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Prospective Clinical Research Report

Short postural training
session improves stability in
patients with age-related
macular degeneration

Hortense Chatard1,2, Laure Tepenier3,
Talal Beydoun3, Olivier Offret3, Sawsen Salah3,
Jos!e-Alain Sahel4, Saddek Mohand-Said4 and
Maria Pia Bucci1,2

Abstract
Objective: To explore the impact of unilateral versus bilateral age-related macular degeneration
(AMD) on postural sway using a wavelet analysis, and to examine the effects of short-term
postural training on postural stability in subjects with AMD.
Methods: This was a cross-sectional study in which 13 subjects with unilateral AMD, 18 subjects
with bilateral AMD, and 16 healthy age-matched controls participated in a short postural training
session. Postural performance was measured before and after training using a force platform
under seven visual conditions. We analyzed the surface area and mean velocity of the center of
pressure (CoP), the postural instability index (PII), and the number of falls and collisions during
postural training.
Results: Bilateral AMD subjects were more unstable than healthy controls, with increased CoP
surface area and PII. Visual acuity affected postural sway. After training, all subjects (both AMD
and healthy) had improved postural stability.
Conclusion: This study confirmed that AMD subjects are more unstable than healthy older
adults, which is most likely because of their poor visual capabilities. A short training session
improved postural performance in older adults (both healthy and subjects with AMD), which
suggests that these subjects can use compensatory mechanisms for balance control.
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Introduction

Age-related macular degeneration (AMD)
is the most common cause of visual impair-
ment and blindness in older adults in devel-
oped countries.1 According to Wong et al.,2

AMD will affect 288 million older adults by
2040. This pathology is defined by a unilat-
eral or bilateral progressive degeneration of
photoreceptors in the central retina. At pre-
sent, treatment is limited and there is no
cure for AMD.3,4 Subjects with AMD grad-
ually lose visual acuity and autonomy (e.g.,
risk of falling, driving restrictions, and
reading difficulty). Rehabilitation that is
designed to help individuals with low
vision currently holds great promise to
reduce these outcomes and maintain the
autonomy of subjects with AMD.5 In the
current study, we explored a low-vision
rehabilitation program composed of differ-
ent visual exercises (oculomotor and visual
attentional tasks) that aimed to improve
visual performance in subjects with AMD.

Postural stability relies on somatosenso-
ry/proprioceptive, visual, and vestibular
inputs for the appropriate coordination of
body segments.6 Visual impairment
decreases postural control, especially in
older adults,7 and poor postural stability
is the main risk factor for falling.8,9

Lamoureux et al.10 studied the impact of
visual impairment on the risk of falling in
adults aged between 40 and 80 years with
moderate or severe visual impairment in
one or both eyes, and compared the results
with those of age-matched controls. They
demonstrated that severe visual impairment

in the worse eye increases the risk of falling,
and that severe visual impairment in one
eye and moderate visual impairment in the
other eye doubles the risk of falling.
Furthermore, in our previous study,11 we
reported that subjects with AMD are
more unstable than healthy age-matched
control subjects (with increased anterior–
posterior displacement of the center of pres-
sure [CoP]), most likely because of their
poor visual capabilities and poor adaptive
mechanisms.11

Few studies have explored the impact of
postural training in older adults with visual
impairment. Radvay et al.12 tested the
impact of balance training on visuomotor
functions and reading speed in subjects
with AMD compared with age-matched
older adults. Balance training included five
25-minute sessions using the same type of
platform that was used in the present study
(the Multitest Equilibre), and each of three
sensorial inputs (somatosensory, visual, and
vestibular) was stimulated randomly. To
stimulate the somatosensory system, sub-
jects were asked to alternately close and
open their eyes while standing on stable
and unstable platforms. To stimulate the
visual system, participants experienced per-
turbed vision via optokinetic stimulation.
To stimulate the vestibular system, subjects
were asked to move their head horizontally
and vertically while fixating on a small
target in front of them. The subjects with
AMD used significantly more somatosenso-
ry inputs and less vestibular inputs to con-
trol their stability than healthy subjects.
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After training, subjects with AMD had a
significant improvement in vestibular
input only. In contrast, control subjects
had a significant improvement in somato-
sensory input and a reduction in visual
input, as well as a significant reduction in
the number of falls. Notably, these results
were not maintained over time. The authors
suggested that postural training may be a
useful tool to prevent some deleterious con-
sequences of low vision and aging, such as
the risk of falling, in subjects with AMD.

The aim of the present study was two-
fold. First, we aimed to explore the impact
of unilateral versus bilateral AMD on pos-
tural sway using a wavelet analysis, which
allows for the evaluation of temporal fluc-
tuations in body sway. Second, we aimed to
examine the effects of a short postural
training session on postural stability in sub-
jects with AMD. We decided to test postur-
al control separately for each eye to refine
our previous results.11 Our overall goal was
to further understand the impact of AMD
levels on postural stability to aid in the
development of new training techniques.

