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Abstract

We investigated the impact of visual impairment on balance control. We measured the cen-

ter of pressure (COP) between the two feet and plantar surface pressures on each foot in 18

normal-sighted participants and compared their data with measures from 18 legally blind

participants, either acquired or congenital. Pressures were measured in open- and closed-

eye conditions using a baropodometric resistive plate. In the eyes-open condition, there

were no differences between the sighted and legally blind groups in COP displacement.

However, participants with visual loss had significantly increased pressures in two metatar-

sal regions (M1 and M2 zones) of the plantar surface in both viewing conditions (p < 0.05).

The differences in pressure measures between the normally sighted and legally blind

groups could be attributed mainly to the subgroup of subjects with acquired impairment. Our

findings suggest that subjects with visual impairment present increased metatarsal pres-

sures (i.e. forefoot), not yet associated to anterior displacement of COP or impaired balance

control.

Introduction

Dynamic maintenance of balance while standing in humans relies on information from visual,

vestibular, and proprioceptive inputs required by the brain to appropriately generate the com-

plex array of motor commands needed to achieve equilibrium in a standing position [1–4].

Sensory impairment can impede adaptive postural control mechanisms and lead to equilib-

rium loss (i.e., visual [5–7]; vestibular [8, 9]; proprioceptive [10, 11]; vestibular and proprio-

ceptive [12]).

The contribution of the visual inputs to the balance control is a hot topic and have been pre-

viously investigated. Maintenance of balance control in conditions of visual loss is aided by
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vestibular and proprioceptive inputs and is manifested via compensatory adjustments of pos-

tural weighting [13, 14]. Since postural changes in standing position reflect modifications in

our body weight load on the plantar surface, measurement of plantar pressure can be used to

quantify the influence of visual input on posture control [15]. A variety of tools have been

employed to quantify balance control, such as stabilometry, dynamometry, video system anal-

ysis, electromyography during the execution of quiet stance, tandem Romberg test, one leg

stance, and reaction-time tasks [13, 14, 16–23].

Measuring postural control in subjects with sensory impairment can quantify the effects of

the impairment on balance control mechanisms [6–12, 16, 23]. There are mixed findings

regarding the impact of visual loss on balance control and equilibrium [6–12, 24–26]. Some

research finds that people with visual deficits have impaired balance control [16, 17], while

other research finds minor or no differences in static and dynamic postural control between

sighted and visually impaired subjects [13, 18, 19, 27]. Subjects with altered binocular vision

have been found to have significantly altered measures of foot plantar pressures, and blind sub-

jects can have prolonged foot-to-ground contact during gait [15, 24].

One variable that could affect balance control is whether the visual function loss is congeni-

tal or acquired. Previous studies investigated balance control in subjects with congenitally and

acquired blindness [28, 29] and reported no differences between control and congenitally

blind individuals, but participants with acquired blindness were less stable than controls.

Some studies suggest that individuals with congenital visual impairment develop effective

somatosensory and vestibular mechanisms to compensate for a lack of visual information

since the birth [13, 14].

In the present study we aimed to measure balance control by direct and indirect (plantar

surface pressure distribution) measures of COP from congenitally and acquired blind subjects

and compare these data with data from sighted subjects.

Based on prior data, we hypothesized that subjects with acquired visual impairment would

be more susceptible to disturbances in balance control, and hence maintenance of normal

COP, and that associated deficits would be found in the load of pressures on the plantar sur-

face of the foot. However, it is not obvious which specific regions of an individual foot would

manifest changes in balance control.

Methods

Ethical consideration

All procedures were approved by the Ethical Committee for Research in Humans of the Sci-

ence Health Institute of the Federal University of Pará (report #3.040.281/2018) and followed

the STROBE statement. Written informed consent was obtained from all the participants

before the procedures start. The visually impaired subjects read a Braille version of the instruc-

tions document or were verbally instructed before giving consent. Data were acquired between

December 2017 to September 2019.

