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Abstract 

Background  Beam walking is a new test to estimate dynamic balance. We characterized dynamic balance measured 
by the distance walked on beams of different widths in five age groups of healthy adults (20, 30, 40, 50, 60 years) 
and individuals with neurological conditions (i.e., Parkinson, multiple sclerosis, stroke, age: 66.9 years) and determined 
if beam walking distance predicted prospective falls over 12 months.

Methods  Individuals with (n = 97) and without neurological conditions (n = 99, healthy adults, age 20–60) partici‑
pated in this prospective longitudinal study. Falls analyses over 12 months were conducted. The summed distance 
walked under single (walking only) and dual-task conditions (walking and serial subtraction by 7 between 300 to 900) 
on three beams (4, 8, and 12-cm wide) was used in the analyses. Additional functional tests comprised grip strength 
and the Short Physical Performance Battery.

Results  Beam walking distance was unaffected on the 12-cm-wide beam in the healthy adult groups. The distance 
walked on the 8-cm-wide beam decreased by 0.34 m in the 20-year-old group. This reduction was ~ 3 × greater, 1.1 m, 
in the 60-year-old group. In patients, beam walking distances decreased sharply by 0.8 m on the 8 versus 12 cm beam 
and by additional 1.6 m on the 4 versus 8 cm beam. Beam walking distance under single and dual-task conditions 
was linearly but weakly associated with age (R2 = 0.21 for single task, R2 = 0.27 for dual-task). Age, disease, and beam 
width affected distance walked on the beam. Beam walking distance predicted future falls in the combined popula‑
tion of healthy adults and patients with neurological conditions. Based on receiver operating characteristic curve 
analyses using data from the entire study population, walking ~ 8.0 of the 12 m maximum on low-lying beams pre‑
dicted future fallers with reasonable accuracy.

Conclusion  Balance beam walking is a new but worthwhile measure of dynamic balance to predict falls in the com‑
bined population of healthy adults and patients with neurological conditions. Future studies are needed to evaluate 
the predictive capability of beam walking separately in more homogenous populations.
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Key Points 

•	 Walking balance is normally inferred from walking speed to predict future fall in older adults
•	 Beam walking distance sharply decreased with age in older versus younger adults
•	 Beam walking distance decreased further strongly in individuals with neurological conditions
•	 Beam walking distance (i.e., distance until  first balance loss) predicted future falls in  older adults and  patients 

with neurological conditions
•	 Walking ~ 8.0 of the 12 m maximum on low-lying beams predicted future fallers with reasonable accuracy

Keywords  Aging, Gait, Balance, Dual tasks, Falls

Introduction
Dynamic balance refers to an individual’s ability to main-
tain the vertical projection of the center of mass within 
the base of support during walking and standing while 
resisting self- or external perturbations [1]. Dynamic 
balance, also confined to walking balance in the current 
report, has been traditionally assessed by “functional 
tests” with the primary aim of identifying those at risk for 
mobility disability or falls [2]. However, these tests do not 
directly measure the dynamic aspect of balance. Already 
existing functional tests such as the time it takes to cover 
4–10 m on a level surface [3], the Timed-Up-and-Go test 
[4] or the walking component of the Short Physical Per-
formance Battery (SPPB) [5] infer dynamic balance from 
walking speed without a loss of balance. Even when turns 
were included in walking tests, instead of balance loss, 
turning speed was used to predict falls [6]. Other tests, 
such as the star excursion balance test, the modified Bass 
test, and the dynamic leap balance test involve unnatu-
ral movements or rapid changes of direction—move-
ments seniors never perform [2]. Like performance in 
static posturography, scores from these functional tests 
often poorly correlate with dynamic balance (i.e., walk-
ing under single and multitask conditions) [7]. In addi-
tion, some of these tests are time consuming and need 
laboratory equipment (e.g., force plates, instrumented 
walkways) which makes it rather difficult to apply these 
tests in daily clinical practice. Reactive balance tests (i.e., 
perturbation-based tests) are often used as a measure of 
dynamic balance to detect older adult’s risk of falling [8]. 
However, the relationship between performance in per-
turbation-based tests and dynamic balance is unclear [9].

Most ‘functional tests’ of dynamic balance thus rely 
on walking speed to predict fall risk and falls without an 
actual loss of balance [2, 10, 11]. While walking slower 
than 1 m/s is associated with fall risk factors in mobility-
limited older individuals, walking speed is weakly asso-
ciated with fall risk factors and inaccurately predicts 
sub-clinical mobility impairments in healthier individu-
als [12]. Because ~ 40–50% of falls occur while walking 
[13] and up to 33% of falls occur to the side probably due 

to age-impaired mediolateral balance [14], measuring 
dynamic balance while walking on a narrow, low-lying 
beam appears a reasonable alternative to ‘functional tests’ 
relying on walking speed [2, 10, 11, 15–21]. Beam walk-
ing could complement linear and circular tandem gait 
tests that still often end without an actual loss of bal-
ance due to censored distance or duration of those tests 
[22–24]. Beam walking could measure dynamic balance 
because the reduction in the base of support can strongly 
but transiently augment instability as the center of mass 
pivots over the stance leg. Beam walking thus increases 
the difficulty of postural control and its sensitivity to sub-
clinical motor impairments [10]. It ensures a fall-specific, 
sharp end-point in the form of an actual loss of balance 
even in older individuals who self-report to be ‘healthy’ 
and it is an easy-to-administer test [10].

