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proprioceptive cues are unreliable. Furthermore, the results 
suggest that both central and peripheral visions are impor-
tant in postural control; however, peripheral vision may be 
more sensitive to movement in the environment.

Keywords  Balance · Vision · Sensory integration · 
Posturography

Introduction

Vision impairments are among the leading risk factors for 
falls and falls-related injuries. Lamoureux et al. (2008) 
reported a twofold increase in the risk of falling with 
severe vision impairment in one eye and mild/moderate 
visual disability in the other eye. Hip fractures are also 
associated with poor vision (Felson et al. 1989). Specific 
aspects of visual function implicated in falls include poor 
visual acuity (Lord and Dayhew 2001), diminished con-
trast sensitivity (Lord et al. 1991, 1993, 1994; Lord and 
Dayhew 2001), depth perception (Lord and Dayhew 2001), 
and visual field (VF) losses (Coleman et al. 2007; Free-
man et al. 2007). In the Salisbury Eye Evaluation study, 
Freeman and colleagues examined associations between 
falls and visual impairments including visual acuity, 
contrast sensitivity, and VF losses. After controlling for 
demographic and health status, only VF losses, particu-
larly peripheral VF losses, remained significantly associ-
ated with falls (Freeman et al. 2007). Furthermore, the 
impact on gait and stability is related to the amount of 
VF loss. Timmis et al. used a contact lens model similar 
to that used in the present study to occlude the central VF 
to varying degrees in healthy young adults. The results 
show that individuals exhibited gait adaptations and dif-
ferent obstacle avoidance techniques when 20° central VF 
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was occluded, but not when 10° central VF was occluded 
(Timmis et al. 2016). This suggests that there may be a 
functional threshold, whereby visual field losses lead to 
balance and gait deficits. Consequently, in the present 
study, the focus is on the role of severe peripheral and 
central VF losses on balance.

Two of the most prominent ocular pathologies affecting 
visual fields in older adults are age-related macular degen-
eration (AMD) and primary open-angle glaucoma (Thylefors 
and Negrel 1994; Cruickshanks et al. 1997; Augood et al. 
2006). AMD and glaucoma lead to progressive and chronic 
loss of the central and peripheral visual fields, respectively. 
Both AMD and glaucoma populations have been associated 
with an increased prevalence of falls; there is approximately 
a 2.6-fold in the risk of falling in patients with AMD com-
pared to their age-matched controls (Szabo et al. 2008). One 
study conducted in Singapore in adults over 40 years old 
reported a fourfold increase in the risk of falls with glau-
coma (Lamoureux et al. 2008). Similar trends were con-
firmed in other countries including Canada and USA (Guse 
and Porinsky 2003; Haymes et al. 2007; Bramley et al. 
2008).

What remains unclear is the underlying reason as to why 
patients with glaucoma (i.e., with peripheral VF deficits) 
and with AMD (i.e., central VF deficits) experience a higher 
rate of falls than those with normal vision. There are two 
main types of mechanisms that could potentially explain the 
contribution of VF deficits to the risk of falling in AMD 
and glaucoma. The first mechanism is the inability to detect 
environmental hazards (Friedman et al. 2007). Patients with 
glaucoma have been shown to perform as well as healthy 
controls when crossing an obstacle course (Turano et al. 
1999; Friedman et al. 2007); however, mobility performance 
measures in obstacle avoidance tasks have been positively 
linked with the size of the binocular central scotoma in 
AMD (Hassan et al. 2002). These findings suggest that while 
patients with AMD may be at an increased risk of falls due 
to their inability to detect environmental hazards, another 
mechanism is responsible for the increased risk of falls in 
patients with glaucoma. The second potential mechanism is 
linking VF with falls in the impact on balance; specifically, 
the impact of VF on sensory integration important for pos-
tural control. Effective integration of multisensory informa-
tion (i.e., vision, proprioception, and vestibular inputs) is a 
process often termed “sensory re-weighting” (Peterka 2002; 
Mahboobin et al. 2005, 2009; Jeka et al. 2006; Asslander 
and Peterka 2014, 2016; Logan et al. 2014). This process 
involves resolving conflicting sensory inputs if two or more 
channels provide contradictory body state-related informa-
tion and relies on accurate sensory channels to generate 
postural adjustments if one or more afferent inputs are inac-
curate/noisy or absent (Peterka 2002; Asslander and Peterka 
2014, 2016).