Subjects

Our sample consisted of 36 subjects between 18 and 50 years-old (18 sighted participants, 18

visually impaired participants). The sample of legally blind subjects was recruited from the

José Alvares de Azevedo school for the blind and visually impaired. Participants were not com-

pensated financially. Inclusion criteria were impairment of the visual perception and no motor

function disturbances to keep an erect posture. Exclusion criteria for both groups were somes-

thetic, orthopedic, or vestibular, and neurological pathologies, motor disturbances or attention

and/or memory deficits.
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An ophthalmologist evaluated all blind participants. We used an ETDRS chart (Xenonio,

Brazil) to estimate the visual acuity. All sighted participants had normal or best-corrected

visual acuity at 20/20. The visual acuity was recorded in Snellen fraction, and in the cases of

very low vision (worse than 20/200), the visual acuity was classified using a semi-quantitative

scale: counting fingers (CF), hand motion (HM), light perception (LP), and no light perception

(NLP). After the ophthalmological examination and the history of the present illness we

divided the sample into acquired and congenital blind participants. All blind subjects that par-

ticipated in the present study were legally blind (i.e., visual acuity was equal to or worse than

20/200) (Table 1). The definition of blindness is based on foveal vision (central vision), and

most of the blind participants had some luminance perception, indicating some peripheral

visual function. It is unclear the role of central or peripheral vision in balance control, if both

have equal importance, or if both have complementary functionality [30–34].

Ten out of 18 visually impaired participants had congenital visual impairment, while 8 par-

ticipants had acquired visual impairment. Four of the 18 blind participants had no light per-

ception, while the others had visual acuities ranging from light perception to 20/200 visual

acuity (Table 1).

Physical examination

Age, height, and weight information from all participants were collected. Table 2 describes the

physical characteristics of the participants from both groups. All participants carried out a

physical evaluation comprising a manual muscle testing on a five-point scale (0 –no muscle

strength, 5 –maintain the position when a maximum resistance is applied), assessment for

muscle tone, evaluation of superficial and deep reflexes, tactile sensitivity using a brush of the

reflex hammer, vibration sense testing with a 128-Hz tuning fork, motor coordination

Table 1. Description of the visual deficits of the visually impaired participants.

Patient Diagnosis Blindness Visual acuity

P1 Glaucoma Congenital LP/LP

P2 Optic nerve atrophy Acquired (10 years ago) LP/LP

P3 Glaucoma Congenital HM 1.7’/CF 1.7’

P4 Pituitary adenoma Acquired (17 years ago) NLP/NLP

P5 Cataract Acquired (5 years ago) LP/LP

P6 ND Congenital NLP/NLP

P7 ON atrophy Acquired (13 years ago) LP/LP

P8 Uveitis Congenital NLP/NLP

P9 Cataract Congenital LP/LP

P10 Cataract Acquired (2 years ago) LP/LP

P11 Cataract Congenital LP/LP

P12 Chorioretinitis Acquired (30 years ago) 20/200/CF 3.5’

P13 ND Congenital LP/LP

P14 Retinitis pigmentosa Congenital LP/LP

P15 Glaucoma Congenital LP/LP

P16 Glaucoma Acquired (8 years ago) NLP/NLP

P17 Cataract Congenital LP/LP

P18 Glaucoma Acquired (3 years ago) LP/LP

ND: not diagnosed; ON: Optic neuritis; LP: Light perception; NLP: No light perception; CF: Counting fingers; HM: Hand motion. The visual acuity descriptions for

counting fingers or hand motion are expressed as the maximum distance, in feet, from which detection was successful.

https://doi.org/10.1371/journal.pone.0249467.t001
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evaluation using finger-to-nose test and motion of the heel over the shin test. For the physical

examination test, all the participants had normal results.

Table 1 describes the physical features of the participants. Both groups were age-, body

mass index- (BMI), and male/female proportion matched. The sample was homogeneous to

age, BMI, and male/female proportion.

Apparatus and experimental procedures

All participants stood in normal quiet stance on a baropodometric resistive plate (EPS R-1

model, Loran Engineering, Italy) with 2224 sensors distributed over 48 cm2, with a pressure-

range capacity of 50–350 kilo-Pascals (kPa), and a data-acquisition rate of 50 Hz. The individu-

als were barefoot, with feet held apart at a distance between the shoulders and arms lying along

the lateral torso. Sighted participants were asked to direct their gaze to a circular target on the

wall a 1 m distance. Visually impaired participants were requested to direct their gaze forward

while standing 1 m away from the wall. Conversation was not allowed during the recording

sessions, except for the orientations of the participants by the examiners. Simultaneous data

acquisition of the center of pressure (COP) displacements and barefoot plantar pressures were

performed using Biomech Studio software (Loran Engineering, Italy). Measurements were

carried out in open and closed eye conditions, during three trials of 60 seconds in each condi-

tion, with 60 seconds of rest between open- and closed-eye conditions. COP displacements

along the anteroposterior and mediolateral directions were exported and were used to quantify

the postural stability using the parameters of total displacement (COPdistance) and the area of

displacement ellipse (COParea) enclosed by the statokinesiogram [35].

