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Abstract
Background:Glaucoma, is the most common cause of irreversible visual deficits, presents as an injury to the optic nerve and it is
mainly associated with elevated intraocular pressure. Themain symptom of glaucoma is a reduction of the visual field, which is usually
a source of complaint at the advanced stage of disease. Because of visual deficit, gait dysfunctions, including low gait speed and
increased bumping into objects, postural sway, and falling are occurred. Many studies have used stopwatch or motion-sensing
devices to report on gait function following glaucoma. However, there are few reports on gait dysfunction assessed by examining foot
pressure. This study investigated gait ability following glaucoma according to different gait conditions by assessing foot pressure.

Methods: Thirty older adults (15 in the sex- and age-matched normal group and 15 in the glaucoma group) were recruited for this
study. All participants were walked under 2 different gait conditions in an F-scan system and the subject’ assessments were
randomly assigned to rule out the order effect. Conditions included: gait over an obstacle in a straight 6m path, gait in a straight path
without an obstacle in the 6m path. Gait variables included cadence, gait cycle, stance time, center of force (COF) deviation, and COF
excursion. About 10minutes were taken for gait evaluation.

Results:When walking without an obstacle on a 6m path, there were significant differences between the 2 groups in gait speed,
cadence, gait cycle, and stance time (P< .05). There were significant differences when walking with an obstacle on a 6m path
(P< .05). Two-way analysis of variance showed significant effects associated with “glaucoma” not gait condition on all outcomes
except for COF deviation and excursion. Also, there was no the interaction effect between “glaucoma” and “gait condition.”

Conclusion:We demonstrated that glaucoma patients selected the gait strategy such as lower gait function in both gait conditions
particularly, slower gait speed and cadence and longer gait cycle and stance time, as determined by examining foot pressure. We
believe that our results could help to improve the quality of life of patients with glaucoma.

Abbreviation: COF = center of force.
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1. Introduction

Glaucoma presents as an injury to the optic nerve and is mainly
associated with elevated intraocular pressure; it is the most
common cause of irreversible visual deficits and the second leading
cause of blindness.[1–4] The main symptom of glaucoma is a
reduction of the visual field, which is usually a source of complaint
at the advanced stage of disease.[5] As a result, various daily
activities suchasmobility, reading, andwatching televisionatnight
may be limited in patients with glaucoma.[6,7] In particular,
because the prevalence of glaucoma is associated with advancing
age, quality of lifewith glaucoma is a primary issue in the elderly.[5]

Various quality of life factors such as physical condition (postural
control, muscle power, and gait) and psychological condition
(emotional security anddepression) are affected by glaucoma.[8–11]

Among those factors, gait function is perhaps the most important
factor affecting independent daily activities. Many studies have
reported on gait function following glaucoma.[6,12–17]

The visual system is involved in the modulation of gait cycle,
avoiding obstacles, and navigation during locomotion.[18] Hence,
visual impairment leads to various gait dysfunctions, such as low
gait speed and increased bumping into objects, postural sway, and
falling.[1,19–26] In particular, because the patients with glaucoma
are suffered from the reduction of the visual field, avoiding
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obstacles would be important for safety following the glaucoma.
Previous studies have reported that patients with glaucoma have a
lower level of gait function under various conditions, including
stair, obstacle, and curve conditions.[1,22] By contrast, some studies
have reported no differences in gait speed or gait parameters, such
as cadence, step length, and base of support, under straight-line
locomotion conditions between patients with glaucoma and
normal subjects.[12,14,27] These conflicting results indicate a need
to investigate gait function following glaucoma.
Gait function can be measured using clinical evaluation

approaches such as timed 4m walking and motion sensing
devices.[28–30] Timed 4m walking is easily applied in clinical
situations and involves measuring gait speed using a stop-
watch.[30] Motion sensing devices canmeasure other gait features
such as the relationships among joints and the timing of gait
motions. In addition, foot-pressure measurement, including
measurement of the center of force (COF) which is one of the
vector quantities, can be used to evaluate gait function.[31,32]

