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Abstract

The control of posture is guided by the integration of sensory information. Because blind individuals cannot apply visual
information to control posture as sighted individuals do they must compensate by the remaining senses. We therefore
hypothesize that blind individuals alter their brain activation in the sensorimotor cortex during postural control to compen-
sate for balance control without vision by the increased integration of somatosensory information. Ten blind and ten sighted
(matched) individuals controlled posture during conditions with (I) eyes closed / open, and (II) stable / unstable surface
conditions. Postural sway was recorded by applying a pressure distribution measuring plate. Brain activation was collected
by functional Near InfraRed Spectroscopy (fNIRS) above motor-sensory cortices of the right and left hemispheres. Blind
individuals showed significantly increased postural sway when balancing with open eyes on an unstable surface and when
compared to sighted individuals. Whereas blind individuals showed significantly increased brain activation when balancing
with open eyes on stable and unstable surface conditions, sighted individuals increased their brain oxygenation only during
closed eyes and unstable surface conditions. Overall conditions, blind individuals presented significantly increased brain
activation in two channels of the left and right hemispheric motor-sensory cortex when compared to sighted individuals.
We therefore conclude that sighted individuals increase their brain oxygenation in the sensorimotor cortex during postural
control tasks that demand sensory integration processes. Blind individuals are characterized by increased brain activation
overall conditions indicating additional sensory integration during postural control. Thus, the sensorimotor cortex of blind
individuals adapts to control posture without vision.
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Introduction

Postural control concerns the human ability to keep the
body in balance. Impaired postural control is related to an
increased risk of fall-related injuries (Johansson et al. 2017),
which constitute a major health concern causing functional
decline, increased mortality, as well as increased healthcare
costs (Wolinsky et al. 1997; Stel et al. 2004). The aim of
postural control constitutes postural orientation and pos-
tural equilibrium, which involves the active alignment of
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the human body with respect to gravity, support surfaces,
the visual surround and internal references (Horak 2006).
Therefore, sensory information from somatosensory, ves-
tibular and visual systems is integrated for postural control.

It has been shown that sight plays a significant role in the
control of posture. The absence of sight in blind individu-
als leads to impaired postural balance (Choy et al. 2003),
which results in higher instability in static and dynamic bal-
ance tasks (Ribadi et al. 1987; Rougier and Farenc 2000;
Nakata and Yabe 2001; Aydog et al. 2006; Giagazoglou et al.
2009; Schwesig et al. 2011; Ozdemir et al. 2013; Sobry et al.
2014). Sobry et al. (2014) compared the static balance con-
trol of visually impaired individuals with sighted individuals
during conditions of hard (/stable) or soft (/unstable) sur-
faces and as well as during open and closed eyes conditions.
The authors found that visually impaired individuals present
higher speeds of displacement on hard surfaces than con-
trol subjects. During unstable surface conditions, the speed
was higher in visually impaired individuals with open eyes
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whereas no differences were found with closed eyes (Sobry
et al. 2014).

The investigation of the strength of the knee and ankle
muscles and its relation to postural sway in blind and sighted
women showed that blind women are generally more unsta-
ble during static balance tasks such as normal stance, one-
leg stance, and/or tandem stance (Giagazoglou et al. 2009).
However, no differences were found for the strength meas-
urements of the lower limb muscles between the blind and
sighted individuals. Nakata and Yabe (2001) investigated
postural sway after perturbation in congenitally blind and
sighted adults. The authors also recorded EMG signals from
four muscles in the right leg, and reaction time to soma-
tosensory stimuli generated by platform displacements by
pushing a hand-held button. No significant differences were
found for postural sway between blind and sighted subjects
with eyes open or closed. However, blind subjects swayed
more after backward translations than sighted subjects with
open eyes. The EMG amplitude in the gastrocnemius muscle
of a blind subject was smaller than that of a sighted sub-
ject with eyes closed. No significant differences were found
between blind and sighted subjects in EMG latencies. How-
ever, blind individuals were characterized by faster reac-
tion times to somatosensory stimuli triggered by platform
displacements. The authors assumed that blindness may not
affect the spinal stretch reflex, but may affect a volitional act
mediated through the motor cortex (Nakata and Yabe 2001).
This assumption is in line with the hypothesis that congeni-
tally blind individuals may adapt to control balance without
vision because they showed to be more stable during balance
tasks when compared to sighted but blindfolded individuals
(Ribadi et al. 1987). In fact, Schwesig et al. (2011) con-
cluded that the somatosensory and vestibular systems may
serve as compensatory mechanisms, which is utilized most
effectively by the congenitally blind individuals.