Pressure (in kPa) measures from 10 zones of the plantar surface delimited by the Biomech

Studio software (forefoot: T1 –zone of the first toe, hallux, T2-5 –zone between the second and

fifth toes, M1, M2, M3, M4, and M5 zones–zone of the first, second, third, fourth, and fifth

metatarsal heads, respectively; midfoot: MF zones; hindfoot: LH–lateral heel zone and MH–

medial heel zone) were quantified as mean (Pmean), and maximum (Pmax) pressures obtained

from three-time series [36]. A schematic representation for analyzing the indirect measure of

the postural control based on plantar pressures is shown in Fig 1.

Data analysis

GraphPad Prism 8 (GraphPad software, Inc., CA, USA) was used to the data analysis. Normal-

ity of data was tested using the Shapiro-Wilk test. Non-normal distribution data from control

and visually impaired groups were compared using the non-parametric Mann-Whitney U test.

We also divided the legally blind group into congenital and acquired subgroups and compared

their data to the control using the Kruskal-Wallis test followed by the Dunn post hoc test. We

calculated the adjusted p-values for multiplicity using the Bonferroni correction. A Chi-square

with Yates’ correction was used to compare the proportions of male and female participants of

Table 2. Physical characteristics of the groups.

Variable CG VIG p-value

Age (years) 31.8 ± 8.3 31.5 ± 9.4 0.90

BMI (kg/cm2) 25.4 ± 4.4 24.8 ± 5.1 0.73

Male/Female 12 M/ 6 F 13 M/ 5 F 0.99

Values are present as means and standard deviations for age and BMI.

CG: control group; VIG: visually impaired group; BMI: body mass index.

https://doi.org/10.1371/journal.pone.0249467.t002
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each group, and Student’s t-test was used to compare age, height, weight, and body mass index

between groups. A significance level of 0.05 was considered for all the statistical procedures.

Results

Balance control comparisons

Typical statokinesiograms were found for all participants, in which anteriorposterior displace-

ments are larger than the laterolateral displacements during the test duration. Fig 2 shows rep-

resentative statokinesiograms obtained from one representative participant in each group, and

no systematic or qualitative differences between the groups could be observed between the sta-

tokinesiograms of these participants. Table 3 presents the descriptive statistics for stabilometric

variables in the different test conditions for control and visually impaired groups. Both groups’

balance control was similar as no significant difference was found between the sighted and the

visually impaired groups for COPdistance and COParea in either open- and closed-eye condi-

tions. Similarly, no significant difference for stabilometric parameters was found when com-

paring control, congenital, and acquired visually impaired subjects (Table 4).

Plantar pressures comparisons

Fig 3 shows an example of a heatmap of the Pmean of the feet from the same representative par-

ticipants shown in Fig 2. In the control participant (Fig 2A), we observed the distribution of

pressures occurring mainly on the hallux and mid-to-lateral metatarsus and heel regions. In

contrast, in the visually impaired participant, the pressures were mainly localized on between

the hallux, metatarsal (M1-M5) region of the left foot, and the heel.

Table 5 compares the plantar pressures between sighted and visually impaired subjects for

open- and closed-eye conditions. Blind participants had significantly higher Pmean and Pmax in

the M1 and M2 zones (p<0.05), respectively. No significant differences were found among the

plantar pressures recorded from sighted, congenital, and acquired visually impaired partici-

pants in open-eye conditions. However, in the closed-eye condition, we found that acquired

visually impaired participants had significantly higher Pmean and Pmax plantar pressures than

the controls in M1 and M2 zones, respectively (Table 6). No significant difference was found

between controls and congenital visually impaired participants or between the two visual

impairment groups.

Discussion

This study compared stabilometric and baropodometric measurements between sighted sub-

jects and with subjects with acquired and congenital blindness. Similar to prior investigations,

we observed no significant difference of the stabilometric variables (COPdistance, COParea)

across the groups, indicating the action of compensatory mechanisms in the balance control of

the participants with visual impairment [27, 37].

