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In retinitis pigmentosa (RP), loss of peripheral visual élaccounts for most dif culties

encountered in visuo-motor coordination during locomotiao. The purpose of this study
was to accurately assess the impact of peripheral visual €l loss on gaze strategies
during locomotion, and identify compensatory mechanismsiNine RP subjects presenting
a central visual eld limited to 10-25 in diameter, and nine healthy subjects were asked
to walk in one of three directions—straight ahead to a visuahtget, leftward and rightward

through a door frame, with or without obstacle on the way. Wha body kinematics

were recorded by motion capture, and gaze direction in spacavas reconstructed using

an eye-tracker. Changes in gaze strategies were identi edni RP subjects, including
extensive exploration prior to walking, frequent xationsof the ground (even knowing
no obstacle was present), of door edges, essentially of the poximal one, of obstacle

edge/corner, and alternating door edges xations when appoaching the door. This

was associated with more frequent, sometimes larger rapigye-movements, larger
movements, and forward tilting of the head. Despite the visal handicap, the trajectory
geometry was identical between groups, with a small decreasin walking speed in RPs.
These ndings identify the adaptive changes in sensory-mair coordination, in order to

ensure visual awareness of the surrounding, detect changeg spatial con guration,

collect information for self-motion, update the postural eéference frame, and update
egocentric distances to environmental objects. They are ofrucial importance for the

design of optimized rehabilitation procedures.

Keywords: retinitis pigmentosa, peripheral visual eld los s, adaptation, orientation and mobility, gaze strategy,
eye-head coordination

INTRODUCTION

Peripheral visual loss impairs several mechanisms invoivegiinteraction with the environment,
including those participating in motion discriminationTurano and Wong, 1992and spatial
localization emme et al., 1995From a visuo-motor perspective, the restriction of the peei

visual eld (VF) alters postural controlTurano et al., 1993; Berencsi et al., 20ahd leads
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to orientation errors during locomotion {urano et al., 1998, in sample size, and (v) variability in performed tasks.
2002, resulting in unintentional contacts with objectS€lietal., For instance,Luo et al. (2008)showed that the saccade
2016. As a consequence, a ected individuals limit independentate was dierent for a single subject in a walking or a
travel (Turano et al., 1999 and walk slowly Geruschat visual search task. Moreover, in most locomotor tasks,
et al., 1998; Friedman et al., 200 Human locomotion is because of the ecological nature of the task, many variables
a complex task involving multisensory integration, posturalwere not systematically controlled: the goal directiong th
control, generation of locomotor trajectories relying opasial  lighting, the presence of various obstacles, the surrounding
orientation and motor control of the whole body in a coordiead  sounds, etc.
way. Like subjects a ected by central VF loSsi{fan et al., 1999 In order to reduce the number of running variables, the
patients who lose some of their peripheral VF should adapt theipresent study investigates the impact of peripheral VF loss
behavior and sensorimotor strategies. They may developetya on gaze strategies during a simple, goal-oriented locomotor
of adaptive sensorimotor strategies, ranging from a reviggete  task. Goal-directed locomotion has been extensively studi
behavior (i.e., eye and head movements), to full body ttajgc in healthy individuals, using motion-capture devicesicheur
modi cations. et al.,, 2007; Cinelli et al.,, 2009; Pham and Hicheur, 2009;
In previous studies on behavioral changes in subjects witlinelli and Warren, 2012; Authié et al., 2Q1Several attempts
peripheral VF loss, we identi ed the following main forms of have been made to relate the stereotypy of the trajectories
modi cations. 1. Anincreased number of saccades and xadio to geometrical laws or to optimizationBennequin et al.,
allowing a more active visual exploration of the environment2009.The locomotor path was found to be similar across
(Coeckelbergh et al., 2002b; Crabb et al., 0ttiis however visual conditions (i.e., in either lighted or dark envirommt)
was not corroborated by other studies showing no di erence irand walking speedRham et al., 20)1 leading to postulate
xation number with real (Wiecek et al., 20)2and simulated a dissociation between sensorimotor and spatial cognition
de cit (Cornelissen et al., 20Q)5or even a decrease in saccadgrocessesHicheur et al., 2016 A few studies where done on
rate Smith et al., 20128)b2. In subjects su ering from retinitis patients with vestibular lossTékei et al., 1996; Glasauer et al.,
pigmentosa (RP), exploratory saccades were found larger #002. However, to our knowledge, the precise characteristics
amplitude than in controls, leading to xations beyond the VF of trajectories performed by the visually impaired were never
limits (Luo et al., 2008 Moreover, among glaucoma patients, assessed.
those performing saccades beyond their VF limits exhibited To investigate that issue in a clinically homogeneous, well
better search performancesippel et al., 20)4Conversely, other de ned group of individuals, we carefully selected sulgect
studies found that the saccade amplitude in aected patientsu ering from retinitis pigmentosa, aecting primarily the
was similar to that of controls during visual searcBn{ith  peripheral VF, in a similar extend. RP is a rod-cone dystrophy
et al., 2012a)h or locomotion (Luo et al., 2008 while others leading to bilateral constriction of the VF and eventually,
even reported smaller amplitudes with simulated peripheral VFat most advanced stages, to complete blindnégsckenlively
loss Cornelissen et al., 20DN53. Independently of saccade rateet al., 1983 At intermediate stages, RP induces a “tunnel
or amplitude, aected subjects could have a wider range ofision” that associates a peripheral VF loss with a relatively
scanning of eye movements with respect to the head. Contragpared central area, and accordingly preserved visual acuity
to expectations, data indicated a reduction of the horizbate- (VA). We selected patients exhibiting a residual VF from 10
position dispersion \{(argas-Martin and Peli, 20064. Scanning to 25 in diameter, as<25 residual VF reportedly results
the visual environment involved wider head movements inin impaired mobility Black et al., 1996; Haymes et al., 1996;
a ected individuals during driving Coeckelbergh et al., 2002a; Geruschat et al., 1998; Bowers et al., 2004; Hassan et al.,
Kasneci et al., 20)4but was not quanti ed during locomotion. 2007, and a su cient VA (i.e., 20/40 or better) to investigate
5. With peripheral VF loss, xation area was found larger dgrin the behavioral changes speci cally induced by peripheral VF
locomotion (Turano et al., 2001 although they were smaller in loss.
another study on tra ¢ gap judgment task{heong et al., 20038 The locomotion experiment was de ned taking into account
6. Finally, the sequence of xations in the environment—whe the following two constraints: to be ecological in nature, ider
and when—was analyzed in an apparently single stlidyano  to directly illustrate di culties encountered by RP patients i
et al., 200}, which showed that during locomotion, RP subjectsdaily-life activities, and experimentally controlled tocempass
frequently xated downward, at objects, or at the layout. spontaneous trajectory formation. The task therefore coadist
Several factors could explain these conicting resultspf walking toward—and passing through an obliquely-oriented
including (i) heterogeneity in conditions underlying stied doorway, either with or without obstacle. We compared full pod
VF loss (i.e., glaucoma and RPor even simulated VF behavior of normally sighted subjects and RP subjects (RPSs)
loss), (i) variability in residual VF extent, (iii) possible with tunnel vision, using motion capture and eye movement
confounding factor of associated visual acuity, (iv) laibn  measurements. Characteristics of the trajectory, gazebadg
movements were assessed, and the sensorimotor compensatory
I — ) , ) mechanisms developed by both patients and controls were
In contrast to othercondltlonsaect_lng perlphleral VF, partlcularlbagcome_t, RP analyzed. To our knowledge this is the rst study in which all
as a rule generates a eld loss that is well-delineated and more regulattérmpa T - .
As aresult, RP is associated with VF changes that are relativelfosafaluate, in these characteristics have been measured simultaneouslyawit
their daily, practical implications. high degree of precision.
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FIGURE 1 | Visual elds of the subjects with retinitis pigmentosa. Red ontours de ne isopter plotted with a Goldmann 111/4 target, on a 530 concentric scale.
Dashed blue lines de ne the seeing areas evaluated by door edgperception.

MATERIALS AND METHODS Table 1lists the clinical characteristics of tested subjects. No
Subi subject had any reported neurological or psychiatric disease.
ubjects . . They were not taking neurotropic drugs. Groups were matched
Two groups participated in the study: for age (no signicant dierence between groups observed,

Nine subjects with RP (all right-handed, 6 males)Mann-Whitney U D 39.5,n1 D n; D 9, p D 0.96).
presenting a central residual eld from 10 to 25 Complementing Goldmann kinetic perimetry, in RP subjects,
in diameter (as measured by Goldmann Ill/4 kinetic we determined the horizontal diameter of the VF, taking into
perimetry; seeFigure 1 and Table 1), with a best corrected account both ambient luminosity and actual appearance of
visual acuity equal or superior to 20/40 (measuredspatial cues in the experimental setting. For that purpose, the
by ETDRS chary. Ages ranged from 30 to 64 yearshorizontal VF was estimated by asking RP subject to xate a
(mean: 45 years). target located in front of him and indicate when he rst perced
Nine control subjects with normal vision (all right-hande8  the edge of the door frame used in the experiment (see below),
males), with a best corrected visual acuity equal or supésior that was progressively displaced from the side toward the aentr

20/20 (ETDRS). Ages ranged from 29 to 60 years (mean: 43@get, successively from the right and the left. VF hortabn
years). angular dimension was then computed using subject and frame

positions.

2Snellen visual acuity is measured using a chart of eleven lines df leitiers,
decreasing in size. The perception of ve out of six letters onairconsidered to  3To evaluate the importance of VF limitation, and its impact in actuesting
be the Snellen fraction. Snellen standard vision (20/20) is tHéyatt recognize  conditions, we used both Goldmann perimetry, commonly used to desé&ffbe
letters subtending 5 minutes of arc. LogMAR visual acuity cpoess to the  size, and door frame presentation in the experimental lighting cto. It
logarithm of the minimum angle of resolution, 20/20 in Snellen correspogdo appeared that these VF measurements are highly correl@&&d{.86,p < 0.05)
0 LogMAR. and therefore lead to similar results in most analyses. We believe vegwieat the
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TABLE 1 | Clinical characteristics of tested subjects.

Subject Age (yr) Diagnosis Visual Acuity Visual eld diamete r Visual eld diameter
Goldmann lll/4e door borders
Snellen LogMAR

Left Right Left Right
CO1 33 Normal vision 20/16 20/16 0.1 0.1
CO2 46 Normal vision 20/16 20/20 0.1 0
CO3 57 Normal vision 20/16 20/16 0.1 0.1
CcOo4 40 Normal vision 20/16 20/16 0.1 0.1
CO5 40 Normal vision 20/16 20/16 0.1 0.1
CO6 44 Normal vision 20/16 20/16 0.1 0.1
COo7 29 Normal vision 20/12.5 20/12.5 0.2 0.2
cos8 56 Normal vision 20/20 20/20 0 0
CO9 60 Normal vision 20/20 20/20 0 0
RP1 57 RP 20/25 20/25 0.1 0.1 146 73 20.37
RP 2 53 RP 20/40 20/40 0.3 0.3 82 6.1 15.2
RP 3 30 RP 20/25 20/40 0.1 0.3 109 107 8.72
RP 4 32 RP 20/25 20/25 0.1 0.1 20.2 17.9 21.7
RP 5 53 RP 20/40 20/32 0.3 0.2 21.9 215 30.01
RP 6 62 RP 20/25 20/40 0.1 0.3 14.9 11.7 13.84
RP 7 32 RP 20/25 20/20 0.1 0 17.6 135 16.97
RP 8 30 RP 20/32 20/32 0.2 0.2 16.1 15.7 18.99
RP 9 64 RP 20/32 20/25 0.2 0.1 24.9 22.3 30.75

Snellen and LogMAR visual acuity were measured in all individsaRPs VF was rst assessed by Goldmann I11/4 kinetic perimetry (se&lso Figure 1); maximal horizontal vertical
diameter are reported here. Moreover, RPs horizontal VF diameter wavaluated based on the perception of door edges used in the task.