There is some dispute in the literature as to the roles that 
central and peripheral visions play in maintaining balance. 
Three general hypotheses of VF influences on postural con-
trol have been put forth in the literature: (1) the peripheral 
dominance theory is that peripheral vision is more important 
than central vision in postural control (Amblard and Car-
blanc 1980); (2) the retinal invariance hypothesis suggests 
that central vision is just as important as peripheral vision 
in the control of posture (Straube et al. 1994); and (3) the 
functional sensitivity hypothesis suggests that the periphery 
of the retina is most susceptible to lamellar optic flow and 
the central part is most sensitive to radial optic flow, and 
thus, both central and peripheral have important, but func-
tionally different, roles in maintaining posture (Stoffregen 
1985; Warren and Kurtz 1992; Bardy et al. 1999). A reason 
why there are varying conclusions in the previous studies 
may be due to different experimental methods of testing the 
VF. Some studies do not remove part of the VF, but rather 
provide stimulus to only part of the field; others have used 
goggles to block part of the VF. These methods may not be 
consistently and accurately removing input to the central/
peripheral visual fields; thus, our study aims to employ a 
novel way to induce acute VF losses using painted contact 
lenses in otherwise completely normal subjects to isolate 
the effect of VF loss alone (Nau 2012). Furthermore, stud-
ies on the influence of central and peripheral vision on bal-
ance control are difficult in patients due to the presence of 
systemic or ocular co-morbidities. In addition, the previous 
research has shown that patients with chronic central VF 
loss exhibit adaptations in gait kinematics and adopt more 
cautious strategies when obstacles are presented (Timmis 
and Pardhan 2012; Timmis et al. 2014). The contact lens 
model used in this study eliminates potential confounders of 
co-morbid conditions or long-term adaptations by offering a 
novel within-subject approach to improve our understanding 
of the etiology of balance impairments in individuals with 
VF losses at an increased risk of falls.

This study aims to determine the effect of acute periph-
eral and central VF losses on postural control in healthy 
young and older adults. Our overarching hypothesis is that 
both central and peripheral visions are important in the 
maintenance of balance; however, peripheral vision is criti-
cal in detecting motion, particularly when proprioception is 
inaccurate. Furthermore, we predict that these hypothesized 
effects of the loss of central-peripheral vision on balance 
will be greater in older adults than young adults. To test this 
hypothesis, two dynamic posturography tests will be used to 
assess differences in balance between (1) acute central and 
peripheral VF losses compared to baseline vision and (2) 
young and older adults wearing VF occluding contact lenses. 
Displacement (center of pressure RMS) and time-normal-
ized path length (NPL) of postural sway will be measured, 
with a greater RMS and NPL representing a decrease in 
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balance control. It is anticipated that both RMS and NPL 
will be greatest during acute peripheral VF occlusion, fol-
lowed by acute central VF occlusion, with the baseline (no 
occlusion) producing the minimum sway measures. These 
differences will be amplified when sensory cues from the 
proprioceptive system are unreliable and when the postural 
system is driven by an external stimulus. In addition, it is 
expected that there will be a greater difference in sway dur-
ing VF occlusion compared to baseline in older adults than 
young adults.

Methods

Nine young (aged 27.8 ± 2.1 years, 4 females) and eleven 
older adults (aged 72.2  ±  5.1  years, 7 females) were 
recruited. Eligible individuals were healthy and able to 
stand for at least 2 h. Exclusionary criteria included self-
reported orthopedic, neurological, pulmonary, or cardio-
vascular abnormalities hindering normal balance and gait. 
In addition, individuals were excluded if they were taking 
any central nervous system anti-depressant drugs, includ-
ing benzodiazepines or barbiturates, or taking more than 
five prescription drugs, as both have been associated with 
increased fall risk (Caramel et al. 1998; Weiner et al. 1998). 
Written informed consent approved by the University of 
Pittsburgh Institutional Review Board was obtained prior 
to participation.