Dysfunctional dynamic balance is a precursor to falls 
in neurological patients (e.g., multiple sclerosis, stroke) 
and identifying fall-related risk factors is a priority in 
health care. Nearly 50% of patients with Parkinson’s dis-
ease (PD), multiple sclerosis (MS), and stroke fell once 
and 32% fell multiple times over 6 months [25]. While the 
etiology of falls differs between these patient categories, 
dysfunctional dynamic balance is a shared mechanism 
underlying the falls these patients experience. Remarka-
bly, disease type and balance confidence but not ‘dynamic 
balance tests’ or ‘functional tests’ (BBS, Dynamic Gait 
Index, Timed-Up-and-Go test, 10-m walk test) predicted 
single and recurrent falls [25], justifying the develop-
ment of a new walking balance test used in neurological 
patients as well [2].

The purpose of this preliminary study was to charac-
terize dynamic balance measured by the distance walked 
on beams of different widths in five age groups of healthy 
adults (20, 30, 40, 50, 60 years) and individuals with neu-
rological conditions (i.e., PD, MS, stroke). The second 
aim was to determine if dynamic balance, as measured 
by beam walking distance, predicts prospective falls over 
12  months. Our hypothesis was that age, disease, and 
beam width affect dynamic balance as measured by dis-
tance walked on a narrow, low-lying beam and that beam 
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walking distance predicts future falls, particularly in the 
older age groups and in individuals with neurological 
conditions [10, 11].

Methods
The design of this study has previously been published 
in the form of a study protocol [2]. Due to the COVID 
pandemic, instead of a multi-center trial, we deviated 
from the protocol and were able to conduct only a single-
center trial.

Participants, Design
This is a prospective longitudinal study over 12  months 
in 97 individuals with neurological conditions (MS, PD, 
stroke) and 99 healthy adults without neurological con-
ditions. Individuals were recruited in the vicinity of 
Kaposvár, the seat of Somogy County in western Hun-
gary. There were five age groups of healthy adults (20, 
30, 40, 50, 60 years) and one group of patients with vari-
ous neurological conditions (PD, stroke, MS). Healthy 
males and females were recruited from public offices and 
health screening locations according to age categories. A 
two-step excluding-paradigm was used for participant 
recruitment. First, a positive answer to any of the follow-
ing questions in a (phone) interview excluded a healthy 
participant candidate: inability to walk 10  m inde-
pendently; knee or hip joint replacements ≤ 6  months 
before enrollment; uncontrolled cardiovascular disease 
or angina pectoris; neuromuscular disease; diagnosed 
Parkinson’s disease, multiple sclerosis, or stroke; cancer 
therapy ≤ 3 months before enrollment; severe asthma or 
chronic bronchitis; diagnosed diabetes with neuropa-
thy; poor and uncorrected vision, and a score ≤ 27 on the 
Mini-Mental State Examination (MMSE) test. All par-
ticipants had corrected vision. Second, at the start of the 
laboratory visit, all participants performed the SPPB and 
those healthy adults with a score ≤ 10 were excluded [5].

Male and female neurological patients were recruited 
from the hospital’s outpatient day clinic and patient data-
base. Patients who reported with balance and mobil-
ity difficulties were eligible. All patients had a medical 
diagnosis by a neurologist. Patients with PD (Hoehn-
Yahr stage 2–3) met the UK Brain Bank criteria. Patients 
with MS met the McDonald’s criteria of the Interna-
tional Panel on Diagnosis of MS. Patients with stroke 
met the World Health Organization diagnostic criteria 
for stroke. Patients with balance disorders visiting the 
outpatient clinic due to a fall and dizziness were eligible. 
Exclusion criteria for all participants were: MMSE < 21; 
major depression (Clinically Useful Depression Outcome 
score ≥ 46); severe joint and/or bone disorders interfer-
ing with balance and gait (clinical judgment); aphasia 

interfering with comprehension of the aims of the study; 
MS relapse within 3  months; stroke < 1  month before 
the start of this study, and phobic postural vertigo. The 
local ethics committee approved the study protocol and 
written informed consent was obtained from each par-
ticipant. The study was conducted according to the Dec-
laration of Helsinki.