The study was approved by the ethical committee (ANSMeye-tracker and VICON signals was eventually performed o -
2014-A00812-45; CPP fle-de-France 14959) in accordaribe wiine. At the beginning of the eye video recording, a sounaaig
the Declaration of Helsinki. Written informed consent waswas transmitted to an electrical circuit, triggering thie&ared
obtained from the subjects after explanation of the naturd anLEDs (780 nm wavelength, Thorlabs Inc., Newton) identi e a

possible consequences of the study. markers by the VICON system, to synchronize the recordings.
. The system calibration, described #uthié et al. (2015)was
Recording Apparatus performed at the beginning and at the end of the experiment.

Motion capture of whole body kinematics has been conducted
using a VICON system (VICON Motion Systems Inc., LOST?Sk
Ange_les, 8 cameras, 120 Hz). Subjects wore a t'ght b,IaCk S"I”esting sessions took place in the Streetlab arti cial strae
allowing sticking the VICON markers close to the subjeatdyn experimental room of 55 9.0 6.0m (L W H) in size
ﬁlt?gg:iir ergoﬁil rg?rﬁarsvvlvceg\lpISaCS(:gmac(%cl)(r:dgNg tf)/_ih% IEI)_I(;jgbvith a controlled illumination of 235 lux. The subject staite

. » ysie ' N from a de ned initial position and had to walk at a normal
approximate head position, four additional markers were ledat pace, either (a) straight ahead toward a visual target placed o
over the right and left temples on the back and at the front @& th ’

head. Four markers were also positioned on each obstacle atnrbe wall in front, or (b) through one of the two white doors,

door frame. Marker position were recorded, reconstructed an materialized by simple rectangu!ar frames (0.73[ ]. 'O?[.H].

labeled using VICON Nexus 2.0 software. m) I_o_cated_ on the left or on thg_nght side of the supjectsnml
Eye movement recording was performed with a headposruon (Flgu_re 2A). Two conditions were explored in separ_atg

mounted video eye-tracker (Mocaplab, Paris, 60 Hz, mass: ocks: (a) without obstacles, and (b) with obstacles congjsti

I ' "ot white blocks (1.1[L] 0.3[W]  0.3[H] m) placed on the

9). The camera was located under subjects right eye, pay"égound to force subjects to deviate from a direct trajectto

attention to avoid masking an important part of subject's eld _Sudl . : . ! y
. . . the door frame, in order to avoid touching therkigures 2B,D.

of vision (Figure 2A). The camera output was transmitted to a - . ) :

Microsoft Surface tablet (Microsoft Inc., Redmond, mass: 806‘t the beginning of the trial, subjects were instructed taate

. SN inaip & CrOSS displayed at the center of a screen facing them. Then, a
9), that was tied on subjects back. Temporal synchroni recorded voice indicated the direction to follow—i.e.t,leénter

principle of our additional VF evaluation in real testing condit®was relevant, (Stralght-fomard)’ C.)r r!ght. COInCIqema"y’ an infrade ED was
and we advise its use in future studies devoted to practical intjsits of VF lit to mark the beginning of the trial. When requested to walk
defects, whenever applicable. in the central direction, the subject had to stop just in front
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FIGURE 2 | Task schematic representation and coordinates systems(A) The camera of the eye-tracker, placed on the right eye, recadls eye movements (visual axis,
blue) in azimuth and yaw(B) Selected reference frames: laboratory (B, head (Ry) and torso (R); considered segments: gaze, head, torso, and pelvis.
(C) Schematic top view of the experimental set-up. Subjects wer asked to reach either a central target (screen on the wallye left or the right door. The walking start
and stop time, t D 0 and t D T, respectively, are used for time normalization(D) Indicative positions of the obstacles lying on the oor(E,F) Gaze xation categories:

Center (screen) Right

Pelvis

Initial position

Center Right
door
°

Initial position

Top edge

—

Distal edge
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of the facing wall, wait for 1 s, and come back to the startinglothed with black curtains, and experimenters monitoree th
position. If asked to walk to—and pass through a lateral dooexperiment from a separate room.

he had to keep walking beyond the door to come back to the

starting position. Trials were randomized, with 14 trialslinding
obstacles (6 leftward, 6 rightward, 2 straight-forward)d 88
trials without obstacles (15 leftward, 15 rightward, 8 igfind-
forward). To avoid diverting the subjects' attention, adg were

Data Analysis

Data analysis has been performed with Python 2.7.6 (http://www
python.org) equipped with NumPy 1.8.2 (http://www.numpy.
org). Statistical analysis has been carried out with R 2t2tg:(/
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www.R-project.org). Body motion capture data were Buttettvor eye center. For most considered variables, the data set ased i
ltered with a cuto frequency of 15 Hz Bernardin et al.,, available in a Supplementary File.

2012 with a zero-phase procedure that did not induce lag

in the signal). For each trial, three phases were considereg;:tatistics

(1) the waiting phasefrom the rst xation on the screen
to the audio signal indicating the direction to follow, (2)eh
preparation phase.e., the subject started walking (12 cm from
the starting point,t D 0, Figure 20, and (3) the walking
phasefrom walk initiation to reaching 40 cm before the aimed
door position or 85 cm before the screen (centerD T,

Repeated analyzes of variance (ANOVA, type Il error) have been
performed in order to assess the e ect of the group (RP, control)
obstacle (with or without), and trajectory direction (lefand,
rightward, straight ahead). A threshold gf< 0.05 has been
considered signi cant. Tukey's HSD tests have been useqolfsir
hocanalysis whenever necessary. For non-normally distributed

Flglllj(re ZQH MOStf \;ﬁrlatb_lels wTre corrtl_putid o_nlythdutrln? Ii]le variables, Wilcoxon and Mann—-Whitney tests with Bonferroni
walking phase of the tral, un'ess noti cation in the text. corrections for multiple comparisons were applied.
data were expressed in a right-handed space- xed laboratory

reference frameRigures 2A,B. The head (R) and torso (R)
reference frames were de ned as in a previous stullytific RESULTS
et al., 201pfrom the rotations of rigid bodies given in terms of )
the Euler angles around the body- xed axes in a Fick sequen@lObaﬂ Trajectory Performance
(Figure 6A). Trajectory Kinematics

Before conducting eye movement analysis, phaseélll subjects succeeded to perform the task without touching
corresponding to blinks were automatically excluded. Weneither the obstacle nor the door frame edges. Pelvis ti@jest
included in a single group all rapid-eye-movements (REM)are represented iRigure 3for all groups.
i.e., both saccades or fast phases of nystagmus, as theyt cannoAt the group level (Figure 3, left and center), the trajectories
be automatically distinguished with the frame-rate of theee demonstrate a sizable variability from group average tiajgy
tracker Ron et al., 1972; Garbutt et al., 200We considered for both controls (SDD 5.99 cm) and RPs (SD 7.78 cm).
as REMs ocular movements that were at leasinlamplitude, The mean distance between the subject-averaged and thp-grou
30/s in speed and 700s? in acceleration peakv@n der averaged trajectories revealed that the between-subjeability
Steen and Bruno, 1995; Authié and Mestre, J0REM onset was lower with (7.89 0.25 cm) than without obstacle (14.78
and o set were determined using an algorithm maximizing0.73 cmTable 2.
REM's amplitude futhié et al., 201f and were then manually At the subject leve] the between-trial/within-subject

checked. variability (standard deviation between trials and the jegb
averaged trajectoriesTable 2 was not statistically dierent
Relevant Parameters between groups or directions (center direction excluded) and

Subject's trajectory was assessed based on the positionvisf pelvas lower with obstacles (2.460.16 cm) than without obstacle
isobarycenter Bernardin et al., 2012; Authié et al., 2),01and  (4.66 0.35cm).

computed for determining trajectory length and walking speed. Group-averaged trajectories are modi ed by the obstacle; the
To investigate eye movements in the head reference framigjectory was more curved and longer with than without cludée

we computed for each trial the REM number, rate (number(Table 2 Figure 3). However, the trajectory length was identical
of REMs per second) and amplitude. For RP subjects, weetween groups, even around the obstacles, as minimal distance
also quanti ed the proportion of REMs larger in amplitude between the obstacle corner and the pelvis trajectory was the
than VF diameter (so-called REM beyond the Ejo et al., same in both groups (RP: 0.420.11 m; CO: 0.37 0.09 m,
2009. Moreover, as invargas-Martin and Peli (20063tudy, WilcoxonZ D 60,n1D n2D 9,p> 0.2).

we computed the standard deviation of horizontal and vettica To summarize while in each group, for no-obstacle
eye movement in R, providing the dispersion range of eye condition, we observed some di erences of averaged trajiesto
movements. Head orientation (yaw, pitch, roll) was computedetween subjects, these di erences were reduced in presénce o
in Rr: mean and standard deviation, essentially to assess tha obstacle. This is captured by the between-subject vatyabil
head stability. Finally, describing the xation strategy the less similar than within-subject variability, which is egalent
environment required to pinpoint xation phases, i.e., periodsbetween groups, and lower with obstacles. Moreover, the group-
between two REMSs, that were 83 ms or more in durationaveraged trajectory was identical between groups, even droun
corresponding to 5 successive frames in a 60 Hz recordinkfe obstacles.

(Turano et al., 2001 For each xation, we computed the 3-

D intersection between the gaze vector and the surfaces amdalking Speed

volumes of the environment, i.e., the oor, the front wall As reported inTable 2 the walking speed was not in uenced by
including the screen, the obstacles, the doors frame, ttest wthe presence of obstacle, but controls walked faster than RPs.
divided into four categories: proximal edge, distal edgeddge, Both groups walked faster in the direction leftward (1.00.1

and aperture of the doorHigures 2E,f. To take into account m/s) and rightward directions (1.04 0.1 m/s) than straight-
measurement errors, we considered the intersections legtweahead (0.87 0.1 m/s). This could be related to a shorter length
the objects and a one-degree radius cone pointing from thef trajectory toward the centeif@ble 2.
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FIGURE 3 | Average pelvis trajectories for all subjects in each expemental condition (op: no-obstacle condition; bottom: with obstacles). CO stands for control
subjects. The horizontal black segment indicates the positn of the screen; the black disks, the door edges; and the blek rectangles, the obstacles. On the rightmost
part of the gure, the normalized percentage of progressionn the trajectory is shown.

