100 mfaf 20 consecutive milliseconds after peak véjoci
The placement phase was defined as a time whenityelio the z-axis fell under 100 mm/s, and the end
of the placement was defined as a time when thd has moving in the opposite direction and finger
velocity in the z-axis exceeded 20 mm/s for 20 ecnsive milliseconds. Although not the focus of the
current investigation, grasp duration was alsoutated using the same velocity criteria. Thesegat

are consistent with the aiming literature (Elliettal., 1999; Glazebrook et al., 2009; Grierson and
Elliott, 2009), and our previous work on prehendiGmanaseelan et al., 2014; Gonzalez and Niechwiej-

Szwedo, 2016).

2.4.2 Eyelink Data Reduction

Eye tracking data from one participant were exaludee to excessive noise. All trials without a
corresponding limb data (i.e., due to dropped beadisss of Ired tracking) were also excluded fribra
analysis. All eye position traces were inspectasdally by one of the authors, and fixation on teedie
was determined using a velocity criterion: fixatiwwas defined as stable when the eye velocity <20
deg/s. Mean eye position of the left and right éygng the fixation interval was used to calculdie

vergence angle by subtracting the position of dfiedye from the right eye (Howard and Rogers 2002)

10



2.4.3 Statistical Analysis
2.4.3.1 Mean Limb and Eye Kinematic Analysis

The main dependent measures used to examine #at effsomatosensory feedback on limb
kinematics during the performance of a precisi@cement task were reach peak velocity, reach
movement time, and placement duration. Two measabsned from eyetracking were also examined:
fixation duration and vergence angle during theg@haent task. A repeated-measures analysis of
variance (ANOVA) with two within-subject factors:adality (somatosensory, vision only) and viewing
conditions (binocular, left eye, right eye) wasdusetest the main hypothesis. Post-hoc testing wa
performed using the Tukey-Kramer test. The sigaiite level was set at p < 0.05. Statistical analyse
were conducted using the Statistical Analysis Sgqt8AS) Studio, ver. 3.5 Enterprise Edition (SAS
Institute Inc., Cary, NC, USA). Descriptive statistare reported as the mean and corresponding

standard deviation.

2.4.3.2 Reach Trajectory Analysis

A multivariate normal-based parametric bootstraggraach was used to examine reach trajectory
deviation in azimuth and depth across the expetiaheonditions. This procedure provides
simultaneous pairwise adjusted p-values for compgaiime varying continuous data series (for details
see: https://cran.r-project.org/web/packages/cunvgxiindex.html). The advantage of using this
procedure is that it can reliably detect the tiroas for which the trajectory deviation effecteszirom
movement initiation to termination are statistigalignificant as opposed to using a single poirtinre
(e.g., assessing trajectory deviation at a siniglerkatic event, such as peak velocity). In parécuhe
familywise error rate is controlled properly evehem multiple experimental conditions are present. |
addition to the adjusted p-value at each time paifithe trajectory deviations, Cohem®ffect size

(Cohen, 1992) was calculated to understand theipahsignificance of the deviation.
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A requisite for using this approach is that the proent trajectory must be normalized in time,
which requires rescaling of the original range liseamovement duration is different across triats an
participants. In other words, the normalizationgess involves rescaling the data such that eaadh tri
consists of equal number of samples. In our appraaarmalization was performed separately for the
acceleration interval, which was defined as theetirom reach initiation to reach peak velocity, &mel
deceleration interval, which was defined as theetfrom reach peak velocity to the end of movement.
First, the maximum duration of the acceleration dadeleration interval was determined acrossialbktr
and participants, and this value was used to resbalremaining data. The maximum duration of
acceleration interval was 185 frames, and the maxirdeceleration interval duration was 123 frames.
A custom Matlab script was used to rescale thedata using interpolation (Pchip matlab function).
Next, because each trial consisted of a sequenweoateaching movements to the needle (i.e., eadah t
involved placing 2 beads on the needle), the ré@apbctory for these two movements was averaged.
Finally, the multivariate parametric bootstrap gee was performed, using R version 3.3.3, to @sses
reach trajectory deviation across viewing condgi@re., binocular vs. right eye; binocular vst kfe;
right eye vs. left eye) and modality conditiong.(isomatosensory vs. vision only). The interaction
between viewing and modality conditions was alseased by comparing reach trajectory using the
following three contrasts: 1) somatosensory vsoxisnly during binocular vs. left eye viewing; 2)
somatosensory vs. vision only during binoculamigt eye viewing; and 3) somatosensory vs. vision

only during right vs. left eye viewing.