The presented findings indicate that blind individuals may
adapt to control of balance without vision. Because blind
individuals are faced with the fact that visual and multi-
sensory brain regions do not receive their expected input
they are forced to adapt to the environment by using their
remaining senses to cope with everyday demands. Neuro-
plasticity has been described as a key characteristic of blind
individuals with regard to their adaptation to the environ-
ment without vision (Roeder et al. 2021). For example, when
attending to sounds in peripheral auditory space blind par-
ticipants display superior localization abilities when com-
pared to sighted individuals (Roder et al. 1999). Additional
electrophysiological recordings revealed sharper tuning
of early spatial attention mechanisms in the blind subjects
(Roder et al. 1999). The long-term concentration of blind
individuals on nonvisual cues to interact appropriately with
the environment further showed to enlarge the auditory cor-
tex by a factor of 1.8 when compared to sighted individuals
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(Elbert et al. 2002). When controlling posture blind individ-
uals must increase their attention to nonvisual sensory cues
such as proprioception. This may alter the neuronal control
of balance in the sensorimotor cortex of blind individuals.

The study of brain function during postural control in
humans is difficult to investigate because standard neuroim-
aging techniques such as for example functional magnetic
resonance imaging (fMRI) do not allow for investigations in
upright (/standing) positions. Functional near-infrared spec-
troscopy (fNIRS) enables the study of neuronal processes
(Scholkmann et al. 2014) with the particular advantage of
recording of brain activation during the execution of move-
ments in a near-natural context such as during upright/stand-
ing positions (Mihara et al. 2008; Karim et al. 2012, 2013;
Basso Moro et al. 2014; Ferrari et al. 2014; Helmich et al.
2016, 2020; Herold et al. 2017; Lin et al. 2017; Teo et al.
2018; Lehmann et al. 2022). Studies that applied fNIRS to
investigate the neuronal control of balance have shown that
frontal, temporal, parietal, and occipital regions are involved
in visual and somatosensory integration (Ferrari et al. 2014;
Helmich et al. 2016, 2020, 2022; Lin et al. 2017; Mihara
et al. 2008). When visual input was not available during pos-
tural control, brain oxygenation increased in frontal, tempo-
ral, and parietal regions as a process of sensory re-weighting
(Lin et al. 2017). This indicates that blind individuals may
be characterized by increased brain oxygenation when com-
pared to sighted individuals in sensorimotor cortex during
the control of posture, particularly when comparing the two
groups during balance conditions with open eyes.

Materials and Methods
Participants

An a priori power analysis by using G*Power 3.1.9.7 indi-
cated that 20 participants are necessary for a statistical
analysis between groups and repeated measures (effect size
f=0.35, Power=0.95, calculated critical F value=2.775,
calculated actual Power =0.96). 20 individuals (mean age:
27.0+6.1 years; 3 female, 17 male; 16 right-handed, 3 left-
handed, 1 ambidextrous; years at school: 13 years) therefore
participated in the study (Table 1). Participants were divided
in two groups: 10 blind individuals (blindness according to
the German law; mean age: 29.0 +7.1 years; 2 female, 8
male; 9 right-handed, 1 left-handed) and 10 sighted indi-
viduals (mean age: 25.0 +4.4 years; 1 female, 9 male; 7
right-handed, 2 left-handed, 1 ambidextrous; the control
group was matched with the blind group with regards to
age, i.e., there was no significant age difference between
group (t(18)=1.524, p=0.145)). Blindness according to the
German law considers individuals who have no sight at all or
who have a visual acuity of no more than 0.02 (1/50) in the
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Table 1 Participants ID Blindness* Age Years of blind- Gender Residual Years at Cause of blindness
ness / age of light percep-  school
onset tion

01 late blind 43 14/29 male yes 12 Morbus Stargradt

02 late blind 30 10/20 male yes 12 Leber hereditary
optic neuropathy
(LHON)

03 congenital blind 38 male yes 12 glaucoma, cataract

04 congenital blind 23 female yes 12 glaucoma, cataract

05 congenital blind 31 male yes 12 glaucoma, cataract

06 late blind 25 22/3 male no 12 Iris inflammation

07 late blind 22 12710 male no 12 glaucoma

08 congenital blind 24 male no 12 -no information-

09 congenital blind 23 male no 12 glaucoma

10 congenital blind 31 female yes 12 glaucoma, cataract

11  sighted 30 male 12

12 sighted 22 male 12

13 sighted 20 male 12

14 sighted 24 male 12

15 sighted 24 male 12

16 sighted 22 female 12

17  sighted 30 male 12

18 sighted 23 male 12

19 sighted 22 male 12

20 sighted 33 male 12

“blindness according to the German law (congenital or late blind)

better eye or with both eyes. Blindness occurred mostly due
to Stargardt disease, glaucoma, and/or cataracts. Six blind
individuals were blind from birth (congenital) and four par-
ticipants acquired blindness during life (late blind; Table 1).
Average years of blindness in late blind individuals consti-
tuted 14.5 +5.3 years. All participants were active athletes
from nearby sport clubs and did not have any neurological
or psychiatric disorder. The local Ethics Committee of the
German Sport University approved the study (Nr. 182/2020).