Additionally, we also observed that most of the foot zones of the legally blind participants

had no significant pressure differences compared to controls, except for the higher maximum

pressures in the first and second metatarsal heads (M1 and M2 zones) in patients in the

closed-eye condition. These differences could be attributed to the contribution of the acquired

blind participants’ data [15]. The small number of significant differences indicates that mild

Fig 1. Representation of the zones of the foot where plantar pressures were quantified. Forefoot is represented by the T1 (first

toe), T2-5 (2nd-5th toes), M1 (1st metacarpal), M2 (2nd metacarpal), M3 (3rd metacarpal), M4 (4th metacarpal), M5 (5th

metacarpal) zones; Midfoot is represented by the MF zone; Hindfoot is represented by the medial (MH) and lateral zones (LH).

https://doi.org/10.1371/journal.pone.0249467.g001
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disturbances in the motor control of the balance are present and maybe can be ignored in con-

ventional evaluation of the balance.

Because of the similarity in COP measures obtained from participants with congenital or

acquired blindness, a working hypothesis could be that the mean duration of acquired

impairment (11 ± 9.2 years) was adequate for the development and consolidation of compen-

satory balance-control mechanisms.

However, against such a hypothesis, the presence of significant differences in metatarsal

head pressures argues for an incomplete establishment of these mechanisms in the participants

Fig 2. Statokinesiogram of one representative participant from the sighted group and one representative participant from the blind group. Recordings from the

sighted participant in the open-eye (A) and closed-eye condition (B), and from a visually impaired (blind) participant in the open-eye (C) and closed-eye (D) conditions.

https://doi.org/10.1371/journal.pone.0249467.g002
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with acquired blindness. Congenitally blind subjects would have an opportunity to develop

compensatory mechanisms during their development in early childhood, while the ability to

develop compensatory mechanisms in acquired visual loss would depend on many factors,

including age of onset relative to any possible critical periods, and duration of the visual

impairment. Moreover, it is possible that qualitatively different compensatory mechanisms for

balance control might be utilized in acquired vs congenital visual impairment.

Because we found that differences between the acquired and congenital blind groups in

plantar pressures occurred mainly in the closed-eye condition, residual light perception (pres-

ent in most of the acquired blind group) is a likely an important factor that assists in perfor-

mance during the balance control task.

In addition, the visual system has more than one pathway to the brain; and conscious visual

perception is generated in only one of these pathways (from retina to primary visual cortex,

V1). However, other visual pathways could be contributing to the balance control even in visu-

ally impaired or blind subjects (for example from retina to superior colliculus or pulvinar

nucleus), as has been observed in cases of so-called “blindsight” demonstrating residual vision

in several visual diseases [38–40].

We found that subjects in the acquired blind group exhibited an anterior displacement of

pressures in the metatarsal zones of the forefoot in order to maintain equilibrium. Such ante-

rior pressure displacements can lead to reflex activation of the plantar flexors and evertors of

the ankle [41] and an increase of vestibular and proprioceptive inputs to partially compensate

for the lack of visual information [21, 28, 42]. However, proprioceptive compensatory mecha-

nisms alone do not appear to be adequate. Ozdemir et al. [42] observed that visually impaired

subjects with high proprioceptive acuity had worse postural control performance than sighted

people. The increase of the plantar pressures in M1 and M2 zones when the visually impaired

participants had their eyes closed could be interpreted as a compensatory response that would

to augment proprioceptive input to avoid loss of balance control. The plantar pressures’

change seems to be an anticipatory adjustment before the changes in balance control.

Table 3. Comparison of stabilometric data obtained from control and visually impaired groups.

Variable CG LBG P

Open eye condition
COPdistance 327.46 (93) 311.23 (89.2) 0.99

COParea 87.69 (72.6) 68.33 (61.9) 0.86

Closed eye condition
COPdistance 351.3 (48.3) 319.75 (101.9) 0.42

COParea 110.64 (109.1) 73.66 (58.8) 0.5

CG: control group; LBG: legally blind group.

https://doi.org/10.1371/journal.pone.0249467.t003

Table 4. Comparison of the stabilometric parameters between control group and visually impaired group according to etiology of the impairment.

Legally blind group

Variable Control group Congenital Acquired p-value

Open eye condition
COPdistance 327.5 (103.8) 345.8 (140.1) 309.3 (75.2) 0.93

COPárea 87.7 (82.1) 69.03 (63.5) 66.82 (112.4) 0.84

Closed eye condition
COPdistance 351.3 (57) 336.6 (165.1) 317.7 (50.3) 0.53

COParea 110.6 (118.6) 66.59 (102.91) 92.04 (120.1) 0.43

https://doi.org/10.1371/journal.pone.0249467.t004
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Finally, the role of hapic cues in the foot must be considered in our subjects, since it was

previously demonstrated less frequent head displacements in sighted subjects than in visually

impaired subjects, in experiments using haptic cues derived from a cane’s contact [21].