Two visits were required to complete the study; the first 
visit consisted of screening procedures and the second 
included the experimental dynamic posturography session. 
Screenings excluded some potential participants from con-
tinuing to the experimental session. Subjects with cognitive 
impairment, defined as a score of less than 24 on the Mini-
Mental Status Exam, were excluded (Folstein et al. 1975; 
Tombaugh and McIntyre 1992). Participants with vestibu-
lar abnormalities were excluded by rotational chair tests 
(ROTO) (Arriaga et al. 2005) performed by a neurologist 
with expertise in balance disorders. Lower extremity sensa-
tion was tested bilaterally using Semmes–Weinstein mono-
filaments to measure cutaneous pressure thresholds. Subjects 
were excluded if they could not sense the Semmes–Wein-
stein 5.07/10 g monofilament, which is considered to be the 
threshold for protective sensation (Kumar et al. 1991; Kuyk 
et al. 1996; Armstrong et al. 1998). Finally, participants 
underwent a complete ocular and vision examination by an 
optometrist to ensure normal vision.

At the end of their first visit, participants who met all 
eligibility criteria were fitted by an optometrist with cus-
tom contact lenses to be worn during the experimental 
session. Lenses were made with appropriate prescription 
for full distance correction for each participant. Two sets 
of lenses were custom painted for each subject: central 

VF occluding lenses and peripheral VF occluding lenses 
(Adventures in Colors, Golden, CO) (Fig.  1). Central 
VF occluding lenses were painted with central opacities 
measuring 8 mm and peripheral VF occluding lenses were 
painted with peripheral opacities leaving a 1 mm clear 
center, according to previously established parameters that 
have been shown to produce moderate-to-severe visual 
deficits (Nau 2012).

The experimental session consisted of two dynamic 
posturography assessments. Prior to both tests, partici-
pant’s eyes were dilated to eliminate variability from iris 
movement and ensure a constant VF during data collec-
tion. The first assessment was a dynamic posturography test 
adapted from the Sensory Organization Test (SOT) using 
an Equitest posture platform (Neurocom, Inc) located in the 
Jordan Balance Disorders Laboratory within the Eye and 
Ear Institute of Pittsburgh. The SOT is a well-established 
test used to evaluate sensory integration abilities relevant 
to postural control (Nashner 1982; Bronte-Stewart et al. 
2002). The platform provides sway-referenced rotations 
of the floor and/or the visual scene. Sway-referencing is 
accomplished by rotation in direct proportion to an indi-
vidual’s sway, thus reducing correct sensory information 
from the modality being sway-referenced (vision if the 
visual scene is sway-referenced or proprioception if the 
floor is sway-referenced) (Nashner 1982). Sway-referencing 
was provided through the method of low-pass filtering of 
the COP data collected by the Equitest platform. There are 
six conditions in the SOT test, including combinations of 
fixed/sway-referenced visual scene and floor conditions and 
eyes closed/open conditions (Table 1). Prior to beginning 
the test, all participants donned a safety harness that would 
catch them in the event of a loss of balance. Participants 
were instructed to cross their arms across the chest and to 
stand as still as possible without locking their knees. The 
six conditions were presented in order and repeated three 

Fig. 1   Central (left) and peripheral (right) VF occluding contact lens 
model
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times, once for each lens condition: central VF occluding 
lenses, peripheral VF occluding lenses, and no occlusion. 
The presentation order of the peripheral VF occluding 
lenses and central VF occluding lenses was randomized, 
and the no occlusion condition was always presented last. 
One trial of each condition, including the eye-closed con-
ditions (SOT conditions 2 and 5), was collected per lens 
condition and trial length was set at 60 s. Eye-closed condi-
tions were repeated to act as a control as there should not 
be any VF occlusion effects on these conditions. Postural 
sway was assessed using the center of pressure (COP) data 
collected at a sampling frequency of 100 Hz.