Based on previous studies, we hypothe-
sized that subjects with AMD might show
poor postural control with respect to
healthy older adults because they have dif-
ficulties using sensory compensatory strate-
gies when visual inputs are not available.
For this reason, we also expected to identify
different postural instability between sub-
jects with unilateral and bilateral AMD
because vision inputs are likely to be less
available in subjects with bilateral AMD
than in subjects with unilateral AMD. The
added value of the current study is that we
also tested postural sway under three visual
conditions (eyes open and fixated on a
target, eyes closed, and eyes open with
vision that was perturbed by optokinetic
stimulation). In sighted subjects, visual
input is the most important factor for con-
trolling balance;6 thus, we further explored

the role of visual input in postural control
in subjects with AMD.

We also explored whether a short postur-
al training period was able to improve pos-
tural performance in subjects with AMD.
We hypothesized that these subjects would
be able to improve their baseline postural
instability by undergoing a short training
program based on their sensory abilities
(somatosensory, visual, and vestibular).

Materials and methods

Participants

The present work was a cross-sectional
study. Subjects with unilateral or bilateral
AMD were included along with age-
matched healthy controls. All participants
were recruited from the Department of
Ophthalmology in Hôtel-Dieu Hospital
(Paris, France) and the Department of
Ophthalmology in Quinze-Vingts Hospital
(Paris, France). Participation was not com-
pensated. All participants were Caucasians,
for whom the prevalence of AMD is
higher.13,14

The exclusion criteria were as follows:
ametropia greater than 5 diopters (spherical
equivalent), history of ocular surgery, retina
laser treatment, other ophthalmologic
pathologies (e.g., glaucoma or cataracts),
diabetes, known cognitive loss, known ves-
tibular abnormality, and known orthopedic
surgeries or abnormalities.

The reporting of this study conforms to
the Strengthening the Reporting of
Observational Studies in Epidemiology
(STROBE) statement.15 The investigation
adhered to the principles of the
Declaration of Helsinki and was approved
by our Institutional Human
Experimentation Committee (ID-RCB:
2016-A01728-23, CPP Ile-de-France:
16187, 2016). Written informed consent
was obtained from each participant after
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the nature of the experimental procedure
was explained.

Ophthalmologic evaluation

All participants underwent a standard oph-
thalmologic evaluation (intraocular pres-
sure, anterior segment, and dilated fundus
examination) to evaluate their visual
function.

The AMD severity scale of Age-Related
Eye Disease Studies (AREDS) was used for
each eye. The AMD stage was determined
for each eye according to the AREDS clas-
sification,16 and an optical coherence
tomography (OCT) was performed using
SpectralisVR (Heidelberg Engineering,
Heidelberg, Germany). This imaging tech-
nique produces high-resolution cross sec-
tions of retinal tissue in vivo (5–10 lm),
which are comparable to histological sec-
tions. This rapid and non-invasive tech-
nique is used routinely in the clinic to
monitor AMD, and allows the visualization
of the structure of various retinal layers at a
mm scale, as well as their possible changes.
To precisely analyze the retinal abnormali-
ties of each participant, macular mapping
of 96 sections was performed for each eye.
Based on the 2001 AREDS classification,
an ophthalmologist then determined the
stage of AMD for each eye (level 1:
“normal macula,” level 2: “early AMD,”
level 3: “intermediate AMD,” and level 4:
“advanced AMD”). All control subjects
had level 1 for each eye, and we defined
an eye as having AMD only if it was clas-
sified as level 3 or 4; an eye with level 2 was
considered to have normal visual acuity.
Note that the AMD stage can be asymmet-
rical between the two eyes. In our study,
subjects with bilateral AMD had both
eyes at level 3 or 4, while subjects with uni-
lateral AMD had one eye at level 3 or 4 (the
eye with AMD) and one healthy eye at level
1 or 2. Therefore, the “healthy” eye of

subjects with monocular AMD may show
some drusen.

The eyes with AMD were further classi-
fied into those with choroidal neovasculari-
zation AMD and those with atrophic AMD.
In the current study, we chose to specifically
analyze the impact of visual acuity on pos-
tural stability, beyond the binocular visual
field (which is variable depending on the
level of AMD). For logistical reasons, we
did not analyze the contrast sensitivity of
the patients. No participants had a history
of binocular vision disorder (i.e., strabismus,
anisometropia, or amblyopia). Stereoscopic
acuity was measured using the TNO test.
Visual acuity for each participant was mea-
sured separately for each eye at a 5 m dis-
tance using the Monoyer chart, and was
then translated to an Early Treatment
Diabetic Retinopathy Study (ETDRS)
acuity score using an adapted scale. All con-
trol subjects had a corrected monocular
visual acuity of 20/20.

Posturography

A force platform (Multitest Equilibre;
Framiral, Grasse, France) was used to mea-
sure postural performance. Displacement of
the CoP was recorded for 30 s, sampled at
40 Hz, and digitized with 16-bit precision.
Several previous studies from our17–19 and
other groups20,21 have used this platform to
quantify postural balance.