3 Results
3.1 Eye Movements
Fixation Duration: There was a significant maireetfof viewing condition (F(2,26)=15.72, p<0.0001).

Post hoc testing showed that fixation durationtenrteedle was shorter during binocular viewing

12



regardless of modality condition (somatosensor$p+363 ms; vision only: 946£160 ms) as compared
to right eye viewing (somatosensory: 1055+123 nspu only: 1135+157 ms), and left eye viewing
(somatosensory: 1233+181 ms; vision only: 1229+#232. No other effects were significant.
Vergence Angle: There was a significant main efééatiewing condition (F(2,26)=21.12, p<0.0001).
During binocular viewing the mean vergence anglemtixating on the needle during the placement

task was 10.8+2%3 and during monocular viewing vergence angle edsiced (right eye viewing:

8.1+£1.8, left eye viewing: 8.3£29. No other effects were significant.

3.2 Mean Limb Kinematics

Reaching Phase: There was a main effect of vieaomglition for reach movement time (F(2,28)=4.67,
p=0.018), and peak velocity (F(2,28)=4.15, p=0.0B@st-hoc test showed that movement time was
significantly shorter during binocular (530+84 nasid monocular right eye viewing (538+91 ms) as
compared to left eye viewing (558+104 ms). Peakaigt was higher during binocular (0.450£0.118
m/s) as compared to monocular viewing (right ey416+0.105 m/s, left eye: 0.425+0.117 m/s). In
contrast to the hypothesis, the effect of modaliég not statistically significant for movement time
(F(1,14)=0.83, p=0.378), or peak velocity (F(1:43Lp5, p=0.093). The interaction was also not
significant for movement time (F(2,28)=0.95, p=@B6r peak velocity (F(2,28)=0.14, p=0.867).
Placement Phase: There was a significant maintedfagewing condition (F(2,28)=30.53, p<0.0001),
and modality (F(1,14)=34.21, p<0.0001). In accoodawith the hypothesis, the interaction was
significant (F(2,28)=4.41, p<0.022; Figure 3). Post testing showed that placement duration was
significantly shorter during monocular viewing whewsmatosensory feedback was present (left eye:
920+232 ms; right eye: 894+171 ms) as comparedastorvonly condition (left eye: 1102+ 242 ms;
right eye: 1065+158 ms). In contrast, post hodrigsthowed that somatosensory feedback did not
significantly reduce placement duration during loular viewing (somatosensory: 711+143 ms; vision

only: 748+186 ms).
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Grasp Phase: There was a significant main effieagewing condition (F(2,28)=17.31, p<0.0001),
however, the effects of modality (F(1,14)=0.14, p4@3), and modality by viewing condition were not

significant (F(2,28)=0.92, p=0.411).

3.3 Reach Trajectory

Figure 4a shows the mean reach trajectories amdphi@twise 95% confidence intervals for each feam
during the acceleration interval across the thieing conditions, and Figure 4b shows the firlyfi
frames. The adjusted p-values of the pairwise coisgas that control the familywise error rate are
shown in Figure 4c. Results show a larger deviagiong azimuth when viewing with the left eye (red
curves) as compared to right eye viewing (greemes)r Statistical analysis, which controlled foe th
familywise error rate, confirmed that the differenn trajectory when viewing with the left vershe t
right eye was significant (p=0.030, Cohed’sffect size 1.0), and persisted from movemeniainin up
to 19% of the acceleration interval. After thateimeach trajectories were not statistically défer
across the viewing conditions. There was no sigaift difference between trajectories when viewing
binocularly compared to left or right eye viewidgalysis of the deceleration interval showed no

significant differences in trajectory across viegvoonditions or modality conditions.