The second dynamic posturography test, which exam-
ined postural response to a moving visual environment, 
took place in the Medical Virtual Reality Center in the Eye 
and Ear Institute of Pittsburgh. The Medical Virtual Reality 
Center contains a custom built virtual environment, termed 
the BNAVE (Balance Near Automatic Virtual Environment), 
that creates an immersive visual surround by projecting com-
puter generated images onto three adjoining screens posi-
tioned to the left, front, and right of the participant (Jacobson 
et al. 2001; Musolino et al. 2006). A contiguous image is 
projected onto the screens and provides a full (180°) hori-
zontal field of view. The image presented to participants 
consisted of a “bulls-eye” pattern of six alternating black-
and-white concentric rings surrounded by a checkerboard 
of black-and-white squares (Fig. 2). The visual scene (cen-
tral bulls-eye + peripheral checkerboard) moved radially in 
an anterior–posterior sinusoidal pattern with an amplitude 
of 20 cm and a frequency of 0.25 Hz (Jasko et al. 2003). 
Each trial lasted 100 s, with 20 s of fixed visual stimuli at 
the beginning and the end and 60 s of sinusoidal perturbed 
stimuli in the middle. Four trials were collected for each of 
the three lens conditions: two with fixed floor and two with 
sway-referenced floor. The presentation of lens conditions 
was the same as in the first posturography test. Again, a 
harness system was used to prevent injury if participants 
fell. COP data were collected at 100 Hz from a NeuroTest™ 
platform (Neurocom, Inc). Technical difficulties were experi-
enced when collecting two older participants, and thus, they 
were excluded from further analysis in the BNAVE test only.

Sway data, as measured by the COP, from both the 
adapted SOT test and the BNAVE test were first down-
sampled to 20 Hz and then filtered using a low-pass But-
terworth filter with a cut-off frequency of 2.5 Hz. For the 
adapted SOT test, the first and last 5 s of each condition were 
removed to eliminate any transient effects. For each trial of 
the BNAVE test, only the 60-s portion with the sinusoidal 
visual perturbation were analyzed, and the first and last 5 s 
of this portion were removed. Due to technical difficulties, 
the second trial of the sway-referenced flooring condition 
was missing for three participants. Therefore, only the first 
trial of each flooring condition in the BNAVE test was used 
in analysis, which is also consistent with the single trial col-
lected in the adapted SOT test.

For both the adapted SOT test and BNAVE test, two sway 
variables were calculated: (1) anterior–posterior displace-
ment was quantified by the root mean square (RMS) of ante-
rior–posterior COP and (2) the time-normalized path length 
(NPL) of the anterior–posterior COP. NPL was calculated 
by taking the absolute value of the derivative of the COP 
and then averaging over time (Maurer and Peterka 2005). 
Only outcome measures in the anterior–posterior direction 
were considered in the analyses, as all perturbations were in 
the anterior–posterior direction in both posturography tests.

Table 1   SOT trial descriptions including eye, vision, and proprio-
ception conditions

Trial Visual scene (vision) Floor (proprioception)

1 Fixed (reliable) Fixed (reliable)
2 Eyes closed (absent) Fixed (reliable)
3 Sway-referenced (minimized) Fixed (reliable)
4 Fixed (reliable) Sway-referenced (minimized)
5 Eyes closed (absent) Sway-referenced (minimized)
6 Sway-referenced (minimized) Sway-referenced (minimized)

Fig. 2   Experimental setup for second balance test with participant 
standing in the BNAVE and visual stimulus projected onto screens
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A series of mixed linear models was fitted for each con-
dition of the adapted SOT test with either RMS or NPL 
as the dependent variable; age group, lens condition, and 
their interaction as fixed effects of interest; and a participant-
within-age group as a random effect to account for multiple 
measurements from the same participant. Upon observing 
distributional deviations of residuals from normality in prob-
ability–probability plots, the dependent variables were natu-
ral log transformed and the models were re-fitted. Appro-
priately constructed means contrasts were used to make 
various comparisons of interest between lens conditions and 
age groups. Specifically, the overall VF occlusion effect was 
tested within each age group and the overall age effect was 
tested within each VF occlusion condition. A similar ana-
lytic strategy was employed in the BNAVE test, with floor 
condition instead of the SOT condition in the adapted SOT 
test. To mitigate effects of multiple comparisons on type I 
errors, we made between-lens post hoc pairwise compari-
sons only if the overall lens effect was significant within age 
group. SAS® version 9.3 (SAS Institute, Inc., Cary, North 
Carolina) was used for all statistical analyses with α = 0.05.