COF variables reflect the subject’s dynamic balance.[33] For
evaluation of foot pressure, the F-scan in-shoe sensing system is
the most commonly used device and can measure dynamic foot
pressure during gait. Compared with the former motion-sensing
device, the F-scan device is worn within the subject’s shoes, thus
can be easily applied in the clinic. In addition, the validity of this
measurement system has been demonstrated previously.[34] To
date, most studies of gait function following glaucoma used
stopwatches (time) or motion-sensing devices (gait parameters) to
assess gait.[6,12–15] However, the stopwatches can only measure
the gait speed and motion-sensing devices are not easy to apply in
clinic because of long preparation time and need of big space. In
contrast, foot pressure assessments are simply able to evaluate the
gait parameters. However, very little has been reported on the
effects of glaucoma on gait function according to different gait
conditions based on results of foot pressure assessments
performed with the F-scan system. This study hypothesized that
using the foot pressure assessments, visual deficit due to
glaucoma would affect the gait dysfunction on the differences
gait conditions. In addition, our study could helpful to set a
treatment strategy for gait function in patients with glaucoma.
In the current study, we investigated gait ability according to

different gait conditions in patients with glaucoma by measuring
foot pressure with an F-scan system.

2. Methods

2.1. Subjects

This study had a cross-sectional design. Thirty-two older adults
were recruited for this study and two older adults were dropped
Figure 1. Measurem

2

out because of under age of 65years old. Thirty older adults (15
in a sex- and age-matched normal group and 15 in a glaucoma
group) were recruited from the K University Hospital and S
senior center in Gyeonggi-do and Seoul, South Korea between
October 2019 and April 2020. The participants were divided into
2 groups based on a diagnosis by an ophthalmologist.
Consecutive sampling was used to recruit the elderly who met
the inclusion criteria. Approval was obtained from the
Institutional Review Board of K University Hospital
(KUH2019-08-010-003). All subjects provided informed consent
in accordance with the Declaration of Helsinki before partici-
pating in the study.
Inclusion criteria for participants were as follows: those who

could understand the instructions of the tester; over 65years old;
those who could walk independently; diagnosis of glaucoma
provided by a medical doctor (only for the glaucoma group);
severity (stage) of glaucoma was under 2 (moderate).
The exclusion criteria were as follows: those who used a device

during gait; those with acute orthopedic or neurologic injuries;
those with vision problems that may affect the test (only for
normal group); those with problems affecting balance during
gait.
2.2. Measurement and data analysis procedures

Gait measurement was performed by 1 physical therapist and 1
assistant and they visited the K University Hospital and S senior
facilities to measure gait variables of the subjects in the 2 groups.
All subjects were measured the general characteristics including
the height, weight, leg length, and foot size (Fig. 1). For
calibration of both feet, subject started with their weight on a foot
to be offloaded and then they shifted their weight onto the foot to
be calibrated. After verifying the calibration of both feet, the
subject was instructed to walk on the gait path. The tester
measured the time taken to walk and gave verbal instructions to
each participant. After the participant practiced walking 2 or 3
times in accordance with the instructions of the tester, the tester
measured the time taken to walk under 2 different gait
conditions: gait over an obstacle in a straight 6m path; gait in
a straight 6m path without an obstacle. The subject walked 3
times under each different gait conditions. The subject’ assess-
ments were randomly assigned to rule out the order effect.
Subjects took a rest to avoid fatigue between assessments. The
gait evaluation took about 10minutes. The data analyzer was
different researcher from the gait measurement researchers and
the data analyzer was blinded to group information.
Each participant was instructed to walk at a comfortable gait

speed. The time in seconds required to walk the 6m distance,
ent procedure.



Table 1

Demographic data of glaucoma and normal groups.

