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Purpose: To investigate gait kinematics during single- and dual-task walking in
glaucoma patients compared with healthy controls.

Methods: Nineteen glaucoma patients (10 females, 9 males) and 30 healthy controls
(17 females, 13 males) participated in this cross-sectional study. Spatiotemporal gait
parameters (e.g., stride length, velocity, minimum toe clearance [MTC]) were assessed
using inertial measurement units (sampling frequency 100 Hz) during single-task
walking and dual-task walking at a comfortable velocity. During dual-task walking,
participants walked and concurrently performed different cognitive tasks in a random
order: (i) reaction time task, (ii) N-Back-task, and (iii) letter fluency task with two diffi-
culty levels, respectively. Repeated measures analyses of covariance (Group × Condi-
tion) were conducted to analyze the data.

Results: A significant effect of group was found for the coefficient of variation (CoV)
of the MTC, F(1,39) = 4.504, P = 0.040, η2

p = 0.104, with higher values in glaucoma
patients. Based on the effect sizes, a main effect of group was also found for the MTC,
F(1,39) = 2.668, P = 0.110, η2

p = 0.064, and the MTCCoV dual-task costs, F(1,38) = 3.225,
P = 0.08, η2

p = 0.078, which was lower and higher, respectively, in glaucoma patients.

Conclusions: The present study revealed a significantly higher MTC variability as well
as medium effect sizes for a lower MTC and higher MTC dual-task costs in glaucoma
patients compared with healthy controls, which might be related to a higher risk of
falling owing to tripping.

Translational Relevance: The minimum toe clearance might mirror disease-related
changes in walking performance andmight have prognostic value for assessing fall risk
in glaucoma patients.

Introduction

Glaucoma defines a group of slowly progressing
optic neuropathies that result in visual field loss.1 It
is differentiated into angle-closure glaucoma1,2 and
the more frequent open-angle glaucoma.3 Glaucoma
is considered the leading cause of irreversible blind-
ness.4 In 2020, the projected number of people affected

by glaucoma ranged between 40 and 80 years was 76
million, increasing to 111.8 million by 2040.5

In the early stages of open-angle glaucoma, the
visual field loss is almost unnoticeable,2 but its extent
increases with disease duration.1,5,6 Given that sensory
input, and in particular visual information, is a prereq-
uisite for the optimal control of human locomotion,
visual field loss might impair gait performance and
increase the risk of falling.7,8 However, although gait
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and balance performance measures were associated
with fall rates in glaucoma patients, they could not
sufficiently explain why people with greater visual
field loss have a higher risk of falling.9 There are
various studies that have already reported the effect
of glaucoma on gait performance.8–12 They found, for
instance, that glaucoma severity, operationalized via
integrated visual field sensitivity, was associated with
a wider base of support and higher gait variability
measures during overground walking.12 Because gait
variability measures, such as stride time variability,
have been shown to be predictors of falls,13 they might
be a valuable screening tool for the progression of
the disease and the fall risk assessment of glaucoma
patients.

In addition to these studies investigating the associ-
ations between visual impairment and gait measures in
glaucoma patients, other investigators have examined
the effect of glaucoma on walking performance in
comparison with healthy controls.11,14 For instance,
Lee et al.14 found that glaucoma patients walked
slower and exhibited reduced cadence, gait cycle
time, and stance time during normal walking and
with obstacles compared with healthy controls. In
contrast, Gomes et al.11 did not report any differ-
ences in spatiotemporal gait parameters comparedwith
healthy controls, although glaucoma patients showed
a reduced performance during the timed up and go
test. Nevertheless, these studies have only recorded
gait parameters during single-task but not motor-
cognitive dual-task walking (i.e., walking + cogni-
tive task). This is of particular importance, given
that daily activities often require multitasking and a
lower motor-cognitive dual-task walking performance
is related to a higher risk of falling.15 Furthermore,
a recently published review highlighted that glaucoma
is frequently accompanied by cognitive dysfunction,16
which might impair motor-cognitive dual-task walking
performance. In this regard, the type of the concur-
rently performed cognitive task during walking seems
to have distinct effects on gait measures, such as veloc-
ity, with larger cognitive-motor interferencewhen using
working memory tasks.17 Moreover, these studies have
not quantified the minimum toe clearance (MTC),
which describes the minimal vertical toe to ground
distance during the mid-swing phase.18 If the MTC is
close to zero, there is a high likelihood of stumbling,
which has been related to an increased risk of falling.19
Moreover, the variability of MTC seems a promis-
ing parameter, given that it was able to differentiate
between various populations (e.g., young and elderly,
fallers and non-fallers).18,19