Results

In the adapted SOT test, as expected, VF occlusion did not 
impact balance measures in either age group during the 

eye-closed conditions (SOT conditions 2 and 5). Therefore, 
data under these conditions will not be further discussed. 
VF occlusion had a significant effect on NPL, but only in 
older adults and during SOT condition 4 (p = 0.02, F = 4.59, 
Fig. 3) and SOT condition 6 (p = 0.01, F = 4.59, Fig. 3), i.e., 
when the floor is sway-referenced. Thus, further post hoc 
tests comparing VF occlusion conditions were conducted in 
older adults for these SOT conditions. These tests showed 
that under SOT condition 4, older adults exhibited on aver-
age 23% greater NPL in both central and peripheral VF 
occlusion conditions compared than no occlusion (p = 0.02 
and p = 0.01, respectively). Central and peripheral VF 
occlusion yielded similar NPL values in older adults under 
SOT condition 4 (p > 0.1). When both vision and floor were 
sway-referenced in SOT condition 6, older adults exhibited 
on average a 23% increase in NPL when central vision was 
available (both in the no VF occlusion and peripheral VF 
occlusion conditions) compared to central VF occlusion 
condition (p = 0.01 and p = 0.02, respectively). In addition, 
older adults displayed overall significantly greater NPLs 
than young adults across VF occlusion and SOT conditions 
(p < 0.05) (Fig. 3). A final result in the adapted SOT test is 
that VF occlusion did not have an impact on COP displace-
ment, i.e., RMS (p > 0.05, Table 2). This finding holds true 
in young and older adults. In addition, COP displacement 
was similar between young and older adults under all three 
VF occlusion and SOT conditions (p > 0.05, Table 2). 

Fig. 3   Mean and standard error 
of NPL (cm/s) values from the 
adapted SOT test. VF occlusion 
conditions labeled with different 
letters are statistically different 
(p < 0.05); for conditions not 
labeled, there were no effects of 
VF occlusion on NPL. Signifi-
cant results are: (SOT4) NPL 
during central occlusion was 
21% greater than no occlusion 
(p = 0.02) and was 25% greater 
during peripheral occlusion 
than no occlusion (p = 0.01) in 
older adults only; (SOT6) NPL 
during no occlusion was 24% 
greater than central occlusion 
(p = 0.02) and was 23% greater 
during peripheral occlusion than 
central occlusion (p = 0.01) in 
older adults only. In general, 
NPL was greater in older adults 
than in their young counterparts 
for all VF occlusion and SOT 
conditions (p < 0.05)
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In contrast to findings in the adapted SOT test, in the 
BNAVE test, VF occlusion had a significant effect on 
COP displacement, but only in older adults. This finding 
holds true both when the floor is fixed (p = 0.03, F = 3.89, 
Table 3) and sway-referenced (p = 0.05, F = 3.39, Table 3). 
Thus, further post hoc tests comparing VF occlusion condi-
tions were conducted in older adults. These tests demon-
strated that in older adults, RMS increased during central 
VF occlusion compared to peripheral VF occlusion when 
the floor was fixed (45% difference, p = 0.01). Similarly, 
when the floor was sway-referenced, RMS of older adults 
was greatest when the central VF was occluded (30% greater 
than peripheral VF occlusion, p = 0.04; 25% greater than 
no occlusion, p = 0.02) (Table 3). Peripheral VF occlusion 
yielded similar COP displacement behavior than no occlu-
sion conditions in older adults, both under fixed and sway-
referenced floor conditions.