Measurements
The current study focused on the prediction of future 
falls from dynamic balance performance quantified by 
beam walking distance and included only selected vari-
ables from a large database to characterize the sample 
[2]. Demographic data included age, sex, height, foot 
length, foot width, body mass, education, marital and 
retirement status, and medical diagnosis for patients. 
Physical activity was estimated by the international 
physical activity questionnaire that has good reliabil-
ity (Spearman’s rho ~ 0.8). Individuals’ upper extremity 
function was characterized by the sum of left and right 
hands’ grip strength measured with a hand-held digital 
dynamometer (Camry Scale, South El Monte, CA, USA), 
a measurement with an intraclass correlation coefficient 
(ICC) of 0.99 in our studies [9]. Lower-extremity func-
tion was characterized by SPPB, a composite mobility 
test. The battery measures balance, 4-m habitual gait 
speed, and leg strength with good day-to-day reliabil-
ity (ICC > 0.80) [5]. Dynamic balance was assessed with 
beam walking under single and dual task conditions [11]. 
Low-lying aluminum beams were 4  m long, 2  cm high, 
and 4, 8, and 12  cm wide, covered with slip resistance 
material, and placed on a thin, black rubber mat. After 
a practice trial, participants performed 3 trials barefoot 
on each width with and without a calculation task (sub-
traction by 7 between 300 to 900) [7]. The order of con-
ditions was fixed: the12cm width was done first followed 
by the 8 and 4 cm widths with single task first (no calcu-
lation). Instructions were: “Traverse the entire length of 
the beam safely at your preferred speed without stepping 
off, facing forward, and with your arms folded in front of 
your chest. Trials end when you step off, walk sideways, 
or unfold the arms.” Participants were not allowed to grap 
the beam with the toes. Other than that, foot placement 
style and speed were not controlled. To reduce the risk 
for a fall, two technicians walked behind the participants 
on the floor. Two observers visually observed each trial 
from each side and measured the length. They immedi-
ately marked the spot on the beam where the heel of the 
foot that remained on the beam after balance was lost. 
For each beam width, the longest distance walked was 
entered in the database. As a control condition, we also 
measured the distance walked in a 4-m-long, 4-cm-wide 
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tape on the floor, i.e., tandem gait, using the same test 
termination criteria as for beam walking. Global cogni-
tion was measured in all participants by the MMSE.

Recording of Falls
A fall was defined as an event reported either by the 
faller or by a witness, resulting in a person inadvertently 
coming to rest on the ground or another lower level, 
with or without loss of consciousness or injury [26]. 
Healthy adults over age 20 and all patients (stroke, MS, 
PD) were asked to fill in a questionnaire concerning falls 
for the period of 6 months (data not reported here) and 
12 months after the start of the study: the number of falls; 
the day of time of the fall(s); the activity during which 
the fall(s) had occurred; footwear worn at the time of the 
fall(s); the location of the fall(s); the mechanism of the 
fall(s), and the consequences of the falls. Such a fall recall 
has reasonable validity [26]. We were able to access medi-
cal charts in case of a serious outcome. Even if there were 
no falls, we instructed participants to fill in the question-
naire. Each participant was also contacted by telephone 
at least once a month to ensure that they kept the fall dia-
ries up to date.

Statistical Analyses
Data are reported as mean ± SD or median and inter-
quartile range. We compared descriptive characteristics 
between patients and an age-similar healthy group (i.e., 
60-year-old healthy group) using an independent t-test. 
The 6 groups (5 healthy age decades, 1 patient group) 
by 2 Tasks (single, dual task) by 3 Beam widths (12, 8, 
4  cm) data were analyzed with an analysis of variance 
(ANOVA) with repeated measures on Tasks and Beam 
widths followed by a Tukey’s post-hoc contrast when 
needed. Because beam walking distance is censored (ceil-
ing effect) by the maximal length of 4 m for a given beam 
width (4, 8, 12 cm) and censored data are not appropriate 
for linear and logistic regression analyses, we summed 
the distance walked on the 3 beams (4, 8, 12  cm). The 
summed beam walking distance data had become not 
censored, as only 2 (single task) and 7 (dual task) of the 
196 individuals walked the maximal distance of 12  m. 
Using linear regression, we examined the association 
between dynamic balance as measured by summed beam 
walking distance with and without a cognitive task and 
age, sex, type of disease, height, foot length, foot width, 
body mass, years of education, marital status, retirement 
status, and fall history separately in healthy adults and 
patients. Using logistic regression, we predicted prospec-
tive falls over 12 months from dynamic balance as meas-
ured by beam walking distance in all study participants 
combined. Finally, we analyzed the predictive capabili-
ties of beam walking distance using receiver operating 

characteristic (ROC) curves and calculated specificities 
and sensitivities at the optimal threshold determined by 
the Youden Index [27]. Using logistic regression and the 
ROC curves, we also determined the accuracy of predict-
ing falls by beam walking distance for recurrent fallers 
and various circumstances of falls. The level of signifi-
cance was set at p < 0.05.

Results
Characteristics of the Sample
Table 1 shows the descriptive data of individuals with and 
without neurological conditions. Included patients had 
a diagnosis of: PD (n = 18), MS (n = 11), stroke (n = 40), 
benign paroxysmal positional vertigo (n = 15), pho-
bic postural vertigo (n = 7), and polyneuropathy (n = 6). 
Across the healthy adult age groups, height, SPPB, physi-
cal activity, MMSE, and grip strength tended to be lower 
and body mass and body mass index tended to be higher 
with older age. Compared to an age-similar healthy 
group, patients were not significantly different in age, 
height (~ 5  cm taller), body mass (2.4  kg lighter), body 
mass index (~ 2 units lower), SPPB (2 points lower), grip 
strength (14  kg lower), physical activity (~ 900 points 
lower score), MMSE (1 point lower), and education years 
(independent t-test: each p > 0.05).

