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Introduction

Hip and knee osteoarthritis (OA) are considered the most

common joint disorders, affecting at least 250 million

individuals worldwide, who experience pain, reduced

physical function, and lower-leg disability (1,2). OA is an

extreme burden on society, through the costs related to

disease treatment and productivity loss (1). Furthermore,

this burden will increase during the next decades because

of the aging population and obesity epidemic (1).
Due to their walking disability, individuals with OA are

more prone to mortality, for instance from cardiovascular

diseases (3). This disability is reflected in their sedentary

and inactive lifestyle, as only a part of this population

meets current guidelines for physical activity in daily life

(3,4). Sedentary behavior impairs a person’s health by

contributing to the onset and progression of chronic dis-

eases (e.g., OA and cardiovascular diseases) (4–7). Since

reducing sedentary behavior and increasing physical

activity are known to prevent further functional loss and

reduce mortality and pain in individuals with hip and

knee OA (3,4,8,9), current treatment interventions incor-

porate lifestyle modifications, thereby improving physical

activity and well-being (10). Consequently, a reliable

assessment of physical activity behavior is necessary to

accurately evaluate treatment efficacy (11).
According to the World Health Organization, physical

function can be subdivided into capacity, i.e., the

capability to perform a specific task within a controlled

environment, and performance, which is defined as

“activities performed by an individual on a day-to-day

basis in the context of their own life” (12). Activity moni-

toring, which focuses on a person’s performance in daily

life, can be accomplished with a multitude of methods,

each with its own advantages and disadvantages (13). Sub-

jective methods, e.g., questionnaires, are cheap and easily

applicable in large cohorts but lack objectivity and are

prone to bias and inconsistencies (14,15). The gold stan-

dard methods, i.e., doubly labeled water and indirect calo-

rimetry, are not always applicable, as they are laboratory-

based, expensive, and not able to distinguish various

postures or types of physical activity (13,15,16). Espe-

cially in patients with knee- and hip-related impairments,

alterations in activities involving the lower legs (e.g., sit-

to-stand transfers, walking, and cycling) could provide

useful insights of treatment efficacy. Activity monitors are

feasible for objectively assessing physical activity in daily

life (15). Furthermore, they have the potential to measure

the 4 dimensions of physical activity: frequency (how

many single events per time period), intensity (energy

expenditure of a single event), time (duration of a single

event), and type (of activity) (5,15). Examining all dimen-

sions of physical activity rather than only a single compo-

nent could be worthwhile, since the different components

are related to varying diseases or disease sites (11,17).
Existing body-mounted activity monitors use parame-

ters such as heart rate or body motion to assess physical

activity and/or energy expenditure (5). Furthermore, mul-

tiple sensor systems are available, employing several

sensors simultaneously or combining technologies (9,18).

Pedometers are fairly simple and low-cost devices that

detect the steps taken during daily life (which are consid-

ered to be the main contribution to lower-leg activities)

but are unable to register other types of activities (e.g.,

cycling) or distinguish different postures (9,11,13).
Accelerometers are relatively unobtrusive devices that

are able to detect the magnitude and frequency of accelera-

tion in 1 or multiple planes. Acceleration counts can be
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used to determine energy expenditure and categorize
activities into different levels (9,11). Novel devices mea-
suring the gravitational field can be used to distinguish
body postures and to accurately distinguish sedentary
behavior (19). Such information is of high relevance
within hip and knee OA research due to the patients’ sus-
ceptibility to reduced activity levels and a more sedentary
lifestyle caused by pain and depression symptoms (4).
Furthermore, acceleration signals can be used for activity
classification, thus improving the information on activity
behavior during daily life (19). A current limitation of
accelerometers is their inability to measure all activities
with equal accuracy (14,20).

Nevertheless, these activity assessment tools seem to

offer the best balance between feasibility and utility

for clinical monitoring of free-living behavior in patients.