Fig 3. Heatmap of the plantar pressure measurements obtained from the participants whose balance control data are shown in Fig 2. (A) Sighted participant. The

pressures are distributed from the hallux to mid-lateral foot and in the heel. (B) Visually impaired participant. The pressure distribution occurs mainly in the hallux, all

the metatarsal region of the left foot and in the heel.

https://doi.org/10.1371/journal.pone.0249467.g003
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Table 5. Comparison of Pmean and Pmax measured in the different foot regions of control and visually impaired participants.

Pmean

Open eye condition Closed eye condition

Region CG LBG p-value CG LBG p-value

T1 6.83 (13.2) 10.92 (13.8) 0.27 8.83 (14.4) 14.33 (13.5) 0.67

T2-5 3.17 (4.9) 5.16 (4.5) 0.12 3.75 (6.3) 5.58 (6.1) 0.32

M1 18.25 (9.2) 25.75 (16.8) 0.01 18.08 (6) 23.5 (14.4) 0.005

M2 27.08 (21.5) 33.75 (21.3) 0.12 27.33 (20.3) 34.25 (21.7) 0.06

M3 40.75 (21.7) 43.25 (19.6) 0.41 35.92 (19.9) 45.75 (24.9) 0.15

M4 43.92 (26.8) 48 (19.6) 0.44 39.5 (28) 46.5 (20.4) 0.87

M5 24 (24.7) 29.42 (13.6) 0.99 26.17 (22.5) 26.25 (13.8) 0.56

MF 11.58 (11) 13.83 (9.1) 0.12 12.33 (11.6) 14.83 (8.3) 0.3

MH 63.92 (18) 59.17 (18) 0.5 60.92 (22) 60.67 (22.2) 0.8

LH 63.17 (10.1) 57.83 (13.3) 0.36 59.42 (15.8) 56.17 (19.7) 0.83

Pmax

Open eye condition Closed eye condition

Region CG LBG p-value CG LBG p-value

T1 16.5 (43.8) 30 (44.4) 0.19 22.08 (51.8) 44.5 (41.1) 0.63

T2-5 6.5 (14.2) 10.92 (17.3) 0.2 7.67 (17.5) 14.25 (20.6) 0.3

M1 49.17 (29.8) 60.83 (41.3) 0.06 43.5 (19.7) 64 (44.8) 0.02

M2 62.25 (38.6) 81.33 (40.5) 0.03 58.83 (35.5) 82.17 (37) 0.02

M3 85.75 (46.7) 89.25 (38.1) 0.56 73.33 (40.4) 90.17 (42.8) 0.37

M4 87 (58.2) 90.92 (41.6) 0.94 79.08 (52.1) 86.83 (44.6) 0.97

M5 69.75 (67.9) 82 (37) 0.94 74.92 (62.8) 72.42 (38.9) 0.75

MF 36.17 (36.2) 39.25 (12.5) 0.59 41.92 (42.1) 38.5 (18.3) 0.63

MH 153.3 (38.8) 145.3 (36.5) 0.37 148.4 (39.2) 153.8 (55.6) 0.97

LH 149 (33.5) 141.9 (30.5) 0.41 140.8 (40.9) 146.9 (53.1) 0.96

CG: Control group; LBG: Legally blind group. Comparisons in bold represent significant differences using a Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0249467.t005

Table 6. Comparison of the plantar pressures among controls, congenital and acquired visually impaired participants during eye aperture conditions.

Pmean

OPEN-EYE CONDITION CLOSED-EYE CONDITION

Legally blind group Legally blind group

Region Control group Congenital Acquired Control group Congenital Acquired

T1 6.83 (13.2) 9.25 (13.9) 13.5 (10.6) 8.83 (14.4) 8.58 (15) 15.67 (9.8)

T2-5 3.17 (4.9) 4.25 (3) 7.08 (8) 3.75 (6.33) 4.33 (7.2) 7.08 (4.7)

M1 18.25 (9.2) 25.75 (16) 25.08 (20.2) 18.08 (6) 23.08 (12.2) 24.17 (15.8)�

M2 27.08 (21.5) 33.67 (18.2) 34.83 (25.3) 27.33 (20.3) 34.25 (18) 36.92 (23.1)

M3 40.75 (21.7) 43.25 (23.9) 42 (23.7) 35.92 (19.9) 40.67 (25.08) 49.08 (29.6)

M4 43.92 (26.8) 46.83 (25.5) 47.67 (24.6) 39.5 (28) 42.42 (25) 48.67 (21.8)