Therefore, the present study quantified spatiotem-
poral gait parameters not only during single-task

walking, but also during motor-cognitive dual-task
walking in glaucoma patients compared with healthy
controls. To investigate the impact of the type and
difficulty of the concurrently performed cognitive task
on gait measures, three different tasks were applied
(i.e., reaction time task,N-Back-task, and letter fluency
task) with two difficulty levels, respectively. Consider-
ing its importance for the occurrence of falls, the MTC
and its variability were determined besides the classi-
cal spatiotemporal gait parameters (e.g., gait velocity
and step length). It was hypothesized that the glaucoma
patients show a reduced gait performance, especially
during motor-cognitive dual-task walking, and that
the MTC as well as its variability is different between
glaucoma patients and healthy controls.

Methods

Study Design

The data presented in this article were recorded
during the baseline measurements of a longitudinal
study examining the effects of a multimodal versus
unimodal exercise intervention on visual, motor, and
cognitive performance measures as well as struc-
tural and functional brain adaptations in glaucoma
patients and healthy control subjects (German Clinical
Trial Register, ID: DRKS00022519/05.08.2020, https://
drks.de/search/de/trial/DRKS00022519). Study proce-
dures were approved by the Ethics Committee of the
University Medical Faculty Magdeburg (32/18) and
performed in accordance with the tenets of the Decla-
ration of Helsinki. All participants signed the informed
consent form before participating in this study.

Participants

A sample size calculation for a repeated measures
analysis of variance with two groups (glaucoma
patients and healthy controls) and seven conditions
(single-task and three dual-task conditions with two
difficulty levels, respectively) was performed with
G*Power (version 3.1).20 Because Lee et al.14 have
found a large effect size for the lower gait velocity
in glaucoma patients compared with healthy controls
and that Gomes et al.11 have not found such a differ-
ence, a medium effect size (f = 0.25) was assumed. The
significance level was set at 0.05 with a power of 0.95
and a correlation among the repeated measures of 0.5.
According to the calculation, a total sample size of 26
participants (13 participants per group) was required.

Participants were recruited at the Department of
Ophthalmology at theUniversityHospitalMagdeburg,
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Table 1. Comparison of Ophthalmological Results for the Control and Glaucoma Group

Controls (n = 30) Glaucoma (n = 19) Difference

Median | Range Median | Range P Value
MD_right 0.59 | 5.09 −0.67 | 25.97 0.015
MD_left 0.15 | 5.92 −1.09 | 22.00 0.009

Mean ± SD Mean ± SD
BCVA −0.1 ± 0.08 −0.07 ± 0.13 0.236
pRNFL_right 91 ± 12.29 77 ± 12.71 <0.001
pRNFL_left 89 ± 10.81 76 ± 14.94 <0.001

Typical traits of glaucoma (reduction of visual field sensitivities (MD); reduction of peripapillary retinal nerve fiber layer
(pRNFL) thickness) were evident for the glaucoma group. BCVA, best-corrected visual acuity [logMAR]; pRNFL_right/left,
peripapillary retinal nerve fiber layer (pRNFL) thickness [μm]; MD_right/left, mean deviation [db]; SD, standard devition.

via local ophthalmologists and the national patient
network. Inclusion criteria were as follows: 60 years
of age or older; diagnosis of open-angle glaucoma
(only for the glaucoma group); ability to walk at least
6 minutes without walking support. Exclusion criteria
were (i) any eye disease affecting the indices of visual
functions (e.g., cataract [except incipient stage], ocular
trauma history and ocular surgeries [except glaucoma
or cataract surgery]), (ii) neurological diseases, and (iii)
diseases that limit the physical performance of the
participants, including orthopedic diseases including
arthrosis (grade II or higher), musculoskeletal impair-
ments, tendinitis, tenosynovitis, myositis, prosthesis in
the lower extremities, joint replacements, neurologi-
cal disorders, rheumatism, cardiovascular disorders,
stroke, and heart related disease.

