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Abstract

Background Studying physical activity (PA) trends in

older populations and potential interventions for increasing

PA is important, as PA is a factor in many age-related

health outcomes such as chronic disease, premature mor-

tality, physical function and injuries from falls. Objective

measures of PA provide valuable information regarding the

functional impact that ageing and chronic disease states

may have on a patient’s life.

Aims The purpose of this study was to test the validity of

the AX3 PA monitor in an older population and to inves-

tigate whether the AX3 is a valid measure of distinct types

or levels of activity in older people with a spectrum of

mobility.

Methods Validity of the AX3 PA monitor was tested using

the RT3 as a means of cross-validating the AX3. Study

participants wore both the AX3 and the RT3 accelerome-

ters, positioned on their non-dominant side, whilst com-

pleting a series of standardised everyday activities.

Results Although overall correlation was high (r[ 0.8)

between the RT3 and lower-limb-mounted AX3 counts, the

correlation between the two devices was much stronger for

walking activity than for any of the non-walking activities.

Discussion Activity counts at all lower limb positions for

the AX3 and RT3 were highly correlated. Correlation

between wrist-mounted AX3 counts and lower limb AX3

counts was only moderate, and worsened when walking

aids were in use.

Conclusions The results of this study indicate that the AX3

monitor is a valid tool, which might be used to objectively

measure walking activity in older functionally impaired

adults, a welcome finding for this under-researched area.

Keywords Physical activity � Older adults � Ageing �
Accelerometry � Public health

Introduction

Researching physical activity (PA) trends in older popu-

lations and potential interventions for increasing PA is

important. PA is a factor in many age-related health out-

comes such as chronic disease, premature mortality,

physical function and injuries from falls [1]. It is also

highly modifiable, which is important given the fact that

people aged 65 and over are the most sedentary of any age

group [1]. It is not surprising that the use of objective

methods of measuring PA has become more commonplace

in public health research over the last decade [2]. There is a

clear need for methods of accurately and objectively cap-

turing how much PA older people do. In order to be con-

sidered accurate, the method should be objective and valid

for the observed population, measuring without bias what

people actually do, whilst accounting for factors such as

slower walking speeds [3] and dependence on walking

aids. Objective measures of PA can provide valuable

information regarding the functional impact that ageing

and chronic disease states may have on a patient’s life and

could aid in the monitoring and evaluation of interventions

designed to improve symptoms [4].

Triaxial accelerometers offer advantages in that they are

objective and so free of the biases inherent in asking the

patient to recall how much they have done (i.e. self-report).
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They also have the potential to produce a richer data set, with

detailed information on how activity changes from minute to

minute. Triaxial accelerometers are worn on the body typi-

cally over a 7-day period and measure acceleration along

three orthogonal axes. The captured data can be used to

assess multiple dimensions of PA [5]. The devices are

becoming smaller, lighter and therefore less obtrusive to the

wearer. The RT3 accelerometer has been used to measure PA

in numerous studies in the past decade and must be clipped

over the hip at the waistband. However, the RT3 devices use

old technology and are no longer commercially available.

Technological advances in PA monitors have progressed

significantly in recent years, and so there is a need to deter-

mine the validity of newer models as objective measures of

PA, in a variety of populations. The AX3 has not been val-

idated for use in older adults and so we aimed to evaluate the

Axivity AX3 PA monitor for use in this subgroup.

The AX3 is substantially smaller (matchbox size), is

lighter (weight 16 vs 64 g for the RT3) and can be worn on

the wrist, ankle or various other sites such as the thigh. It is

also waterproof to 1.5 m and so is perhaps more tolerant to

any need or desire to remove the device, which may ensure

more complete data collection. Previous validity tests of

the AX3 accelerometer have used a shaker table [6] and

younger people carrying out physical training exercises [7].

The purpose of this study is to test the validity of the AX3

in an older population, in a similar manner to our previous

validation of the RT3 device [8], but additionally using the

RT3 as a means of cross-validating the AX3.

Methods

Study participants

We recruited participants aged over 65 from inpatient and

outpatient Medicine for the Elderly Dundee services and from

a panel of local older volunteers. All participants gave written

informed consent. Ethical approval was granted by the Tay-

side Local Research Ethics Committee (13/ES/0120) and the

study conformed to the principles of the Declaration of Hel-

sinki. Participants were all independently mobile without

human assistance and were recruited with the following

characteristics: no activity limitations and no walking aids;

activity limitation but no walking aid; activity limitation and

use of one walking stick; activity limitation and use of Zimmer

frame; activity limitation and use of triwheel walker.