Postural recording procedure. In a dark room,
participants stood on the Multitest platform,
positioned their bare feet on the platform
footprints, and fixated on a small bright
red target of 0.5! (identical for all subjects)
at a distance of 2.5 m. During the experi-
ment, the participant was unable to see any-
thing in the room except for the red target or
the optokinetic stimulation on the wall. The
position of the feet was fixed and marked on
the platform; the heels were 4 cm apart and
the feet were spread symmetrically at a 30!
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angle with respect to the sagittal axis of the
participant. Participants were instructed to
stay as still as possible, with their arms
alongside their body, and to fixate on the
target. Note that the Multitest platform
has a special structure in front of the subjects
to avoid any falls. We tested seven visual
conditions: eye(s) open while fixating on
the target (both eyes viewing [EV], better
eye viewing [BEV], and worse eye viewing
[WEV]), eyes closed (EC), and eye(s) open
with perturbed vision by optokinetic stimu-
lation (both eyes viewing [OPTO], better eye
viewing [B-OPTO], and worse eye viewing
[W-OPTO]). The optokinetic stimulation
was performed using an optokinetic ball
that was projected onto the wall at a distance
of 2.5 m in front the participant’s eyes, and
turned at an angular speed of 158!/s.22 We
tested this visual condition because it repre-
sents a perturbed visual condition. During
the optokinetic stimulation, participants
had to look forward without fixating on a
target while the optokinetic field rotated on
all walls of the room, giving a visual sensa-
tion of vection. This impaired visual input
affects balance, leaving only vestibular
inputs for the control of postural sway.

In the monocular viewing conditions, an
occlusion patch was used in front of the
non-viewing eye. For the healthy older
adults, the “better” eye was the dominant
eye, as detected using the “hole-in-card”
technique.23,24

The duration of each postural recording
was 30 s, with a 15 s rest period between
conditions to reduce the possible effects of
tiredness. The order between the different
visual conditions was randomized.
Measurements were performed both
before and after the training period.

Training protocol

After the first postural recording, the par-
ticipants had a 5-minute break before start-
ing the training. The protocol for each

training type (two different tasks) was
explained and a 30 s test was performed
to verify that the participant had under-
stood the instructions. The training dura-
tion was then 3 minutes for each type of
training. Each participant stood on the
Multitest platform and looked at a screen
(340 cm " 170 cm) projected at a distance of
2.5 m. A buoy (130 cm " 130 cm) in the sea
was projected onto the screen (Figure 1a).
The body movements of the participants
were represented by a green point on the
buoy. The objective was to move the body
(represented by the green point) onto spe-
cific sections of the buoy while avoiding
falling off the buoy and into the sea.25

The number of falls into the water was
recorded.

The second training type consisted of a
crowd simulator17 (Figure 1b). In this sim-
ulation, bystanders were walking toward
the participant on a street, with a mean
velocity ranging from 0.5 mm/s to 1.5
mm/s. Participants had to move their
body efficiently to avoid the bystanders.
The number of collisions was recorded.

This postural training technique was
chosen based on our previous studies that
used the same postural paradigms to
improve postural control in children with
dyslexia17 and autism spectrum disorder.25

The first exercise (the buoy simulation) was
quite a difficult exercise in which the subject
had to maintain equilibrium, while the
second exercise (the crowd simulation) was
more natural and represented difficulties
that are faced on a daily basis by subjects.
In our previous studies,17,25 these two exer-
cises improved postural control in children
with neurodevelopmental disorders that
involve difficulties in controlling somato-
sensory inputs to eliminate body sway
(probably because of their poor cerebellar
integration). Thus, we wondered whether
this training type might also be useful for
subjects with poor visual input, to improve
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the use of other inputs available for control-
ling posture.

After the training session, participants
had another 5-minute break before under-
going the second set of postural recordings.
We then analyzed the impact of the short
training session on postural control by
comparing postural performances before
and after postural training.

To summarize, the tests were all per-
formed over the course of 1 day for each
subject, as follows:

T1: postural recording before training
6 minutes of training (the two exercises

were performed)
T2: postural recording after training

Data processing: spatial domain analysis

To quantify the effects of AMD and visual
conditions on postural control, we analyzed
the surface area covered by the displace-
ment of the CoP (cm2) and its mean veloc-
ity (mm/s). Surface area is an effective
measurement of CoP variability and corre-
sponds to an ellipse with 90% of CoP.26–28

In addition, mean velocity is an efficient
indicator to quantify the neuromuscular
activity required to regulate postural con-
trol.29 Note that Framiral software ana-
lyzed the displacement of the CoP without

splitting it into anterior–posterior and
medial–lateral directions.