Eye Movements direction interaction;F(, 32D 12.27p< 0.001, ? D 0.44].
We analyzed the eye movements during the walking phas&he presence of obstacles on the path did not a ect REM rate.
focusing on number, rate, and amplitude of rapid eye movements

REMSs Figure 4). )
( gure 9 REM Amplitude

Note worthily, as shown inFigure 5C in RPs REM are

Number 9f REMs . . signi cantly more frequent than in controls in—and only in—
Over all trials and conditions, 9,320 REMs were detectedeStshj the amplitude range from 15 to 29CO: 0.53 0.30 Hz; RP:

made on average 9.44.1 REMs per trial (CO: 7.2 1.3; RP: 11.7 1.07 0.39 Hz; Mann-WhitneyJ D 12,n; D n2D 9,p< 0.01
2). As the trial duration was not equivalent for each grouplan two-tailed).
experimental cond?tio.n,we used REM rate (i.e., numperofREMs REM amplitude vary during the trialRigure 9B), with RPs
per second) as an indicator of the exploratory behavior. REM amplitude increased starting from the 60% of the trajectory
and peaking between 75 and 85% of the trajectorytg). It
REM Rate was signi cantly larger in RPs than in controls between 75 and
REM rate has been computed for each trial of each subject, al@b% of the trajectory (Mann—-Whitneyy D O,n; D n2D 9,p<
then averaged over trialSible 2 Figure 5A). Anova analysis 0.01 two-tailed). This occurred both in obstacle and no-abkt
revealed that REM rate is higher in RPs (2.89.58 Hz) thanin  conditions.
controls (2.11 0.45Hz), and larger in the side than inthe center  This indicated a large di erence in oculomotor strategy when
direction for both groups (Center: 1.850.63 Hz, Leftward: 2.85 approaching the doors. Indeed, by the end of the trajectorylevh
0.56 Hz, Rightward: 2.81 0.52 Hz). The REM rate was larger controls tended to xate the proximal edge of the door or in
in left and right than in center direction for both groups [gup  the door aperture (see aldeigure 10, RPs alternately xated
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FIGURE 4 | Rotations of the eye in the orbit of one control subjecfleft) and one RP subject(right) walking to the left door, with obstacle. The upper part of thegure
corresponds to horizontal component and the lower part to tie vertical. The red line marks the time the auditory instruicin was given (i.e., end of the waiting phase),
whereas green lines indicate the time limits of the walkinghase.

proximal and distal edges (see aBgure 11), presumably as VF, and door VF), but the reported values in this section
both edges could not be simultaneously perceived within thevere computed using the door VF, unless otherwise speci ed.
residual VF. To corroborate that hypothesis, we identi edth On average, 49 20% of the REMs were beyond half of
sequences of at least three consecutive xations altergati the VF, and 25 18% were beyond the full VF. A two-way
between proximal and distal door edges. This behavior wa&nova shows that the presence of obstacle did not in uence
indeed much more frequent in RPs than in controls (RP: 54% othe proportion of REMs beyond the VF [halff; gy D
the trials; CO: 16% of the trial&] D 1,n; D n2D 9,p< 0.001 3.29; full: Fy, g D 3.27; alln.s]. The proportion of REMs
two-tailed Mann—Whitney). beyond full VF was also identical for all trajectory directs
We then considered the possibility that higher REM rate in[F 16y D 0.53, alln.s], while REM proportion beyond half
RPs in the amplitude range from 15 to 2@see above) could VF was larger in leftward (58%) and rightward (55%) than in
be related to this xation strategy. However, we found thiaist ~ straight ahead directions [34%, 15 D 13.76,p < 0.001].
di erence remained signi cant when considering only the trs We also examined the correlation between the VF width and
60% of the trajectory, corresponding to the trajectory befdre the proportion of REMs beyond the full VFF{gure 5B).
end of obstacle circumvention (CO: 0.56 0.30 Hz; RP: 0.93 Results showed that proportion of REMs beyond the full VF
0.35 Hz; Mann-Whitneyd D 17,n; D n2D 8,p < 0.05 was signi cantly anti-correlated with the VF, with eitheiodr
two-tailed, se&igure 5D). (RD 0.71) or horizontal Goldmann measureR D 0.68;
In summary, REM with an amplitude between 15 and 29 all p < 0.05). Results however were not signi cant when
were more frequent in RPs than controls, even at the beginningonsidering the vertical Goldmann measuR @ 0.55,n.s).
of the trajectory. Moreover, as a result of a di erent gaze isat The same analysis with the half of VF leads to insigni cant
strategy in RPs—i.ealternated xations between door edges results.
REM amplitude increased at the end of the trajectory. In summary, larger REMs in RPs than controls often resulted
in post-saccadic xation beyond the limit of the VF, regarsiie
of the obstacle condition. Moreover, for RPs, REM beyond

REM Beyo_nd th? VF _ “the VF were more often performed by participants with a
To further investigate the larger REM amplitude observed ingma)| VE.

RPs than controls, we computed the proportion of REMs that

were larger in amplitude than half of the VF width (i.e

where post-saccadic xation location had not been includecEye Position Variability

within the VF at the pre-saccadic stage) and REM that werdo provide accurate information about eye eccentricity
larger than the VF width (i.e., when pre- and post-saccadifrom primary position, we computed the standard
VF did not overlap at all). All measured VFs were consideredieviation of horizontal and vertical eye position in head
in the regression analyses (horizontal and vertical Goldmanreference frame. This eye position variability quanties
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FIGURE 5 | Characteristics ofrapid eye movements (REMs)(A) REM rate of control and RP subjects in each experimental corition, with between-subject standard
error. (B) Mean proportion of REMs beyond the VF for RP subjects as a futtion of the VF with linear and exponential ts(C,D) Distribution of the number of REMs
per second as a function of the REM amplitude. Error bars arediween-subjects standard error. In(C), REMs for the whole trial were considered, although (D) only
REMs before 60% of the walking phase were taken into accountistograms on top show the sum of the REM rate between 15 and 29 for all experimental
conditions.

the dispersion of eye movements during walkingagas- downward Eigure 65, except for controls in straight ahead
Martin and Peli, 2006 Anova analysis showed no e ect direction. The standard deviation of yaw and pitch angles
of all experimental factors on vertical variability of eyewas taken as a measure of the head variability during the
position (seeTable 2. Horizontal variability of eye position trajectory.

didn't either dier between groups, even if one can note a

tendency Table?. As expected, the horizontal variability Mean Yaw

was larger in the side than in the center direction. Finally Analysis of variance indicated an e ect of the trajectoryedition

the horizontal variability was not in uenced by the obst@cl put no e ect of group or obstacle condition (seEable 2.

condition. Post-hoc showed that head yaw was oriented to the right in
right curves and vice versd&igure 6C). However, when head
Head Orientation and Variability orientation was taken in absolute value, the di erence betwe

To determine whether RP subjects developed changes in hel@it and right trajectories was no longer signi camt¥ 0.20).
orientation, we investigated relationships between thpttary

direction and the head roll, yaw and pitch angles (with respecYaw Variability

to the torso, sedrigure 6A). Head roll did not vary much Analysis of variance andost-hocrevealed that the head
and was not considered for statistical analysisgqre 6B).  variability was larger for RPs than controls (sEmgure 6D),
Head yaw was consistently in the direction of the trajectonfarger for lateral trajectories than in straight one, andjer with
(Figure 6Q. The head pitch was most of the time orientedthan without obstacles. Moreover, the head yaw variability o
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FIGURE 6 | Head orientation during the trial. Error bars on gure4C,D,F,G) correspond to the between-subject standard error of the mea. Stars (*) indicates

signi cant differences between groups or conditions.(A) Sign conventions for head axes of rotation(B) Evolution of head orientation in all trials to the right and
without obstacle, for a control subject (S9, left) and a RP diject (S7, right).(C) Mean head yaw did not differ between groups(D) Head yaw variability (i.e., standard
deviation during a trial) was larger for RP than for controis left and right trajectory directions(E) Head yaw variability was signi cantly anti-correlated to tl residual
VF of RPs (for leftward and rightward trajectory directionslarger VF leading to lower yaw variabilityf) Mean head pitch in all trajectory directions for both groups
Forward head tilt was more pronounced in RPs than in controlg(G) Head pitch variability (i.e., standard deviation during aial) in all directions for both groups. Pitch
variability was larger for RPs in the center directior{fH) Head pitch variability according to VF, for all trajectoryanditions. As for yaw, larger VF led to smaller pitch
variability. In both(E,H) the mean and standard deviation of head variability is indited by a dashed line and a shaded area.

RPs heading to the sides was signi cantly anti-correlateth wi lateral than straight-ahead trajectories, and more witlstables
their residual VF (Goldmann verticaRD 0.72; allp < 0.05), than without. The head pitch and the residual VF in RPs were
indicating that head orientation varied more for subjectishaa  not signi cantly correlated (alp > 0.1).
small residual VFKigure 6B).

Pitch Variability
Mean Pitch An interaction between groups and trajectory direction
Statistical analysis showed that the head was more orient¢ 35 D 3.41,p < 0.05,! 2 D 0.17] showed that head
downward in RPs than in controls (sd€igure 6P, more for variability was larger for RPs in straight-ahead tasks timat i
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all other conditions. Finally, the head pitch variability BPs in leftward ( 25.29 12.37) and rightward ( 25.80 12.95)

was signi cantly anti-correlated with their residual VF ¢brs:  trajectory directions, than when walking straight-aheadlB

RD 0.76; allp < 0.05), indicating that head orientation was 8.90; F(» 37D 106.82pD 6.89 10 19), Finally, an interaction

less stable for subjects with a small residual VAgi(re 6H).  between group and direction variablég] 35y D 4.69,p D 0.01]

In contrast, the head variability was not statistically de@t showed that RPs oriented more their gaze toward the oor than

between groupsHigure 6G), trajectory directions and obstacle controls, only in leftward and rightward trajectory dirémns (RP:

conditions. 30.99 9.30,Controls: 20.11 13.67). Thisresultindicates
To summarize head yaw was, in average, more variable ithat RPs looked in average at 2.7—4.2 m for controls—in frént o

RP than in control group, and for both groups more variablethem in bending trajectories.

in leftward/rightward than straight-ahead directions, camwith Finally, we computed the standard deviation of this vertical

than without obstacles. Strikingly, the head was more deén angle. A three-way Anova showed that both obstaElg fe) D

downward in RPs than in controls. Moreover, for RPs, head.01;p D 0.97], and group variables{, 16y D 3.02;p D 0.10]

position in pitch varied more, and the head pitch was less stabléid not in uence the standard deviation of the distributions

for subjects with a small residual VF. However, the distributions were wider in bending trajedésr
than in central onesH, 3)D 5.16,p D 0.01].

Gaze Orientation Strategies In summary, when compared to controls, RPs exhibited a

Horizontal and Vertical Angles between Gaze and wider horizontal exploration of the environment, not only thi

Pelvis Directions eye and head movements, but also with gaze movements with

In addition to the variability of eye and head position, werespect to the pelvis. On the vertical axis, results indicatt th
computed both horizontal and vertical distributions of thegie ~ When walking in a curved trajectory, RPs directed their gazeemo
between the gaze and pelvis directions. downward than controls, in the direction of the oor.