Accelerometers

The AX3 accelerometer is a small lightweight triaxial

accelerometer, weighing 16 g. The AX3 accelerometer is

usually used with an attachment band for use on the wrist;

for the purposes of this study, the AX3 was mounted either

on elasticated bands (for use on ankle, thigh or wrist) or on

a belt clip adjacent to the RT3 accelerometer on the non-

dominant side (see Fig. 1). For each participant, a total of

four AX3 and one RT3 accelerometers were used.

Study visits and outcomes

The study schedule involved a single study visit. Baseline

information was collected on current activity levels, walking

aids, age, sex, height, weight and comorbid disease. Study

participants wore both the AX3 and the RT3 accelerometers,

positioned on their non-dominant side, whilst completing a

series of standardised activities that have been reported in

detail previously [8]. Each participant completed the activ-

ities in the same order, with each activity lasting 6 min:

standing activity, walking, seated rest, seated activity, lying

supine and stair-climbing activity (optional, only for those

participants able to climb stairs).

For the standing and seated activity, participants were

asked to move rings over cones placed on a table at set

positions based on the participant’s demispan, as previ-

ously described [8]. The 6-min walk was performed in a

corridor 15 m long, with standardised encouragement

every 30 s. The distance travelled and number of rests were

recorded. During the seated rest, participants were allowed

to talk and make gestures. For the 6 min of lying supine,

participants were encouraged to stay still. Participants

completing the stair climb were asked to climb up three

steps to a platform and down twice, and then given a rest

until the end of each minute. The researcher recorded as

secondary outcomes the distance travelled and number of

rests in the 6-min walk, the number of cones moved in the

standing and sitting tasks and the number of times up and

down the steps in the stair-climbing task.

Fig. 1 AX3 mounted on thigh
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At the start of each 6-min period, participants were

asked to clap three times at the same time as the RT3 event

marker button was pushed by the researcher. This provided

a record on the data files of when each activity started. RT3

recorders were used in mode 3 (1-min epochs recorded);

AX3 recorders were used recording at 100 Hz.

Analyses

The sum of vector magnitude counts per minute was

obtained from the RT3 data file. The start of each minute

epoch was denoted by a time stamp; times for the RT3 and

AX3 time stamps were derived from a single computer,

used to initiate all the recorders. For the RT3, the first and

last minute of each activity was discarded, as activities are

likely to have started and stopped during the minute and

hence less than a whole minute of activity would have been

recorded. Five values (1 min each) per activity were

therefore derived for each participant from the RT3.

For AX3 data, the start time for data reduction was taken

as the start of the first whole minute of data, using the time

stored on the RT3 to ensure that the time periods were syn-

chronised. The presence of handclap spiked during the

minute prior to this point on the AX3 data served as a check

that the data epochs were synchronised correctly. Vector

magnitude counts were calculated for each 1/100th of a

second from the three orthogonal AX3 data channels using

OMGUI software (GITHub, University of Newcastle); the

signal vector magnitude function was used for these calcu-

lations using a filter bandpass of 0.5–20 Hz. In addition, the

angle between the x acceleration vector (expressed as a

fraction of g) and the y and z vectors was calculated. Vectors

were then summed into five 1-min epochs after the start time,

and the mean acceleration angle relative to the y/z plane was

also calculated for each 1-min epoch.

All statistical analyses were performed using SPSS

version 21 (IBM, New York, USA). A two-sided p value of

\0.05 was taken as significant for all analyses. Correlation

coefficients were calculated using Pearson’s test, compar-

ing each individual minute of activity between

accelerometers. For calculating the optimum cut point

between walking and non-walking activity, Youden’s

index (sensitivity ? specificity-1) was calculated for each

potential cut-off; the highest index value was taken as the

optimum cut-off point.

Results

Study population

A total of 23 participants with usable data were included.

Baseline details for the participant groups are given in

Table 1. Participants with no activity limitations were, as

expected, much fitter than those needing to use walking

aids; those using walking aids had a higher burden of

comorbid disease and took more medications.