A total of 49 participants, 19 with glaucoma
(glaucoma group; 9 males and 10 females; mean age,
70.7 ± 5.9 years; mean height, 168.7 ± 8.5 cm; mean
body mass, 73.0 ± 16.7 kg) and 30 aged-matched
healthy participants (control group; 13 males and
17 females; mean age, 70.9 ± 5.1 years; mean height
168.3 ± 10.4 cm; mean body mass, 75.3 ± 17.8 kg)
volunteered for this study (see Table 1 for ophthalmo-
logical details).

General Procedures

Several tests were performed over a period of 2
consecutive days (at the same time of day) including the
single- and dual-task gait analyses, the Trail Walking
Test,21 and a visuo-motor reaction time task using the
interactive system Speed Court (GlobalSpeed GmbH,
Hemsbach, Germany).22

At the beginning of day 1, each subject under-
went the following procedure: (i) signing the informed
consent, (ii) documenting their physical activity with

the German version of the Freiburger Questionnaire
on Physical activity,23 (iii) measuring anthropomet-
ric data, (iv) assessing static postural control using
the MFT S3 check (MFT Bodyteamwork GmbH,
Kirchberg, Austria),24 (v) single-task walking, and (vi)
dual-task walking. On day 2, the participants under-
went the following procedure: (i) single task walking
and (ii) dual-task walking. The dual-task gait tests
were conducted in a randomized order. Participants
performed three different cognitive tasks (i.e., reaction
time task, N-Back-task, letter fluency task). In this
regard, one of the cognitive tasks was performed on
the first day and the others on day 2. Because of the
corona pandemic, participants were instructed to wear
an FFP2 mask during all laboratory visits.

Gait Analysis

Participants walked with comfort velocity forth and
back over a 10-m track for 180 seconds in each condi-
tion. Spatiotemporal gait parameters were assessed
using three inertial measurement units (XSENS
MTw Awinda, Movella, Delft, Netherlands; sampling
frequency 100 Hz). The inertial measurement units
were placed proximal on each foot and the sternum.
The outcome variables of interest were stride length
(m), gait velocity (m/s), MTC (cm), and their respec-
tive coefficient of variation (CoV = 100 × standard
deviation/mean). The gait parameters were calcu-
lated using the algorithm developed by Hamacher et
al.25. The collected data were processed in MATLAB
(MathWorks, Version R2020b, Natick, MA).

Cognitive Tasks

The cognitive tasks included a reaction time task,
N-Back-task, and a letter fluency task. Participants
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Figure 1. N-Back-task with two levels of difficulty (easy = 1-Back-task and severe = 2-Back-task).

randomly performed the single cognitive task while
sitting as well as concurrently during walking (motor-
cognitive dual-task), for each cognitive task, respec-
tively, to calculate the cognitive dual-task costs. Each
cognitive task, irrespective if performed in the single-
or dual-task condition, was performed with two levels
of difficulty in a fixed order (easy to severe) and lasted
180 seconds, respectively. Thus, each task consisted of
four trials. For the reaction time task and the modified
N-Back-task, participants held a computer mouse in
each hand, which were fixed with straps. Only the
computer mouse in the dominant hand was useable.
Further, all acoustic stimuli were played through a
speaker placed in the center of the room.

During the reaction time task,26,27 participants were
listening to a series of high and low sounds and had
to click as fast as possible, when the high sound was
played. Task difficulty wasmanipulated by using differ-
ent interstimulus intervals (ISIs), easy (ISI of 3 seconds,
60 stimuli) and severe (ISI of 2 seconds, 90 stimuli).

When performing the modified version of the N-
Back-task (1-Back and 2-Back) to assess working
memory,28,29 participants were instructed to listen to a
series of numbers between one and nine. The numbers
were electronically presented in a random order using
Adobe Animate (Adobe Systems Software Ireland
Limited, Dublin, Ireland) with an ISI of 2 seconds
(90 stimuli, 30 responses). To perform the 1-Back-
task (level of difficulty: easy) participants had to click
the computer mouse as soon as possible, when the
announced number was repeated (e.g., 1-1; see Fig. 1).
The 2-Back-task (level of difficulty: severe) required the
participants to click the mouse as fast as possible, when
the first and third numbers were equal in a sequence
(e.g., 1-2-1; see Fig. 1). Only correct responses were
included in the analysis.