Horizontal gaze angle Fixation Location
A signi cant change in the locomotion strategy, and espégial Over all trials and conditions, we have detected 2,034 ofi
more extensive exploration of the environment in RP subjectgjuring the preparation phase (803 for controls, 1,231 for RPg) an
should translate into a dierentiated movement of the gaze9,210 xations during the walking phase (3,729 for contrbl481
relative to the rest of the body. In addition to the variatyili for RPs). To investigate whereto in the environment subjects
of the eye position and of the head orientation, we computedlirected their gaze, we de ned seven categories of xation
the horizontal gaze distribution during walking. We congige location, i.e., the intersection between the gaze vectdrtha
the direction of pelvis trajectory as a referenceaifhié et al., 3D environment (seéigures 2E,Fand Materials and Methods
2019, and then calculated, for each participant, the angléSection). Categories were the following: (1) the front wall
between pelvis and gaze directiorfSigures 7A,B. Then, we including the screen; (2) the oor; the door including fouypeci ¢
computed the standard deviation of this angle for statisticalocations: (3) the proximal edge of the door; (4) the distaleedfy
analysis. the door; (5) the top edge of the door; (6) the door aperture] an
A three-way Anova showed that the presence of an obstac(€) the obstacle. For each subject and experimental comdlitie
did not in uence the standard deviation of the distributisn proportion of xations in each category was counted. Leftward
[Fa 169 D 0.29;p D 0.96]. However, we found that the and rightward trajectory directions were merged for statisit
distributions were wider in bending trajectories than imnteal  analysis.
ones [, 32) D 382.24pD 4.6 10 23, Straight-ahead: 1.86 Figure 8 shows histograms of the proportion of xations
0.82, Leftward: 11.19 3.55, Rightward: 11.25 3.45], and location per category during preparation (A) and walking phases
wider in RPs than in controlsH;, 16) D 26.12pD 1.04 10 4. (B). Mann-Whitney tests were only performed (i) between

RP:10.02 2.04, Controls: 6.18 0.96]. obstacle conditions for the same group, the same trajectory
direction and the same xation category; and (ii) betweeaugrs
Vertical gaze angle for the same obstacle condition, the same direction and the

We also considered the vertical gaze distribution with respg  same xation category. All signi cant di erences are repaiten
the pelvis direction, in a slightly di erentway. We de nedapil  Figure 8and some of them will not be discussed in the text.
vector with a null vertical component (i.e., keeping only tictuzl During the preparation phasalthough subjects were already
horizontal pelvis direction, sdeigure 7C). This vector was then informed of the required direction to follow, most of their
applied to the eye position to compute the vertical gaze anglexations were directed toward the front wall or to the screen
which was computed for each participafiigure 7D). (Figure 8A). RPs had a lower proportion of xations on the front
We computed the median of this vertical angle for statisticaivall than controls in all conditions (alp < 0.01; CO: 92%; RP:
analysis. A three-way Anova showed no main e ect—bu1%). Instead of mainly looking at the screen and the front,wal
a tendency—of the group, when considering all trajectonRPs also xated the oor in the center trajectory directionitiv
directions 1,16y D 2.47,p D 0.09]. However, participants and without obstacle (group dierence < 0.01), marginally
from both groups looked more often downward, i.e., towardthe door in leftward/rightward conditions (group dierence
the oor, in the obstacle condition (18.77 11.60) than in p < 0.05 for distal edge) and onto the obstacle when present
no-obstacle condition [14.50 8.94; F(1 16 D 11.98,p D  in leftward/rightward conditions (group di erence < 0.05). In
0.003]. Moreover, the gaze was also more oriented downwaltdftward/rightward conditions, when obstacles were preseRs
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FIGURE 7 | Distributions of the horizontalB) and vertical (D) angle between gaze and pelvis directions during the trial facontrol (black line) and RP participants (red
line). A positive horizontal angle is a clockwise rotationféhe gaze away from the pelvis (se@\). The vertical gaze angle is measured as an offset from the steal
component of the pelvis direction.(C) A negative vertical angle is a rotation of the gaze away belothe horizon.

reduced their proportion of xations on the front wall and the the oor compared to controls (CO: 12%; RP: 23pts 0.01),
door (proximal and distal edges), and increased this propartio and consequently a reduced proportion of xations to the front
onto the oor and obstacleg(< 0.05, between conditions). Also, wall (CO: 88%; RP: 77%x< 0.001Figure 8B). These di erences
for controls, the presence of an obstacle in leftward/riginidlv = were no longer signi cant with obstacles in the center trégeg
conditions reduced the proportion of xations on the distal par direction, although some RP xations (2%) were directed to
of the door, to look at the obstacles (gl < 0.01, between obstacles. A larger diversity of xation locations was akied
conditions). in leftward/rightward conditions for both groups. With and
During the walking phasesubjects walked toward a goal without obstacles, the proportion of xation in both groups was
(central screen or door aperture). In the center directiothout  identical on the screen/front wall (4%) and the distal (16%)
obstacles, RPs showed an increased proportion of xations tand top (3%) edges of the door. The proportion of xations
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FIGURE 8 | Distribution of the proportion of xations for each gaze catgory during the preparation(A) and walking (B). Mean proportions are represented for control
and RP subjects, together with between-subjects standard eror. Stars () indicate signi cant differences between groups within a gae category, while double daggers
indicate signi cant differences between obstacle conditias for the same group (RF’JF or CO ic) and the same trajectory direction (center or leftward andghtward).

on the oor were also identical between obstacle condititors 0.01 between obstacle for both groups). Fixation proportion was
both groups, but larger for RPp & 0.05; 24%) than controls reduced for both groups on the proximal edges of the doors in
(13%) without obstacle. As obviously expected, when obstaclthe obstacle conditionp( < 0.05), this reduction being lower
were present, both RPs and controls allocated xations ontdor RPs p < 0.05; no-obstacle/CO: 28%; obstacle/CO: 11%; no-
the obstacles (CO: 25%; RP: 22%s. between groupsp <  obstacle/RP: 24%; obstacle/RP: 22%). Finally, the aperture of
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the door gathered a lower proportion of xations in RPs than even though subjects from the same group occasionally gégbib

controls in both obstacle conditions (CO: 33%; RP: 18%;  di erent sequences of xations during a trial.

0.01), this proportion being reduced only for RPs with obstacle

(p < 0.05, 14%) as compared to no-obstacle condition (22%}Control subjects

Moreover, no signi cant correlation was found between theFigure 10 shows successive xations of two control subjects

proportion of xations on the obstacle or the oor, and the VF (CO3 and CO9) during a rightward trial without obstacle. Both

extent (with any VF measures, alb 0.09). subjects rst xated the distal edge of the door, and evenual
In summary, before starting to walk, RPs demonstrated arthe oor around the door (CO3: x. 3-5; CO9: x. 5-6). After

exploratory behavior more pronounced than controls (inclugli  completing 50% of the trajectory, subjects' behavior di enexhi

xations on the oor, the door frame edges, and the obstacle)each other. The rst one mainly xated the right wall throughe

During locomotion, RPs directed their gaze to the oor anddoor aperture (CO3, x. 7-10). The second one xated the oor

the door edges, with a peculiar pattern of alternated xationinside the door aperture, and also the distal edge of the dodh Bo

on door edges, in contrast with controls who performed moredid not look on their future trajectory.

xations inside the door aperture. Finally, as expected, istable When an obstacle was present, controls also occasionally

conditions, participants form both groups allocated a numberexhibited slightly di erent sequences of xationg-igure 11).

of xations on obstacle edges, thus reducing the proportion ofSome, as CO1, xated the obstacle at the beginning of the

xations to aperture and proximal edges for RPs, and to doottrajectory ( x. 3), and others as CO3 did not perform any xati

aperture for controls. on the obstacle. Before passing the obstacle, all subjerd stia
the door, rst on the distal edge ( x. 4 and 6 for CO1 and CO3,

Global Strategy: Evolution of Fixation Behavior respectively), then either in the aperture (CO3) or the proximal

during the Trial edge of the door (CO1). As in no-obstacle condition, contobts

In the previous section, we indicatedhere atsubjects looked notlook at their future trajectory. Moreover, they also perfed

in the experimental room, but notvhenthese xations were exploratory xations, either on the oor or the front wall.
performed during the trial.Figure 9A represents the average In RPs the oculomotor behavior clearly diered from that
percentage of xations directed toward four locations ofdrgst  of controls. Figure 12 shows the sequence of xations of an
(front wall with the screen, oor, doors, and obstacles) atRP patient (RP6, with a 1l4residual VF) during a rightward
each time interval and experimental condition (center tcapgy  no-obstacle trial. This subject rst stared at the frontakeen,
excluded). waiting for the instruction for the direction to follow ( x.1).

In no-obstacle conditigrsubjects from both groups xated Following the instruction, and before starting locomotiohe
more often the doors at the end of the trajectory. In RPsdirected two xations onto the oor, including one on a lodan
however, this behavior appeared only after completing7% of the future trajectory, although he was informed that no
of the trajectory, while it was observed all along the trial i obstacle was on his way. From the fourth to the eighteenth
controls. In the rst quarter of the trial, RP xations were xations, the subject repeatedly xated the distal and proxima
equally distributed between oor and door, with oor xatins edges of the door; moreover, when the distance from the door
decreasing to become negligible around 80% of the trajgctorallowed to include both door edges in the residual VF, he also
In controls, oor xations were stable from the beginning to looked at the ground of the door aperture. He then scanned
80% of the trajectory when they become negligible, and alsmadcations on the future trajectory before the door, possitady
proportion of their xations were directed to the front wall and check that no obstacle were located on the oor. From the
the screen before the 37% of the trajectory. middle of his trajectory ( x. 11-18), he successively >aGtoor

With obstaclesthe proportion of xations directed to the proximal and distal edges, with the ground always being in the
door was lower than in no-obstacle condition for both groupsVF, but never looked at the door aperture. At the end of the
until  32% of the trajectory, replaced by xations toward thetrajectory (last three xations), he stared the proximal edy the
obstacles, with a clear peak for both groups @2%. RPs had also door, and then the ground around the future trajectory.

a xation peak at 7% onto the oor, a behavior not present in Figure 13shows the behavior of a RP subject with a slightly
controls. After 52% of the trajectory, all subjects ceaseddate  smaller VF (RP3, 10 with obstacle. Before starting to walk,
obstacles, and the door was the most xated category. he xated the obstacle and explored his future trajectoryteAf

In summary, we observed some notable di erences at thestarting to walk he xated on or around the obstacle (x. 5—
beginning of the trial, with a larger proportion of xations on 7). The rst xation onto the door (x. 8) was performed
the oor for RPs, and on the task goal (the door) for controls.around 30% of the trajectory. Then, he xated the obstacle
Otherwise, in both groups corresponding xation patterns were( x. 9—10) until the circumvention. By the end, his gaze

performed roughly at the same normalized time. strategy was similar to the one without obstacle (x. 11-17),
with alternated xation on door edges, followed by xations
Fixation Strategies—lllustrative Cases on the proximal edge, and nally on the ground around the

A visual inspection showed that the sequences of xation weréuture trajectory. Interestingly, between the eighth arttet

qualitatively di erent between groups-{gures 16-13, see also tenth xations, while any door edges was in subject's VF, he
Supplementary Videos 1-4: https://www.youtube.com/wateh?vwwas able to generate an accurate REM to the door (x. 11),
LiO3bCdRsZs&list=PLQ8v2CHNny1mPTIANEtUfzOkifV6glwZA3gven though he had moved by one meter. Most xations on
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FIGURE 9 | Evolution of xations depending on the looked-at object(A). Amplitude of REM(B) during the walking phase. In(A,B), the trial length is divided into 5%
bins.

the obstacle were located on its edges, including cornees. W
observed two main di erences from controls: RPs performed

more Xxations for the same trajectory and did look at theitdue

trajectory.