Group Gender (F/M) Age, yr Height, cm Weight, kg Leg length R, cm Leg length L, cm Foot size, mm

GG (n=15) 11 (4) 72.73 (3.88) 156.87 (7.76) 56.4 (6.61) 79.32 (3.98) 79.01 (4.47) 244.67 (13.29)
NG (n=15) 11 (4) 72.87 (3.38) 158.65 (8.74) 58.23 (9.66) 80.23 (5.26) 80.34 (4.64) 245.00 (14.27)
P value 1 .83 .64 .69 .59 .43 .95

Data presented are mean (standard deviation) values. F= female, GG=Glaucoma Group, L= left, M=male, NG=Normal Group, R= right.
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except for the first and last meter corresponding to the
acceleration period and deceleration periods, respectively, was
measured. Gait speed based on time and distance (4m) was then
calculated. A Tekscan F-scan system (Tekscan Inc, South Boston,
MA) was used to measure foot pressure via its in-shoe, pressure-
sensing insole.[34] The reliability and validity of a Tekscan F-scan
system were demonstrated.[35–37] Subjects wore shoes with F-
scan insoles, and amplifiers were placed on the outside of both
ankles. Gait variables, including cadence, gait cycle, stance time,
COF deviation, and COF excursion, were analyzed by the F-scan
software program (Tekscan Inc., South Boston, MA, 2010). The
COF deviation measure indicates the maximum medial-lateral
distance of the COF from foot axis. The COF excursion index is a
measure of the medial-lateral deviation of the COF trajectory
relative to foot width.
2.3. Statistical analysis

Descriptive statistical tests were used to analyze the general
characteristics of the participants. The assumption of normality
was ascertained using Shapiro-Wilk tests. Some variable
distributions were normal, but others were not; therefore, we
used nonparametric tests. The Wilcoxon rank-sum test was used
to compare the subjects’ general characteristics and the differ-
ences between groups. Data are presented as mean (standard
deviation) and median (min–max score) values. A 2-way analysis
of variance (ANOVA) was applied to all gait variable outcome
measures. The “glaucoma” parameter was used as the within-
group visual problem factor and “obstacle” as the between gait
condition factor. Statistical processing was performed using R
studio 4.0 for Windows, and P-values <.05 were considered
significant. Statistical power of the sample size was calculated by
Table 2

Comparison of gait variables during walking without an obstacle bet

Gait variable (unit) Group Median (min–max) Me

Gait speed (m/sec) Glaucoma 0.97 (0.77–1.19) 0.9
Normal 1.28 (1.22–1.52) 1.3

Cadence (steps/min) Glaucoma 78.39 (49.99–130.44) 81.
Normal 121.29 (76.53–131.16) 113.

Gait cycle time (sec) Glaucoma 1.73 (0.92–2.46) 1.6
Normal 0.99 (0.91–1.74) 1.1

Stance time (sec) Glaucoma 0.68 (0.58–0.78) 0.6
Normal 0.61 (0.54–0.76) 0.6

COF deviation (cm) Glaucoma 1.1 (0.7–1.7) 1.1
Normal 1.25 (0.85–2.65) 1.3

COF excursion (%) Glaucoma 16 (9.5–22.5) 14
Normal 18 (11–34.5) 18

Data are expressed as mean (± standard deviation) and median (min–max) values.
95%-CI=95 percent confidence interval, COF= center of force, SD= standard deviation.
∗
P< .05

3

G∗power 3.1 and showed 0.75 effect size, 0.05 a err prob and
0.60 power (1�b err prob).[38]
3. Results

A summary of the demographic data for glaucoma and normal
groups is presented in Table 1. No significant differences in the
demographic data were detected between the 2 groups (P< .05).
In the walking condition without an obstacle on a 6m path,

there were significant differences between the 2 groups in gait
speed, cadence, gait cycle, and stance time (P< .05) (Table 2). The
gait speed of the glaucoma group (0.99±0.11m/s) was slower
than that of the normal group (1.31±0.09m/s) and the effect size
was shown –0.309. Similarly, the gait cadence of the glaucoma
group (81.49±24.7steps/min) was lower than that of the normal
group (113.07±17.01steps/min) and the effect size was shown –