4, Discussion

We sought to examine the contribution of somatasgrieedback to the performance of a
precision placement task during binocular and malaseziewing. It was hypothesized that the presence
of somatosensory input will be associated withgaificantly better performance as indicated by limb
kinematics. Our hypothesis was only partially supgh when somatosensory feedback was present
during monocular viewing placement duration wagtgndy ~20% in comparison to a vision only

condition. In contrast, reach peak velocity, movetiene, and trajectory control were not signifittgn
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influenced by somatosensory feedback, which indg#tat target location provided via somatosensory
input from the contralateral limb had a limited trdyution to the execution of a precision reaching
movement. A secondary, important and novel resoihfour study is the finding that phoria has a
significant effect on the initial reach trajectatiyection.

Numerous studies have shown significant advantimgeble performance of upper limb
movements when viewing with both eyes, supportiegidea that binocular vision provides the most
accurate and reliable input for motor performarg@dshaw and Elliott, 2003; Bradshaw et al., 2004;
Gnanaseelan et al., 2014; Gonzalez and Niechwigp&a, 2016; Grant, 2015; Grant et al., 2007; Grant
and Moseley, 2011; Jackson et al., 1991; Jacksah, &002; Melmoth and Grant, 2006; Melmoth et al.
2007; O'Connor et al., 2010a; Piano and O'Conr@32Servos and Goodale, 1994, , 1998; Watt and
Bradshaw, 2000; Webber et al., 2008). In generakipus studies found greater deficits for more
complex tasks (i.e., prehension, movement sequedoesg monocular viewing; therefore, a complex
sequencing task was examined in this study. Althdbg bead threading task consists of four
movement components (i.e., reach-to-bead, graaph+®-needle, place), our analysis focused only on
the latter two because the experimental manipulatias most relevant for the planning and execution
of these two movements. In order to successfullggthe bead on the needle, the tip had to beedal
in 3D space. The CNS relies on multiple cues tovecdepth information, for example, monocular
pictorial cues, motion parallax, accommodation lacuergence, and stereopsis for relative depth
(Howard and Rogers, 2002; Welchman, 2016). Ourwaskperformed in a well-lit room so participants
could have used monocular depth cues, howeverpmptrallax was not available because head
movement was restrained using a chin rest. Ouftsedlearly show that binocular viewing provided a
very important input for the performance of thecglment task because the duration was 45% longer
during monocular viewing. Even when somatosensgoytiwas available, the placement task was

performed significantly slower during monocularcomparison to binocular viewing, further
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demonstrating the superiority of binocular deptescw/iewing with both eyes provides the CNS with
horizontal and vertical disparities, which are aagilable when input is restricted to one eye (Blakd
Wilson, 2011; Gonzalez and Perez, 1998; Poggio5)198 addition, ocular vergence provides a less
reliable depth cue during monocular viewing duphoria (Ono and Gonda, 1978; Ono and Weber,
1981). Our data does not allow us to assess tidodl contribution of disparity or vergence to
placement task performance; however, placementuasaligning a small bead with the tip of the
needle, therefore, horizontal disparities couldehprovided critical input. Overall, our results are
consistent with studies which showed that the CBISuse binocular depth cues faster than monocular
cues to correct reaching trajectory in responsegerturbation (Greenwald et al., 2005; Hu andIKnil
2011).

Our study is the first to show that somatosenseegback about target location specified via the
contralateral limb provides a significant beneadit & precision placement task performance during
monocular viewing. The unique contribution of soos&nsory input to bead placement is also
highlighted by the fact that grasping performanes wot influenced by the presence of somatosensory
information. This was expected because there wa®matosensory input regarding the bead’s location.
The somatosensory input most likely involves thtegration of responses from hand SAl tactile
afferents and limb proprioceptors that encode jairgles and arm posture (Badde et al., 2015). These
inputs are first processed in the somatosensomifgpeortices (S1 and S2), and subsequently in
parietal association area, where neurons havesan#iory responses involved in visual and
somatosensory integration (Duhamel et al., 199&z&zga et al., 1995). For example, bimodal neurons
in the parietal cortex have overlapping receptigil§, and their responses are modulated by eye and
limb position. It has been proposed that theseisansory neurons might be involved in coding of
extrapersonal visual space (Graziano and Gros8)188the behavioral level, multisensory integoati