Global Summary

(1) Peripheral VF loss lead to a more active visual exploraifon
the environment, with 28% more frequent REMs in RPs than
in controls.

(2) The REM rate was higher in RPs for eye movements between
15 and 29 in amplitude. Twenty- ve percent of REMs

(4)

®3)

were large enough to shift xation beyond the limits of the
patient's VF.

The range of eye movement scanning with respect to the
head did not dier between groups, both vertically and
horizontally.

RPs exhibited larger head movements than controls.
In pitch, the head was more tilted forward in RPs
than in controls, with larger movements when
walking straight-ahead. In contrast, the average
orientation of the head in yaw did not dier between
groups.
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FIGURE 10 | Sequence of xations of two control subjects (top CO3, bottomCO09) in the right no-obstacle condition (see also Supplemeary Video 1, https://www.
youtube.com/watch?v=0-f0CuDcz1M&index=3&list=PLQ8VEZHNYy1mPTIAnEtUfzOkifV6glwZA3). For each detected xatioroth top view (top) and perspective view
(bottom) are represented. Theop views display the whole trajectory of the head (dashed white ling)he door (yellow disks), the frontal screen (white line) drthe
gaze direction (red segment). Thgerspective views show a reconstruction of the actual view from a camera (with aeld-of-view of 60 72 ) located at right eye
position and oriented in the gaze direction, i.e., as it wasisccessively visible in front of the participant. Gaze posin is represented at the center of the image (red
dot). The rst xation was performed during the waiting phase.The following two xations were performed before the initiabn of walking (12 cm from the starting
point), during the preparation phase. The others were recded while the subject walked toward the door. The last two xatons were performed in a path segment of

40 cm before the door position.
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FIGURE 11 | Sequence of xations of two control subjects fop CO1, bottom CO3) in the right obstacle condition (see also SupplementgrVideo 2, https://www.
youtube.com/watch?v=azN3B0hMj3s&index=4&list=PLQ8vZHny1mPTIANEtUfzOkifV6glwZA3). The same conventions ashigure 10 were adopted. Obstacles
are represented as orange blocks with yellow edges.
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FIGURE 12 | Sequence of xations of one RP subject (RP6) in the right/no-otacle condition (see also Supplementary Video 3, https://ww.youtube.com/watch?v=
JD3-vQ76YZs&index=2&list=PLQ8v2CHNny1mPTIANEtUfzOWiBglwZA3). The same conventions as ifrigure 10 were adopted. On perspective views , gaze
position is represented at the center of the image (red dotjs well as residual VF of the subject (red transparent disc, 14 ). Thetop views show the gaze direction
(red segment) and the residual visual eld (red triangle).
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FIGURE 13 | Sequence of xations of one RP subject (RP3) in the right/obstzle condition (see also Supplementary Video 4, https://wwwoutube.com/watch?v=
Li03bCdRsZs&list=PLQ8v2CHny1mPTIAnEtUfzOkifV6glwZA&)ndexD1 The same conventions as inFigure 10 were adopted. The residual VF of the subject (10 )
is displayed as a red transparent disc orperspective views , and as a red triangle ontop views .
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(5) All above ndings resulted in a more extensive visualthe vertical axis, when compared to normally-sighted subjec
sampling in RPs, but on the same environmental features. The use however of long canes during their walking task, to
(6) RPs exhibited a wider horizontal exploration of themonitor ground obstacles, could account for the di erence in
environment with gaze movements, and directed their gazhorizontal variability compared to our results.
lower (toward the oor) than controls. The substantial di erences in eye movements showed by RP
(7) RPs performed more frequent xations on the oor subjects suggest an adaptive gaze strategy developed tozmptimi
(although knowing that no obstacles were located on theivisual sampling in goal-oriented tasks with chronically rieséd
way), on door edges. When approaching the door, as theWF. The absence of peripheral VF constraints and reshapes the
residual VF could not anymore include both door edges, RPgisual exploration.
alternated xations between proximal and distal edges. . )
(8) The trajectory geometry did not di er between groups, with Proactive Target Selection

however a slightly smaller walking speed in RPs. As previously noted, RP subjects performed a signi cant number
of REMs, shifting xation beyond VF borders. This behavior
DISCUSSION was ampli ed in the last phase of the trajectory, when subjects

approached the door. In that phase of the trial, door edges

To assess the impact of peripheral VF loss on motor behavigiPPeared to the participant more and more (angularly) distant,
during locomotion, we compared full-body, head, and gazéequiring gradually larger saccades for being alternatested.
movements of normally-sighted and RP subjects with tunnef his expressed an adaptive xation pattern for on-line trageyt
vision, during a goal-directed locomotor task, with or watit ~ control.
obstacles. As previously suggested-gnd and Furneaux, 1997; Luo
Numerous changes in xation pattern were observed®t al., 2008 REMs toward visual targets beyond the subject's
including enhanced visual sampling, proactive target select eld of view are proactive, as they are not elicited by salient
xation patterns including downward xations, and synergis ~ Visual stimuli. In normally-sighted subjects, target sktecis
head movements allowing for a successful trajectory ei@eut Performed through both salience driven (bottom-upsters etal.,
Our observations suggest that reduced awareness of thalvisg?05; Foulsham and Underwood, 2)@ad proactive goal driven
environment, following peripheral VF loss generated adapteffop-down; Land and Furneaux, 1997; Rothkopf et al., 2007
gaze strategies, in order to detect changes in spatial coatign, mechanisms. Indeed, the visual behavior in the control grizu
collectinformation for self-motion, update the posturaleesnce ~compatible with this hypothesis. We propose that proactive target

restricted VF.

Enhanced Visual Sampling in RP Patients , . ,
RP subjects exhibited a 28% increase in REM rate, compared/fylaptive Fixation Patterns in Movement
normally-sighted individuals. This was however only obeer Preparation and Execution Phases
in eye movements from 15 to 29n amplitude. Moreover, 25% In RPs, movement preparation and execution required a number
of REMs were large enough to generate a post-saccadic xati@f peculiar steps related to restricted VF.
located beyond the limits of patients eld of view before REM During the preparation phase RPs rst explored the
initiation. This occurred especially when the residual VFswaenvironment (i.e., the doors, the obstacles and the oor) l&hi
small. In contrast, no dierence was found between groupsiormally-sighted subjects immediately xated straightviard
regarding the range of eye movement scanning with respe¢te., the front wall and the screen). One could argue that the
to the head (i.e., eye movement variability), both vertical purpose of this behavior was obvious, namely addressing the RPs
and horizontally, and REM rate was not either a ected by theneed to explore the new environment and determine the redativ
presence of obstacles on the path. This absence of di erenp®sition of visual clues and objects. Surprisingly howevéh w
between groups was compensated with larger head movememepeated trials in identical environments (e.g., in serie8®
in RPs, in a wider gaze exploration from the pelvis direction.  trials without obstacle) a ected individuals exhibited andar

In a locomotion task performed by RPspo et al. (2008) exploratory behavior. In the preparation phase, these indiaislu
found an increase in REM rate similar to ours (2.67 vscould need to repeatedly update the spatial referentasa(io
2.92 REM/s). Other studies on visual searcho¢ckelbergh et al., 200pdue to their peculiar visual awareness and attention.
et al., 2002b; Cornelissen et al., 2005; Smith et al., 2012hdeed, while in normally-sighted, both covert and overtuak
Wiecek et al., 20)2and driving (Crabb et al., 2000 showed attention can be deployed for movement preparation, RP subjects
contradictory results. Diverging observations were preshly  essentially bene t from overt visual attention due to th&iF
due to heterogeneity in considered diseases, and to di exencrestriction.

in experimental settings, e.g., some studies involvingadte In contrast, in theexecution phasegyaze xations followed
defects while other investigations were based on simulsfed similar general patterns in all tested subjects. The latpens
restrictions Cornelissen et al., 20N5 most of the time looking at the nal goal. This was previously