1.448. The gait cycle of the glaucoma group (1.66±0.44seconds)
was longer than that of the normal group (1.13±0.27seconds)
and the effect size was shown 1.427. Also, the stance time of the
glaucoma group (0.68±0.06seconds) was longer than that of the
normal group (0.62±0.06seconds) and the effect size was shown
0.973. It appears that the members of the glaucoma group needed
more time during gait for stabilizing and moving (Table 2).
However, regarding the COF variables (COF deviation and
excursion), no significant differences were observed between the
2 groups (P> .05). COF deviation and excursion of the effect size
were shown –0.520 and –0.617, respectively.
In the walking condition with an obstacle on the 6m path,

there were also significant differences between the 2 groups in gait
speed, cadence, gait cycle, and stance time (P< .05) (Table 2). The
gait speed of the glaucoma group (1.01±0.15m/s) was slower
than that of the normal group (1.26±0.16m/s) and the effect size
ween glaucoma and normal groups.

an (SD) P 95%-CI Effect size

9 (0.11) .001
∗

–0.390 –0.250 –0.309
1 (0.09)
49 (24.7) .001

∗
–52.770 –13.990 –1.448

07 (17.01)
6 (0.44) .002

∗
0.150 0.810 1.427

3 (0.27)
8 (0.06) .002

∗
0.020 0.100 0.973

2 (0.06)
2 (0.34) .190 –0.450 0.100 –0.520
3 (0.44)
.9 (4.05) .089 –6.500 0.500 –0.617
.1 (5.87)
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Table 3

The comparison of gait variables during walking with an obstacle between glaucoma and normal groups.

Gait variable (unit) Group Median (min–max) Mean (SD) P 95%-CI Effect size

Gait speed, m/s Glaucoma 0.99 (0.73–1.39) 1.01 (0.15) .000
∗

–0.370 –0.130 –1.569
Normal 1.24 (1.08–1.55) 1.26 (0.16)

Cadence, steps/min Glaucoma 61.44 (52.33–124.52) 65.44 (17.92) .022
∗

–35.220 –2.490 –0.710
Normal 78.58 (35.6–117.08) 80.86 (23.93)

Gait cycle time, s Glaucoma 1.96 (0.97–2.3) 1.95 (0.34) .022
∗

0.090 0.680 0.552
Normal 1.56 (1.03–3.38) 1.67 (0.61)

Stance time, s Glaucoma 1.96 (0.97–2.3) 1.24 (0.31) .022
∗

0.010 0.110 0.439
Normal 1.56 (1.03–3.38) 1.03 (0.58)

COF deviation, cm Glaucoma 1 (0.5–1.8) 1.08 (0.33) .227 –0.400 0.100 –0.389
Normal 1.15 (0.65–1.85) 1.21 (0.32)

COF excursion (%) Glaucoma 14 (6.5–22) 14.5 (3.89) .360 –5.000 1.500 –0.338
Normal 15 (6.5–24) 16 (4.72)

Data are expressed as mean (± standard deviation) and median (min–max) values.
95%-CI=95 percent confidence interval, COF= center of force, SD= standard deviation.
∗
P< .05.
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was shown –1.569. Likewise, the cadence of the glaucoma group
(65.44±17.92steps/min) was lower than that of the normal
group (80.86±23.93steps/min) and the effect size was shown –

0.710. Similarly, the gait cycle in the glaucoma group (1.95±
0.34seconds) was longer than that in the normal group (1.67±
0.61seconds) and the effect size was shown 0.552. Similarly,
stance time in the glaucoma group (1.24±0.31seconds) was
longer than that of the normal group (1.03±0.58seconds) and
the effect size was shown 0.439 (Table 3). However, the 2 COF
variables (COF deviation and excursion) did not show significant
differences between the 2 groups. COF deviation and excursion
of the effect size were shown –0.389 and –0.338, respectively.
The two-way ANOVA results showed significant effects of

“glaucoma (i.e., visual intact)” in all gait outcomes except for
COF deviation (F=3.163, P= .08) and COF excursion (F=
3.754, P= .057). However, the effect of gait condition (i.e.,
obstacle) was significant only for cadence (F=19.472, P= .00)
and gait cycle time (F=13.814, P=0.00). Additionally, the
interaction effect between “glaucoma and obstacle” on all
outcomes was insignificant (Table 4).