Experimental Setting and Study Design
Posturography, Balance Tasks and Data Collection

Four postural control conditions were carried out accord-
ing to Shumway-Cook and Horak (Shumway-Cook and
Horak, 1986), which examine combinations of visual and
tactile manipulations during balance control: condition 1
(cl): eyes opened; condition 2 (c2): eyes closed. The two
conditions (cl and c2) were performed either on a firm
(/stable) surface or on an unstable surface: condition 3
(c3): eyes opened and unstable surface; condition 4 (c4):
eyes closed and unstable surface. The unstable surface was

created using a piece of six cm thick foam pad ("AIREX
Balance-Pad ). Each balance condition comprised two
blocks, each of which included three trials (ten seconds
[s] per trial; 15 s between conditions / instruction; Fig. 1),
resulting in a total of six trials per condition. The subjects
were instructed to stand still on both feet without losing
balance in a standardized position (distance between feet:
2 cm) and posture (Fig. 1). During postural control tasks,
a force plate system (,,ZEBRIS platform, type FDM-S”,
measure frequency 240 Hz) was used to register center of
mass displacement (/postural sway) by measuring ground
reaction forces. This system provides information about
the ability to keep postural control by the registration of
the deviations from the Center of Pressure (CoP) by the
mean length of the movement path per time (millimeters/
second [mm/s]); COP length is defined as the absolute
length of the CoP path movements throughout the testing
period (10 s). The second parameter COP surface [mm?]
provides information about the area used for balancing
during the ten seconds. The means of COP length and
surface were exported for each subject and condition for
statistical analyses. Because both parameters revealed
similar results we focussed in the results section on the
COP length parameters only.
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Fig.1 A Exemplary measurement/participant; B fNIRS optode placement according to the 10-20-system; C fNIRS topographical layout; D
fNIRS sensitivity map; E block design (6 trials per condition separated in 2 blocks)

fNIRS Acquisition and Analysis

Cerebral oxygenation changes were recorded using an port-
able continuous wave fNIRS system (NIRSport 2, NIRx,
Medical Technologies LL.C, Berlin, Germany; wavelengths
of 760 nm and 850 nm; sampling rate 10,2 Hz). The system
contains eight light sources and eight light detectors, and
a short-distance detector bundle. The optodes were placed
according to the 10-20-system (Jasper, 1958) above pre-
and postcentral gyri of each hemisphere (Table 2; Fig. 1)
using a standardized cap (EasyCap GmbH, Herrsching, Ger-
many). Data was recorded from 18 (long-distance) channels
of measurement and eight short-distance (8 mm) channels
to account for changes in extra-cerebral blood flow. The
mean source-detector distance (long-distance channels) was
38.1+2.7 mm.

The fNIRS data was analyzed using the Satori (v.1.8)
toolbox (Liihrs and Goebel 2017). The onset times of hand
movements were coded individually by applying NEURO-
GES and transcribed in the Satori toolbox. Triggers were
set for postural control tasks. The raw intensity data were
converted to optical density. Then optical density was con-
verted via the modified Beer—Lambert law (MBLL) into
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concentration changes of oxygenated hemoglobin (AHbO,)
and deoxygenated hemoglobin (AHbR). Movement artifacts
were corrected by applying the motion correction functions
of Satori (spike removal; temporal derivative distribu-
tion repair (TDDR) according to Fishburn et al. (2019)).
Because the use of short-separation detector measurements
as a regressor in the GLM has been previously shown to
statistically improve HRF estimation (Gagnon et al. 2011;
Yiicel et al. 2015; Tachtsidis and Scholkmann 2016), we
used short-distance signals to regress out signals from extra-
cerebral layers from the long-distance channels. To account
for cardiac oscillations and Mayer-waves we used a 0.4 Hz
low-pass filter, a high-pass filter (butterworth) of 0.01 Hz,
and the linear detrending function of Satori. The data was
z-transformed, the betas of the hemodynamic response were
estimated by a general linear model. Betas of each channel
and condition were exported for further statistical analyses.