There were moderate bivariate correlations for AX3

counts between wrist and ankle, hip and thigh (0.69, 0.73

and 0.70, respectively; all p\ 0.001); correlations between

AX3 lower limb positions were high (ankle vs hip

r = 0.98; ankle vs thigh r = 0.97; hip vs thigh r = 0.95;

all p\ 0.001).

Table 2 shows the correlation between AX3 counts in

different positions and the hip-mounted RT3 counts.

Although overall correlation was high (r[ 0.8) between

the RT3 and lower-limb-mounted AX3 counts, the corre-

lation between the two devices was much stronger for

walking activity than for any of the non-walking activities.

Correlations between the RT3 and the wrist-mounted AX3

Table 1 Baseline details of participant groups

Group A (no AL, no

walking aids)

B (AL, no

walking aids)

C (AL,

walking stick)

D (AL,

walking frame)

E (AL, triwheel

walker)

N 6 4 5 4 4

Female 4/6 2/4 4/5 3/4 2/5

Mean age (SD) 73 (6) 81 (8) 77 (11) 81 (10) 82 (10)

Mean number of comorbidities (SD) 0.8 (1.2) 1.4 (1.1) 2.4 (1.7) 1.5 (1.3) 2.6 (1.8)

Mean number of medications (SD) 1 (0.8) 5 (3) 7 (4) 11 (2) 10 (5)

Mean 6-min standing activity—no. of rings (SD) 167 (42) 120 (11) 113 (32) 78 (50) 86 (31)

Mean 6MWT distance in m (SD) 410 (40) 324 (74) 200 (21) 66 (31) 99 (55)

Mean 6-min sitting activity—no. of rings (SD) 154 (36) 127 (23) 124 (44) 89 (57) 108 (19)

Mean 6-min step-climbing activity—time taken

for each group of steps in secs (SD)

13 (3) 18 (3) 33 (16) 39 (–)* 77 (11)

AL activity limitation

* Only one of four participants completed step-climbing activity
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were lower. Table 2 also shows equations derived from the

correlation plots to estimate AX3 counts in each tested

position from hip-mounted RT3 counts.

Marked differences in the strength of correlation

between the RT3 and AX3 were noted for different types of

walking aid use. Correlations at all sites were high for

those not using walking aids; correlations were lower for

those using a stick or wheeled walker and were poor for

those using a Zimmer frame; correlations were also poor

between the RT3 and the wrist-mounted AX3 for those

using a wheeled walker. Details of all correlations are

given in Table 3.

Table 4 shows the mean counts for different activities

for each accelerometer position, along with the optimum

cut point to distinguish walking from other activities for

each accelerometer position. Table 5 shows mean angles

and cut-offs for each AX3 accelerometer position.

Discussion

We found that although activity counts at all lower limb

positions for the AX3 and RT3 were highly correlated,

correlation between wrist-mounted AX3 counts and lower

limb AX3 counts was only moderate, and was worse when

walking aids were in use. This finding is in line with other

studies that reported a higher correlation with systems

placed on the lower limbs rather than upper limbs, espe-

cially when focusing on relevant functional tasks

demanding of the lower limb [9]. Correlations at all sites

were high for those not using walking aids; correlations

were lower for those using a stick or wheeled walker and

were poor for those using a Zimmer frame. Correlations

were also poor between the RT3 and the wrist-mounted

AX3 for those using a wheeled walker.

We found that it was possible to derive equations to

relate RT3 counts to AX3 counts, which may prove useful

in comparing activity levels in different older populations

across studies. We found that the AX3 monitor was able to

accurately distinguish walking activity from non-walking

activities when used in any of the three lower limb posi-

tions, that only an ankle-mounted AX3 accurately dis-

criminated lying from non-lying activity and that only a

thigh-mounted AX3 accurately discriminated sedentary

from non-sedentary activity. The wrist-mounted AX3

accelerometer was not able to accurately discriminate

between any of these groups of activity in older function-

ally impaired people.

