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Abstract. One of the common causes of falls is gait deficiency, and the first
aim of the study was to ascertain how specific gait parameters of elderly people
with gait and balance issues compare to those of the healthy elderly population.
Eleven ‘at risk’ elderly people were compared with eighteen healthy people.
The second aim was to explore the potential of using objective data to support

personalised exercise over a two year period to help prevent falls. The ‘at risk’
group attended a weekly balance class and were monitored regularly.
The results indicate that gait can be adapted by instruction and exercises.

Regular monitoring provided the participants with the incentive to continue with
the exercises. No participant fell during the monitoring period and all remained
active. These results indicate that it is possible to personalise exercises and provide
motivation using gait data and this could potentially reduce falls in the elderly.
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1 Statement of the Objective and Significance of the Work

Mobility of the elderly relates directly to the number of falls, with one of the common
causes of falls in the elderly related to gait deficiencies [1]. Currently, gait is monitored
visually and hence provides no objective data which can be shared between groups,
either locally, nationally or internationally. Classic assessments of gait such as the Berg
Balance test [2], the Timed up and Go test [3] assess balance rather than gait and
provide scores for the different activities which are themselves subjective. Simple speed
tests, using distance and time measurements provide objective data for speed but do not
ascertain the corresponding gait parameters. Without gait data it is impossible to
identify the cause of the gait deficiency and hence objective advice on how to improve
cannot be provided. For example one person with a slow gait may have a knee
problem, another a problem with medial-lateral movement of the thigh and another an
ankle problem. Early stage Parkinson’s Disease, dementia and a stroke also affect a
person’s gait pattern. All of these conditions would reduce speed, yet their management
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would be entirely different. Hence it is essential to understand the underlying gait
parameters for each individual. To date studies have not specifically focused on gait
parameters or investigated any correlation between gait parameters that define angular
movement of the limbs and falls in the elderly.

The risk of falling increases with age and one in three adults over 65 falls each year
[4]. It is recognised that many of these falls relate to the individual’s health and are
preventable. However, falls can cause distress, pain, injury and most importantly loss in
confidence and after a fall nearly 50% have a fear of falling again. There are numerous
references that show correlation of falling with speed, including one where speed was
correlated with survival rate [5]. However, there are others that state speed is not age
dependent but medial-lateral movement is and it is this that affects the likeliness of
falling [6]. Unfortunately the cohort of subjects is not consistent between studies and
some studies are done overland and others on a treadmill, which introduces additional
variables. Another study found a correlation between quadriceps strength and gait
speed in older people [7]. All of these studies provide further support that there are a
wide variety of reasons why older people have problems with walking.

Gait parameters for healthy people of all ages have already been published [8] and
it was found that there was little change in gait with age up to 80 years old.

The aims of the study were twofold; (i) to ascertain how specific gait parameters of
elderly people with gait and balance issues compare to those of the healthy elderly
population, (ii) to explore the potential of using objective gait data to support per-
sonalised exercise over a two year period to help prevent falls. This was to be achieved
using a sensor based gait analysis system (GaitSmart, ETB, UK).

GaitSmart provides information on the orientation of each segment in the sagittal
and coronal plane and also the joint angle between two segments. Up to six sensors can
be used, mounted on the pelvis, thigh and tibia, often referred to as the calf. The system
has been used to monitor the rehabilitation phase of people recovering from hip and
knee replacement [9, 10] and to identify gait changes due to early stage knee osteo-
arthritis [11].

It was decided that for the purpose of this study, the range of motion (ROM) of the
knee and the symmetry between the left and right knee ROM would be analysed,
requiring just four sensors. This provides a good indication of stride length plus how
well the individual picks their feet up, reducing the risk of tripping. Older people may
reduce their thigh range of motion and this reduces their knee angle and stride length
[8, 12]. The symmetry indicates whether the individual is balanced. This minimises the
amount of data that the individual needs to understand so that they can act upon the
information.

2 Methods

Two groups were monitored using the sensor-based gait analysis system, and for both
groups the process of measuring gait was the same. Four elastic straps with pockets
were applied to each thigh and shank. Thigh straps were attached to a belt fitted around
the waist with a further Velcro strap. They were attached so as to lie approximately
10 cm above the knee joint/ lateral condyle of the femur. The shanks straps were
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applied around the widest part of the calf, rather than a set distance from the knee joint
as this varied with people of different heights with regards to calf musculature. Four
IMUs, which each contain three orthogonal gyroscopes and three orthogonal acceler-
ometers were inserted into the pockets in the elastic straps. The thigh IMUs were
orientated along an imaginary line from the greater trochanter to the lateral condyle of
the femur; tibia IMUs were orientated along an imaginary line drawn between the head
of the fibula and the lateral malleolus. All straps were applied over the participants’
clothing, as shown in Fig. 1.

Participants were asked to walk at their self-selected speed for 10 m along a
corridor unaided. Each person took no more than 5 min to test. At the end of the test the
sensors were removed and attached to the laptop to download and analyse the data.