4. Discussion

In the current study, we investigated gait ability under different
gait conditions in patients with glaucoma by assessing foot
Table 4

Two-way ANOVA results for the assessed gait variables.

Outcome (unit) Effect of “Glaucoma”

Gait speed, m/s F=72.769
P= .000

∗

Cadence, steps/min F=18.475
P= .000

∗

Gait cycle time, s F=12.776
P= .000

∗

Stance time, s F=12.989
P= .000

∗

COF deviation, cm F=3.163
P= .080

COF excursion (%) F=3.754
P= .057

COF= center of force.
∗
P< .05.
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pressure during gait and found significant differences in gait
speed, cadence, gait cycle, and stance time between 2 groups.
Specifically, gait speed (with an obstacle: 1.01m/s and without an
obstacle: 0.99m/s) and cadence (with an obstacle: 65.44steps/
min and without an obstacle: 81.49steps/min) in the glaucoma
group were slower than those (gait speed—with an obstacle: 1.26
m/s and without an obstacle: 1.31m/s and cadence—with an
obstacle: 80.86steps/min and without an obstacle: 113.07steps/
min) of the normal group, irrespective of gait conditions.
Regarding the gait cycle and stance time, the glaucoma group
results (gait cycle—with an obstacle: 1.95seconds andwithout an
obstacle: 1.66seconds and stance time—with an obstacle: 1.24
seconds and without an obstacle: 0.68seconds) were longer than
those (gait cycle—with an obstacle: 1.67seconds and without an
obstacle: 1.13seconds and stance time—with an obstacle: 1.03
seconds and without an obstacle: 0.62seconds) of the normal
group irrespective of gait conditions. In addition, with glaucoma
treated as a variable, there were significant effects on all outcomes
except for the COF variables. These results indicate the effect of
the visual problems associated with glaucoma and that an
obstacle might also affect time-related gait variables. However,
COF displacement was unaffected by glaucoma or obstacle
presence. Also, the effect of interaction glaucoma and obstacle
was not significant. As a result, the results related to visual field
Effect of “obstacle” Effect of “Glaucoma”�“obstacle”

F=0.116
P= .735

F=1.213
P= .275

F=19.472
P= .000

∗
F=2.185
P= .145

F=13.814
P= .000

∗
F=1.331
P= .253

F=1.827
P= .181

F=0.082
P= .775

F=0.775
P= .382

F=0.202
P= .655

F=1.062
P= .307

F= .491
P= .486



Lee et al. Medicine (2021) 100:32 www.md-journal.com
deficits indicate that glaucoma makes sensory integration
difficult, thereby affecting motor function in particular gait
ability.[25] In general, visual information is conveyed to the
posterior parietal lobe via the occipital cortex and integrated with
various sensory inputs. Based on the integration of the various
sensory inputs, motor functions (such as gait) are generated.[25]

Thus, we believed that our results might indicate a delay or
insufficiency in sensory integration due to glaucoma-related
visual field deficits.
Regarding the COF variables, we could not detect any

significant differences in COF deviation or COF excursion under
both gait conditions between the 2 groups. However, when we
considered the overall outcome, the glaucoma group appeared to
maintain a stable gait efficiency to compensate for the visual
deficit as that group had a smaller COF displacement, longer
stance time, and smaller cadence than those in the normal group.
Dynamic stability of gait depends on passive control via the
musculoskeletal system and on active control through the central
nervous system. In the glaucoma group, because of the presence
of visual sensory receptor deficits, the role of passive controls
provided by the musculoskeletal system might increase. Saunders
et al[39] suggested that adduction of the hip and the valgus
position of the knee reduce the medio-lateral displacement of the
pelvis. Donelan et al[40] suggested that wide step widths induce
minimization of COF lateral displacement. Those 2 studies
advocate for the importance of the musculoskeletal system in
minimizing lateral displacement of COF.[39,40] Even though our
study did not identify the kinematic factor, our results indicate
that older people with glaucoma might rely more than normal
elderly people on the role of musculoskeletal system during gait.
Many studies have reported on gait function in patients with