There is still considerable debate over both the choice of

accelerometer to use and the ideal location of the

accelerometer(s) for different applications, as the acceler-

ation signal recorded from the body depends upon the

design and location of the sensing device and the activityT
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being performed. For example, using an accelerometer on

the upper limb carries higher face validity for measuring

upper limb activities, but would not be expected to accu-

rately reflect lower limb activity. Attempting to use waist-

worn accelerometers to detect sedentary behaviour has

been shown to be problematic. Waist-worn accelerometers

have been reported as being incapable of distinguishing

between different postures, and soft tissue motion at the

waist can induce significant errors in belt worn devices that

can lead to periods of standing being misclassified as

sedentary [10]. Data from the hip have been shown to be

the best single location to put an accelerometer to distin-

guish between a range of activities, and our results would

go someway to support this [9]. In May 2013, the company

Stayhealthy, Inc., Monrovia, CA, introduced the RT6 which

has superseded the RT3. The RT6 has a triaxial

accelerometer and three-axis gyroscopes. This configura-

tion is reported to overcome the problems associated with

exercise where the waist is stationary. This monitor was not

available at the time these data were collected.

The ability to provide accurate information would

depend on a user’s activity and also the context in which

the device is used. This may be particularly important in

measuring activity in older functionally impaired people—

whilst in young, fit people, a given activity (e.g. walking,

sport activity) will tend to generate movements at the arms,

legs and trunk, this is unlikely to be the case for older,

impaired people. Individuals who use a Zimmer frame or

walker lose the natural coordination of limbs during

walking; arms holding a walking aid will not move when a

step is taken; hips may not move much when a shuffling

step is made. Hence, a disconnection between activity

measurements at different parts of the body is more likely

in older people, making a proxy choice of measuring site

less appropriate.

UK Biobank is a prospective study of 500 000 UK

participants recruited in middle age during 2006–2010

[11]. Extensive data were collected at baseline from all

participants on their lifestyle, environment, personal and

family medical history. The UK Biobank favoured the AX3

device over the others as it provides raw un-filtered

actigraphy data, is a fully well-documented open-source

product, is postal friendly and is value for money [12].

Khan et al. [13] used the AX3 monitor to validate its use

through a range of everyday activities. The device was

placed on the lower part of the spine and was able to

predict all physical activities with the accuracy of more

than 80 %. Lying, walking, sitting, standing and cycling

activities were predicted with the accuracy of more than

95 %. Walking activity was predicted 100 % the ‘J48

classifier’ algorithm. Further research was recommended

investigating its validity when located on different body

parts.

The results of this study indicate that the AX3 monitor is

a valid tool which can be used to objectively measure

walking activity in older functionally impaired adults,

which is a welcome finding for this under-researched

population [13, 14]. Cross-validation with the RT3 monitor

in our previous work strengthens our results and allows

comparison across studies using these different measures.

Our study has a number of limitations, however, in that

our sample size was small and the use of walking aids

appears to interfere with measurement. Our focus on peo-

ple with walking aids means that our ability to draw con-

clusions about fitter older people is limited. Larger samples

may be required to reveal differences between other non-

walking activities. We used simple cut-offs for both

activity count and acceleration angle to discriminate

between activities. It is possible that more sophisticated

signal analysis will be able to better discriminate between

activities, especially given the high temporal resolution

(100 Hz) of AX3 data. Such approaches like that of Khan

et al. [13] referred to earlier might allow sedentary versus

non-sedentary activity to be discriminated at sites including

the wrist, which was not possible using our analytical

approach.

The measurement of finer-skilled PA needs further

investigation. These activities, which have more subtle

differences in acceleration, such as working in a sitting

posture, may require different approaches (e.g. using

multiple accelerometers) to detect. Further work should

therefore focus on identifying which combination of

accelerometer position provides the best accuracy for

these finer-skilled activities. Additionally, the accuracy of

such classifiers should be assessed under free-living

conditions, as measuring PA in the laboratory does not

necessarily translate to performance in the real world

[4, 9].

Table 3 Correlations (for all activities) subdivided by type of walking aid

RT3 versus: Fit, no aids Impaired, no aids Impaired, walking stick Impaired, Zimmer frame Impaired, triwheel walker

Wrist 0.76 (\0.001) 0.68 (\0.001) 0.53 (\0.001) 0.42 (\0.001) 0.14 (0.14)

Ankle 0.92 (\0.001) 0.98 (\0.001) 0.79 (\0.001) 0.29 (0.003) 0.70 (\0.001)

Hip 0.92 (\0.001) 0.98 (\0.001) 0.77 (\0.001) 0.36 (\0.001) 0.86 (\0.001)

Thigh 0.91 (\0.001) 0.98 (\0.001) 0.78 (\0.001) 0.30 (\0.001) 0.77 (\0.001)
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Conclusion

The AX3 is a valid tool that might be used to objectively

measure walking activity in older functionally impaired

adults. Caution must be taken, however, as the use of

walking aids may interfere with measurement. There is a

real need to assess the validity of existing accelerometers to

record accurately the more intricate upper limb activities

occurring in everyday life, in addition to slow walking in

older adults (especially those who use walking aids) as this

information is important in the design of interventions

designed to improve PA levels in this population.