Is an important process that improves the accug@egision, and speed of perceptual and motor
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responses (Angelaki et al., 2009; Lalanne and Llagan, 2004). In general, congruent sensory inputs
are weighted based on their reliability and presiexperience (Ernst and Banks, 2002). In the contex
of our study, binocular vision provided the mostatde input for the placement task, but when this
input became less reliable during monocular viewihg contribution of the somatosensory input sk ta
performance became more significant. To summadizeng monocular viewing placement duration
was shorter with somatosensory input specifyinglleeldcation, which can be explained by
multisensory integration — a highly adaptable dexilble process fine-tuned to the observer’s sgnsor
status and task demands.

It was expected that the CNS will integrate visaradl somatosensory inputs about the target
location to facilitate reach execution. In contitasbur hypothesis, reaching towards the needlensas
influenced by the presence of somatosensory immdifying needle location in either viewing
condition. This is supported by the lack of sigrafit difference between the modality conditions for
peak velocity, movement time, or trajectory contAdthough these results may seem surprising, there
are several explanations that may account forable of effect. First, when a target’s location is
provided by two sensory modalities, the initial sany input is encoded in different frames of refiee
Specifically, visual information is encoded in gasmtered coordinates, while somatosensory input is
encoded in intrinsic body coordinates (Sarlegna®eidburg, 2009). Therefore, the tip of the needle
was registered in a different frame of referenc@rRo integrating information from different
modalities, these inputs must be transformed irdoramon coordinate frame. As suggested by Sober
and Sabes (Sober and Sabes, 2003), sensory inegtapends on the sensory inputs and task
demands. In general, the CNS relies less on siginalhave to be transformed between different
reference frames because transforming sensory injoua different coordinate frame is
computationally taxing and susceptible to errorse@dire and Sabes, 2009). The task used in thiy stud

was highly visual: after grasping a small beadiip@ants had to align the bead’s hole with theatip
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the needle. Therefore, it is possible that the ves& completed using a predominantly visual frafne o
reference. Second, while participants were holtlegneedle, they could also see the configuration o
the arm and the hand that was holding the neediiehwnay have led to visual capture — a well-known
phenomenon that describes the increased relianeeswal input over other modalities (Holmes et al.,
2004; Pavani et al., 2000). Finally, due to experital limitations described in the methods, the
reliability of the somatosensory input could haee reduced because participants held the needle 13
cm below the tip, therefore, the visual and son&tssry inputs were not precisely co-localized along
the vertical axis. Previous studies have shownrthdtisensory integration is optimal when the senpso
inputs are spatially and temporally coincident (kg et al., 2007; Stevenson et al., 2012), theegfine
vertical offset between the visual and somatosgnséormation may have reduced the potential for
integration. More specifically, it is possible thlae somatosensory and visual encoding of theatpat
position of the needle’s location was outside efdnea where these inputs can be optimally intedrat
or summated. Future research is required to deterthie limits of spatial and temporal integratién o
inputs from different modalities across differegdks, such as localization. To summarize, ourystud
found no evidence to support that the CNS uses tes@@sory input specifying needle location to
facilitate reach execution. This may be due toeaased computational cost and noise that could arise
when transforming the somatosensory input intcsaalicoordinate frame, visual capture, or the oalti
offset in hand position specifying needle’s locatio

In general, results from this study are consistétit previous literature which shows a binocular
advantage for reach execution. A novel and intergs$inding from our study is the effect of phodoa
reach control trajectory. As reviewed in the introtlon, phoria is a horizontal eye deviation which
occurs naturally during monocular viewing in vidyalormal observers (Hrynchak et al., 2010; Ono
and Weber, 1981). Previous studies have clearlyodstrated that phoria affects the perceived target

location along azimuth when observers point tosaal target without visual feedback of the limb
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(Khokhotva et al., 2005; Ono and Weber, 1981). €hgreoria-induced localization errors indicate that
CNS uses an extraretinal eye position signal whamning the direction of a reaching movement. Our
study extends this literature by examining the mrdf reach trajectory during monocular viewing

while visual feedback of the reaching limb is preas#uring movement execution. Using this
experimental paradigm, and a continuous measut@ach trajectory obtained from the motion capture
system provides insight into the temporal dynarofosnline trajectory regulation, and the error
correction processes. Specifically, phoria inducedlization error should affect the initial plangi
process, however, if visual feedback is availabésé errors should be amended because the CNS uses
online feedback control during movement executmartsure endpoint accuracy and precision (Elliott e
al., 2010; Gaveau et al., 2014; Grierson and E|lR108; Khan et al., 2003; Proteau et al., 200Qix.

