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ABSTRACT
Purpose. Ageing is associated with deterioration and alterations in physical function, affecting community mobility, balance, 
skills, or daily living activities. The aim of the study was to kinematically analyse the influence of age on balance in young 
and older adults, as well as to compare the kinematics of the trunk and lumbar regions during Functional Reach Test (FRT).
Methods. The cross-sectional study involved 5 healthy older adults and 6 healthy young adults. Each participant performed 
FRT instrumentalized with 2 inertial sensors attached in the trunk (T7) and lumbar (L5-S2) regions. Direct (time and displacement) 
and indirect (velocity and acceleration) kinematic variables, as well as mid-range achieved in FRT were analysed.
Results. The participants’ mean age was 73.04 ± 3.58 years among the older adults and 23.5 ± 1.52 years among the young 
adults. Significant differences in time (trunk: –7.61 ± 2.14 s; lumbar: –6.40 ± 1.06 s) and displacement (trunk: 16.33 ± 4.21°) 
were identified; in the lumbar region, no significant displacement differences were observed (p > 0.05). Similarly, in the partial 
intervals analysed during FRT (from starting position to maximum displacement/imbalance, and return to the initial position), 
significant differences (p < 0.05) were revealed in all direct and indirect variables.
Conclusions. When comparing FRT performance in healthy young and elderly subjects from a kinematic point of view, 
significant differences were found in the vast majority of kinematic variables analysed in both lumbar and trunk region.
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Introduction

Ageing is a natural process characterized by a series 
of biological changes that result in the reduction of mus-
cle mass and strength, as well as loss of mobility and/
or postural stability, affecting both the static and dy-
namic balance [1]. The maximum optimal control of 
postural sway is achieved in adolescence and contin-
ues until the age of 60 years [1].

The detection, analysis, and gaining knowledge of 
changes in balance and gait are part of routine clinical 
practice. Numerous tests have been developed for this 
purpose, one of the most common being the Functional 

Reach Test (FRT) [2]. FRT is used to measure semi-static 
balance [3]. It is a simple, fast, cheap, accurate, portable, 
and clinically accepted test to measure balance [2]. 
FRT is applied to clinically evaluate the anteroposte-
rior balance and to identify the risk of falls among 
older people [4].

It has been shown that an inertial sensor located 
at the lower back region can reliably produce data 
allowing the identification and interpretation of mo-
tion [5]. Furthermore, it is a non-invasive, portable, 
and very accurate tool with high validity, sensitivity, 
reliability, and specificity [6]. Knowing if it is possible 
to parameterize FRT with inertial sensors would allow, 
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with objective measurement values, to analyse the im-
pact of age and to more precisely identify the physical 
and functional aspects that are altered during aging, 
thus facilitating prevention interventions and lifestyle 
changes. No studies have been identified that would 
analyse the execution of FRT from a kinematic point of 
view by using 2 inertial sensors and comparing healthy 
young and older adults.

The aim of this study was to kinematically analyse 
the influence of age on balance in young adults and 
older adults, as well as to compare the kinematics of the 
trunk and lumbar regions during the execution of FRT.

Material and methods

Participants

The cross-sectional study involved 5 healthy older 
adults and 6 healthy young adults. The former were 
recruited from a public health centre in Málaga, the 
latter from the Faculty of Health Sciences of the Uni-
versity of Málaga. The subjects were compared kin-
ematically during the execution of FRT. They received 
an information sheet which explained the nature of 
the study and the process of participation.

The inclusion criteria were the following: age of 
20–30 years or over 60 years and being able to stay 
standing for more than 30 seconds without external 
support. Individuals were excluded if having limita-
tions in walking; severe problems with communica-
tion; cardiovascular, respiratory, orthopaedic, neuro-
logic, or metabolic diseases; secondary neurological 

disorders; and/or if failing to provide an informed 
consent. Version 3.1 of G*Power software was used 
to estimate the sample size, with the consideration of 
sufficient statistical power and an alpha error (0.05).

The younger age group was delimited to ensure 
that the participants had fully developed their ability 
for postural sway and the older participants were of 
an age at which people had usually lost the most op-
timal control of postural sway [1].

Functional Reach Test

FRT is a test designed to analyse semi-static balance. 
Its execution starts from a standing position, the shoul-
ders must be flexed at 90° (parallel to the ground). From 
this initial position, the participant is to progressively 
move forward with their trunk (without moving their 
feet) while keeping their arms parallel to the ground. 
Having reached the point where, in order not to fall, 
they should take a step, the subject returns to the start-
ing position. The measurement obtained from this test 
is the difference between the start point and the end 
of the fingers [3] (Figure 1). FRT has a high test-retest 
reliability (r: 0.89–0.98) [7].