Dynamic Balance as Measured by Beam Walking
Table  2 shows descriptive values for walking balance as 
measured by beam walking distance in individuals with 
and without neurological conditions. Of the relevant and 
significant interaction effects, the Group by Beam width 
interaction (F = 2.9, p = 0.002, η2 = 0.070) revealed that: 
a) distance walked became shorter with age (p = 0.011, 
η2 = 0.009); b) with the beam width decreasing, the effect 
of distance shortening with age became more pronounced 
(p = 0.041, η2 = 0.011), and c) the distance walked was 
the shortest in patients compared with healthy adults as 
beam width decreased (p = 0.031, η2 = 0.032, Fig.  1). To 
illustrate, the reduction in distance walked under single-
task conditions between 12-cm versus 8-cm wide beam 
was 0.39  m in healthy adults. However, this reduction 
was 0.80 m in patients. While significant, the Group by 
Task interaction revealed only marginal effects across 
the 6 groups in the distance walked with (dual-task) 
and without the cognitive task (single-task) (F = 2.8, 
p = 0.018, η2 = 0.069). Cognitive errors during dual-task-
ing were few and independent of beam width (p > 0.05). 
Age did not affect distance walked, i.e., tandem gait, on a 
4-m-long, 4-cm wide tape (p = 0.823). There was a Group 
by Time interaction for single and dual task tape-walking 
(F = 2.5, p = 0.033, η2 = 0.061). Due to dual-tasking versus 
single-tasking, distance walked decreased by up to 1.6 m 
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in the age-groups 50 and 60 compared with the ~ 0.5  m 
reductions in the other groups (Table 2).

Association Between Dynamic Balance as Measured 
by Beam Walking and Anthropometric and Demographic 
Data
Based on data in healthy adults (n = 99), beam walk-
ing performance without a cognitive task was linearly 
but weakly associated with age (F = 25.9, p = 0.001, 

R2 = 0.21, y = − 0.06x + 11.4) and this association was 
similar under dual-tasking (F = 35.6, p = 0.001, R2 = 0.27, 
y = − 0.09 + 12.6). These continuous data analyses con-
firm the analyses of the categorical data using analysis 
of variance presented above. Beam walking distance was 
not associated with sex, height, foot length, foot width, 
body mass, educational status, marital status, or retire-
ment status.

Table 1  Descriptive characteristics of individuals with (patients) and without neurological conditions (healthy adults)

Values are mean ± SD (2nd row per variable) or frequencies, n

BMI, body mass index

SPPB, short physical battery performance test

Grip strength, sum of left and right grip strength

IPAQ1, international physical activity questionnaire, metabolic equivalent[MET]·min−1·week−1

MMSE, mini-mental state examination

Age decades for healthy adults, y

Variable 20 30 40 50 60 All Patients All

All, n 19 20 20 20 20 99 97 196

Males, n 9 6 9 9 8 41 44 85

Females, n 10 14 11 11 12 58 53 111

Age, y 24.7 34.3 44.6 54.7 64.6 44.8 66.9 55.7

1.85 2.08 2.14 2.36 2.16 14.33 10.17 16.64

Height, m 174.1 177.1 172.6 175.2 171.7 174.1 176.2 175.1

4.86 5.86 7.84 6.10 8.60 6.95 6.13 6.62

Foot length, cm 24.7 24.5 25.2 24.9 25.1 24.9 24.9 24.9

2.21 1.83 1.59 1.92 2.02 1.90 1.99 1.94

Foot width, cm 11.4 11.2 11.3 11.4 11.4 11.4 11.6 11.5

1.43 1.47 1.11 1.51 1.23 1.33 1.37 1.35

Mass, kg 74.5 77.1 71.9 76.7 76.4 75.3 74.0 74.7

9.79 8.75 10.14 9.42 8.69 9.39 10.13 9.76

BMI, kg·m−2 24.6 24.7 24.2 25.1 26.1 25.0 23.9 24.4

3.31 3.59 3.24 3.67 4.29 3.63 3.08 3.40

SPPB, score 11.5 12.0 11.9 11.5 11.1 11.6 9.1 10.3

0.90 0.00 0.37 0.61 0.85 0.70 1.44 1.70

Grip strength, kg 82.8 65.5 68.1 74.3 57.0 69.4 42.9 56.3

20.45 12.43 17.40 17.30 16.93 18.81 12.71 20.84

IPAQ, score1 4467 4308 3634 3716 3329 3885 2442 3171

1041 871 872 886 770 972 744 1127

MMSE, score 29.0 28.7 29.0 28.4 28.0 28.6 26.9 27.8

0.88 1.09 0.92 1.23 1.17 1.12 1.55 1.59

Education, y 14.0 14.1 14.8 14.9 13.9 14.3 14.3 14.3

2.70 1.89 1.94 1.81 2.08 2.10 2.15 2.12

Marital status, n

 Single 8 5 2 1 0 16 1 17

 Married 9 14 17 14 18 72 83 155

 Divorced 2 0 0 4 1 7 7 14

 Widowed 0 1 1 1 1 4 6 10

 Retired, n 0 0 0 0 12 12 38 50
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Based on data in patients (n = 97), beam walking per-
formance without a cognitive task was linearly but weakly 
associated with sex and years of education (F = 6.1, 
p = 0.003, R2 = 0.12.

y = − 1.3(sex) − 0.30(years of education) + 10.9). While 
dual-tasking, beam walking performance was linearly 
but weakly associated with sex only (F = 5.8, p = 0.018, 
R2 = 0.05, y = − 1.3x + 5.8). Beam walking distance was 
not associated with age, height, foot length, foot width, 
body mass, marital status, or retirement status. There-
fore, beam walking distance was not normalized for foot 
length and foot width in either group.