A study byVargas-Martin and Peli (2006With RPs presenting described as a “look where you are going” strateégaiin and
a VF loss similar to that of our subjects, reported a reducedwapp, 2000 and reported in a variety of tasks, e.g. in driving
variability of eye position along the horizontal axis, butatong  situations {and and Lee, 199/but also with walking RP subjects
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(Turano et al., 2001 Moreover, the presence of obstacles lead The updating of relative object locations with gaze
both groups to often look at the obstacle at the beginning ofnovements, that was noted when subjects approached the
the trajectory and reduce their proportion of xations to the door, is an additional crucial aspect of strategical changes
door during the trial. Finally, participants looked at the doo occurring in RP subjects. The visual angle subtended by
during the nal phase. This similarity between groups in xati ~ proximal and distal edges then tends to be larger than that of
sequence needs to be investigated. At rst glance, this\beha the subject's VF (on average, when the subject distance fnem t
might appear in contradiction with the observations byrano  door was below 0.8 m). In such a condition, subjects did not
etal. (2001)showing a larger xation area in RPs than in controls have access to either statidsdgwick, 1980; Warren and Whang,
when walking in a hallway. One must keep in mind however that198% or dynamic (ath and Fajen, 20) information about size
in the present study, RPs performed more xations than controlsand “passability” of the door. Therefore, the observed secee
did, even though the proportion of xations was comparable inof alternated xations of door edges re ect the need of freqtly
both groups during walking, leaving aside the door approachingletermining door size and position, to steer locomotion in
phase. Therefore, their visual exploration was larger, bations  the aperture direction. A similar behavior was reported in
were directed to the same objects. normally-sighted subjects when using an unusual mode of
Moreover, during the walking phase with obstacle, the gazecomotion—namely a wheelchair—to pass a frontal aperture
behavior of both groups was divided in four successive sulfHiguchi et al., 200§ in order to attend both door edges and
phases: (1) an obstacle approaching phase between the imtiativheelchair. In the present study, when approaching the door,
and 35% of the trajectory length, with xations on the obstaclenormally-sighted subjects preferred to look at the door apertu
and the oor; (2) an obstacle circumvention phase untb5% of  or at proximal edge of the door, so that both sides of the door
the trajectory, with xations on the oor and the door; (3) aodr  were visible in their central and peripheral vision, asdmelli
approaching phase until 70% of the trajectory, with xations et al. (2009)Interestingly, at the very end of the trial, subjects of
mostly at the door; and (4) a crossing phase at the very end @ioth groups essentially xated the proximal edge. At that stag
the trajectory with xations on the inside edge of the dooraze the proximal edge represented the “visual piva®igoll et al.,
xations were 25% ahead of the body, or in other words one1999 to circumvent and come back to the starting position for
sub-phase ahead. This corresponded to 1s anticipation in a 4lse next trial. This xation pattern was compatible with previeu
trial (for instance between the obstacle xation peak at 2284, a research showing, in more natural situations, xation tadahe
the obstacle circumvention at 50%), matching closely delays inside edge of the trajectory during driving#&nd and Lee, 1994;
reported during driving Land and Lee, 1994 This behavior Authié and Mestre, 20)land walking Bernardin et al., 2012;
could correspond to a strategy maintaining the informationAuthié et al., 201
gathered during the xation in the short-term memonBéllard
et al., 199k Moreover, interestingly, to update the goal location L .
while moving, in the no-obstacle condition, RP subjects et INCreased Downward Fixations in RP
the nal goal sooner than controls. Group
The present results indicate how RP subjects tend tdlostinterestingly, RP subjects exhibited anincreased praport
compensate for peripheral VF loss. They indirectly emphasizef xations directed to the oor, both in preparation and
the importance of peripheral vision, not only to gain informatti  execution phases. This behavior also notedThyano et al.
on the egocentric position of environmental objects, but(2001) and accompanied by synergistic head movements (see
also to build-up and update the spatial relations betweetelow), possibly re ected the additional cognitive load of
objects. As they move, aected individuals must performground exploration in these patients. It may be conditioned by
systematic exploratory and con rmatory xations (on the fue the prolonged experience in obstacle detection and avoidance
trajectory, obstacles, and goals) to get updated locatidns &ollowing the loss of peripheral visionT(rano et al., 2001
environmental features. Without such a robust strategy, RRIthough, obstacle avoidance was an obvious cause of visual
subjects would probably accumulate localization errordekd, exploration of the ground in walking RP subjects, we were
Yamamoto and Philbeck (2013howed that impeding eye surprised to note that this gaze behavior also occurred when RP
movements by eld-of-view restriction impaired the accuyac participants knew that no obstacle was present in the setting.
of spatial learning (see alseortenbaugh et al., 2007, 2008; We therefore propose that, in addition to the need of
Legge et al., 20).6In addition, several studies indicated that asserting free access to walk forward, a ected subjects d&bok
peripheral VF loss does not interfere with the perceptionthe oor to also acquire relevant visual information for posal
of egocentric distance and the direction of an object, whemnd locomotor control, as ground has been demonstrated, in
subjects can xate the objecOQi et al., 2001; Creem-Regehr normally-sighted subjects, to be a stable external referéine.,
et al., 2005; Gajewski et al.,, 2D1Zhe act of performing an invariant source of information foibson, 1950 Thus, the
a xation of an object is sucient to accurately perceive ground surface is used as the dominant reference to determin
its distance Gajewski et al., 20)4 by combining the gaze the relative distances of objects in 3D scenBsar{ et al.,
declination from the horizon and an estimate of eye levebi 2006, and features a greater processing e ciency than other
et al., 200). Therefore, without access to environment visualsurfaces (e.g., walls) for the visual control of postuteickiger
perception, RPs apparently need to xate more often surroundingind Baumberger, 19%8In addition to the purely visual cues,
objects. ground surface provides crucial somatosensory informatmmn f
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the control of posture and for supplying a stable referefde®ik ~ toward visual goalsReed-Jones et al., 2009a,b; Mestre and
etal., 200y. We presume that in our experimental tasks, repeateduthié, 201}, and could contribute to trajectory planning
ground xations in RP subjects were also used to update @erthoz, 1997; Grasso et al., 1296 our RP subjects, changes
postural reference frame and to collect self-motion infotima  in head direction were associated with larger REMs. Indeed,
for trajectory control. following the well-established principle of eye-head synergy
This consideration prompted us to call back for an interview,(André-Deshays et al., 1988 relevant contribution of head
one of the RP subjects who had taken part in our experimentnovements is more likely to occur with larger gaze st#20 ;
and who incidentally is a very keen observer. When asked why H-reedman, 2008
so often looked at the ground, the patient rst appeared unable Note worthily, in pitch (vertical) rotation, RPs tilted more
to provide a clear reply. We eventually requested him to stantheir head forward than controls in all experimental condits,
up, look at the ground and describe his observations. He saidut with a higher variability; but in RPs, the variability was
verbatim the following (translated form French)when | am higher when performing the straight-ahead locomotion task,
looking at the ground | feel something intense is occurréidein particularly for subjects with smaller VF. This behavior nizgy
my body, | feel deeply anchored into the ground, standinghtira conditioned by the above-mentioned mechanisms of detactio
linked to the ground, ready to §dhen when asked to describe and avoidance of low-lying obstacles, of information coltatt
what he noticed when looking at a 2-m distant wall in front of for self-motion control, and for the updating of a postural
him, the patient said the followingWell, ..that's not the same, it reference frame. In straight-forward condition, increddeead
does not induce the same feeling as when looking downwhed.” variability may re ect the two constraints of the task: to eiate
patient further noted thatanyway, when walking while gazing in the distance from the screen, located at eye-height, and to
front, [he] rapidly feels compelled to have to look at the grdun check potential low-lying obstacles. A slight forward tilt bkt
His observations thus proved to be illustrative of the potehti head might facilitate the alternating gaze-check of the aadl
mechanisms mentioned above. the oor. As a consequence of this bi-modal gaze direction,
Moreover, we propose a third hypothesis accounting fohead movements were more often performed around this global
the more frequent downward xations in RPs, which is head orientation, subtended by natural eye-head cooribnat
compatible with the previous two explanations. Controlling(Freedman, 2008 It is also conceivable that tilting the head
human locomotion in a curved trajectory involves two forward re ects an adaptive strategy aiming at improving the
concurrent visual feedbacks and motor controls: a visuadensitivity of the otolithsozzo et al., 1990; Hirasaki et al., 1993
anticipation of the future trajectory (the goal, in the ditem  thus helping RP patients to integrate inertial informationateld
of the trajectory and usually fed by central vision in normgall to self-motion.
sighted participants) and a visual compensation of steering
deviation from the desired path (usually fed by peripheralGlobal Trajectories
vision). This idea was initially proposed hiyonges (1978jn  Average trajectory did not di er between groups, either with
the context of curve driving, and referred as tineo-level visual or without obstacles. Trajectory variability, betweenjsals
control model A large body of experimental results supportsand between-trials, did not di er between groups, nor minimal
this hypothesis (e.gL.and and Horwood, 1995; Salvucci anddistance from the obstacle.
Gray, 2004; Frissen and Mars, 2D1%he visual compensation It has been reported that the trajectory accuracy was altered
component is an online continuous process. Whereas, normallywhen the VF was arti cially restricted to 30n diameter, and that
sighted participants can rely on peripheral vision to performthe trajectory was broadened around obstacle with a VF redluce
online correction, RP participants cannot gather both visuato 60 and 90 in diameter (Toet and Jansen, 2007; Jansen et al.,
pieces of information at a glance. They might therefore need t201J. Our results, however, did not show such broadening with
look at the ground to acquire the visual information necegsa our RP subjects. This discrepancy may result from the fact that
for online steering correction, and this could explain whyeyh former studies used simulated eld constriction that did rfatly

resorted to this strategy over trials. reproduce the condition of subjects presenting actual chroni
o VF defects, in association with adaptive sensory-motor styias
Synergistic Head Movements found in subjects with chronic conditions.

As observed in other disorders aecting peripheral VF The identical, stereotyped trajectories observed both in
(Coeckelbergh et al., 2002a; Kasneci et al., )2@uf results normally-sighted and RP subjects suggest a common planning
showed that head movement patterns in RP di ered from thosenechanism responsible for path optimizatiofidorov and
of controls. Jordan, 1998; Bennequin et al., 2009; Pham and Bennequin,
The headyaw (horizontal rotations) showed comparable 2012. Our results are compatible with previous observations on
mean orientation in both groups, but higher variability in RPs stereotyped hand movement trajectories and locomotor paths
for left and right trajectory directions, especially in aedt (Hicheuretal.,2007; Pham and Hicheur, 2009; Jansen et&l), 20
individuals presenting a VK 15 in diameter. As a rule, head across various lighting condition®fam et al., 20)1Moreover,
direction anticipates the torso direction, the latter aipiting the planning mechanism might be independent from visuomotor
trajectory direction, on the horizontal axis, as reportec@veral control, impaired by the peripheral VF loss.
studies (Grasso et al., 1998; Bernardin et al., 2012; Belmonti et al., As previously noted in RRFeruschat et al., 1998n bilateral
2013. Also, head anticipation favors a global gaze orientatioglaucoma Eriedman et al., 20Q7and in arti cially restricted VF
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using gogglesl{oet and Jansen, 2007; Jansen et al.,)20ut RP  to that of normally-seeing individuals. We also noted that
subjects walked more slowly than controls in all tested d¢imas ~ beside the overall characteristic trajectory observed mected
(9% reduction), and this may be a naturally increased cautiosubjects, the pattern of successive xations was qualébtiv
(Jansen et al., 20).The reduced walking speed could be causedi erent in each individual, and in each groups. This could
by an over-estimation of walking speed in these patients. Thige ect the occurrence of additional punctual strategiesmeo
hypothesis appears improbable as perception of visual speed wasssibly being adapted to individual clinical features that
actually reported to be reduced with peripheral VF restrictioncould not be recognized in our investigation. Our ndings,
(Pretto etal., 2009moreover vection (i.e., subjective sensation ois well as ulterior, additional information on individual
self-motion) is less elicited by central stimuirandt et al., 1973; strategies using di erent, more elaborated tasks, are exgecte
Berthoz et al., 1975; Held et al., 1)7Alternatively decreased to provide invaluable information to optimize visual trairgn
walking speed in RPs might be related to a potential multiprograms.

sensorial re-weighing toward somesthetic cues during wglki

as areduced speed could increase the time for haptic explaratigp\UTHOR CONTRIBUTIONS
of the ground with the foot's plantar surfacéigllemans et al.,
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The generalization of the present study is limited by somgaper: CA, AB, JS, AS.
characteristics of its experimental conditions: the setup

environment is a bound and plain volume, with few COIOrSFUNDING

and objects contrasting with the background. The trajegtor

is admittedly very small and therefore strongly constrdine Supported by French state funds managed by the Agence

Our results cannot be safely extrapolated to outdooiNationale de la Recherche (ANR) within the Investissements

walking situations. The present experimental con gurationd'Avenirprogram (ANR-11-IDEX-0004-02 and ANR-15-RHUS-

is nevertheless representative of indoor situations, wingl a 0001) and by grants from Humanis and la Fondation des

daily life activity, achievable under su cient lighting oditions. Aveugles et Handicapés Visuels de France (FAF). This work
was performed within the framework of the Labex LIFESENSES

CONCLUSION (ANR-10-LABX-65). AB was supported by College de France.
The authors alone are responsible for the content and writihg

Overall, these results indicated that following VF loss andhe paper.

associated reduction in awareness of the visual envirommen

patients need for increased visual exploration. REM rate waACKNOWLEDGMENTS

increased, REMs were sometimes larger, even resulting in post-

saccadic xation beyond the limit of the VF. Occurrence ofExpert technical assistance was provided by Rémy Brun and

such REMs suggested that at least partly, target selection wdscaplab company. The authors are grateful to Saddek Mohand-

proactive rather than simply reactive (e.g., to salient \lisugsaid and Céline Devisme for patient selection, to Ariel Zersgud

stimuli). To build-up, update the spatial referential (egocen Sihem Kime, and Yunpeng Zhou for help with data collection,

position and localization of environmental features), prepar and to Anne-Fleur Barfuss, Nicolae Sanda, and Norman Sabbah

the trajectory to follow, and control it online, RP subjectsfor proofreading. We would like to thank the two reviewers for

had developed a particular xation pattern, including more their valuable comments.

frequent xations at the oor, to monitor low-lying obstacse

and interestingly also to collect information for self-nmmt SUPPLEMENTARY MATERIAL

control and to update a postural reference frame. These

adaptive gaze strategies induced a synergistic alteration The Supplementary Material for this article can be found

head movement. Such adaptive changes presumably allowedline at: http://journal.frontiersin.org/article/10389/fnhum.

achieving trajectories that showed a stereotyped pattemilesi  2017.00387/full#supplementary-material

REFERENCES Authié, C. N., Hilt, P. M., N'Guyen, S., Berthoz, A., and Bennegu
D. (2015). Dierences in gaze anticipation for locomotion withnca
André-Deshays, C., Berthoz, A., and Revel, M. (1988). Eye-lceagling without vision. Front. Hum. Neurosci9:312. doi: 10.3389/fnhum.2015.
in humans - |. Simultaneous recording of isolated motor units in 00312
dorsal neck muscles and horizontal eye movemehtsp. Brain Res69, Ballard, D. H., Hayhoe, M. M., and Pelz, J. B. (1995). Memory represamgat
399-406. in natural tasks.J. Cogn. Neurosci7, 66—80. doi: 10.1162/jocn.1995.