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding

author states that there is no conflict of interest.

Human and animal rights Ethical approval was granted by Tayside

Local Research Ethics Committee (13/ES/0120) and the study con-

formed to the principles of the Declaration of Helsinki.

Informed consent All participants gave written informed consent.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Nelson ME, Rejeski WJ, Blair SN et al (2007) Physical activity

and public health in older adults: recommendation from the

American College of Sports Medicine and the American Heart

Association. Med Sci Sports Exerc 39:1435–1445

2. Bassett DR (2012) Device-based monitoring in physical activity

and public health research. Physiol Meas 33:1769–1783

3. Kanoun N (2009) Validation of the ActivPAL activity monitor as

a measure of walking at pre-determined slow walking speeds in a

healthy population in a controlled setting. Reinvention J Under-

grad Res 2

4. Gardner AW, Ritti-Dias RM, Stoner JA et al (2010) Walking

economy before and after the onset of claudication pain in

patients with peripheral arterial disease. J Vasc Surg 51:628–633

5. Zhang S, Rowlands AV, Murray P et al (2012) Physical activity

classification using the GENEA wrist-worn accelerometer. Med

Sci Sports Exerc 44:742–748

6. Ladha CL, Ladha K, Jackson D et al (2013) Shaker table vali-

dation of open movement Ax3 accelerometer. In: 3rd interna-

tional conference on ambulatory monitoring of physical activity

and movement, Amherst, USA

7. Khan AM (2013) Recognizing physical activities using the

axivity device. In: eTELEMED: the fifth international conference

on eHealth, telemedicine, and social medicine

8. Sumukadas D, Laidlaw S, Witham MD (2008) Using the RT3

accelerometer to measure everyday activity in functionally

impaired older people. Aging Clin Exp Res 20:15–18

9. Cleland I, Kikhia B, Nugent C et al (2013) Optimal placement of

accelerometers for the detection of everyday activities. Sensors

13:9183–9200. doi:10.3390/s130709183

10. Sandroff BM, Motl RW (2013) Comparison of actigraph activity

monitors. J Sci Med Sport 14:411–416

11. Sudlow C, Gallacher J, Allen N et al (2015) UK biobank: an open

access resource for identifying the causes of a wide range of

complex diseases of middle and old age. PLoS Med 12:e1001779.

doi:10.1371/journal.pmed.1001779

12. Physical Activity Expert Working Group for UK Biobank (2016)

UK Biobank: physical activity monitor (accelerometer), version

1, 27 Jan 2016. http://biobank.ctsu.ox.ac.uk/crystal/docs/Physica

lActivityMonitor.pdf

13. McMurdo MET, Argo I, Crombie IK et al (2012) Social, envi-

ronmental and psychological factors associated with objective

physical activity levels in the over 65s. PLoS one 7:e31878.

doi:10.1371/journal.pone.0031878

14. Gorman E, Hanson HM, Yang PH et al (2014) Accelerometry

analysis of physical activity and sedentary behaviour in older

adults: a systematic review and data analysis. Eur Rev Aging

Phys Act 11:35–49. doi:10.1007/s11556-013-0132-x

Aging Clin Exp Res (2017) 29:451–457 457

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/s130709183
http://dx.doi.org/10.1371/journal.pmed.1001779
http://biobank.ctsu.ox.ac.uk/crystal/docs/PhysicalActivityMonitor.pdf
http://biobank.ctsu.ox.ac.uk/crystal/docs/PhysicalActivityMonitor.pdf
http://dx.doi.org/10.1371/journal.pone.0031878
http://dx.doi.org/10.1007/s11556-013-0132-x

	Validation of the AX3 triaxial accelerometer in older functionally impaired people
	Abstract
	Background
	Aims
	Methods
	Results
	Discussion
	Conclusions

	Introduction
	Methods
	Study participants
	Accelerometers
	Study visits and outcomes
	Analyses

	Results
	Study population

	Discussion
	Conclusion
	Open Access
	References