Data processing: wavelet analysis

A wavelet non-linear analysis using Morlet
waves was applied to the CoP displacement
measurements to elaborate a time–frequen-
cy chart of body sways.17,30 This analysis
allows for the evaluation of temporal fluc-
tuations in the body sway spectrum by mea-
suring the postural instability index (PII).
This parameter can quantify postural sta-
bility using the spectral power index (PI)
and the canceling time (CT) for both the
medial–lateral (x) and anterior–posterior
(y) directions. The PII was calculated as
follows: PII¼Rx Ry PI (F1, F2, F3)/CT
(F1, F2, F3), where the PI and CT were
included for each of the three frequencies
(low: F1, medium: F2, and high: F3). This
parameter is a global postural index that is
used during routine testing by clinicians. A
higher PII denotes poorer postural
stability.31

Data processing: correlation between
visual acuity and postural stability

We analyzed the correlation between the
visual acuity of the worse eye (ETDRS
chart) and each postural parameter in the

Figure 1. Paradigm of the postural training. Buoy (a) and crowd simulator (b) paradigms.
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three eye viewing conditions (surface area
and mean velocity of CoP, and PII) for all
participants (controls, subjects with unilat-
eral AMD, and subjects with bilateral
AMD).

Statistical analysis

Statistical analysis was performed using
Statistica software (TIBCO Software, Palo
Alto, CA, USA). First, the data were ana-
lyzed with analysis of variance (ANOVA)/
multivariate ANOVA using the three
groups of participants (subjects with unilat-
eral AMD, subjects with bilateral AMD,
and control subjects) as the inter-subject
factor, and the seven visual conditions
(EV, BEV, WEV, EC, OPTO, B-OPTO,
and W-OPTO) and training effect (before/
after) as the within-subject factors. Second,
a Spearman correlation analysis was per-
formed in which the dependent variables
were the surface area of CoP, mean velocity
of CoP, and the PII, and the predictor var-
iable was the visual acuity (ETDRS chart)
of the worse eye.

The effect of a factor was considered sig-
nificant when the P-value was below 0.05.
In the case of significant effects, the
post-hoc Bonferroni test was performed.

Results

In the present study, 13 subjects with uni-
lateral AMD (mean age: 72.5 $ 1.36 years),
18 subjects with bilateral AMD (mean age:
74.0 $ 1.02 years), and 16 age-matched
healthy controls (mean age: 70.3 $ 1.36
years) were included. There were no signif-
icant differences in age between the three
groups (F(2,44)¼ 1.61, P¼ 0.21). Clinical
data from each AMD participant are
shown in Tables 1 and 2. Among the 49
AMD eyes that were included in the present
study, 29 had choroidal neovascularization
AMD and 20 had atrophic AMD. It has
previously been reported that choroidal

neovascularization affects 10% to 15% of
subjects with AMD.3

Surface area of the CoP

Figure 2 shows the surface area of the CoP
(in cm2) for each visual condition tested
(EV, BEV, WEV, EC, OPTO, B-OPTO,
and W-OPTO) for the three groups of sub-
jects (control, unilateral AMD, and bilater-
al AMD) before and after postural training.

Analysis using ANOVA revealed a sig-
nificant group effect (F(2,42)¼ 4.05,
P< 0.02, g¼ 0.16). Post-hoc comparison
demonstrated a significant difference
between the control and bilateral AMD
groups only (P< 0.04); subjects with bilat-
eral AMD had a larger CoP surface area
than control subjects. In contrast, the dif-
ference between the control and unilateral
AMD groups failed to reach significance.
Moreover, there was a significant effect of
visual condition (F(6,252)¼ 2.17, P< 0.04,
g¼ 0.05); the CoP surface area was larger
in the WEV and W-OPTO visual conditions
(both P< 0.02) compared with the other
visual conditions. ANOVA also revealed a
significant interaction between visual condi-
tion and training (F(6,252)¼ 4.00,
P< 0.0007, g¼ 0.08); after training, the
CoP surface area was reduced in the BEV,
WEV, and EC conditions (all P< 0.01).
ANOVA did not show any significant
effects of training (F(1,42)¼ 1.08), nor any
other interactions.

Mean velocity of CoP

Figure 3 shows the mean velocity of the
CoP (mm/s) for each visual condition
tested (EV, BEV, WEV, EC, OPTO, B-
OPTO, and W-OPTO) for the three
groups of subjects (control, unilateral
AMD, and bilateral AMD) before and
after postural training.

Analysis using ANOVA revealed a sig-
nificant effect of the visual condition
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(F(6,246)¼ 6.21, P< 10 % 5, g¼ 0.13); post-
hoc comparison demonstrated a higher
mean velocity in the OPTO and W-OPTO
conditions (both P< 0.001). Moreover,
there was a significant effect of training
(F(1,41)¼ 6.51, P< 0.01, g¼ 0.12); the
mean velocity was lower after training.
ANOVA also revealed a significant interac-
tion between training and visual condition
(F(2,246)¼ 2.27, P< 0.03, g¼ 0.05). Post-
hoc comparisons demonstrated that train-
ing decreased the mean velocity in

several visual conditions (EV, BEV, EC,
and OPTO, all P< 0.01). ANOVA did
not show any significant group effects
(F(2,41)¼ 1.18), nor any other interactions.

PII

Figure 4 shows the PII for each visual con-
dition tested (EV, BEV, WEV, EC, OPTO,
B-OPTO, and W-OPTO) for the three
groups of subjects (control, unilateral

Table 1. Corrected visual acuity, AMD level, type of AMD, type of scotoma, stereoscopic acuity, and
“better seeing eye” for each subject with unilateral AMD.