Inertial sensors

The inertial sensors used are the InertiaCube3TM 
model (InterSense Inc., Bedford, MA, USA), working 
with a sampling frequency of 180 Hz. Each unit fea-
tures 9 sensors, covering a 360° scanning motion along 
the 3 axes (yaw, pitch, and roll), which provides a high 

Figure 1. Functional Reach Test execution
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degree of accuracy, sensitivity, and stability, with porta-
bility, specificity, validity (0.657–0.998), and reliability 
(0.84–0.97).

Procedure

Anthropometric and demographic data were col-
lected through a short questionnaire. The researchers 
explained how the participants should execute FRT 
and offered them an opportunity to make a practice 
attempt. Three executions of FRT were conducted by 
each subject in order to ensure the reliability of the 
test. The beginning of the test was adjusted to 0° by 
the computer software in the offline analysis.

Outcome measures

The participants were fitted with a sensor located 
in the lumbar region (L5-S2) and another one on the 
trunk (T7) [8]. The inertial sensors were placed so that 
the origin of the coordinates was positioned in the left 
posterior-inferior vertex. In the execution of FRT, 3 ref-
erence points were established: the starting point (A), 
the maximum angular displacement (B), and the return 
to the starting point (C). On this basis, 3 movement 
intervals were distinguished (AB, BC, and AC).

Direct variables

FRT distance was the distance achieved by the par-
ticipant in the execution of the test. The variables ex-
plained below were obtained from the kinematic record 
collected by the inertial sensors in the pitch axis:

– maximum angular lumbosacral/thoracic FRT dis-
placement: the angular variation of the pitch axis from 
the start of the test until the maximum reach was at-
tained;

– time of maximum angular lumbosacral/thoracic 
FRT displacement: the time from the start position to 
the maximum reach;

– time of return to starting position: the time needed 
to return from the maximum reach to the starting po-
sition;

– total FRT time: the time from the beginning of the 
movement until the return to the starting position.

Indirect variables

On the basis of the data previously extracted, the 
following variables were calculated:

– average FRT velocity: the average velocity at which 
the participant performed the test;

– maximum angular lumbosacral/thoracic FRT dis-
placement velocity: the average velocity at which the 
participant moved from the start until they obtained 
the maximum reach;

– velocity of returning to start position: the average 
velocity at which the participant returned from the 
maximum reach to the starting position;

– average FRT acceleration: the average acceleration 
at which the participant executed the complete test;

– maximum angular lumbosacral/thoracic FRT 
displacement average acceleration: the mean accelera-
tion at which the participant performed the movement 
from the starting point to the maximum reach;

– average acceleration of return to FRT starting 
position: mean acceleration at which the participant 
returned from the maximum reach to the starting point.

Subsequently, the result of displacement and the 
maximum and minimum velocity and acceleration of 
FRT was calculated by the square root of the sum of 
the squares of the 3 axes. The means and standard 
deviations of the results previously determined were 
also established. Furthermore, the means and stand-
ard deviations of X, Y, and Z were calculated for the 
maximum, minimum, and mean of the velocity and 
acceleration in both sensors.

Data analysis

A descriptive analysis was conducted of the mid-
range achieved by the participants in the FRT and 
each of the kinematic variables collected by the iner-
tial sensors. Then, the records of the directly measured 
variables and the indirect variables were compared 
between the trunk and lumbar regions. Mann-Whitney 
U test was used for nonparametric variables and Stu-
dent’s t-test for parametric variables. The index of sig-
nificance was set at p < 0.05. In addition, an intergroup 
comparison was performed of the 2 study groups and 
between the 2 sensors. The Statistical Package for the 
Social Sciences (SPSS, version 17.0 for Windows, IL, 
USA) was applied in the statistical analysis.

Ethical approval
The research related to human use has complied 

with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Declara-
tion of Helsinki, and has been approved by the ethics 
committee of the Faculty of Health Sciences at the Uni-
versity of Málaga.
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Informed consent
Informed consent has been obtained from all indi-

viduals included in this study. The informed consent 
form explained clearly that their participation was 
completely voluntary, that they could withdraw from 
the study at any time, and that their personal data would 
be protected in accordance with the Organic Law on 
the Protection of Personal Data 19/55.

Results

The descriptive characteristics of the healthy young 
adults were: mean age of 23.5 ± 1.52 years, weight of 
69.68 ± 8.95 kg, and height of 168.83 ± 7.05 cm. The 
descriptive characteristics of the healthy older group 
were: mean age of 73.04 ± 3.58 years, weight of 72.38 
± 11.94 kg, and height of 163.11 ± 7.02 cm.