Statistics
Comparisons of the mean(s) (repeated (rmANOVA) and

univariate (uniANOVA) analyses of variance) were per-
formed using IBM SPSS statistics (Version 28). Mean
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Table 2 fNIRS channel locations

Channel-fNIRS 10-20-system MNI ccordinates Landmark (% of overlap)

Hemisphere

S1-D1/Chl FC3-FC1 —381255 Pre-Motor and Supplementary Motor Cortex (38%), DLPFC (35%), Frontal LH
eye fields (23%)

S1-D2/Ch2 FC3-FC5 —551234 Pars opercularis (48%), Pre-Motor and Supplementary Motor Cortex (35%) LH

S1-D3/Ch3 FC3-C3 —50-350 Pre-Motor and Supplementary Motor Cortex (62%), Primary Motor Cortex LH
(18%)

S2-D1/Ch4 C1-FCl1 —26-5 68 Pre-Motor and Supplementary Motor Cortex (82%), Frontal eye fields (10%) LH

S2-D3 / Ch5 C1-C3 —42-20-62 Pars opercularis (48%), Pre-Motor and Supplementary Motor Cortex (35%) LH

S2-D4 / Ch6 FC3-C3 —50-350 Pre-Motor and Supplementary Motor Cortex (35%), Primary Motor Cortex LH
(35%), Primary Somatosensory Cortex (35%)

S3-D2 / Ch7 C5-FC5 —62-323 Subcentral area (47%), Pre-Motor and Supplementary Motor Cortex (19%), LH
Retrosubicular area (17%)

S3-D3/Ch8 C5-C3 —60-18 37 Primary Somatosensory Cortex (41%), Subcentral area (21%) LH

S4-D3 / Ch9 CP3-C3 —52-3452 Supramarginal gyrus (43%), Primary Somatosensory Cortex (43%) LH

S4-D4/Chl10  CP3-CP1 —39-48 60 Supramarginal gyrus (42%), Somatosensory Association Cortex (27%), Pri- LH
mary Somatosensory Cortex (21%)

S5-D5/Chl1 FC4-C4 44 25 40 DLPFC (47%), Pars opercularis (27%), Pars triangularis Broca’s area (15%) RH

S5-D6/Chl2  FC4-C4 52-4 48 Pre-Motor and Supplementary Motor Cortex (57%), Primary Motor Cortex RH
(19%), Primary Somatosensory Cortex (11%)

S6-D5 / Chl3 C2-FC2 27-4 68 Primary Motor Cortex (37%), Primary Somatosensory Cortex (32%), Pre- RH
Motor and Supplementary Motor Cortex (29%)

S6-D6/Chl4  C2-C4 42-2162 Primary Motor Cortex (37%), Primary Somatosensory Cortex (32%), Pre- RH
Motor and Supplementary Motor Cortex (29%)

S6-D7/Chl5  C2-CP2 28-36 71 Primary Somatosensory Cortex (38%), Primary Motor Cortex (24%), Pre- RH
Motor and Supplementary Motor Cortex (18%), Somatosensory Association
Cortex (17%)

S7-D6/Chl6  C6-C4 62-20 37 Primary Somatosensory Cortex (60%), Subcentral area (16%) RH

S8-D6/Chl7  CP4-C4 53-3552 Supramarginal gyrus (50%), Primary Somatosensory Cortex (43%) RH

S8-D7/Chl18  CP4-CP2 39-49 60 Supramarginal gyrus (45%), Somatosensory Association Cortex (27%), Pri- RH

mary Somatosensory Cortex (22%)

COP length was statistically analysed for the investigation
of postural control (see Table 3). The exported betas of
AHbO, and AHDbR were used for statistical analyses of
brain activity (Table 4). For the betas as well as for COP
length and surface we calculated the repeated within-sub-
jects factors vision (eyes opened/closed), and surface (sta-
ble/unstable surface). For the analysis of brain activity we
additionally integrated the within-subjects factor channels
(ch; ch1—ch18). The between-subject factor group was
calculated between blind and sighted individuals. Sig-
nificant results are reported from p <0.05. Multiple post
hoc pairwise comparisons (18 tests for 18 channels) were
corrected with Bonferroni corrections. If the requirements
of the ANOVA (i.e., sphericity) were violated we used the
Greenhouse—Geisser correction. We further analyzed by
non-parametric Kruskal Wallis tests differences between
the subgroups of congenitally blind individuals and indi-
viduals with acquired blindness.

Results
Postural Control
ANOVA (Between Groups)

The rmANOVA of the COP length [mm/s] values revealed
statistical significant effects between groups for the fac-
tors group * vision (F(1, 18)=34.628, p<0.001, eta
square [n?]=0.658), and group * vision * surface (F(1,
18)=44.560, p<0.001, n2:0.712; Table 3). Post-hoc
comparisons for the interaction of group * vision revealed
significantly increased postural sway for blind individu-
als when compared to the sighted individuals during the
eyes opened condition (p <0.001, (effect size Cohen’s)
r=0.73). The postural sway of sighted individuals (but
not blind individuals) was significantly increased during
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Table 3 Statistical results of the postural control (center of pressure (COP)) of blind and sighted individuals (within-subjects conditions vision

(open/closed eyes) and surface (stable/unstable surface))

COP length [mm/s]

Factor (between groups) F df p

partial n? Pairwise comparison

Group * Vision 34.628 1,18

Group * Surface * Vision 44.560 1,18

<0.01

<0.001

0.658 Open, blind > sighted (p <0.001, r=0.73)

Sighted, closed > open (p<0.001, r=0.73)