Patient
(age, years)

Corrected visual
acuity (ETDRS) AMD level Type of AMD

Scotoma
type

Stereoscopic
acuity
(seconds of
arc, TNO)

Better
seeing eye

S1 (69.3) RE 20/25 RE 4 RE CNV Absolute >480 RE
LE 20/630 LE 2 LE /

S2 (79.4) RE 20/20 RE 1 RE / Relative 120 RE
LE 20/40 LE 4 LE CNV

S3 (84.8) RE 20/20 RE 1 RE / Absolute 120 RE
LE 20/20 LE 4 LE GA

S4 (77.1) RE 20/25 RE 1 RE / Relative >480 RE
LE 20/100 LE 4 LE CNV

S5 (70.8) RE 20/20 RE 1 RE / Relative 120 RE
LE 20/40 LE 3 LE CNV

S6 (74.7) RE 20/630 RE 3 RE CNV Absolute >480 LE
LE 20/20 LE 2 LE /

S7 (68.9) RE 20/40 RE 4 RE CNV Relative 120 LE
LE 20/20 LE 2 LE /

S8 (76.1) RE 20/40 RE 4 RE CNV Relative 200 LE
LE 20/20 LE 2 LE /

S9 (67.2) RE 20/80 RE 4 RE GA Absolute 200 LE
LE 20/20 LE 2 LE /

S10 (75.6) RE 20/20 RE 2 RE / Relative 120 RE
LE 20/80 LE 4 LE CNV

S11 (69.1) RE 20/20 RE 2 RE / Absolute >480 RE
LE 20/125 LE 4 LE CNV

S12 (56.7) RE 20/20 RE 2 RE / Absolute >480 RE
LE 20/125 LE 4 LE CNV

S13 (72.3) RE 20/80 RE 4 RE CNV Relative 200 LE
LE 20/20 LE 2 LE /

AMD, age-related macular degeneration; CNV, choroidal neovascularization; ETDRS, Early Treatment Diabetic
Retinopathy Study; GA, geographic atrophy; LE, left eye; RE, right eye.
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AMD, and bilateral AMD) before and after
the postural training.

Analysis using ANOVA revealed a sig-
nificant group effect (F(2,38)¼ 5.66,

P< 0.007, g¼ 0.22). Post-hoc comparison
demonstrated a significant difference
between the control and bilateral AMD
groups (P< 0.006); subjects with bilateral

Table 2. Corrected visual acuity, AMD level, type of AMD, type of scotoma, stereoscopic acuity, and
“better seeing eye” for each subject with bilateral AMD.

Patient
(age, years)

Corrected visual
acuity (ETDRS) AMD level Type of AMD

Scotoma
type

Stereoscopic
acuity
(seconds of
arc, TNO)