The first group comprised eighteen healthy elderly people, mean age 70, range 62
to 83, were used to obtain reference gait parameters for healthy people of the older age
group. Participants were excluded if they had had previous surgery on their lower
limbs, had a neuromuscular condition that might affect gait (e.g. stroke, Parkinson’s
disease), had current back pain, were not able to walk 10 m without a walking aid, or if
they could not give informed consent. Ethical approval for the study was given by UCL
Research Ethics Committee, and all participants gave informed consent. These indi-
viduals were monitored once [8].

Fig. 1. Healthy older person with the straps and sensors attached
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The second group comprised eleven older people with walking and balance
problems who were monitored in the longitudinal study. These individuals attended a
balance class open to the public at a council run day centre. At the chosen centre the
class runs for 45 min and includes a range of gentle exercises done whilst sitting down.
All the attendees were provided with information of the study and all participants gave
informed consent. As the individuals joined at various times during the study, the
monitoring period varied between 8 to 130 weeks, with seven over 50 weeks.

The group included:

• Person who had suffered a stroke
• Person who had had a brain tumour
• Person with lower limb prosthesis
• Person with emphysema

The age ranged from 68 to 91 with the mean age of 78. The individuals were
monitored approximately every 10 weeks during this period.

For each individual their gait pattern was measured and a report produced at each
session and their medical data noted. From this a summary report was provided for
each individual, which identified how their knee angle and symmetry between left and
right differed from the healthy reference and from their previous tests. At the end of the
class anyone that was noticeably away from their previous values had further discus-
sions with the balance class teacher who then suggested specific exercises to address
the specific problem area. The aim was to help the individual maintain or even improve
their knee ROM and reduce their asymmetry by developing a personalised treatment
plan for the individuals. This was done with the balance class teacher and the indi-
vidual, referring to the knee angle gait data. Each individual was left for approximately
10 weeks to follow their personalised plan with weekly input from the balance class
teacher. At the next session their results were compared to their previous history and
their results added to their personal report.

Knee range of motion (ROM) provides a good indication as to how well the person
lifts their feet during walking. Asymmetry in the knee ROM indicates how stable they
are when walking.

3 Results

Knee ROM and knee asymmetry are plotted against age in Figs. 2a and b for the
healthy reference group.

Average knee ROM was 61° with a spread of 22°. Average asymmetry was 0.9%
with a spread of from -14% to 22%. Neither parameter was age dependent.

The balance class group were then compared to the healthy reference group and the
results summarised in Table 1. For the healthy group this is the average for the 18
subjects. For the balance class group it is the overall average of the eleven subjects,
where for each subject it is their average over time. The results show that the stride
duration is longer for the balance class group, the average knee ROM is lower and the
asymmetry greater.
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For the balance class group an example of the report that was provided to the
individuals is provided in Table 2. A hard copy was also provided, which many took
home to discuss with their family.

The lower limit data was 1 SD from the healthy elderly data, and the numbers were
highlighted in red if outside the lower limits.

The changes in knee flexion and asymmetry over time for the 11 participants are
shown in Fig. 3. Three of the individuals were consistently below the –2 SD level for
knee flexion, and could be considered as in a danger region, in that the low knee flexion
means that the foot is at risk of catching objects on the ground. Four people were
consistently above the –1 SD and the other four varied between normal and –2 SD.

One person that was below –2 SD for knee ROM had reduced muscle strength at
91 years old. He did however have a symmetric gait and maintained his walking for
nearly a year at a fairly constant level, see Fig. 4. He did this knowing he was in the
warning area and keeping up with the exercises suggested from the exercise teacher.

The second person in the danger zone was an 83 year old lady who had very weak
muscles. Again she was advised to try and keep moving as much as possible and she
did not deteriorate.

The third was a lady fitted with a prosthesis below the knee (subject 11). She was
aware that she needed to ensure that her gait did not deteriorate, and only once did knee
flexion go below 30°. This was a warning to her and she worked harder at the exercises.
The result was that two years after starting monitoring her gait was better than when
she started: 35° of knee flexion after 110 weeks compared to 30° at the start (see
Fig. 5).

Fig. 2. (a) Knee ROM for healthy group and (b) Knee asymmetry for the healthy group

Table 1. Mean and SD for healthy elderly and balance class group

Age Knee ROM Knee % asymmetry Stride duration

Balance class
Av ±SD 78.3±7.7 52. 6 ±12.7 –3.3±4.4 1.24±0.17
Healthy
Av ±SD 70.6±6.0 61.3±6.0 0.9±8.2 1.05±0.11
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One person dropped in to the warning zone once in a 40 week period (subject 10).
This 76 year old lady stumbled after 6 weeks of monitoring and then had a fear of
falling. She continued to go to the balance classes but did not work hard at the
exercises, despite being advised of the problem getting worse from the balance class
teacher. A request was made for a special monitoring session and the results showed
the person in question that her gait had deteriorated significantly (week 38). She was
advised that at this age she needed to start using the muscles properly and do the