The analysis of the kinematic data recorded by the 
inertial sensors and the comparison between groups 
shows significant differences between healthy young 
and healthy older adults in the variables measured by 
both inertial sensors. The functional reach was higher 
in the younger group (difference: 3.2, p  0.01). In the 
3 FRT intervals, healthy young adults recorded faster 
motion (trunk AC: –7.61, p  0.001; lumbar AC: –6.40, 
p  0.01), higher velocity (trunk AC: 5.76, p  0.01; lum-
bar AC: 3.24, p  0.001), greater acceleration (trunk AC: 
1.11, p  0.001; lumbar AC: 0.71, p  0.01), and travers-

ing a greater distance (trunk AC: 16.33, p  0.001; 
lumbar AC: 1.76).

Table 1 presents the mean and standard deviation 
of each of the variables in both groups, as well as the 
difference obtained in the analysis between the two 
groups for the trunk sensor. Healthy young adults 
achieved a greater distance in the functional reach 
(39.50 cm) and greater angular displacement in the 
3 intervals. This significant difference is reflected in 
the other measured variables. When analysing the 4 
variables measured by the inertial sensor on the trunk, 
one can observe that healthy young adults achieved 
a higher angular displacement (difference AC: 16.33°), 
higher velocity (difference AC: 5.76°/s), greater accelera-
tion (difference AC: 1.11°/s2), and a shorter time (dif-
ference AC: –7.61 s) than the healthy older adults in 
the 3 intervals.

Table 2 presents the mean and standard deviation 
of the variables in the 2 groups and the differences ob-
tained for the lumbar sensor. The values of the 4 mea-
sured variables are greater in the healthy older group. 
The sensor positioned in the lumbar region showed 
the same pattern as the trunk sensor in the BC and AC 
intervals. However, in the AB interval, healthy older 
adults achieved a greater angular displacement (dif-
ference: 1.2°), higher velocity (difference: 26.87°/s), 
greater acceleration (difference: 1.72°/s2), and a longer 
time (difference: 6.72 s) than the young group.

Table 1. Description and differences between groups of the kinematic variables of Functional Reach Test measured  
with the trunk inertial sensor

Healthy young adults
Mean (SD)

Healthy older adults
Mean (SD)

Difference

Functional Reach Test distance (cm) 39.50 (3.01) 36.30 (6.04) 3.2*
Time AB (s) 3.16 (0.98) 9.65 (6.23) –6.49**
Displacement AB (°)+ 64.59 (13.08) 44.82 (10.23) 19.77***
Velocity AB (°/s) 22.20 (8.78) 6.10 (3.05) 16.10***
Acceleration AB (°/s2) 8.44 (6.50) 1.04 (0.85) 7.4**
Time BC (s)+ 3.72 (0.48) 4.84 (2.12) –1.12**
Displacement BC (°)+ 83.23 (13.65) 48.17 (4.23) 35.06***
Velocity BC (°/s) 17.33 (3.20) 11.40 (4.36) 5.93**
Acceleration BC (°/s2) 4.73 (1.16) 3.12 (2.36) 1.61*
Time AC (s) 6.88 (1.14) 14.49 (6.47) –7.61**
Displacement AC (°)+ 65.27 (13.76) 48.94 (5.69) 16.33***
Velocity AC (°/s) 9.63 (2.40) 3.87 (1.42) 5.76**
Acceleration AC (°/s2) 1.46 (0.62) 0.35 (0.22) 1.11**

A – FRT beginning, B – maximum angular displacement, C – return to initial position
+ non-parametric distribution
Significance: * p  0.05, ** p  0.01, *** p  0.001
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Discussion

In the presented study, the linear and angular dis-
placement was greater in the healthy young adults than 
among the healthy older adults. There were no signifi-
cant differences between the kinematic variables ob-
tained from the inertial sensors in the trunk and lumbar 
positions (except in some indirect variables). Therefore, 
the findings confirm the hypothesis that was set in 
the study a priori.

Differences in kinematic variables

As expected, significant between-group differences 
were found in the execution of the test. This allows us 
to compare the ‘normal’ pattern of young adults against 
older adults, and thus to quantify and specify the in-
fluence of age on balance. The kinematic record shows 
that older adults compensate the insecurity they feel 
with the displacement of their lower back area by ex-
posing the centre of mass outside their limits of bal-
ance, which has a direct impact on all activities of 
their daily lives. These data are consistent with those 
obtained in previous studies, in which healthy young 
people presented greater trunk flexion than healthy 
older people (difference: 8.1° and 7.4°), greater dis-
placement of the centre of pressure (difference: 31 mm), 
and higher linear velocity of centre of mass (difference: 
0.05 m/s) [9–11].