Better
seeing
eye

S1 (71.2) RE 20/63 RE 4 RE GA Absolute >480 LE
LE 20/63 LE 3 LE GA

S2 (83.7) RE 20/32 RE 3 RE GA Absolute >480 RE
LE 20/630 LE 4 LE CNV

S3 (80.4) RE 20/63 RE 3 RE CNV Relative >480 RE
LE 20/630 LE 4 LE CNV

S4 (78.0) RE 20/25 RE 3 RE GA Absolute 200 RE
LE 20/32 LE 3 LE GA

S5 (65.2) RE 20/25 RE 3 RE GA Absolute >480 RE
LE 20/500 LE 4 LE CNV

S6 (75.9) RE 20/320 RE 4 RE CNV Relative >480 LE
LE 20/50 LE 4 LE CNV

S7 (72.0) RE 20/125 RE 4 RE CNV Absolute 200 LE
LE 20/100 LE 4 LE GA

S8 (75.7) RE 20/20 RE 3 RE GA Absolute 200 RE
LE 20/63 LE 3 LE GA

S9 (71.5) RE 20/200 RE 4 RE GA Absolute >480 LE
LE 20/100 LE 4 LE CNV

S10 (69.7) RE 20/400 RE 4 RE CNV Absolute >480 LE
LE 20/400 LE 4 LE CNV

S11 (74.5) RE 20/63 RE 4 RE GA Absolute 200 RE
LE 20/100 LE 4 LE GA

S12 (75.7) RE 20/125 RE 4 RE GA Absolute >480 LE
LE 20/63 LE 4 LE GA

S13 (75.8) RE 20/400 RE 4 RE GA Absolute >480 RE
LE 20/500 LE 4 LE GA

S14 (71.1) RE 20/200 RE 4 RE GA Absolute >480 RE
LE 20/200 LE 4 LE GA

S15 (74.8) RE 20/40 RE 4 RE CNV Relative 200 LE
LE 20/125 LE 3 LE CNV

S16 (71.4) RE 20/63 RE 4 RE CNV Relative >480 RE
LE 20/63 LE 4 LE CNV

S17 (71.4) RE 20/80 RE 4 RE CNV Absolute >480 LE
LE 20/630 LE 4 LE CNV

S18 (72.7) RE 20/160 RE 4 RE CNV Relative >480 LE
LE 20/100 LE 4 LE CNV

AMD, age-related macular degeneration; CNV, choroidal neovascularization; ETDRS, Early Treatment Diabetic
Retinopathy Study; GA, geographic atrophy; LE, left eye; RE, right eye.
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Figure 2. Surface area of the center of pressure (CoP, in cm2) for each visual condition tested. The surface
area is shown for each group of subjects tested (16 control age-matched older adults before training
[Control BT], 13 subjects with unilateral age-related macular degeneration (AMD) before training [U-AMD
BT], 18 subjects with bilateral AMD before training [B-AMD BT], control age-matched older adults after
training [Control AT], subjects with unilateral AMD after training [U-AMD AT], and subjects with bilateral
AMD after training [B-AMD AT]) and for each visual condition tested (binocular eye viewing [EV], dominant
eye viewing [BEV], non-dominant eye viewing [WEV], eyes closed [EC], and perturbed vision by optokinetic
stimulation [both eye viewing (OPTO), dominant eye viewing (B-OPTO), and non-dominant eye viewing (W-
OPTO)]). Analysis of variance (ANOVA) indicated a significant group effect (P< 0.02), a significant effect of
visual condition (P< 0.04), and a significant interaction between visual condition and training (P< 0.0007).
Asterisks indicate significant differences between the control group and the bilateral AMD group. Vertical
bars indicate the standard error.

Figure 3. Mean velocity of center of pressure (CoP, in mm/s). Mean velocity is shown for each group of
subjects tested (16 control age-matched older adults before training [Control BT], 13 subjects with uni-
lateral age-related macular degeneration (AMD) before training [U-AMD BT], 18 subjects with bilateral
AMD before training [B-AMD BT], control age-matched older adults after training [Control AT], subjects
with unilateral AMD after training [U-AMDAT], and subjects with bilateral AMD after training [B-AMDAT])
and for each visual condition (binocular eye viewing [EV], dominant eye viewing [BEV], non-dominant eye
viewing [WEV], eyes closed [EC], and perturbed vision by optokinetic stimulation [both eye viewing
(OPTO), dominant eye viewing (B-OPTO), and non-dominant eye viewing (W-OPTO)]). Analysis of variance
(ANOVA) indicated a significant effect of visual condition (P< 10 % 5), and a significant effect of training
(P< 0.01). Vertical bars indicate the standard error.
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AMD had a higher PII than control sub-
jects. There was also a significant effect of
visual condition (F(6,228)¼ 5.60,
P< 0.00002, g¼ 0.12); post-hoc compari-
son revealed that PII was higher in the
OPTO condition (P< 10 % 5). Moreover,
ANOVA indicated a significant interaction
between training and visual condition
(F(6,228)¼ 2.45, P< 0.02, g¼ 0.06). Post-
hoc comparisons demonstrated a decrease
in the PII after training in the EV, OPTO,
and W-OPTO conditions (all P< 0.02).
ANOVA did not show any significant
effects of training (F(1,38)¼ 0.26), nor any
other interactions.

Number of falls into the water and
number of collisions

Analysis using ANOVA revealed a group
effect for both the number of falls into the
water and the number of collisions
(F(2,44)¼ 4.54, P< 0.03 and F(2,44)¼ 3.32,

P< 0.04, respectively). Post-hoc comparisons
demonstrated that subjects with AMD had
significantly more falls into the water and
collisions than control subjects (both
P< 0.01) (Table 3).

Correlations between AMD levels and
visual acuity

Figure 5 shows the surface area of CoP, the
mean velocity of CoP, and the PII in both
eye viewing conditions as a function of the
visual acuity of the worse eye of each sub-
ject (controls, subjects with unilateral
AMD, and subjects with bilateral AMD).
The regression line is also shown. There
was a significant effect of visual acuity of
the worse eye on the CoP surface area
(Spearman’s rank correlation¼% 0.48) and
the PII (Spearman’s rank correlation¼
% 0.43), but not on the mean CoP velocity
(Spearman’s rank correlation¼% 0.15).

Figure 4. Postural instability index (PII). The PII is shown for each group of subjects tested (16 control age-
matched older adults before training [Control BT], 13 subjects with unilateral age-related macular degen-
eration (AMD) before training [U-AMD BT], 18 subjects with bilateral AMD before training [B-AMD BT],
control age-matched older adults after training [Control AT], subjects with unilateral AMD after training [U-
AMD AT], and subjects with bilateral AMD after training [B-AMD AT]) and for each visual condition (bin-
ocular eye viewing [EV], dominant eye viewing [BEV], non-dominant eye viewing [WEV], eyes closed [EC],
and perturbed vision by optokinetic stimulation [both eye viewing (OPTO), dominant eye viewing (B-OPTO)
and non-dominant eye viewing (W-OPTO)]). Analysis of variance (ANOVA) showed a significant group
effect (P< 0.007), a significant effect of visual condition (P< 0.00002), and a significant interaction between
training and visual condition (P< 0.02). Asterisks indicate significant differences between the control group
and the bilateral AMD group. Vertical bars indicate the standard error.
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Table 3. Number of falls into the water and number of collisions for each group of subjects during postural
training.