A wide range of monitors is currently available, and

selecting a device for scientific applications often depends

on numerous factors, such as the study objective and the

monitor’s applicability and reliability (11,14,16). Reviews

have been written on various topics related to physical

activity monitors (e.g., types, advantages, and best

practices) (9,11,14,16), but little attention has been given

to the variety of devices available.
Therefore, this review aims to provide an up-to-date

overview of physical activity monitors and their

specifications, used within hip and knee OA research. By

using the information provided in this review, informed

decisions regarding the most appropriate activity monitor

for specific research goals can be made.

Materials and methods

A review was conducted to identify activity monitors

used in hip and knee OA research. Studies were included

when 1) the participants were diagnosed with hip or knee

OA, either clinically (e.g., American College of Rheuma-

tology guidelines [21,22]), radiographically (e.g., Kellgren/

Lawrence grade $2), by a physician or when patients had

received surgery (i.e., osteotomy, arthroscopy, or partial or

total joint arthroplasty) due to OA, 2) activity monitors

assessed habitual physical activity during daily life for at

least 3 days (the minimal requirement for gathering physi-

cal activity data) (12), and 3) texts were available in

English, Spanish, German, or Dutch. Articles were

excluded if the device was used only to determine param-

eters of gait (e.g., step length, gait symmetry, or peak tibial

acceleration), the device was used as an assistive device

during surgery, the article described study protocols or

abstracts of studies that were already included in this

review, the article described animal studies, or the

employed activity monitor was not specified.
The following databases were searched from January

2000 until January 2016: Medline via PubMed, Embase via

OVID and Scopus. Due to recent technologic advances, we

considered it unnecessary to include older articles.

Included reviews and reference lists were screened for fur-

ther devices and references. The search strategy com-

prised medical subject headings (i.e., MeSH) terms and

text words related to “knee osteoarthritis,” “hip

osteoarthritis,” “activity monitor,” “heart rate monitor,”

“pedometer,” and “accelerometer” (see Supplementary
Appendix A, available on the Arthritis Care & Research
web site at http://onlinelibrary.wiley.com/doi/10.1002/
acr.23170/abstract, for the complete Medline search strat-
egy). When necessary, the Medline strategy was adjusted
to apply it to other databases.

The device’s name and manufacturer were obtained
for each reference. Relevant specifications were identified
for each device by extracting information from the manu-
facturers’ websites, device manuals, and literature. In gen-
eral, these specifications regarded the monitor’s hardware
(e.g., incorporated technology, battery, and storage capac-
ity), the financial burden (expenses for a sensor and soft-
ware), and the measurement abilities (e.g., energy
expenditure, step detection, and posture allocation).

If the monitor that was originally extracted from the lit-
erature search was no longer commercially available or a
successive device had been developed in the meantime,
the company’s next generation device was included. If no
direct successive device was available, the manufacturer’s
current, most advanced research-grade monitor was
included in this review (decisions were reached after dis-
cussion between MS, MB, and DR). To ensure accuracy of
the device’s specifications, every manufacturer was
requested to reconfirm the correctness of the provided
specifications.

Results

The initial search resulted in 369 articles, of which 181
duplicates were removed. An additional 70 articles were
omitted for further analysis due to the inclusion and
exclusion criteria. Finally, the search resulted in 118 eligi-
ble articles, in which activity monitors were used to deter-
mine physical activity during daily life in knee and/or hip
OA patients (Figure 1).

There were 15 different devices identified from the arti-
cles, with the majority (n 5 10) containing accelerometers.
The remaining monitors were defined as pedometers

Figure 1. Flowchart describing identified and included articles.
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(n 5 5). However, only 14 devices are presented in this

article, since the Vitaport Activity Monitor is not commer-

cially available anymore. The technical specifications and

analytical parameters of the remaining 14 devices are

summarized and compared in Tables 1 and 2.
Overall, the hardware features of the devices vary con-

siderably in weight (mean 33 grams, range 8–61 grams)

and dimensions (mean 29 cm3, range 1–83 cm3). With

regard to battery life, the majority (n 5 11) can assess phys-

ical activity for 1 week or more. The battery can be

recharged in 8 devices, whereas for the remainder the

batteries need to be replaced once depleted (all by the

consumer, except for the Stepwatch Activity Monitor).