Number and Circumstances of 12‑Months Prospective Falls
Table  3 summarizes the number and circumstances of 
prospective falls in individuals with and without neuro-
logical conditions for the 12 months after the start of the 
study. In total, 122 out of 196 individuals (62%) experi-
enced 423 falls over 12  months. Over 12  months, 27% 
of the 99 healthy adults experienced a fall, resulting in a 
total of 69 falls. No falls occurred in the 20-year-old par-
ticipants, and there were 3, 7, 7, and 10 individuals who 
reported falling in the 30, 40, 50, and 60 age-decade, 
respectively. Over 12  months, 98% of the 95 patients 
reported falling, resulting in a total of 354 falls.

Table 2  Walking balance quantified by the distance walked on 4, 8, and 12-cm wide, 4-m long, and 2-cm high low-lying aluminum 
beams (boards) in individuals with (patients) and without neurological conditions (healthy adults)

Values are mean ± SD (second row per variable)

12, 8, and 4 cm, denote the width of the 4-m long and 2-cm high aluminum beam

ST, distance walked on the beam without a cognitive dual-task (single task)

DT, distance walked on the beam with a cognitive dual-task (dual task)

Tape, walking on a 4-m long and 4-cm wide tape on the floor

Total distance, sum of distance walked in meters, on the 4, 8, and 12-cm wide beams

Light grayed portion, data included in the regression analyses (healthy adults) and the data denoted by light and dark grayed portions combined, were included in 
the logistic regression (individuals with and without neurological conditions)

Age decades for healthy adults, y

Variable 20 30 40 50 60 All Patients All

12 cm width

 ST distance, 4 m 3.84 3.61 3.81 3.84 3.69 3.76 3.12 3.44

0.32 0.79 0.56 0.50 0.88 0.64 1.42 1.14

 DT distance, 4 m 3.85 3.82 3.74 3.23 3.17 3.56 2.74 3.16

0.44 0.48 0.63 1.06 0.95 0.80 1.47 1.25

8 cm width

 ST distance, 4 m 3.66 3.95 3.41 2.93 2.90 3.37 2.32 2.85

0.94 0.13 1.11 1.27 1.31 1.11 1.54 1.44

 DT distance, 4 m 3.62 3.45 3.47 2.42 2.49 3.08 1.99 2.55

0.64 0.99 0.94 1.34 1.36 1.19 1.35 1.38

4 cm width

 ST distance, 4 m 2.34 1.96 1.60 1.24 1.01 1.62 0.56 1.10

0.86 1.06 1.07 0.66 0.75 1.00 0.47 0.95

 DT distance, 4 m 2.30 2.24 2.59 1.40 0.63 1.82 0.50 1.17

1.36 1.64 1.13 1.23 0.49 1.40 0.55 1.26

Tape, 4 m

 ST 4.00 4.00 3.90 3.89 3.91 3.94 2.88 3.42

0.00 0.00 0.30 0.32 0.27 0.23 1.48 1.18

 DT 3.48 3.51 3.41 2.36 2.93 3.13 2.45 2.80

0.82 1.02 1.27 1.47 1.37 1.27 1.54 1.45

Total beam distance

 ST distance, 12 m 9.85 9.52 8.83 8.00 7.61 8.75 5.99 7.39

1.17 1.23 1.47 1.90 2.14 1.81 2.80 2.72

 DT distance, 12 m 9.77 9.51 9.80 7.05 6.29 8.47 5.24 6.87

1.79 2.46 1.82 2.17 2.10 2.54 2.64 3.05
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In both healthy adults and the patient groups, ~ 40% 
or 128 of the falls occurred in the morning (Table  3). 
In both groups, ~ 50% of falls occurred while rising to 
a higher position from a lower position, stepping up or 
down, or while turning. Only ~ 16% of falls occurred 
while walking. Nearly 60% of falls occurred while wear-
ing firm versus loose footwear. In the two groups, most 
falls occurred outdoors (healthy adults 62%; patients: 
53%). In each group, ~ 40% of falls was due to knees 
buckling or weakness. Falls caused fractures or joint dis-
locations (healthy adults: 49%, patients: 33%) or excoria-
tion, contusion, abrasion, or cuts (healthy adults: 51%, 
patients: 67%). In healthy adults, 26% of falls caused 
fractures or joint dislocations compared with 14% of falls 
in patients.

Prediction of Falls by Dynamic Balance as Measured 
by Beam Walking Distance
The logistic regression demonstrated that the total dis-
tance (i.e., all three beams combined) and distances 
walked on a single beam (4-, 8-, or 12-cm wide) signifi-
cantly predicted the risk of 12-month prospective falls 
(Table 4). In the ROC analysis, total distance (both sin-
gle- and dual-task) and single-task distance on the 4-cm 
wide beam demonstrated the best predictive capabilities 
with the area under the curve (AUC) between 0,74 and 
0,76 (Table 4).

The ROC analyses further revealed that the optimal 
threshold of 9.0 m (area under the curve, AUC 0.74) dis-
tance walked on the beam without a cognitive task was 
coupled with high sensitivity (0.84) and poor specific-
ity (0.54). For the dual-task condition, at a threshold of 
8.2  m walked (AUC 0.76) was coupled with reasonable 
specificity (0.66) and sensitivity (0.75). Similar specificity 
(0,68) and sensitivity (0.72) was coupled with a threshold 
of 1.0 m walked on the 4-cm wide beam under the sin-
gle-task condition (Table 4, Fig. 2). Compared with these 
data, predictive capabilities of beam walking distance did 
not improve for single versus recurrent falls or for vari-
ous circumstances of falls (data not shown).