Authié, C. N., and Mestre, D. R. (2011). Optokinetic nystagmus 7.1.66
is elicited by curvilinear optic ow during high speed curve Belmonti, V., Cioni, G., and Berthoz, A. (2013). Development oficgatory
driving. Vision Res. 51, 1791-1800. doi: 10.1016/j.visres.2011. orienting strategies and trajectory formation in goal-oriented lmction. Exp.
06.010 Brain Res227, 131-147. doi: 10.1007/s00221-013-3495-3

Frontiers in Human Neuroscience | www.frontiersin.org 24 July 2017 | Volume 11 | Article 387



Authié et al.

Gaze Strategy for Locomotion in Constricted Field

Bennequin, D., Fuchs, R., Berthoz, A., and Flash, T. (2009yeMent timing
and invariance arise from several geometriglsoS Comput. Bioh:e1000426.
doi: 10.1371/journal.pchi.1000426

Berencsi, A., Ishihara, M., and Imanaka, K. (2005). The funelioole of central
and peripheral vision in the control of posturelum. Mov. Sci24, 689-709.
doi: 10.1016/j.humov.2005.10.014

Bernardin, D., Kadone, H., Bennequin, D., Sugar, T., Zaoui,avid Berthoz,
A. (2012). Gaze anticipation during human locomotidexp. Brain Re223,
65—78. doi: 10.1007/s00221-012-3241-2

Berthoz, A. (1997).e Sens du Mouvememaris: Jacob, O.

Berthoz, A., Pavard, B., and Young, L. R. (1975). Perception nefari
horizontal self-motion induced by peripheral vision (linearveojiobasic
characteristics and visual-vestibular interactioBzp. Brain Re23, 471-489.
doi: 10.1007/BF00234916

Bian, Z., Braunstein, M. L., and Andersen, G. J. (2006). Thergta@lominance
e ect in the perception of relative distance in 3-D scenes is maihhe
to characteristics of the ground surfadeercept. Psychoph$&, 1297-1309.
doi: 10.3758/BF03193729

Black, A., Lovie-Kitchin, J. E., Woods, R. L., Arnold, N., Byrdesand Murrish, J.
(1996). Mobility performance with retinitis pigmentogalin. Exp. Optom80,
1-12. doi: 10.1111/].1444-0938.1997.tb04841.x

Bowers, A. R., Luo, G., Rensing, N. M., and Peli, E. (2004)lud&ian
of a prototype Minied Augmented-View device for patients with
impaired night vision. Ophthalmic Physiol. Opt. 24, 296-312.
doi: 10.1111/j.1475-1313.2004.00228.x

Brandt, T., Dichgans, J., and Koenig, E. (1973). Di erentietts of central versus
peripheral vision on egocentric and exocentric motion perceptoxp. Brain
Res16, 476—491. doi: 10.1007/BF00234474

Cheong, A. M. Y., Geruschat, D. R., and Congdon, N. (2008). Tigap judgment
in people with signi cant peripheral eld lossOptom. Vis. Sci85, 26-36.
doi: 10.1097/0OPX.0b013e31815ed6fd

Cinelli, M., and Warren, W. H. (2012). Do walkers follow their heads/2ktigating
the role of head rotation in locomotor controExp. Brain Res219, 1-16.
doi: 10.1007/s00221-012-3077-9

Cinelli, M. E., Patla, A. E., and Allard, F. (2009). Behaviour arzk gmalyses
during a goal-directed locomotor taskQ. J. Exp. Psychob2, 483-499.
doi: 10.1080/17470210802168583

Coeckelbergh, T. R. M., Brouwer, W. H., Cornelissen, F. W., Van laér, P.,
and Kooijman, A. C. (2002a). The e ect of visual eld defects driving
performance: a driving simulation studprch. Ophthalmol120, 1509-1516.
doi: 10.1001/archopht.120.11.1509

Coeckelbergh, T. R. M., Cornelissen, F. W., Brouwer, W. H., andijiKaa,
A. C. (2002b). The e ect of visual eld defects on eye movememd a

Fortenbaugh, F. C., Hicks, J. C., and Turano, K. A. (2008). Thecte
of peripheral visual eld loss on representations of space: evidence fo
distortion and adaptation.Invest. Ophthalmol. Vis. Sc#9, 2765-2772.
doi: 10.1167/iovs.07-1021

Foulsham, T., and Underwood, G. (2008). What can saliency modelscpedutiut
eye movements? Spatial and sequential aspects of xations demzagling and
recognition.J. Vis8, 1-17. doi: 10.1167/8.2.6

Freedman, E. G. (2008). Coordination of the eyes and head durisgalv
orienting. Exp. Brain Res.190, 369-387. doi: 10.1007/s00221-008-
1504-8

Friedman, D. S., Freeman, E., Munoz, B., Jampel, H. D., and West, Z0<)(
Glaucoma and mobility performanceOphthalmology114, 2232-2237.el.
doi: 10.1016/j.0phtha.2007.02.001

Frissen, I., and Mars, F. (2014). The e ect of visual degradabin anticipatory
and compensatory steering controRQ. J. Exp. Psychob7, 499-507.
doi: 10.1080/17470218.2013.819518

Gajewski, D. A., Wallin, C. P., and Philbeck, J. W. (2014). Gagw\or
and the perception of egocentric distanck. Vis. 14, 1-19. doi: 10.1167/
14.1.20

Garbutt, S., Harwood, M., and Harris, C. (2001). Comparison of thénma
sequence of reexive saccades and the quick phases of optiokinet
nystagmus. Br. J. Ophthalmol. 85, 1477-1483. doi: 10.1136/bjo.85.
12.1477

Geruschat, D. R., Turano, K. A., and Stahl, J. W. (1998). Traditio

measures of mobility performance and retinitis  pigmentosa.
Optom. Vis. Sci. 75, 525-537. doi: 10.1097/00006324-199807000-
00022

Gibson, J. J. (1950)he Perception of the Visual Wartdixford; Houghton; Mi in,
PA; Boston, MA: Houghton Mi in.

Glasauer, S., Amorim, M., Viaud-Delmon, I., and Berthoz, A. (20D2rential
eects of labyrinthine dysfunction on distance and directionurthg
blindfolded walking of a triangular pathExp. Brain Res145, 489-497.
doi: 10.1007/s00221-002-1146-1

Grasso, R., Prévost, P., Ilvanenko, Y. P., and Berthoz, A. (189@)head
coordination for the steering of locomotion in humans: an antidipg
synergy. Neurosci. Lett.253, 115-118. doi: 10.1016/S0304-3940(98)00
625-9

Hallemans, A., Ortibus, E., Meire, F., and Aerts, P. (2010). Low
vision aects dynamic stability of gait.Gait Posture 32, 547-551.
doi: 10.1016/j.gaitpost.2010.07.018

Hassan, S. E., Hicks, J. C., Lei, H., and Turano, K. A. (2007)t M/thee minimum
eld of view required for e cient navigation?Vision Res47, 2115-2123.
doi: 10.1016/j.visres.2007.03.012

practical tness to driveVision Res42, 669-677. doi: 10.1016/S0042-6989(01)MHaymes, S., Guest, D., Heyes, A., and Johnston, A. (1996). litlobf

0297-8

Cornelissen, F. W., Bruin, K. J., and Kooijman, A. C. (2005). Theence of
arti cial scotomas on eye movements during visual sea@ptom. Vis. ScB2,
27-35.

Crabb, D. P., Smith, N. D., Rauscher, F. G., Chisholm, C. M., BarbuL.,
Edgar, D. F., et al. (2010). Exploring eye movements in patientsghaticoma

people with retinitis pigmentosa as a function of vision and psychicial
variables.Optom. Vis. Sci73, 621-637. doi: 10.1097/00006324-199610000-
00001

Heckenlively, J. R., Yoser, S. L., Friedman, L. H., and Oversle(1988). Clinical
ndings and common symptoms in retinitis pigmentosam. J. Ophthalmol.
105, 504-511. doi: 10.1016/0002-9394(88)90242-5

when viewing a driving scenBLoS ONB:e9710. doi: 10.1371/journal.pone.00 Held, R., Dichgans, J., Dichigans, J., and Bauer, J. (1978yacéristics of

09710

moving visual scenes in uencing spatial orientatidfision Res15, 357-365.

Creem-Regehr, S. H., Willemsent, P., Goochl, A. A., and Thompson, W. B. doi: 10.1016/0042-6989(75)90083-8

(2005). The in uence of restricted viewing conditions on egpoicic distance
perception: implications for real and virtual indoor environmenBerception
34,191-204. doi: 10.1068/p5144

Donges, E. (1978). A two-level model of driver steering behaldiom. Factorg0,
691-707. doi: 10.1177/001872087802000607

Fath, A. J., and Fajen, B. R. (2011). Static and dynamic \isieamation about

the size and passability of an apertuRerceptiord0, 887-904. doi: 10.1068/

p6917
Flickiger, M., and Baumberger, B. (1988). The perception of afcalptow

projected on the ground surfacéerceptionl7, 633—-645. doi: 10.1068/p

170633

Hicheur, H., Boujon, C., Wong, C., Pham, Q.-C., Annoni, J.-Mnda
Bihl, T. (2016). Planning of spatially-oriented locomotion followifacal
brain damage in humans: a pilot studBehav. Brain Res301, 33-42.
doi: 10.1016/j.bbr.2015.12.014

Hicheur, H., Pham, Q.-C., Arechavaleta, G., Laumond, J.-P., amthde
A. (2007). The formation of trajectories during goal-oriented locdimm
in humans. I. A stereotyped behaviouEur. J. Neurosci26, 2376—2390.
doi: 10.1111/j.1460-9568.2007.05836.x

Higuchi, T., Cinelli, M. E., and Patla, A. E. (2009). Gaze belaslioging
locomotion through apertures: the e ect of locomotion forntéum. Mov. Sci.
28, 760-771. doi: 10.1016/j.humov.2009.07.012

Fortenbaugh, F. C., Hicks, J. C., Hao, L., and Turano, K. A. (2007 Hirasaki, E., Kubo, T., Nozawa, S., Matano, S., and Matsuribg&1993).

Losing sight of the bigger picture: peripheral

representations of spacdision Res47, 2506—2520. doi: 10.1016/j.visres.2007.