glaucoma, and many are based on results from various
assessment tools, including stopwatches and motion sensing
devices.[6,12–15] In 1999, Turano et al,[15] demonstrated that gait
speed in 47 patients with glaucoma averaged 10% slower than 47
control subjects under 2 conditions (29mwalking condition with
and without obstacle). In 2007, Friedman et al[6] reported that
patients with glaucoma had a slower gait speed and bumped into
more objects than that of control subjects. The results of these
previous studies are consistent with our results. Furthermore, in
terms of gait speed, the results for both of our groups (glaucoma
group: 1.31m/s, normal group: 1.31m/s) were similar to the
unlimited community walker category (0.8m/s) among the
functional participation walking categories described by Per-
ry.[41] Thus, indicating that patients with glaucoma might not
have limitations in participating in community activities or
navigating crowds independently. Meanwhile, recent studies
investigated relationship between falls and visual field damage
due to glaucoma.[42,43] In 2020, Bicket et al[42] investigated gait
function according to the lighting conditions or changes in
lighting in 213 patients with glaucoma or suspected glaucoma.
They demonstrated that visual field damage affected gait
deterioration in extreme or changes in lighting that was not
mediated by fear of falling.[42] Same year, Mihailovic et al[43]

showed that longer time in double support and in swing time
were related to higher falls. By contrast, faster cadence and higher
gait speed were related to lower falls. In addition, they found that
bigger visual field damage led to more falls. However, a few
studies have reported no decrease in gait speed or no significant
differences in gait parameters related to glaucoma.[12,14] In 2017,
Mihailovic et al[12] investigated gait speed during normal usual-
pace gait and under dual-task gait (carrying a cup and a tray) in
5

239 patients with glaucoma and detected a significant decrease in
gait speed only during the dual-task condition. Gomes et al[14]

reported that 33 patients with glaucoma showed increased gait
speed in a “timed up and go” test and a lower score in a dynamic
gait index compared with those of 34 control subjects. However,
they did not detect significant differences in other gait parameters,
including velocity, cadence, step length, base of support, swing
time, stance time, and double support time between their
glaucoma and control groups during a 4m walking assessment.
Because the above 2 studies applied different evaluation tools and
conditions, dual tasks (Mihailovic study), and curved gait
(Gomes study) conditions, it is difficult to directly their results
with ours. As a result, to the best of our knowledge, ours is the
first study to investigate gait functions in patients with glaucoma
by using a foot-pressure sensing device. In addition, our results
suggested that mild to moderate glaucoma patient used the
specific gait strategy with longer stance time, small steps, and
slower gait speed tomaintain their stability during walking on the
ground and crossing over obstacle. Also, it was revealed that
glaucoma patient’s gait strategy was stable after we identified the
COF variables. Thus, the glaucoma patients are encouraged to
use this kind of gait strategy and instructed the gait strategy for
severe glaucoma patient to prevent the fall. We confirmed the
glaucoma patient walkedwith longer stance time for stable gait as
well. Thus, the training of core muscle should be emphasized to
improve the stable stance of gait cycle.
Several limitations of this study should be considered. First, the

number of patients with glaucomawas small, andwe could detect
a correlation between glaucoma stage and gait function
according to the gait conditions tested. Second, we recruited
more female subjects than male subjects in each group even
though we equally matched the proportion of sex between 2
groups so we could not exclude the effect of sex difference. Third,
we could not provide detailed visual information, such as visual
field, for the subjects in either group. Fourth, long walking
distance and various walking conditions, such as curve or stair
conditions, were not assessed. Fifth, although we tried to use
common gait parameters in F-scan system, we could not use more
various gait parameters. Further studies to overcome the above
limitations in particular various walking conditions should be
encouraged.
In conclusion, we demonstrated that glaucoma patients

selected the gait strategy such as lower gait function in both
gait conditions particularly, slower gait speed and cadence and
longer gait cycle and stance time, as determined by examining
foot pressure. We believe our results could help improve the
quality of life in patients with glaucoma.
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