Discussion
We characterized dynamic balance measured by the dis-
tance walked on 4-, 8-, and 12-cm-wide beams under 
single- and dual-task conditions in individuals with and 
without a neurological condition. We also determined 
if dynamic balance would predict prospective falls over 
12 months. We found that age, disease, and beam width 
affect dynamic balance as measured by distance walked 
on narrow, low-lying beams and that beam walking dis-
tance predicts future falls.

Fig. 1  Age and beam width interaction for dynamic balance 
measured by distance walked on low-lying aluminum beams 
(length: 4 m, height: 2 cm, widths: 4, 8, 12 cm). With increasing 
age, beam walking distance decreases. This shortening in distance 
accelerates after age 40. The distance walked is the shortest 
in individuals with neurological disease (‘Patients’). These data are 
pooled across beam walking distances measured with and without 
a cognitive task. Vertical bars denote ± 1SD

Table 3  Summary of prospective falls data and circumstances 
of falls in individuals with (patients) and without neurological 
(healthy adults) conditions for the 12-months follow-up period

The grayed data were used in the logistic regression analyses

Skin damage denotes excoriation, contusion, abrasion, cuts, other

Variable Healthy adults Patients All

N 99 97 196

Persons fell, n 27 95 122

Number of falls: 1–2x 54 143 197

Number of falls: 3–6x 15 211 226

All falls, n 69 354 423

Day of time

 Morning 30 128 158

 Afternoon 18 108 126

 Evening 21 117 138

Activity when falling

 Walk 12 58 70

 Rise, step, turn 34 173 208

 Sit, lean, other 23 122 145

Footwear

 Firm 42 191 233

 Loose 27 163 190

Location

 Outdoors 43 185 228

 Indoors 26 169 195

Mechanism

 Balance loss, dizziness 25 97 122

 Knees buckling, weakness 28 153 181

 Turn, step, bump 16 105 120

Consequence of falls

 Fractures, joint injury 18 51 69

 Skin damage 95 259 354
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Characterization of Dynamic Balance as Measured by Beam 
Walking Distance
In agreement with our study hypothesis, age, dis-
ease, and beam width all affected dynamic balance as 
measured by the distance walked on low-lying beams 
(Table  2, Fig.  1). Beam walking distance was unaffected 
on the 12-cm-wide beam in the five age groups of healthy 
adults (3.76/4.00  m). However, the distance walked on 
the 8-cm-wide beam decreased by 0.34  m already in 
the 20-year-old group. This reduction was ~ 3 × greater, 
1.1  m, in the 60-year-old group. In contrast to these 
large reductions, the distance walked during tandem 
gait over a 4-cm-wide tape on the floor was unaffected. 
Thus, beam walking versus tandem-walking on the floor 
represents a different and challenging balance task most 
likely due to the widths of the beams. Reductions in dis-
tance walked on the beams suggest the presence of sub-
clinical impairments in the abilities that control walking 

balance. These impairments seem to remain undetected 
by standard balance tests such as tandem-walking on a 
tape glued to the floor (4.0/4.0  m) or by the frequently 
used SPPB (11.6/12.0, Tables  1, 2). The additional and 
large reductions in beam walking distance on the nar-
rowest, 4-cm-wide beam point to a floor effect: this con-
dition is too difficult for even healthy adults age 20–60. 
The potentially greater sensitivity of beam walking versus 
tandem-walking to detect subtle impairments in walking 
balance could be related to a reduction not only in the 
base of support (i.e., distance between the two feet) but 
to the reduction also in the contact area at the interface 
between the feet and the board. Such a mechanical con-
straint can strongly but transiently augment instability as 
the center of mass pivots over the stance leg. Instability 
increases during beam-walking but less so during tape-
walking because even during normal gait, the path of the 
center of mass travels outside the medial border of the 

Table 4  Predictive capabilities of beam walking for prospective falls at 12 months

The ‘Test variant’ includes the combined (total) distance walked on all three beams and the distances walked on individual beams (4-, 8-, or 12-cm wide), either as 
a single task or a dual task with an added cognitive task. The table combines results from logistic regression (columns Coef, SD, p-value) and Receiver Operating 
Characteristic (ROC) analysis (columns AUC, Threshold, Specificity, Sensitivity). Coef: beta-coefficient from logistic regression. AUC: Area Under the Curve