VF occlusion impacted NPL of older adults when 
the floor was fixed (p = 0.01, F = 5.98, Fig. 4). Further 

post hoc pairwise comparison tests in older adults when 
the floor was fixed revealed that NPL was significantly 
greater during central VF occlusion than both peripheral 
VF occlusion (27% difference, p = 0.01) and no occlusion 
(46% difference, p = 0.003). However, when the floor was 
sway-referenced, only young adults exhibited significant 
changes in NPL during different occlusion conditions 
(p = 0.03, F = 3.79). More specifically, NPL of young 
adults under sway-referenced floor conditions was 27% 
greater during central VF occlusion (p = 0.01) and 22% 
greater during peripheral VF occlusion (p = 0.04) than no 
occlusion. In general, NPL differences between young and 
older adults were minimal across VF occlusion and floor 
conditions (Fig. 4).

Discussion

In this study, young and older healthy participants with nor-
mal vision completed balance assessments using three VF 
occlusion conditions: (1) acute occlusion of central vision, 
(2) acute occlusion of peripheral vision, and (3) no occlu-
sion. Thus, we were able to determine the effect of acute VF 
loss on balance, a first step toward understanding the under-
lying mechanisms of falls in patients with VF defects. Com-
paring patient populations to understand the impact of VF 
deficits alone on balance is challenging due to multiple con-
founding factors associated with clinical conditions. Thus, 
prior clinical studies have not been able to fully elucidate 
underlying mechanisms explaining how specific VF defects 
result in postural instability and ultimately falls. Our contact 
lens model was used to create either central or peripheral 
VF losses in healthy populations and thus allowed the use 
of a within-subject approach to improve our understanding 
of the etiology of VF loss-related balance/gait impairments. 
Furthermore, the results of this study show how older adults 
respond differently to VF loss affects than young adults.

The two balance tests used in this experiment allowed 
us to investigate the impact of acute central/peripheral 

Table 3   Mean and standard error of RMS (cm) values from the 
BNAVE test

Significant results are as follows: (*) sway magnitude in older adults 
was 45% greater during central occlusion than peripheral occlusion 
when the floor was fixed (p  =  0.01); (^) sway magnitude in older 
adults was 25% greater during central occlusion than no occlusion 
when the floor was sway-referenced (p = 0.02); (#) sway magnitude in 
older adults was 30% greater during central occlusion than peripheral 
occlusion when floor was sway-referenced (p = 0.04)

Fixed floor Sway-referenced floor

Older adults
 No occlusion 0.75 ± 0.17 1.62 ± 0.13^

 Peripheral occlusion 0.56 ± 0.04* 1.69 ± 0.16#

 Central occlusion 0.87 ± 0.18* 2.20 ± 0.22^,#

Young adults
 No occlusion 0.50 ± 0.06 3.80 ± 1.63
 Peripheral occlusion 0.81 ± 0.20 2.77 ± 0.54
 Central occlusion 0.77 ± 0.19 2.90 ± 0.69

Table 2   Mean and standard 
error of RMS (cm) values from 
adapted SOT test

VF occlusion and age group did not have a significant effect on COP RMS during the adapted SOT test  
(p > 0.05)

SOT1 SOT3 SOT4 SOT6

Older adults
 No occlusion 0.51 ± 0.05 0.66 ± 0.07 1.09 ± 0.08 1.95 ± 0.15
 Peripheral occlusion 0.46 ± 0.06 0.66 ± 0.07 1.33 ± 0.07 1.96 ± 0.18
 Central occlusion 0.59 ± 0.06 0.63 ± 0.05 1.19 ± 0.09 1.69 ± 0.18

Young adults
 No occlusion 0.42 ± 0.05 0.57 ± 0.08 1.66 ± 0.42 2.12 ± 0.46
 Peripheral occlusion 0.38 ± 0.03 0.53 ± 0.06 1.32 ± 0.26 2.51 ± 0.41
 Central occlusion 0.44 ± 0.03 0.55 ± 0.05 1.64 ± 0.25 2.23 ± 0.33



3267Exp Brain Res (2017) 235:3261–3270	

1 3

VF loss on balance when visual cues are reliable (adapted 
SOT test, conditions 1 and 4), reduced (adapted SOT test, 
Conditions 3 and 6) and moving (sinusoidal visual scene 
movement at 0.25 Hz in the BNAVE test) as well as when 
balance-related proprioceptive cues are altered. When bal-
ance-related visual cues are reliable, acute VF occlusion has 
a little effect unless proprioceptive cues are altered via sway-
referencing (SOT condition 4). Sway NPL increased in both 
central and peripheral VF occlusion compared to baseline in 
older adults, but not young adults. This suggests that older 
adults are more sensitive to any occlusion of the VF when 
they cannot rely more heavily on proprioceptive inputs.