06.012

eld loss compresses Analysis of head and body movements of elderly people during

locomotion. doi:  10.3109/000164893091

26208

Acta Otolaryngol. 25-30.

Frontiers in Human Neuroscience | www.frontiersin.org

25

July 2017 | Volume 11 | Article 387



Authié et al. Gaze Strategy for Locomotion in Constricted Field

Jansen, S. E. M., Toet, A., and Werkhoven, P. J. (2011). Humamadicm Rothkopf, C. A., Ballard, D. H., and Hayhoe, M. M. (2007). Task and
through a multiple obstacle environment: strategy changes as a result of context determine where you lookJ. Vis. 7, 16.1-20. doi: 10.1167/
visual eld limitation. Exp. Brain Re12, 449-456. doi: 10.1007/s00221-011- 7.14.16
2757-1 Safran, A. B., Duret, F., Issenhuth, M., and Mermoud, C. (1999) F

Kasneci, E., Sippel, K., Aehling, K., Heister, M., Rosenstiel, Sthiefer, text reading with a central scotoma: pseudo regressions and pseudo
U., et al. (2014). Driving with binocular visual eld loss? A study line losses.Br. J. Ophthalmol.83, 1341-1347. doi: 10.1136/bjo.83.12
on a supervised on-road parcours with simultaneous eye and .1341
head tracking. PLoS ONE 9:e87470. doi: 10.1371/journal.pone.00 Salvucci, D. D., and Gray, R. (2004). A two-point visual control

87470 model of steering. Perception 33, 1233-1248. doi: 10.1068/
Kluzik, J., Peterka, R. J., and Horak, F. B. (2007). Adaptation sfupa p5343
orientation to changes in surface inclinatioExp. Brain Res178, 1-17. Sedgwick, H. A. (1980). The geometry of spatial layout in pictorjalggentation.
doi: 10.1007/s00221-006-0715-0 Percept. Pict., 33-90.
Land, M., and Horwood, J. (1995). Which parts of the road guideristg@Nature Sippel, K., Kasneci, E., Aehling, K., Heister, M., Rosenstiel, W.,
377, 339-340. doi: 10.1038/377339a0 Schiefer, U., et al. (2014). Binocular glaucomatous visual
Land, M. F., and Furneaux, S. (1997). The knowledge base ofctilensotor eld loss and its impact on visual exploration—a supermarket
system. Philos. Trans. R. Soc. Lond. B Biol. S852, 1231-1239. study. PLoS ONE 9:e106089. doi: 10.1371/journal.pone.01
doi: 10.1098/rstb.1997.0105 06089
Land, M. F., and Lee, D. N. (1994). Where we look when we sitre 369, Smith, N. D., Crabb, D. P., Glen, F. C., Burton, R., and Garway-HedatH-.
742-744. doi: 10.1038/369742a0 (2012a). Eye movements in patients with glaucoma when viewingesag
Legge, G. E., Gage, R., Baek, Y., and Bochsler, T. M. (201é)orIn everyday sceneS§eeing Perceivingb, 471-492. doi: 10.1163/187847612X6
spatial updating with reduced visual informatioRLoS ONE11:e0150708. 34454
doi: 10.1371/journal.pone.0150708 Smith, N. D., Glen, F. C.,, and Crabb, D. P. (2012b). Eye movements
Luo, G., Vargas-Martin, F., and Peli, E. (2008). The role of periphésion during visual search in patients with glaucomBMC Ophthalmol.12:45.
in saccade planning: learning from people with tunnel visidnVis.8, 1-8. doi: 10.1186/1471-2415-12-45
doi: 10.1167/8.14.25 Takei, Y., Grasso, R., and Berthoz, A. (1996). Quantitativayais of human
Mestre, D. R., and Authié, C. N. (2012). “Why do we move our hearihg curve walking trajectory on a circular path in darknegyain Res. Bulk0, 491-495.
driving?,” in Advances in Human Aspects of Road and Rail Transportaiibn doi: 10.1016/0361-9230(96)00147-5
N. A. Stanton (Boca Raton, FL: CRC Press), 412—-419. Temme, L. A,, Maino, J. H., and Noell, W. K. (1985). Eccentricity gtion

Ooi, T. L, Wu, B., and He, Z. J. (2001). Distance determined by th in the periphery of normal observers and those with retinitis pigmeato
angular declination below the horizoNature 75, 197-200. doi: 10.1038/351  Am. J. Optom. Physiol. Of2, 736—743. doi: 10.1097/00006324-198511000-

02562 00003

Peli, E., Apfelbaum, H., Berson, E. L., and Goldstein, R. B. (20M&. Todorov, E., and Jordan, M. I. (1998). Smoothness maximizatiomgala
risk of pedestrian collisions with peripheral visual eld losk. Vis. 16:5. prede ned path accurately predicts the speed proles of complex arm
doi: 10.1167/16.15.5 movementsJ. NeurophysioR0, 696—-714.

Peters, R. J., lyer, A, Itti, L, and Koch, C. (2005). Comptmeof Toet, A., and Jansen, S. E. M. (2007). Eects of eld-of-viewtrietions
bottom-up gaze allocation in natural imaged¥ision Res45, 2397-2416. on speed and accuracy of manoeuvringercept. Mot. Skills05:1245.
doi: 10.1016/j.visres.2005.03.019 doi: 10.2466/pms.105.4.1245-1256

Pham, Q., and Bennequin, D. (2012). Ane invariance of Turano, K. A., and Wong, X. (1992). Motion thresholds in retinis mpiEntosa.
human hand movements: a direct testArXiv Prepr. ArXivli20 Invest. Ophthalmol. Vis. S83, 2411-2422.

91467. Turano, K. A., Geruschat, D. R., and Stahl, J. W. (1998). Mentit e

Pham, Q.-C., Berthoz, A., and Hicheur, H. (2011). Invariance obroator required for walking: e ects of retinitis pigmentos®ptom. Vis. Sci75,
trajectories across visual and gait direction conditidbp. Brain Re210, 1-9. 879-886.
doi: 10.1007/s00221-011-2619-x Turano, K. A., Geruschat, D. R., Baker, F. H., Stahl, J. W., angi8ha

Pham, Q.-C., and Hicheur, H. (2009). On the open-loop and feedback M. D. (2001). Direction of gaze while walking a simple route:
processes that underlie the formation of trajectories during visuad a persons with normal vision and persons with retinitis pigmentosa.
nonvisual locomotion in humans.J. Neurophysiol.102, 2800-2815. Optom. Vis. Sci. 78, 667-675. doi: 10.1097/00006324-200109000-

doi: 10.1152/jn.00284.2009 00012

Pozzo, T., Berthoz, A., and Lefort, L. (1990). Head stabilimatituring Turano, K. A., Geruschat, D. R., Stahl, J. W., and Massof, R. 3991 Perceived
various locomotor tasks in humansExp. Brain Res.82, 97-106. visual ability for independent mobility in persons with retinitiggmentosa.
doi: 10.1007/BF00230842 Invest. Ophthalmol. Vis. Sd0, 865-877.

Pretto, P., Ogier, M., Biltho , H. H., and Bresciani, J. P. (200®uence of the  Turano, K. A., Herdman, S. J., and Dagnelie, G. (1993). Visuailigtdlon of
size of the eld of view on motion perceptiolComput. Graph33, 139-146. posture in retinitis pigmentosa and in arti cially restricted visuadlds.Invest.
doi: 10.1016/j.cag.2009.01.003 Ophthalmol. Vis. Scg4, 3004-3010.

Reed-Jones, R., Reed-Jones, J., Vallis, L. A., and Hollands,08Raj2 The Turano, K. A., Massof, R. W., and Quigley, H. A. (2002). A seléssrent
e ects of constraining eye movements on visually evoked steerisigoreses instrument designed for measuring independent mobility in RP pasen
during walking in a virtual environmentExp. Brain Res197, 357-367. generalizability to glaucoma patientdnvest. Ophthalmol. Vis. Sc#3,
doi: 10.1007/s00221-009-1923-1 2874-2881.

Reed-Jones, R., Hollands, M. A., Reed-Jones, J. G., and Valli$. L. Turano, K. A., Yu, D., Hao, L., and Hicks, J. C. (2005). Optic- ow
(2009b).  Visually evoked whole-body turning responses during and egocentric-direction strategies in walking: central vs perghe

stepping in place in a virtual environmenGait Posture30, 317-321. visual eld. Vision Res. 45, 3117-3132. doi: 10.1016/j.visres.2005.
doi: 10.1016/j.gaitpost.2009.06.001 06.017

Ripoll, H., Kerlirzin, Y., Stein, J.-F., and Reine, B. (1995). Aisalys van der Steen, J., and Bruno, P. (1995). Unequal amplitude
information processing, decision making, and visual strategies i saccades produced by aniseikonic patterns: eects of viewing
complex problem solving sport situation$ium. Mov. Sci.14, 325-349. distance. Vision Res. 35, 3459-3471. doi: 10.1016/0042-6989(95)00
doi: 10.1016/0167-9457(95)00019-O 138-5

Ron, S., Robinson, D. A, and Skavenski, A. A. (1972). Sesattl the quick Vargas-Martin, F., and Peli, E. (2006). Eye movements of patierts
phase of nystagmu¥ision Res12, 2015-2022. doi: 10.1016/0042-6989(72)90 tunnel vision while walking.Invest. Ophthalmol. Vis. Sck7, 5295-5302.
055-7 doi: 10.1167/iovs.05-1043

Frontiers in Human Neuroscience | www.frontiersin.org 26 July 2017 | Volume 11 | Article 387



Authié et al. Gaze Strategy for Locomotion in Constricted Field

Wann, J. P., and Swapp, D. K. (2000). Why vyou should IlookConict of Interest Statement: Commercial relationships: JS (Pixium Vision
where you are going.Nat. Neurosci. 3, 647-648. doi: 10.1038/ [C,l]; GenSight Biologics [C,l]; Sano fovea [C]; and Gemgsl [C], Vision
76602 Medicines [C], Chronocam [I]; Chronolife [I]).

Warren, W. H., and Whang, S. (1987). Visual guidance of walking
through apertures: body-scaled information for aordanced. Exp. The other authors declare that the research was conducted iratisence of
Psychol. Hum. Percept. Perfor8, 371-383. doi: 10.1037/0096-1523.13.any commercial or nancial relationships that could be construedagsotential
3.371 con ict of interest.

Wiecek, E., Pasquale, L. R., Fiser, J., Dakin, S., and Bex,. P. J
(2012). Eects of peripheral visual eld loss on eye movementsCopyright© 2017 Authié, Berthoz, Sahel and Safran. This is areapess article
during visual search.Front. Psychol.3:472. doi: 10.3389/fpsyg.2012. distributed under the terms of the Creative Commons AtidhiLicense (CC BY).
00472 The use, distribution or reproduction in other forums is jtéedh provided the

Yamamoto, N., and Philbeck, J. W. (2013). Peripheral vision bene t original author(s) or licensor are credited and that thgin&l publication in this
spatial learning by guiding eye movementdem. Cognit.41, 109-121. journalis cited, in accordance with accepted academitqgeraldo use, distribution
doi: 10.3758/s13421-012-0240-2 or reproduction is permitted which does not comply wittettesss.

Frontiers in Human Neuroscience | www.frontiersin.org 27 July 2017 | Volume 11 | Article 387