Test variant Coef SD p-value AUC​ Threshold Specificity Sensitivity

Total, single − 0.38 0.08  < 0.001 0.74 9.0 0.54 0.84

Total, dual − 0.36 0.06  < 0.001 0.76 8.2 0.66 0.75

4-cm, single − 0.97 0.19  < 0.001 0.75 1.0 0.68 0.72

4-cm, dual − 0.66 0.13  < 0.001 0.72 0.7 0.66 0.75

8-cm, single − 0.42 0.12  < 0.001 0.64 2.9 0.78 0.50

8-cm, dual − 0.61 0.13  < 0.001 0.71 2.9 0.74 0.66

12-cm, single − 0.50 0.17 0.005 0.57 2.0 0.97 0.22

12-cm, dual_ − 0.54 0.15  < 0.001 0.62 2.0 0.95 0.30

Fig. 2  Receiver operating characteristic (ROC) curves for predicting prospective falls over 12 months in individuals with and without neurological 
conditions (n = 196), from dynamic balance measured by total beam walking distance without (A) and with (B) a concurrent calculation dual task, 
and distance walked only on the 4-cm wide beam without the dual task (C). There was no difference between the ROCs. The single point marked 
on the ROC curve indicates the threshold distance (in meters) for optimal specificity and sensitivity determined by the Youden index. The numbers 
in brackets indicate specificity and sensitivity coupled with this threshold. The manuscript text accompanying the ROCs gives further details
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supporting foot [28] especially in old adults [29]. Thus, 
the path of the center of mass passes close to the beam 
edge, making older individuals ‘feel’ that they could lose 
their balance and they step off the beam (‘fall’). This sense 
of imminent balance loss reduces beam-walking distance. 
Beam walking thus increases the difficulty of postural 
control and its sensitivity to sub-clinical motor impair-
ments. It ensures a fall-specific, sharp end-point in the 
form of an actual loss of balance even in older individu-
als who self-report to be ‘healthy’ [2, 10]. In total, these 
data seem to suggest that an optimal beam width prob-
ably lies around 6-8  cm that could avoid floor and ceil-
ing effects for a new balance test to be established. Our 
data imply that beam walking could complement or even 
replace certain ‘functional tests’ currently in use to meas-
ure walking balance based on walking speed without an 
actual loss of balance [23, 24].

Neurological diseases strongly affected beam walking 
distance and much more so than it affected SPPB (9.1/12 
points) (Table  2, Fig.  1). Some studies actually suggest 
that a score of 9 on the SPPB is a ‘high performance’. 
Contrasting with these SPPB scores, beam walking dis-
tances decreased sharply by 0.8 m on the 8 versus 12 cm 
beam and by additional 1.6 m on the 4 versus 8 cm beam. 
The 0.53 m distance walked by patients on the 4-cm-wide 
beam suggests a floor effect: the task was extremely diffi-
cult. An interesting observation was that patients walked 
numerically identical distances, i.e., 2.9 m, on the 12-cm-
wide beam and the 4-cm-wide tape glued to the floor. 
These data suggest that walking on a wide beam may 
not provide additional benefits over tandem walking but 
could provide additional insights into walking balance 
over ‘functional tests’ (SPPB, walking speed) in patients 
we examined in the present study. Because dysfunctional 
walking balance is a precursor to falls in neurological 
patients, an accurate identification of fall-risk factors 
remains a priority in this population and beam walking 
might be an effective adjuvant to ‘functional tests’ cur-
rently in use in such patients [25].

Beam walking with a cognitive dual task did not sig-
nificantly reduce the distance walked on the three beams 
(Table 2). These data are unexpected and in contrast with 
a previous study that reported strong effects of cognitive 
dual-tasking on beam-walking distance [11]. One would 
expect that when the motor task is difficult and demands 
attention, adding a secondary cognitive task would 
strongly reduce motor performance. In that study older 
individuals were ~ 6  years older than our participants 
in the 6th decade and they walked significantly slower 
when dual-tasking on the beams. Because in the present 
study the number of errors (1.0–1.5) while dual-tasking 
did not differ between age groups and beam widths, 
individuals perhaps prioritized the motor element of 

motor-cognitive dual-tasking. Our patients walked on 
the tape ~ 1 m shorter distance (2.9 m) than age-similar 
healthy adults (3.9  m). The tape-walking performance 
was already so low that dual-tasking had little potential 
to reduce it further (p > 0.05; reduction of 0.4 m, Table 2). 
Additional data are needed to confirm the effects of cog-
nitive dual-tasking on walking balance. This is because 
adding a secondary cognitive task to the Timed-Up-and-
Go test did not increase the accuracy of fall prediction 
[30]. Therefore, the role of cognitive dual-tasking in walk-
ing balance remains unclear.

Incidence and Circumstances of Falls
Table  3 shows that there were 122 individuals with 423 
falls. Over 80% of these falls occurred in patients dur-
ing the 12-month-long follow-up period. Some previous 
studies reported falls in healthy young individuals age 
20 even after excluding sports-related falls [31]. Admit-
tedly, our study has low sample sizes in the age-decades 
(Table  1), but we did not observe a single fall in the 
20-yearl-old participants (n = 19). However, 15%, 35%, 
35%, and 50% of individuals reported falling in the 30-, 
40-, 50-, and 60-year age-decade, respectively. These 
data agree with the 30–40% rates reported previously for 
the corresponding age-brackets in ~ 25,000 community 
dwelling US adults [32].

There were only 2 individuals with a neurological 
condition who did not report falling. Our 98% fall rate 
is twice as high as the 47% rate for those who reported 
falling 1–2 × and the 60% proportion of patients report-
ing 3–6 × recurring falls is also ~ twofold greater than the 
32% rate reported previously also in individuals with PD, 
MS, and stroke diagnoses [25]. We had one patient who 
reported falling six times over 12  months. The age and 
sex distribution of patients were similar to those in Italy 
[25]. The smaller sample size, perhaps the higher level of 
impairment and the lower quality of outpatient care con-
tributed to the high rate of (recurrent) falls in our study.