Group Number of falls into the water Number of collisions

Controls 10 $ 2.4 6.9 $ 1.1
Subjects with unilateral AMD 13 $ 3.1 10.8 $ 1.3
Subjects with bilateral AMD 18 $ 3.2* 14.3 $ 2.6*

Data are shown as the mean $ standard deviation. *P< 0.01 vs. control group. AMD, age-related macular degeneration.

Figure 5. Correlations between visual acuity and postural parameters. Mean surface area of the center of
pressure (CoP) (A), mean velocity of CoP (B), and postural instability index (PII) (C) for each subject as a
function of the visual acuity of the worse eye (Early Treatment Diabetic Retinopathy Study [ETDRS] chart).
The line represents the corresponding regression.
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Discussion

The main findings of the present study on
static postural evaluation in subjects with
AMD were as follows: (i) subjects with
bilateral AMD, but not subjects with uni-
lateral AMD, were significantly more
unstable than healthy age-matched subjects;
(ii) older adults (both healthy subjects and
those with AMD) were able to improve
their postural performance after training
in several of the viewing conditions that
were tested; and (iii) visual acuity affected
postural measures. Each of these findings
will be discussed in the following sections.

Subjects with bilateral AMD are more
unstable than healthy age-matched sub-
jects on a static platform

In the current study, subjects with bilateral
AMD had a larger surface area of the CoP
compared with age-matched healthy sub-
jects. This finding is consistent with the
results of previous studies from our
group12 and from other researchers.32,33

Moreover, the wavelet analysis of postural
control (which was performed for the first
time in the present study) revealed that sub-
jects with bilateral AMD had a higher PII
than healthy subjects. In contrast, we failed
to show any significant postural control
impairment in subjects with unilateral
AMD. Taken together, these findings sug-
gest that vision has an important role in
maintaining balance, particularly in older
adults. Although the predominant role of
visual input with respect to other somato-
sensory information is well known for pos-
ture (see work from Brandt and
colleagues34), in older subjects, vision is
even more important for controlling postur-
al sway.34 To the best of our knowledge,
few studies have explored balance perfor-
mance in patients with different types of
visual deficits. For example, some
authors35,36 have reported that glaucoma

(a peripheral visual field deficit in older
adults) generates postural instability. In
2013, Kotecha et al.33 compared postural
sway in subjects with AMD, subjects with
glaucoma, and age-matched healthy sub-
jects. They demonstrated that, compared
with the healthy subjects, both groups of
subjects with visual impairment (AMD
and glaucoma) required more somatosenso-
ry inputs to maintain efficient postural sta-
bility. Moreover, Agostini et al.37 compared
the impact of central visual deficit on pos-
tural stability in subjects with Stargardt’s
disease (young adults) and healthy age-
matched controls. Stargardt’s disease is a
genetic bilateral maculopathy that appears
in the teenage years, and anatomic lesions
in this disease are comparable with those in
AMD. These authors revealed a larger pos-
tural sway in Stargardt’s subjects in the
eyes-closed condition only, while postural
stability was similar to that of the control
group in the other viewing conditions that
were tested. These results suggest that sub-
jects with Stargardt’s disease are able to
adapt and control their postural sway
using other somatosensory inputs (e.g., ves-
tibular and proprioceptive inputs).
According to a study by Peterka,38 when
one sensory input is defective, the other
subsystems compensate for the impairment
by playing a more important role (i.e.,
reweighting of the sensory system occurs),
although such mechanisms seem to work
better in young subjects.39 However, the
present finding is in line with the hypothesis
that vision, together with proprioceptive
and vestibular inputs, is important for the
control of posture.

Finally, the reader might ask why there
was not a significant difference between
subjects with unilateral AMD and control
subjects. The surface area of the CoP had a
tendency toward being larger in subjects
with unilateral AMD compared with older
adults, but this difference was not signifi-
cant. Note that binocular visual acuity
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was better in subjects with unilateral AMD
than in subjects with bilateral AMD, but
was worse in subjects with unilateral
AMD than in healthy older adults. Thus,
a larger number of subjects with unilateral
AMD may be necessary to better under-
stand the degree of postural deficit and
the role of visual inputs in these patients.

Effects of the short postural training
session

In the present study, after a short postural
training period, all subjects (subjects with
AMD as well as healthy older adults)
improved their postural control; both the
mean velocity and surface area of the CoP
decreased in several of the visual conditions
that were tested, as did the PII. To the best
of our knowledge, this is the first report
that a short postural training period (of
about 6 minutes) can improve balance.