M5 24 (24.7) 30.17 (10.9) 27.25 (18) 26.17 (22.5) 26.42 (19.5) 25.58 (11.8)

MF 11.58 (11) 13.5 (9.9) 14.33 (10.3) 12.3 (11.5) 12.3 (18.4) 16.42 (4.9)

MH 63.92 (18) 59.42 (19.4) 57.83 (18.8) 60.92 (21.7) 61.17 (24.8) 58.67 (19.2)

LH 60.75 (11.7) 57.83 (14.6) 57.83 (20.5) 59.42 (15.8) 57.67 (26.1) 53.92 (16.3)

(Continued)
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The present study has limitations that must be considered. The sample of participants with

acquired blindness is heterogeneous in terms of duration of visual loss, for example. We would

hypothesize that a longer period of visual loss could increase the chances of developing com-

pensatory mechanisms for vision loss. A comparison of the balance control in subjects with

short- and long-term acquired visual loss could help clarify the role that duration of acquired

visual loss might have in the development of compensatory mechanisms in the nervous

system.

We concluded that acquired blindness alters the balance control mechanisms more the con-

genital blindness, as evidenced by the anterior displacement of the foot pressures observed in

the acquired blind subjects. Development of more complete compensatory mechanisms in

congenital impairment (vs acquired) are suggested as a possible explanation to the observed

difference. Our findings suggest that acquired blind people need more attention concerning

the risk of fall.
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M1 49.17 (29.8) 63.92 (44.4) 65.83 (58.3) 43.5 (19.7) 59.25 (29.6) 70.33 (52.5)
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André Santos Cabral, Bianca Callegari.

Funding acquisition: Anselmo Athayde Costa e Silva, Givago Silva Souza.

Investigation: Ketlin Jaquelline Santana Castro, Railson Cruz Salomão, Newton Quintino Fei-

tosa, Jr., Bianca Callegari.

Methodology: Ketlin Jaquelline Santana Castro, Railson Cruz Salomão, Newton Quintino Fei-

tosa, Jr., Ana Francisca Rozin Kleiner, Anselmo Athayde Costa e Silva, Bianca Callegari.

Project administration: Bianca Callegari, Givago Silva Souza.

Supervision: Bianca Callegari, Givago Silva Souza.

Visualization: Givago Silva Souza.

Writing – original draft: Ketlin Jaquelline Santana Castro, Leonardo Dutra Henriques, Ana

Francisca Rozin Kleiner, Anderson Belgamo, André Santos Cabral, Anselmo Athayde
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17. Aydoǧ EST, Aydoǧ A, Çakci MN. Doral, Dynamic postural stability in blind athletes using the Biodex

Stability System. Int J Sports Med. 2006; 27: 415–418. https://doi.org/10.1055/s-2005-865777 PMID:

16729385

18. Schieppati M, Tacchini E, Nardone A, Tarantola J, Corna S. Subjective perception of body sway. J Neu-

rol Neurosurg Psych. 1999; 66:313–22. https://doi.org/10.1136/jnnp.66.3.313 PMID: 10084529

19. Rougier P, Farenc I. Adaptative effects of loss of vision on upright undisturbed stance. Brain Res. 2000;

871:165–174. https://doi.org/10.1016/s0006-8993(00)02357-x PMID: 10899283

20. Easton RD, Greene AJ, DiZio P, Lackner JR. Auditory cues for orientation and postural control in

sighted and congenitally blind people. Exp Brain Res. 1998; 118: 541–550. https://doi.org/10.1007/

s002210050310 PMID: 9504849

21. Jeka JJ, Easton RD, Bentzen BL, Lackner JR. Haptic cues for orientation and postural control in sighted

and blind individuals. Percep Psychophys. 1996; 58:409–423. https://doi.org/10.3758/bf03206817

PMID: 8935902

22. Melzer I, Damry E, Landau A, Yagev R. The influence of an auditory-memory attention demanding task

on postural control in blind persons. Clin Biomech. 2011; 26: 358–362. https://doi.org/10.1016/j.

clinbiomech.2010.11.008 PMID: 21144633

23. D’Antonio E, et al. Stable or able? Effect of virtual reality stimulation on static balance of post-stroke

patients and healthy subjects. Human movement science, 2020: 70, 102569. https://doi.org/10.1016/j.

humov.2020.102569 PMID: 31950897

24. Abu-Faraj ZO, Faraj YT, Mohtar KH, Rammal MM. Characterization of plantar pressures in visually

impaired individuals: A Pilot Study. 2013 6th International IEEE/EMBS Conference on Neural Engineer-

ing (NER), San Diego, CA, 2013, pp. 1549–1553.