Stable, open, blind > sighted (p=0.052,
r=0.44)

Unstable, open, blind > sighted (p <0.001,
r=0.79)

Unstable, closed, sighted > blind (p <0.05,
r=0.52)

Sighted, stable, closed > open (p <0.001,
r=0.86)

Sighted, unstable, closed > open (p <0.001,
r=0.97)

Sighted, open, unstable > stable (p <0.001,
r=0.98)

Sighted, closed, unstable > stable (p <0.001,
r=0.98)

Blind, open, unstable > stable (p <0.001,
r=0.97)

Blind, closed, unstable > stable (p <0.001,
r=0.99)

0.712

Factor (within groups) F df p

partial n? Pairwise comparison

Surface 676.496 1,18
50.928 1,18

73.018 1,18

Vision
Surface * Vision

<0.001
<0.001
<0.001

0.974
0.739
0.802

Unstable > stable (p<0.001, r=0.98)

Closed > open (p<0.001, r=0.70)

Stable, closed > opened (p <0.01, r=0.50)
Unstable, closed > open (p<0.001, r=0.71)
Open, unstable > stable (p <0.001, r=0.94)
Closed, unstable > stable (p <0.001, r=0.96)

the eyes closed when compared to the eyes open condition
(p<0.001, r=0.97; Fig. 2).

Post-hoc comparisons for the factors group * vision *
surface revealed significantly increased postural sway for
blind individuals when compared to the sighted individu-
als during the eyes open condition and when standing on
the stable (p=0.052, r=0.44) as well as on the unstable
surface (p <0.001, r=0.79). Sighted individuals showed
an increased postural sway when compared to blind
individuals during the eyes closed and unstable surface
condition (p <0.05, r=0.52). The postural sway of the
sighted group was significantly increased during the eyes
closed condition when compared to the eyes open condi-
tion and when standing on the stable (p <0.001, r=0.86)
as well as on the unstable surface (p <0.001, r=0.97).
Blind and sighted individuals showed increased postural
sway during the unstable surface condition when com-
pared to the stable surface condition with open eyes as
(p <0.001, rgghiea=0.98, ryjin0 =0.98) well as with closed
eyes (p <0.001, rgopeq=0.97, 1y} =0.99; Fig. 3).
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Sub-Group Analysis (Between Blind Groups)

A Kruskal Wallis test between the subgroups of congenitally
blind individuals and individuals with acquired blindness did
not reveal significant differences.

ANOVA (Within Groups)

Within groups effects were found for surface (F(1,
18)=676.496, p<0.001, n2=0.974), vision (F(1,
18)=50.928, p<0.001, n2 =0.739), and vision * surface
(F(1, 18)=73.018, p<0.001, n2 =0.802). Post-hoc compari-
sons for the factor surface revealed significantly increased
postural sway during the unstable surface condition when
compared to the stable surface condition (p <0.001,
r=0.98). Post-hoc comparisons for the factor vision revealed
significantly increased postural sway during the eyes closed
condition when compared to the condition with open eyes
(p<0.001, r=0.70). Post-hoc comparisons for the inter-
action effect of vision * surface revealed significantly
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Table 4 Statistical fNIRS results (AHbO,/AHbR) for blind and sighted individuals (within-subjects conditions vision (open/closed eyes) and

surface (stable/unstable surface))

AHbO,

Factor (between groups) F df p Partial 1° Pairwise comparison

Group

Ch6 6.957 1,18 <0.05 0.279 Blind > sighted (p <0.05,
r=0.54)

Chl6 5.071 1,18 <0.05 0.220 Blind > sighted (p <0.05,
r=0.45)

Ch18 3.861 1,18 =0.065 0.177 Blind > sighted (p=0.065,
r=0.42)

Factor (within groups) F df p partial n? Pairwise comparison

Surface 4.031 1,18 =0.060 0.183 Unstable > stable

Ch10 (p=0.060, r=0.73)

Surface * Vision 6.088 1,18 <0.05 0.253 Closed eyes, unstable

Ch18 surface > stable surface
(p=0.065, r=0.06)

Stable surface,

open > closed (p<0.05,
r=0.52)

AHbR

Factor (between groups) F df p partial n? Pairwise comparison

Group * vision 6.345 1,18 <0.05 0.261 Sighted, closed < open

Chl (p<0.05,r=0.67)

Chl1 7.564 1,18 <0.05 0.296 Sighted, closed < open
(p<0.05,r=0.51)

Group * surface 4.322 1,18 =0.052 0.194 Stable, sighted < blind

Ch6 (p<0.05,r=0.46)

Blind, unstable < stable

(p<0.05,r=0.67)

Factor (within groups) F df p partial n? Pairwise comparison

Vision 6.178 1,18 <0.05 0.256 Closed < open (p<0.05,

Ch4 r=0.52)