During the modified letter fluency task, which is
assumed to assess inhibition, working memory, and
switching,30 participants were given 180 seconds to
name asmany words as possible with a certain letter. In
the easy level of difficulty, the letter was changed after
90 seconds. In the severe difficulty level, participants

were given two letters and they had to produce as many
words as possible, while switching between the letters
(e.g., A, B: apple, bridge, answer). During the letter
fluency task, participants responses were recorded with
a microphone for later analysis. Words were excluded
from the analysis if they started with a letter other than
the one stated by the investigator or if there were repeti-
tions of the same word with different endings. Proper
wordswere defined aswritten in theGerman dictionary
(Duden31) and newspaper, including first names.

Motor and Cognitive Dual-Task Costs

All these walking and cognitive tasks were
performed as a single- and dual-task, respectively,
to calculate the dual-task costs (DTCs) as follows:

DTC = ST − DT
ST

× 100 (1)

DTC = DT − ST
DT

× 100 (2)

ST andDT are the single- and dual-task performances,
respectively. Equation (1) was used when a higher
measurement value reflected a better performance.
Otherwise, when a lower measurement value reflected
a better performance, Equation (2) was used. Hence,
positive values indicate higher DTCs, and negative
values reflect a better dual-task performance compared
with the single-task performance.

Statistical Analysis

Data were analyzed using the Statistical Package
for Social Science (SPSS Statistics Version 28.0,
IBM Corp., New York, NY). Normal distribution
was checked using the Shapiro-Wilk test. Differences
between the groups in the anthropometric data were
checked with Student’s t-tests.

Because previous studies have shown analysis of
covariance (ANCOVA) to be robust against moder-
ate violation of normality,32 nonparametric tests were
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not used to check for differences. Therefore, a two-
way repeated measures ANCOVA with the factors
group (glaucoma patients versus healthy controls) and
condition (single-task and dual-task conditions) was
conducted to compare the data of the groups. Given
that the number of males and females differed between
groups and that body weight as well as height have an
impact on gait parameters, they were used as covari-
ates in the ANCOVA. In case of significant main
effects or interaction effects, Bonferroni-corrected post
hoc tests were conducted. Differences were considered
significant when the P value was 0.05 or less. If a
violation of sphericity was detected, the Greenhouse-
Geisser correction was used. Data are presented as
means ± standard deviations (SD) and mean differ-
ences with 95% confidence intervals (CI). The effect
sizes (partial eta squared [η2

p]) were interpreted accord-
ing to Lakens33: small (η2

p = 0.01), medium (η2
p = 0.06),

and large (η2
p = 0.14).

Results

Owing to invalid gait data and drop-outs, data from
six participants (four of the control group and two of
the glaucoma group) were not completely included in
the analyses. To increase transparency, the number of
analyzed cases for the respective parameter is shown
in Tables 2, 3, and 4. In the following discussion, only
those results that differed significantly between groups
or where the group difference exceeded a mean effect
size (η2

p = 0.06) are listed. An overview of all parame-
ters including the P-values and effect sizes is presented
in Tables 2, 3, and 4 and in Figure 2.

A significant group effect was found for the
MTCCoV, F (1,39) = 4.974, P = 0.032, η2

p = 0.113,
irrespective of the conditions (mean difference= 4.891;
95% CI, 0.455–9.328%) (Fig. 2). In addition, based on
the effect size, a group x condition effect was found for
the MTCCoV, F (2.68,104.35) = 2.604, P = 0.062, η2

p
= 0.063. Moreover, based on the effect size, a main
effect of group was found for the MTC, indicating
that glaucoma patients had a lower MTC compared
with the healthy controls, F (1,39) = 2.569, P = 0.117,
η2
p = 0.062. Additionally, based on the effect size, a

main effect of group was found for the DTCMTCCoV,
F (1,38) = 2.770, P = 0.104, η2

p = 0.068, indicating
that glaucoma patients had higher DTCs compared
with healthy controls. Further, a significant group ×
condition effect was detected for DTC MTCCoV, F
(3.03,115.22) = 3.005, P = 0.033, η2

p = 0.073, but the
post hoc analyses indicated no differences between the

groups (allP> 0.05). Furthermore, a significant condi-
tion effect was revealed for stride lengthCoV, F (4.47,
178.81) = 3.048, P = 0.015, η2

p = 0.071. Post hoc tests
indicated that stride lengthCoV was higher in the single-
task compared with each dual-task condition irrespec-
tive of the group (allP< 0.001).Moreover, a significant
condition effect for DTC stride lengthCoV was found, F
(3.04, 118.64) = 3.904, P = 0.010, η2

p = 0.091, but the
post hoc analyses indicated no differences between the
conditions (all P > 0.999). At last, a significant condi-
tion effect for DTC gait velocityCoV was detected, F
(2.77,107.90) = 3.814, P = 0.014, η2

p = 0.089. Post hoc
tests indicated no differences between the conditions
(all P > 0.05).