There were no VF occlusion differences seen in stand-
ing balance when visual cues were unreliable and vestibular 
and proprioceptive inputs were normal (SOT condition 3). 
However, when both visual and proprioceptive cues were 
altered via sway-referencing (SOT condition 6), in older 
adults only, having central vision as in the no occlusion and 
peripheral occlusion produced a greater balance control 
challenge (greater NPL values) compared to occluding the 
central VF (i.e., having peripheral VF only). This finding 
suggests that having peripheral vision alone increases the 
sensitivity of the postural control system to motion, which 
is important when proprioceptive information is unreliable. 
Thus, peripheral vision may be influential for maintaining 
balance in ways that are different from central vision, par-
ticularly in older adults.

When the postural control system was externally driven 
by the sinusoidal movement of the visual scene in the 
BNAVE, older adults show an overall increase in displace-
ment and velocity when central VF was occluded, i.e., only 
peripheral vision is available. These findings confirm our 

previous findings from the adapted SOT6 condition that the 
postural control system is most sensitive to motion-related 
visual cues from the peripheral VF. Thus, in the BNAVE 
test, sensitivity of the postural control system to these cues 
from the peripheral VF is the greatest when they are errone-
ous. Young adults showed an overall effect of VF occlusion 
(both central and peripheral) compared to baseline, but only 
when the floor was sway-referenced. This suggests that the 
postural control system in young adults is only impacted 
by VF loss during the most challenging balance conditions 
when both visual and proprioceptive sensory inputs are 
altered.

This study found that only NPL was sensitive to differ-
ences in age groups within occlusion condition, specifically 
in the adapted SOT test. NPL, similar to mean velocity, in 
particular, has been shown to be a sensitive measure of bal-
ance control in elucidating postural instabilities including 
Parkinson’s disease (Rocchi et al. 2002; Maurer et al. 2003; 
Maurer and Peterka 2005) and older adults (Maki et al. 
1990; Prieto et al. 1996; Maurer and Peterka 2005). Simi-
larly, NPL was more sensitive to differences in age groups, 
as well as VF occlusion, than RMS in this study. There was 
no consistent age difference within occlusion condition in 
NPL for the BNAVE test, suggesting that older adults were 
generally able to adapt to the externally driven visual input 
to the same extent as young adults. It should be noted that 
the older participants in this study were overall healthy and 
exclusionary criteria for this study were very rigorous and 
individuals with vestibular, proprioceptive, neurological, or 
musculoskeletal conditions prevalent in older populations 
were not considered for this study. Thus, greater age effects 
would be expected if older participants were representative 

Fig. 4   Mean and standard error of NPL (cm/s) values from the 
BNAVE test. VF occlusion conditions labeled with different let-
ters are statistically different (p  <  0.05); for conditions not labeled, 
there were no effects of VF occlusion on NPL. Significant results 
are: (Fixed floor) NPL during central occlusion was 27% greater than 
no occlusion (p  =  0.01) and 46% greater than peripheral occlusion 

(p = 0.01) in older adults only; (Sway-referenced floor) NPL was 27% 
greater during central occlusion than no occlusion (p  =  0.01) and 
22% greater during peripheral occlusion than no occlusion (p = 0.04) 
in young adults only. In older adults, NPL was significantly greater 
than young adults only during central occlusion when the floor was 
fixed (p < 0.05)
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of the general population; however, for the purpose of teas-
ing out the effects of VF occlusion alone, strict exclusionary 
criteria were necessary for this study.