This apparent difference in the general pattern of 
the results between the young adult group and the 

healthy older adults could be explained as a compen-
sation method applied by the elderly. That is, when 
they move the arms and trunk forward, they feel in-
secure because their centre of pressure moves for-
ward and is positioned beyond the limits of balance, 
so they move the lower back to compensate [10, 11].

When analysing the indirect variables calculated 
subsequently (velocity and acceleration), one can find 
that the maximum peak of velocity in the anteroposte-
rior movement was higher in the healthy young adults 
(58.56°/s) than in the healthy older group (27.03°/s); 
however, the maximum acceleration in the same move-
ment was bigger in the older adults (6.17°/s2) than in 
the younger group (1.45°/s2). In a previous study [12], 
no large differences were observed in the kinematic 
variables except for the angular acceleration, which 
was higher in healthy older adults. This could denote 
a minor postural control in this group [12].

Functional Reach Test comparison  
between the age groups

The mean distance reached in the FRT by the healthy 
young adults was 39.50 cm, compared with 36.30 cm 
among the healthy older adults, representing a differ-
ence between the 2 groups of 3.20 cm. This difference, 
although significant, is not as remarkable as the ones 
indicated in other studies, e.g. 16.1 cm [13], 16.84 cm 
[14], and 8.1 cm [10]. The small difference shown be-
tween the 2 groups in the present study could be due 
to the active profile of the healthy older participants, 

Table 2. Description and differences between groups of the kinematic variables of Functional Reach Test measured  
with the lumbar inertial sensor

Healthy young adults
Mean (SD)

Healthy older adults
Mean (SD)

Difference

Time AB (s) 3.47 (1.18) 9.59 (5.12) –6.12***
Displacement AB (°)+ 49.87 (19.62) 51.07 (7.19) –1.2
Velocity AB (°/s) 15.61 (8.87) 42.48 (11.27) 26.87***
Acceleration AB (°/s2) 5.59 (5.61) 7.31 (5.77) –1.72***
Time BC (s) 3.56 (0.49) 4.85 (0.86) –1.29**
Displacement BC (°)+ 49.31 (18.87) 48.28 (6.42) 1.03
Velocity BC (°/s) 13.57 (4.51) 10.24 (2.37) 3.33**
Acceleration BC (°/s2) 3.78 (1.14) 2.25 (1.00) 1.53**
Time AC (s)+ 7.04 (1.36) 13.44 (4.87) –6.40***
Displacement AC (°)+ 51.53 (18.17) 49.77 (9.51) 1.76
Velocity AC (°/s) 7.35 (2.60) 4.11 (1.78) 3.24**
Acceleration AC (°/s2) 1.08 (0.60) 0.37 (0.25) 0.71**

A – FRT beginning, B – maximum angular displacement, C – return to initial position
+ non-parametric distribution
Significance: ** p  0.01, *** p  0.001
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who reported walking on 3 days per week on average 
[15].

The difference found in the functional reach be-
tween the 2 populations results mainly from the age 
factor. With more advanced age, the maintenance of 
postural balance becomes a more difficult task and any 
movement that involves the centre of pressure shifting 
outside the boundaries of the support base is a risk [1]. 
Therefore, in this group, a series of compensatory mech-
anisms occur to keep the centre of pressure within 
the limits of stability at the expense of the anteropos-
terior range [13]. Some of the compensation mecha-
nisms identified by other authors involved co-activa-
tion of antagonistic muscles that provided tightening to 
the joints of the lower limbs, limitation in trunk flexion, 
and a greater displacement in the lumbar region vs. the 
trunk, found in the present study [11, 13].

Groups of healthy older adults who executed FRT in 
other studies achieved functional reaches of 32 cm [16], 
32.11 cm [17], 33.7 cm [18], and 37.1 cm [10], which is 
consistent with the 36.30 cm obtained in the present 
study. However, in some studies [13, 14], similar groups 
(aged 82 and 81.7 years) achieved a reach of 27.33 and 
20.9 cm. The differences with reference to the distance 
reported for the healthy older adults in this study is 
probably due to the difference in age between the groups 
in the various studies and the active profile of the healthy 
older group in the present study [15]. Moreover, the func-
tional reach achieved by the healthy young adults cor-
roborates the distance obtained by other healthy young 
groups from other studies [10, 13, 14].

Strengths and limitations

Although efforts have been made to minimize the 
effect of skin elasticity during the execution of FRT, it 
is important to consider its influence on data collection. 
On the other hand, the results and conclusions obtained 
by analysing the kinematic data represent an advance 
in the investigation of movement and postural balance 
in the study population [19].

Conclusions

There are significant differences in the kinematic 
variables recorded when comparing healthy young 
adults with healthy older adults performing FRT. These 
differences are significant regardless of whether the re-
cording is made in the subjects’ thoracic or lumbar area.
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