Previous studies have investigated the
impact of a long period of balance training
in healthy older adults. For example,
Prasertsakul et al.40 compared the effects
of conventional exercise or virtual reality
on postural control in 10 healthy subjects
(mean age 53 years old). The training was
composed of twelve 45-minute sessions (one
session per week). They reported an
increase in postural stability, which was
higher after virtual reality training than
after conventional exercises. Furthermore,
Sch€attin et al.41 compared the effects of a
conventional long period of balance train-
ing (group I) or video game-based physical
exercise (group II) on executive function,
prefrontal brain activity, and gait perfor-
mance in healthy older adults (mean age
79.2 years old). The training was composed
of 24 sessions (three 30-minute sessions per
week). The authors reported that executive
function and gait parameters improved in
group II only, while prefrontal activity
decreased in both groups. According to
Segev-Jacubovski et al.42 the results of

these two studies highlight the importance
of combining cognitive and motor training
in older subjects to optimize the benefits.
However, in all of these studies the subjects
were older adults without visual deficits;
thus, they could train their vision, vestibu-
lar, and proprioceptive inputs to improve
their postural stability. More recently,
Varin et al.43 reported that cognitive activ-
ity in subjects with AMD is significantly
lower than in control subjects, leading to a
risk of cognitive impairment. Studies testing
the impact of cognitive training on daily life
abilities are therefore likely to be useful for
these kinds of patients.

There are few studies in which the impact
of postural training in visually impaired
older adults has been measured; more
importantly, no studies have objectively
measured the impact of training sessions.
Kovàcs et al.44 compared the effects of
two exercise programs on balance in older
women with age-related visual dysfunction
(the precise dysfunction was not specified in
the study) for 6 months. Group I received a
standard osteoporosis exercise program
(four 30-minute sessions per week), while
group II received a tailored multimodal
exercise program (two 30-minute sessions
per week) in addition to the standard pro-
gram (two 30-minute sessions per week).
The authors reported that group II had a
significant reduction in the Timed Up and
Go score, which was associated with a
decreased risk of falling. They suggested
that older subjects who are visually
impaired may need specific strength and
balance exercises to improve their postural
control and reduce their risk of falling.

In the present study, we chose a short
period of postural training that was com-
posed of one training session only, which
lasted 6 minutes. The postural training
involved both cognitive and motor tasks,
and we reported an improvement in the
postural control of all subjects tested. This
result may have been caused by
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compensatory mechanisms that occurred in
these subjects. However, postural improve-
ment did not occur for all parameters in all
visual conditions tested, which suggests that
such compensatory mechanisms are less
efficient in older adults (both healthy and
with AMD). A longer period of postural
training may facilitate the improvement of
postural control for the other parameters,
and should be investigated in further stud-
ies. In the future, it would also be worth-
while to include more training sessions as
well as a follow-up session, in an attempt
to optimize the benefits of training and
evaluate the duration of the effects after
training is finished.

Visual acuity affects postural measures

In the current study, we reported a relation-
ship between visual acuity of the worse eye
and postural parameters that were recorded
while participants were standing with both
eyes open; lower visual acuity was associat-
ed with greater instability. This finding is in
line with previous studies7,10,11 (see
Introduction) that demonstrated the impor-
tant role of visual input for maintaining
postural stability. Note, however, that con-
trast sensitivity, stereoacuity, or viewing
eccentricity might have an important role
in postural control in subjects with
AMD.45,46 Furthermore, it has previously
been reported that peripheral visual infor-
mation is used by patients with bilateral
AMD for controlling postural sway.47

Thus, further studies on such issues need
to be conducted to better understand the
role of visual inputs in patients with AMD
in the control of their bodies in the
environment.

Limitations

One limitation of the current study was its
relatively small sample size. Further studies
with a larger number of subjects with

unilateral AMD are needed to precisely
evaluate their postural deficits. It is possible
that the lack of significance in the unilateral
AMD group in the present study was a
result of the relatively intact vision of
these subjects; thus, a larger group of sub-
jects with different levels of unilateral AMD
is likely to provide more insight into the
role of visual inputs in postural sway in
these patients. In addition, well-designed
case–control studies are needed to ensure
the scientific validity of postural rehabilita-
tion training programs. Finally, it should
also be noted that the platform used in
the present study had a sampling frequency
of 40 Hz, and the CoP was recorded for 30 s
only, despite other studies recommending a
standardized sample duration of at least 60
s for CoP measures.48 It is therefore possi-
ble that, with a longer postural time record-
ing, subjects with AMD may show more
postural sway and eventual changes in the
anterior–posterior and medial–lateral direc-
tion of the CoP.

Conclusions

Our study confirms and builds on (by
means of the wavelet analysis) the results
of previous studies, demonstrating that sub-
jects with bilateral AMD are more unstable
than healthy age-matched subjects when
tested on a static platform. Visual acuity
of the worse eye in addition to postural
measures should be considered as a poten-
tial marker for studying balance control in
subjects with AMD. Moreover, a short pos-
tural training period was able to increase
postural performance in older adults (both
healthy and those with AMD), which sug-
gests that subjects with AMD are able to
use compensatory mechanisms to control
their balance. Further studies should aim
to quantify the improvements in postural
control after specific training techniques
and explore the benefits of training over
time.
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