A potential limitation to this study is the use of sway-ref-
erencing to minimize proprioceptive inputs, as it may impact 
the visual input. It is well established that sway-referencing 
the floor produces decreased balance stability (Nashner 
1982; Peterka 2002); the results of this study, as expected, 
show an increase in both displacement and velocity dur-
ing sway-referenced floor conditions compared to baseline. 
Because sway-referencing increases sway and head motion, 
sway-referencing the floor also increased the amplitude of 
visual motion experienced by participants. Therefore, visual 
input may have had a greater impact on balance and the dif-
ferences seen between VF occlusion conditions may not have 
been due to sensory re-weighting but to a change in visual 
information available to the central versus peripheral sen-
sory systems. However, this effect is minimized in SOT con-
dition 6, when both the floor and vision are sway-referenced 
and visual motion is synched with body sway.

As discussed previously, the data from both tests used in 
the present study suggest that both central and peripheral 
visions are important to maintaining balance, but peripheral 
vision in particular may be more sensitive to motion. The 
results of the present study lend support to the functional 
sensitivity hypothesis that postulates central and peripheral 
play different but necessary roles in postural control. The 
previous literature is mixed regarding which theory is most 
accurate, with some supporting the peripheral dominance 
theory (Lestienne et al. 1977; Amblard and Carblanc 1980) 
and others refuting it in support of the functional sensitivity 
hypothesis (Stoffregen 1985; Warren and Kurtz 1992; Bardy 
et al. 1999).

The central neural processing of visual information is 
consistent with the specific influences of peripheral vision 
on balance seen in this study. More specifically, neuroim-
aging studies have demonstrated that the representation 
of the far periphery of the retina sends inputs to area MT/
MST (middle temporal area/medial superior temporal area) 
(Palmer and Rosa 2006). MST in particular has been linked 
to hierarchical vestibular processing (Chen et al. 2011). 
Therefore, interruption of this pathway through elimina-
tion of peripheral visual input should have a negative effect 
on postural control, as seen by the increased postural NPL 
when peripheral vision was occluded and proprioception 
was minimized. The tracing studies above provide the struc-
tural and mechanistic evidences for the clinical findings that 
interruption of peripheral vision (for example in glaucoma) 
more negatively impacts a patient’s ability to maintain pos-
tural control than patients with central vision loss caused by 
macular degeneration (Ramulu 2009; Popescu et al. 2011). 
In addition, visual information is divided into two streams 
in the brain: parvocellular ganglion cells in the fovea of the 

retina send information to the ventral stream, while magno-
cellular ganglion cells in the periphery send information to 
the dorsal stream (Livingstone and Hubel 1987). The dor-
sal stream contains a fast cortical pathway and has a more 
direct connection to and from V1/V2 than the ventral stream 
(Stephen et al. 2002). Therefore, because visual cues from 
the peripheral field have a more direct and faster pathway 
through the brain, when the peripheral VF is blocked, these 
fast-moving signals are no longer available to the postural 
control system.

While this study allowed us to examine the impact of 
acute short-term peripheral vision and central vision loss 
on balance in healthy subjects using a within-subject exper-
imental design, future studies should compare the results 
from this study of healthy adults to those with chronic visual 
impairments such as glaucoma and AMD. One reason for the 
need of such comparison is that this study did not account 
for the long-term adaptation effects associated with these 
conditions. For example, recent literature suggests that struc-
tural and functional brain changes occur with glaucoma (Li 
et al. 2012; Zikou et al. 2012; Dai et al. 2013; Williams 
et al. 2013) and perhaps to a lesser extent, macular degen-
eration (Dilks et al. 2014; Hernowo et al. 2014; Burge et al. 
2016; Prins et al. 2016). Thus, comparing results of acute 
VF occlusion to chronic impairments due to glaucoma and 
AMD will help to tease out the effects of these brain changes 
versus peripheral vision loss alone on balance.

Conclusions

This study examined within-subject effects of acute periph-
eral and central VF occlusion on standing balance. The 
results suggest that while both peripheral and central visions 
play important but different roles in maintaining balance; 
peripheral vision may be more sensitive to movement in the 
visual environment. VF occlusion had the greatest impact 
when balance-related sensory inputs from proprioception 
were unreliable, suggesting that VF loss may affect sensory 
integration of the postural control system. Furthermore, 
older adults were more sensitive to VF occlusion than young 
adults. Future work should compare acute VF occlusion 
examined in this study to chronic VF loss diseases such as 
glaucoma and macular degeneration.
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