Discussion

To the authors’knowledge, the present study quanti-
fied spatiotemporal gait parameters including the
MTCduring single-task andmotor-cognitive dual-task
walking (with different tasks and difficulty levels) in
glaucoma patients and healthy controls for the first
time. The main findings are as follows. (i) TheMTCCoV
was significantly higher in glaucomapatients compared
with healthy controls, irrespective of the testing condi-
tions. Moreover, based on the effect sizes, (ii) the MTC
was lower and (iii) the DTC MTCCoV was higher in
glaucoma patients compared with the healthy controls.
Further, (iv) stride lengthCoV was higher in the single-
task compared with the dual-task conditions.

To the best of our knowledge, only two studies11,14
compared spatiotemporal gait parameters of glaucoma
patients with those of healthy controls and they have
found conflicting results. Whereas Lee et al.14 found an
impaired single-task walking performance in glaucoma
patients compared with healthy people (i.e., lower
walking velocity, cadence, gait cycle time, and stance
time), Gomes et al.11 did not observe any differences.
Regarding gait velocity and step length, our results are
in line with the outcome of Gomes et al.,11 who did
not report differences between glaucoma patients and
healthy controls during single-task walking. Further-
more, the findings from our present study also reported
an absence of group differences, even during dual-
task walking for these parameters. This outcome was
unexpected, given that a lower dual-task gait perfor-
mance in glaucoma patients was assumed owing to the
visual7,8 and cognitive impairments16 associated with
the disease. This discrepancy is likely due to the mainly
mild stage of glaucomaprogression in the present study
and an absence of cognitive dysfunction. It should
be noted, however, that significantly higher MTCCoV
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1

(P = 0.032, η2
p = 0.113) was evident in glaucoma

patients, which has been shown to be associated with
an increased risk of falling owing to tripping.19 These
results are supported by the lower MTC (P = 0.117,
η2
p = 0.062) and the higher DTC MTCCoV (P = 0.104,

η2
p = 0.068) found in the glaucoma patients compared

with healthy controls. Therefore, it seems of promise
to investigate the prognostic value of the MTC for the
assessment of fall risk in glaucoma patients.

Surprisingly, stride lengthCoV (P = 0.015, η2
p

= 0.071) was significantly lower in the dual-task
compared with the single-task condition. This was
unexpected, given that performing a concurrent cogni-
tive task while walking is often associated with higher
gait variability.34 However, better walking performance
during the dual-task compared with the single-task
condition was also observed by other investigators,35
which was attributed to the synergy effects of the
concurrent tasks. In this regard, it was speculated that
the rhythm of steps and verbal answers is similar,
which might positively influence gait performance
during dual-task walking. Alternatively, this observa-
tion might be a result of the competition for atten-
tional resources and task prioritization. Although it
was suggested that posture is prioritized during motor-
cognitive dual-task walking, there are also contrary
findings. Therefore, it was suggested that task prior-
itization during motor-cognitive dual-task walking
is strongly determined by the attentional resources,
postural reserve, hazard estimation, and other intrin-
sic factors (e.g., expertise, skilled performance, mood,
personality).36

The following limitations have to be considered
in this study. (i) The single-task walking trials were
always performed before the dual-task walking trials.
However, given that potential sequential effects are
systematic and stable, the group comparisons should
not be affected. (ii) The measurements were conducted
on 2 days, because the presented data belong to a
longitudinal training study. However, this seems not
relevant, given the reliability of gait data is very high.37
(iii) The participants were not asked about all possible
comorbidities that might have influenced gait perfor-
mance (e.g., diabetes) and (iv) they were examined in
the laboratory, which might have affected their usual
walking behavior. Moreover, the results might have
been modulated by (v) the Hawthorne effect and (vi)
prior falls leading to an altered gait performance.

In conclusion, the present study revealed a signifi-
cantly higherMTCCoV aswell asmedium effect sizes for
a lower MTC and higher MTCCoV DTCs in glaucoma
patients compared with healthy controls, which might
be related to a higher risk of falling owing to tripping.
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Figure 2. Means, standard deviation and, individual data for the MTCCoV of glaucoma patients and healthy controls.
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