Ch8 4.072 1,18 =0.059 0.184 Closed < open (p=0.06,
r=0.45)

Ch9 4.266 1,18 =0.054 0.192 Closed < open (p=0.05,
r=0.42)

Chl13 5.847 1,18 <0.05 0.245 Closed < open (p<0.05,
r=0.45)

Chl4 5.333 1,18 <0.05 0.229 Closed < open (p <0.05,
r=0.41)

increased postural sway during the eyes closed condition
when compared to the open eyes condition during the stable
surface condition (p <0.05, r=0.50) and during the unstable
surface condition (p <0.001, r=0.71). Furthermore, postural
sway significantly increased during the open eyes (p <0.001,
r=0.94) and closed eyes condition (p <0.001, r=0.96) dur-
ing the unstable surface condition when compared to the
stable surface condition.

Brain Oxygenation
ANOVA (Between Groups)

The uniANOVA for the AHbO, values revealed signifi-
cant effects for the factor group in channel 6 (ch6; F(1,
18)=6.957, p<0.05, 1 =0.279)), ch16(F(1, 18)=5.071,
p<0.05, 1*=0.220), and ch18(F(1, 18)=3.861, p=0.065,
n?=0.177; Table 4). Post-hoc comparisons showed that was
significantly increased AHbO, in blind individuals when

@ Springer



Brain Topography

400 ko

350

%k % %

300

250

200

e]

150

Postural sway [mm/s]

o—0—edeone o

100

50

eyes open
m Sighted individua

eyes closed
@ Blind individuals

Is

Fig.2 Postural sway (length of the center of pressure per second [mm/s]) of blind and sighted individual during conditions with opened and

closed eyes

700

600

500

400

300

200

Postural sway [mm/s]

100

eyes open eyes closed

stable surface

m Sighted individuals

Fig.3 Postural sway (length of the center of pressure per second [mm/s]
closed eyes and the stable and unstable surfaces

compared to sighted individuals for ch6 (p <0.05, r=0.54),
chl6 (p<0.05, r=0.45), and chl8 (p=0.065, r=0.42;
Fig. 4).

The uniANOVA for the AHbR values revealed a signifi-
cant effect for the interaction of group * vision in ch1(F(1,
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18)=6.345, p<0.05,1>=0.261), and ch11(F(1, 18) =7.564,
p<0.05, 1*=0.296). Post-hoc comparisons showed in ch1l
(p<0.05, r=0.67) as well as in chll (p<0.05, r=0.51)
significantly reduced AHDR in sighted individuals during
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the eyes closed condition when compared to the eyes open  blind individuals showed significantly reduced AHbR during

condition (Fig. 5).
The uniANOVA for the AHDbR values further revealed (p<0.05,r=0.67).

a marginally significant effect for the interaction of group

* surface in ch6(F(1, 18)=4.322, p=0.052, n2 =0.194).

Post-hoc comparisons showed significantly reduced AHbR

in sighted when compared to blind individuals during the

stable surface condition (p <0.05, r=0.46). Furthermore,

the unstable when compared to the stable surface condition
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Sub-Group Analysis (Between Blind Groups)

A Kruskal Wallis test between the subgroups of congeni-
tally blind individuals and individuals with acquired blind-
ness for the AHbO, values revealed significant differences
during unstable surface conditions (with eyes closed) in
ch16(H(1)=5.500, p<0.05) showing increased AHbO, in
individuals with acquired blindness. For the AHbR, signifi-
cant differences were observed (also during the unstable
surface condition with closed eyes) in ch11(H(1)=6.545,
p <0.05) by reduced AHDR in congenitally blind individuals.

ANOVA (Within Groups)

Independent from effects between groups, the uniANOVA
revealed marginally significant effects for the AHbO, values
and the factor surface in ch10(F(1, 18)=4.031, p=0.060,
n?=0.183; Table 4). Post-hoc comparisons showed that
AHDbO, significantly increased during the unstable sur-
face condition when compared to stable surface condition
(p=0.060, r=0.42). The uniANOVA further revealed signif-
icant interaction effects of surface and vision for the AHbO,
values in ch18(F(1, 18)=6.088, p<0.05, n2 =0.253). Post-
hoc comparisons showed that AHbO, (marginally) sig-
nificantly increased during the unstable surface condition
with closed eyes and when compared to the stable condi-
tion (p=0.065, r=0.06). Furthermore, the post-hoc com-
parison showed significantly increased oxygenation during
eyes open when compared to eyes closed during the stable
surface condition (p <0.05, r=0.52).