25. Anand V, Buckley JG, Scally A, Elliott DB. Postural Stability in the elderly during sensory pertubations

and dual tasking: The influence of refractive blur. Invest Ophthalmol Vis Sci. 2003; 44(7):2885–2891.

https://doi.org/10.1167/iovs.02-1031 PMID: 12824227

26. Shumway-Cook A, Woollacott M. Attentional demands and postural control: The effect of sensory con-

text. J Gerontol. 2000; 55(1): M10–M16. https://doi.org/10.1093/gerona/55.1.m10 PMID: 10719767

27. Alghadir AH, Alotaibi AZ, Iqbal ZA. Postural stability in people with visual impairment. Brain and Behav-

ior, 2019: 9(11), e01436. https://doi.org/10.1002/brb3.1436 PMID: 31578824

28. Parreira RB, Grecco LAC, Oliveira CS. Postural control in blind individuals: A systematic review. Gait

Posture. 2017; 57:161–167. https://doi.org/10.1016/j.gaitpost.2017.06.008 PMID: 28641161

29. Schwesig R, Goldich Y, Hahn A, et al. Postural control in subjects with visual impairment. Eur J Ophthal-

mol. 2011; 21(3):303–309. https://doi.org/10.5301/EJO.2010.5504 PMID: 20853264

30. Bardy BG, Warren JR WH, Kay BA. The role of central and peripheral vision in postural control during

walking. Perception & Psychophysics. 1999; 61(7): 1356–1368. https://doi.org/10.3758/bf03206186

PMID: 10572464

31. Straube A, Krafczyk S, Paulus W, Brandt T. Dependence of visual stabilization of postural sway on the

cortical magnification factor of restricted visual fields. Exp Brain Res. 1994; 99:501–506. https://doi.org/

10.1007/BF00228986 PMID: 7957729

32. Stoffregen TA, Schmuckler MA, Gibson EJ. Use of central and peripheral optical flow in stance and

locomotion in young walkers. Perception. 1987; 16: 113–9. https://doi.org/10.1068/p160113 PMID:

3671034

33. Nougier V, Bard C, Fleury M, Teasdale N. Contribution of central and peripheral vision to the regulation

of stance. Gait Posture. 1997; 5(1):34–41.

PLOS ONE Plantar pressures in visually impaired subjects

PLOS ONE | https://doi.org/10.1371/journal.pone.0249467 April 15, 2021 13 / 14

https://doi.org/10.1093/ptj/66.10.1548
http://www.ncbi.nlm.nih.gov/pubmed/3763708
https://doi.org/10.1007/BF00230848
http://www.ncbi.nlm.nih.gov/pubmed/2257901
https://doi.org/10.1016/s0966-6362%2800%2900100-4
http://www.ncbi.nlm.nih.gov/pubmed/11378423
http://www.ncbi.nlm.nih.gov/pubmed/16467613
https://doi.org/10.1155/2020/6834591
https://doi.org/10.1155/2020/6834591
http://www.ncbi.nlm.nih.gov/pubmed/32802865
https://doi.org/10.1007/s00421-009-1163-x
https://doi.org/10.1007/s00421-009-1163-x
http://www.ncbi.nlm.nih.gov/pubmed/19701648
https://doi.org/10.1055/s-2005-865777
http://www.ncbi.nlm.nih.gov/pubmed/16729385
https://doi.org/10.1136/jnnp.66.3.313
http://www.ncbi.nlm.nih.gov/pubmed/10084529
https://doi.org/10.1016/s0006-8993%2800%2902357-x
http://www.ncbi.nlm.nih.gov/pubmed/10899283
https://doi.org/10.1007/s002210050310
https://doi.org/10.1007/s002210050310
http://www.ncbi.nlm.nih.gov/pubmed/9504849
https://doi.org/10.3758/bf03206817
http://www.ncbi.nlm.nih.gov/pubmed/8935902
https://doi.org/10.1016/j.clinbiomech.2010.11.008
https://doi.org/10.1016/j.clinbiomech.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21144633
https://doi.org/10.1016/j.humov.2020.102569
https://doi.org/10.1016/j.humov.2020.102569
http://www.ncbi.nlm.nih.gov/pubmed/31950897
https://doi.org/10.1167/iovs.02-1031
http://www.ncbi.nlm.nih.gov/pubmed/12824227
https://doi.org/10.1093/gerona/55.1.m10
http://www.ncbi.nlm.nih.gov/pubmed/10719767
https://doi.org/10.1002/brb3.1436
http://www.ncbi.nlm.nih.gov/pubmed/31578824
https://doi.org/10.1016/j.gaitpost.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28641161
https://doi.org/10.5301/EJO.2010.5504
http://www.ncbi.nlm.nih.gov/pubmed/20853264
https://doi.org/10.3758/bf03206186
http://www.ncbi.nlm.nih.gov/pubmed/10572464
https://doi.org/10.1007/BF00228986
https://doi.org/10.1007/BF00228986
http://www.ncbi.nlm.nih.gov/pubmed/7957729
https://doi.org/10.1068/p160113
http://www.ncbi.nlm.nih.gov/pubmed/3671034
https://doi.org/10.1371/journal.pone.0249467