study provides evidence that errors in motor plagmiue to phoria are corrected relatively quicKlye
initial trajectory direction was shifted towardetbovered eye during monocular viewing, howevas, th
shift was only significant within the first 20% tife acceleration interval, and there was no sicguift
difference in trajectories across viewing condisi@fter that time. Our findings are consistent waith
recent study which found that visual feedback dytire early acceleration phase provides important
input for regulating reach trajectory (Tremblayakt 2016). In summary, our study adds to the joevi
literature by providing insight into the dynamidsomline control in a situation where the trajegtor
deviation is due to an eye position error signddeathan an external target perturbation..

Our study has several limitations that should beawledged. First, a clinical measure of phoria
was not obtained from individual participants. &zst, the presence of phoria was inferred from eye
tracking data, which confirmed that the vergenagle@was reduced during monocular viewing. A
clinical measure of phoria could provide additiomsight and explain individual variability in task
performance. Another potential limitation maybe Ik of spatial coincidence between the visual and

somatosensory inputs along the vertical axis. Aswdised previously, it is possible that this factor
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contributed to the lack of significant effects asated with the presence of somatosensory inpuhgur
reach planning and execution. Finally, future stadihould examine the role of visual feedback ef th
limb specifying target location. It is possible ttamoving visual feedback will reduce visual captu
and increase the contribution of somatosensorytitgoreach planning and execution.
5. Conclusion

In conclusion, our study demonstrates that somasusg input specifying target location via the
contralateral limb facilitates the performance giracision placement task during monocular viewing.
However, the kinematics of the reaching movememewet significantly influenced by the presence of
additional somatosensory input, suggesting thatavismput provides adequate information for reach
execution in visually normal participants. It remmto be determined whether these findings can be
generalized to people with abnormal binocular visguch as patients with amblyopia or strabismus.
Previous studies have shown that patients havéisamt difficulty when performing the bead threadi
task (O'Connor et al., 2010a), therefore, it issgue that adding the somatosensory input couldigeo

a significant improvement during the performanca pfecision reaching and placement task.
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List of Figures

Figure 1: Experimental setup: vision only condit{@y), and somatosensory condition (B).

Figure 2: Typical velocity trajectory obtained osiagle trial during binocular (A), and monocul8) (
viewing (solid line is the vision only conditionptied line is the somatosensory condition). The
grey box highlights the duration of reach intenaald the arrow indicates placement duration
(reach and placement duration were defined usitarirg criteria, please see text for details).

Figure 3: Average duration of placement acrosegperimental conditions (error bars are standard
error of the mean). Placement time was shortendusinocular viewing in comparison to all
monocular conditions (p<0.05). Somatosensory fegkldaring monocular viewing was
associated with shorter placement time in comparis@ vision only condition (p<0.05).

Figure 4: Comparison of the reach trajectory acwssing conditions. Mean reach trajectories and
their pointwise 95% confidence intervals for ea@nfe during the acceleration interval across
binocular, right and left eye viewing (A). The fiffity frames (i.e., 30% of the acceleration
trajectory, which is highlighted by the rectangie) are replotted in Figure B. There was a
significant difference during the initial 19% ofetlacceleration trajectory between left and right
eye viewing (p<0.05). The adjusted p-values ofpgaiewise comparisons that control the
familywise error rate are shown in Figure C. Thé&ebbhorizontal lines indicate the typical

statistical cut-off levels (i.e., 0.01, 0.05, andl®).
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Highlights

* Somatosensory input improves the performance of a high precision placement task during
monocular viewing

* Somatosensory input from the contralateral arm specifying target location does not influence
arm trajectory when reaching towards a target