The uniANOVA revealed for the AHbR values sig-
nificant effects of vision in ch4(F(1, 18)=6.178, p<0.05,
n2=0.253), ch8(F(1, 18)=4.072, p=0.059, n°>=0.184),
ch9(F(1, 18)=4.266, p=0.054, n*=0.192), ch13(F(l,
18)=5.847, p<0.05, 1>=0.245), and ch14(F(1, 18)=5.333,
p<0.05, n?=0.229). Post-hoc comparisons showed in all
channels that AHbR significantly decreased during the eyes
closed condition when compared to the open eyes condi-
tion (ch4, p<0.05, r=0.52; ch8, p=0.059, r=0.45; ch9,
p=0.054, r=0.42; ch13, p<0.05, r=0.45; ch14, p<0.05,
r=0.41).

Discussion

The present study compared neuronal control of posture in
blind and sighted individuals within sensorimotor cortices.
The analysis of postural sway revealed that blind individuals
are characterized by increased postural sway when compared
to the sighted individuals during eyes opened conditions
(on the stable and on the unstable surface). However, blind
individuals show less postural sway (/better balance per-
formances) than sighted individuals during the eyes closed
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condition and unstable surface. Sighted individuals (but not
blind individuals) instead show increased postural sway dur-
ing the closed eyes condition and when compared to the
open eyes condition (on the stable and on the unstable sur-
face). Both groups showed increased postural sway during
the unstable surface condition when compared to the condi-
tion with the stable surface as well as during the eyes closed
condition when compared to the condition with open eyes.

The analysis of the brain oxygenation revealed that blind
individuals are characterized by increased brain oxygenation
overall conditions when compared to sighted individuals.
Blind individuals showed increased neuronal activity dur-
ing the stable and unstable surface condition with open eyes
when compared to the sighted group. Sighted individuals
showed increased brain activation during the closed eyes
condition when compared to the open eyes condition as well
as during the closed eyes condition on the unstable surface
when compared to the eyes open condition. Both groups
presented increased brain activation during the eyes closed
condition when compared to eyes open condition as well
as during the unstable surface condition when compared to
stable surface condition.

Group Effects

The present study revealed that blind individuals control
posture based on altered neuronal mechanisms within the
sensorimotor system when compared to sighted individuals.
In fact, when compared to sighted individuals and overall
conditions, the blind individuals showed increased brain
activity in two channels covering frontal brain cortices of the
left (LH) and right hemisphere (RH), i.e., the inferior oper-
cularis (LH) and the frontal middle cortex (RH). Based on
the fact that congenitally blind individuals are characterized
by decreased postural stability when compared to sighted
individuals but more stable when compared to sighted but
blind-folded individuals (Ribadi et al. 1987), it has been
hypothesized that blind individuals would control posture
by different neuronal mechanisms than sighted individuals
(Ribadi et al. 1987). Ribadi et al (1987) hypothesized that
congenitally blind individuals may adapt neuronally in order
to control posture by feedforward processes (/anticipatory
balance control) rather than by feedback control. Further-
more, the investigation of automatic postural responses to
platform displacements during postural control did not result
in different EMG latencies of the lower extremity muscles
in response to perturbations between sighted and blind indi-
viduals (Nakata and Yabe 2001). However, blind individu-
als presented faster reaction times to somatosensory stimuli
triggered by platform displacements measured by pushing
a hand-held button (Nakata and Yabe 2001). Nakata and
Yabe (2001) concluded that blindness may not affect the
spinal stretch reflex, but may affect a volitional act mediated



Brain Topography

through the motor cortex. In fact, previous studies applying
fNIRS during postural control tasks revealed that increased
activation in the dorsolateral prefrontal cortex (DLPFC) may
be indicative of increased attentional resources being used
to maintain balance (Teo et al. 2018). Corbetta and Shul-
man (2002) hypothesized that it exists a neuroanatomical
model of attentional control of frontoparietal brain areas
that link relevant sensory representations to relevant motor
representations (Corbetta and Shulman 2002). These results
may explain the present results of increased brain activa-
tion in blind individuals as they may increase their atten-
tion to other sensory modalities to control posture without
visual information. In order to perform postural control by
feedforward mechanisms of focusing the attention towards
additional sensory stimuli (other than visual information)
blind individuals may have adapted in the sensorimotor
cortex to control balance by increased activation patterns
during its execution. The frontal cortex of the right hemi-
sphere may be particularly involved in the cognitive selec-
tion of sensory information and responses by feedforward/
top-down control of attention (Corbetta and Shulman 2002).
In blind individuals, visual and multisensory brain regions
do not receive their expected input forcing them to use their
remaining senses to cope with everyday demands for which
the deprived sense might have been instrumental (Roeder
et al. 2021). Blind individuals are therefore characterized
by intramodal neuroplasticity (Roder and Neville 2003). It
has been argued that development of use-dependent corti-
cal reorganization may be a consequence of the absence of
visual input (Elbert et al. 2002). Thus, blind individuals may
reorganize / increase their somatosensory attention to control
posture in the absence of visual input.