Fig. 3. (a) Average knee flexion over time (dotted lines show 1 and 2 SD from healthy ref)
(b) Asymmetry in knee flexion over time (dotted lines show ±1SD)

Table 2. Example report provided to the balance class attendee

Week
from
start

Walking
aid

Medical
condition

Stride
duration
(s)

Left
knee
ROM (º)

Right
knee
ROM (º)

Left/ right
Asymmetry
(%)

Lower
limit

healthy >1.2 55 55 (-8 to 9)

0 None Healthy 1.3 63 54 -15
10 None Healthy 1.1 61 57 -7
20 None Healthy 1.1 61 51 -17
28 None Healthy 1.1 65 57 -13
38 None Healthy 1.1 60 59 -2
43 None Healthy

but new
shoes

1.1 65 51 -24

52 None Healthy 1.1 64 56 -13
66 None Healthy 1.1 62 57 -8
76 None Healthy 1.1 63 58 -8
82 None Healthy 1.1 59 55 -7
88 None Slight

back
ache

1.1 61 52 -16

125 None Slight leg
aches

1.2 62 55 -12
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exercises, otherwise she was very likely to lose her mobility. This was enough to
stimulate her to exercise and the result was she returned to within the normal limits
within 6 weeks, as shown in Fig. 6. This positive result was clearly a result of objective
data being provided.

Fig. 4. Subject 1 (a) Knee ROM over time and (b) Asymmetry in knee flexion over time

Fig. 5. Subject 11 (a) Knee ROM over time and (b) Asymmetry in knee flexion over time

Fig. 6. Subject 10 (a) Knee ROM over time and (b) Asymmetry in knee flexion over time
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Regarding knee symmetry, the majority were close to the –1 SD value, and where
they were outside these limits, corrective action was taken by the individual to improve.
There was only one 80 year old lady that moved outside the limits on a few occasions
(subject 6). This lady had good knee ROM but had suffered a stroke that affected one
side. When she was advised that the asymmetry was getting worse she worked hard on
the required exercises to bring it back to normal. 120 weeks after starting the moni-
toring she was better than when she started, as shown in Fig. 7.

When considering the average values for each of the balance class attendees, shown
in Fig. 8 it can be seen that for the knee ROM three were above the average value for
healthy older people, three were above –1 SD, two were above –2 SD and three below
the –2SD. These three were the ones most at risk of falling.

When referring to the average knee asymmetry in Fig. 8 the majority were very
close to symmetric and only two of the eleven people were outside +/–1 SD, the worst
of whom was the lady who had suffered a stroke.

Fig. 7. Subject 6 (a) Knee ROM over time and (b) Asymmetry in knee flexion over time

Fig. 8. (a) Average knee ROM for balance class and (b) average knee asymmetry for balance
class
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4 Discussion of Results

The gait data for the healthy older subjects is knee ROM 61.3° (6°), knee symmetry of
0.9 % (8.2 %) and stride duration 1.05 s (0.11 s), with an average age of 70.6. For the
Balance Class group, the average knee ROM reduced to 52.6° (12.7°), significantly
below average for their age group. The knee asymmetry was –3.3 % (4.4 %) which is
within the 1SD of the healthy group. The stride duration was significantly slower at
1.24 s (0.17 s), which is typical for a person who has a trouble walking.

These results show that the eleven people who were monitored over the 130 week
period responded positively to instruction on exercises based on their gait data. This
resulted in their gait changing with time, bringing the individual back closer to the
normal range. None of the eleven participants exhibited a gradual deterioration with
time, there were no falls and all remained active. The regular monitoring provided them
with objective data that they and the Balance Class teacher could act upon. Each indi-
vidual had a different condition which changed with time and this meant that each needed
their own customised exercise regime. The gait data provided the teacher with additional
information regarding the severity of the condition and perhaps more important, a
starting point for the individual. Regular monitoring ensured that they maintained their
exercise regime and understood why it was necessary to do so. For one of the individuals
with a worsening gait, it was only once she understood the severity the problem through
the objective data that she responded and followed the guidance of the teacher.

5 Conclusions

All of the ‘at risk’ older people who attended the balance class responded well to
instruction on exercises from the teacher, which was based on the evidence from the
gait test. In all cases the gait parameters did not worsen over the two years and in many
cases it improved. All of the individuals remained active over the 130 week trial period.

Whilst this is only a small sample size it provides evidence that gait does not have
to deteriorate with age, even when the person suffers from a disability or illness that can
affect it. Acting on instructions from a professional in terms of suitable exercises
provided motivation to the individuals.

A larger study would need to be carried out to determine if this procedure was to be
adopted by geriatricians and other medical teams whether it would reduce the number
of falls.

Acknowledgements. Thanks go to Stella Hines, the Balance Class teacher and to the attendees,
who without them this study would not have been possible.
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