34. Habak C, Casanova C, Faubert J. Central and peripheral interactions in the perception of optic flow.

Vision Res. 2002; 42:28–43. https://doi.org/10.1016/s0042-6989(02)00355-3 PMID: 12450509

35. Scoppa F, Capra R, Gallamini M, Shiffer R. Clinical stabilometry standardization: basic definitions—

acquisition interval—sampling frequency. Gait Posture. 2013; 37(2):290–292. https://doi.org/10.1016/j.

gaitpost.2012.07.009 PMID: 22889928

36. Razak AH, Zayegh A, Begg RK, Wahab Y. Foot plantar pressure measurement system: a review. Sen-

sors (Basel, Switzerland). 2012; 12(7): 9884–9912. https://doi.org/10.3390/s120709884 PMID:

23012576

37. Caldani S, et al. Postural instability in subjects with usher syndrome. Frontiers in Neurology, 2019: 10.

https://doi.org/10.3389/fneur.2019.00830 PMID: 31440199

38. Poppel E, Held R, Frost D. Residual visual function after brain wounds involving the central visual path-

ways in man. Nature, 1973: 243, 295–296. https://doi.org/10.1038/243295a0 PMID: 4774871

39. Ajina S, Bridge H. Blindsight and Unconscious Vision: What They Teach Us about the Human Visual

System. Neuroscientist. 2016: 23(5):529–541. https://doi.org/10.1177/1073858416673817 PMID:

27777337

40. Kinoshita M, et al. Dissecting the circuit for blindsight to reveal the critical role of pulvinar and superior

colliculus. Nature Communications. 2019. 10:135. https://doi.org/10.1038/s41467-018-08058-0 PMID:

30635570

41. Yang JF, Stein RB, James KB. Contribution of peripheral afferents to the activation of the soleus muscle

during walking in humans. Exp Brain Res. 1991; 87(3):679–687. https://doi.org/10.1007/BF00227094

PMID: 1783037

42. Ozdemir RA, Pourmoghaddam A, Paloski WH. Sensorimotor posture control in the blind: superior ankle

proprioceptive acuity does not compensate for vision loss. Gait Posture. 2013; 38(4):603–608. https://

doi.org/10.1016/j.gaitpost.2013.02.003 PMID: 23477840

PLOS ONE Plantar pressures in visually impaired subjects

PLOS ONE | https://doi.org/10.1371/journal.pone.0249467 April 15, 2021 14 / 14

https://doi.org/10.1016/s0042-6989%2802%2900355-3
http://www.ncbi.nlm.nih.gov/pubmed/12450509
https://doi.org/10.1016/j.gaitpost.2012.07.009
https://doi.org/10.1016/j.gaitpost.2012.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22889928
https://doi.org/10.3390/s120709884
http://www.ncbi.nlm.nih.gov/pubmed/23012576
https://doi.org/10.3389/fneur.2019.00830
http://www.ncbi.nlm.nih.gov/pubmed/31440199
https://doi.org/10.1038/243295a0
http://www.ncbi.nlm.nih.gov/pubmed/4774871
https://doi.org/10.1177/1073858416673817
http://www.ncbi.nlm.nih.gov/pubmed/27777337
https://doi.org/10.1038/s41467-018-08058-0
http://www.ncbi.nlm.nih.gov/pubmed/30635570
https://doi.org/10.1007/BF00227094
http://www.ncbi.nlm.nih.gov/pubmed/1783037
https://doi.org/10.1016/j.gaitpost.2013.02.003
https://doi.org/10.1016/j.gaitpost.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23477840
https://doi.org/10.1371/journal.pone.0249467