Furthermore, blind individuals were particularly char-
acterized by increased postural sway and increased brain
oxygenation during the balance condition with open eyes.
This strengthens the fact that blind but not sighted individu-
als must integrate other sensory modalities during postural
control, particularly when balancing with “open eyes”. In
contrast to blind individuals, sighted individuals increased
their brain oxygenation in sensorimotor cortices during the
most complex condition, i.e., when controlling posture with
closed eyes and standing on the unstable surface. We there-
fore conclude that the sensorimotor cortex of blind individu-
als adapts (intramodal) in order to control posture based on
the increased attention to other sensory stimuli than vision.
Sighted individuals adapt to increased sensory demands dur-
ing postural control by increasing their brain oxygenation in
sensorimotor cortices during most balance situations without
vision on unstable surfaces.

Within-Subjects Effects

Overall groups, the data showed that postural sway increases
during a condition with closed eyes when compared to a
condition with open eyes. However, knowing the group
effects (i.e., no changes of blind individuals between open
and closed eyes conditions), this result is rather grounded
in the increased postural sway of sighted individuals from
eyes open to eyes closed conditions. With regards to brain
activation, the sensorimotor cortex also shows increased
oxygenation patterns in several channels. Thus, it seems
that the sensorimotor cortex is increasingly activated when
balancing with closed eyes when compared to open eyes.
This result also strengthens the assumption that individu-
als recruit additional resources to control posture without
visual information. Thus, sighted individuals recruit addi-
tional neuronal sensorimotor structures for the balance con-
trol without vision, i.e., during balance situations that are
characterized by increased instability. Previously, activity
in the superior frontal gyrus showed to be a representa-
tive of decreased postural control (Lehmann et al. 2022).
St George et al. (2021) also showed in the prefrontal cor-
tex that neural activity increased with increasing balance
difficulty. The investigation of spontaneous brain activity
between eyes open and eyes closed resting states revealed
that brain activity in the eyes open condition is significantly
greater in attentional system areas, including the fusiform
gyrus, occipital and parietal cortex, but significantly lower
in sensorimotor system areas, including the precentral/post-
central gyrus, paracentral lobule (PCL) and temporal cortex
compared to the eyes closed condition (Wei et al. 2018). The
present results therefore indicate that postural control during
eyes closed conditions increases the activation in sensorimo-
tor areas to compensate for balancing without vision.
Furthermore, postural sway also increased during the
unstable surface condition when compared to the stable
surface (with open eyes as well as with closed eyes). Brain
oxygenation also increased with unstable surface condi-
tions when compared to the stable surface condition. The
investigation of temporo-parietal brain areas during balance
control with sensory manipulations (e.g., eyes open in the
dark and sway referenced floor) revealed increased bilateral
activation in the superior temporal gyrus, STG, and supra-
marginal gyrus, SMG when both vision and proprioceptive
information were degraded (Karim et al. 2013). The authors
concluded that those postural situations force individuals
to rely on primarily vestibular information in the control of
balance (Karim et al. 2013). Our data further indicates that
the sensorimotor system additionally adds relevant neural
information to control posture without visual information
and decreased underground stability. We therefore conclude
that all individuals, blind and sighted, increase their brain
activation in sensorimotor cortices during balance situations
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without visual information and reduced stability from the
surface in order to compensate for reduced sensory input
from the visual modality.

Limitations and Conclusion

Although the present data provides new insights about pos-
tural control in sighted and blind individuals some limi-
tations of the study must be considered. First, blind and
sighted individuals concerned active athletes. In contrast
to the general blind population such individuals are very
mobile in their daily life. Thus, the data may not be gen-
eralized overall blind individuals. In fact, blind athletes
showed to be more stable than blind non-athletes (Aydog
et al. 2006). Furthermore, the blind population of the present
study was characterized by a sample of congenitally blind
individuals and individuals with aquired blindness during
life. It has been described that such populations may adapt
differently to visual deprivation (Roeder et al. 2021). We
therefore further analyzed these two subgroups. We did not
identify differences on postural control but minor differ-
ences in their brain oxygenation patterns. However, because
of the limited sample size this should be investigated in a
bigger sample of individuals because the present findings
constitute only minor differences. Thirdly, the fNIRS system
that was applied in the present study is limited regarding its
spatial distribution. Thus, other brain regions may be criti-
cally involved that were not covered by the present fNIRS
system. Still, the data showed for the first time that sighted
individuals increase their brain activation in sensorimotor
cortices during altered sensory integration during postural
control. Blind individuals are characterized by increased
neuronal activity overall conditions indicating additional
sensory integration without vision during postural control
when compared to sighted individuals. Thus, the sensori-
motor cortex of blind individuals adapts to control posture
without vision. Because blind individuals have been char-
acterized by intramodal plasticity, we conclude that these
processes represent adaptations of the sensorimotor cortex
of blind individuals to control posture without vision.
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