In age-decades 40–60, most falls occurred outdoors in 
the morning, which is probably related to why most falls 
occurred while wearing firm shoes. Most frequently falls 
occurred due to the knees buckling or weakness. Our 
older adults and patients had very low grip strength and 
low strength and muscle mass are related to falls [33] 
but this association is not always present and requires 
further confirmation [34, 35]. Our data contrast with 
reports suggesting that ~ 40–50% of falls occur while 
walking [13], as we observed that ~ 50% of falls occurred 
while rising to a higher position from a lower position, 
stepping up or down, or while turning in standing in 
individuals with and without a neurological condition 
(Table 3). Because the amount of physical activity based 
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on the International Physical Activity Questionnaire or 
IPAQ scores was ~ 1,000 units higher in our older indi-
viduals than in some other studies [36], the reason for 
the low fall incidence during walking, even in our patient 
group, remains unclear. Indeed, the association between 
physical activity, sedentary behavior, and falls is complex. 
Being up on one’s feet and being physically active natu-
rally increases the potential for a fall to occur. However, 
high levels of chronic physical activity can at the same 
time improve fitness, which is known to reduce falls risks 
[37, 38]. Improving some of these environmental risk fac-
tors for falls can also reduce risks for and incidence of 
falls [39].

Correlates of Beam Walking Performance and Prediction 
of Future Falls
There is a strong effort underway to identify tests that are 
associated with falls risks and incidence of falls through 
the age and disease spectrum [39–46]. Of the commonly 
examined variables such as age, sex, fall history, body 
fat, education, marital status, or retirement status, beam 
walking distance was only associated with age which in 
turn predicted falls over 12 months in healthy adults aged 
20–60  years. These associations and predictions were 
independent of performing beam walking under single 
or dual task condition. Our findings complement prior 
data suggesting inconsistent, weak, or even no associa-
tions between risk factors for falls and incidence of falls. 
While many studies suggest that lower extremity mus-
cle strength and power are associated with balance, fall 
risks, and future falls, there is also evidence suggesting 
to the contrary with no such associations [42]. A sys-
tematic review found that none of the biomechanical 
markers of challenging walking tasks correlated with fall 
risk variables and fall prediction was inaccurate with-
out including fall history [40]. Indeed, our data suggest 
that performance in a difficult walking balance task is 
associated with age and predicts future falls without fall 
history. The logistic regression coefficient is reasonably 
large (coefficient: = − 0.38 ± 0.08, p = 0.001) but dual-task 
condition did not improve prediction accuracy. The coef-
ficient of − 0.38 means that odds of fall (i.e., ratio fall/
no fall) change 0.68 time (e^− 0.38 = 0.68): with each 
increase in distance walked by 1 m, the odds decrease by 
0.32 (1–0.68). With additional meters walked, the effect 
is multiplicated: for a difference of, e.g., 4 out of 12  m, 
the odds change 0.68^4 = 0.21 time. That is, the odds 
decrease by nearly 80%: the odds of fall/no fall would 
move from 6/6 to 2/10. We interpret these data as clini-
cally meaningful.

Figure  2 shows that dual-task beam walking distance 
of ~ 8 of 12  m maximum (AUC 0.76) was coupled with 
specificity (0.66) and sensitivity (0.75). Similar specificity 

and sensitivity was achieved using the threshold of 1.0 m 
walked on the 4-cm wide beam under the single-task con-
dition. Using just one beam instead of three, without the 
need for the added cognitive task, seems like a plausible 
alternative when using the test in clinical settings. These 
data imply that based on beam walking distance we would 
miss to identify many of those who would eventually fall 
and would erroneously identify many individuals as fallers 
even though they would actually not experience a fall. In 
patients, sex and education emerged as correlates of beam 
walking distance, agreeing with a previous report  [43]. 
In contrast to this report’s finding, we found no evidence 
that the fall risk varies among different disease types. We 
did not examine or find no associative or predictive role in 
falls several health conditions (vision, depression, arthri-
tis, alcohol) or functional limitations (ability to climb 
stairs or perform daily functions) [41, 46].

Limitations
The current study did not compare how accurately con-
ventional ‘functional tests’ versus dynamic balance meas-
ured by beam walking distance predicted future falls. 
This will be reported in a future study. Our data are lim-
ited by the homogeneity of fall incidence in patients, i.e., 
virtually all patients reported falling. Consequently, the 
combined analysis of individuals with and without neu-
rological conditions, while necessary to ensure a bal-
anced representation of fallers and non-fallers, presents 
a limitation as it may not distinctly separate the impact of 
dynamic balance impairments from other disease-related 
mechanisms in fall risk, particularly given the high inci-
dence of falls among participants with neurological 
conditions. This preliminary and exploratory study can-
not provide definitive ‘normative data’ for beam walking 
distances and clear cutoffs of ‘low’, ‘medium’, and ‘high’ 
levels of dynamic balance by age and sex due to low sam-
ples sizes. While gait analysis with wearables can iden-
tify age groups and retrospective falls highly accurately 
by analyzing dynamical systems outcomes with machine 
learning, such approaches require large sample sizes and 
sophisticated algorithms and still miss individual cases, 
leaving room for ‘analog’ solutions such as beam walking 
[47–49].

Conclusion
Dynamic balance assessed by the distance walked on 
low-lying beams is associated with age in healthy adults 
and predicts future falls over 12 months in the combined 
population of healthy individuals and patients with neu-
rological conditions. Additional studies are needed to 
determine the viability of walking on a balance beam to 
become a new measure of dynamic balance to predict 
falls across the spectra of age and disease.
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