Furthermore, most of the monitors connect to a computer

over USB connections (n 5 11), either through a docking

station or through a direct connection. Only a few (n 5 3)

can also transfer data via Bluetooth. In general, the

monitors are not waterproof (Table 1).
The financial burden varies widely between the devices,

ranging from e25 to e700 (mean e599), excluding the most

expensive device (Intelligent Device for Energy Expendi-

ture and Activity 3 [IDEEA 3] at e4,500). Also, the need for

and cost of required software varies greatly between the

devices. Nine of the monitors have 1 distinct, recom-

mended wear position, usually at the hip, thigh, ankle, or

wrist. Every manufacturer provides a user data interface,

with the most common measurement outcomes being

energy expenditure and step detection (n 5 11). Many of

the manufacturers provide summarized data output on at

least a daily basis (n 5 8). Additionally, 8 monitors offer

the option of extracting raw data (Table 2). Every sensor is

compatible with the Windows operating system, whereas

only 4 are compatible with an OS X operating system.

Only the IDEEA 3 has previously been validated in OA

patients. The vast majority of the activity monitors have

been validated solely in healthy populations, without

walking impairments potentially affecting gait characteris-

tics (data not shown). Finally, references describing addi-

tional features of the monitor are shown in Table 2.

Discussion

This review provides an extensive overview consisting of

14 currently available monitors, along with their hardware

specifications and measuring capabilities. The informa-

tion on the devices should enable the scientific commu-

nity to compare the available options and decide which

device would be most appropriate for their specific

research goal, ultimately improving the assessment of

physical activity.
When choosing an activity monitor, several consider-

ations should be taken into account. Some devices are

allegedly able to measure various activities, whereas

others can only measure a single category, yet this differ-

ence does not necessarily imply the superiority of 1 device

over the others. Devices are generally validated with

highly heterogeneous protocols, in different populations,

and against varying criteria methods (18). The validation

of devices solely in healthy participants could lead to an

erroneous reflection of the device’s true validity for lower-

leg OA patients, as knee and hip OA lead to abnormalities

in gait dynamics and increased energy expenditure during
gait compared to healthy individuals (23,24).

Furthermore, validation studies are often conducted in
a laboratory setting, which represents a showcase situa-
tion deviating from free-living conditions, thereby con-
founding gait parameters compared to habitual gait
performance (25). Therefore, activity monitors measuring
a single category but validated in OA patients could be a
superior option to a device able to measure various activi-
ties, validated only in healthy young participants.

Accurate detection of human motion is dependent on
various factors, among them the sampling rate. To capture
the full range of human movement, the sampling fre-
quency should be twice as high as the highest movement
frequency performed, which in healthy individuals varies
from 8 Hz (lower body) up to 25 Hz in upper body activi-
ties (26). A lower frequency rate might be sufficient for
measurements with OA patients, due to their functional
impairment and slower movements (23,24,27). A higher
sampling rate, however, more quickly depletes storage
capacity and battery life, increasing the demand on a
sensor’s hardware (28). While some studies suggest
assessing physical activity behavior for 3 days, others rec-
ommend a minimum of 7 days, providing additional
insight into differences between weekdays and weekends
(12,14). This information could describe a patient’s behav-
ioral pattern in more detail, as differences occur between
weekdays and weekends (29). However, most devices
included here allow for 7 or more measurement days with
at least 25 Hz.

Accurately measuring sedentary behavior is of critical
importance, as such behavior is shown to detrimentally
affect health (5,6). However, particular devices rely on
surrogate measures to detect sedentary behavior, (e.g.,
threshold of activity counts). Such measures may incorpo-
rate light-intensity activities (e.g., standing) as sedentary,
ultimately leading to erroneous measurements (30). Fur-
thermore, due to distinct monitoring protocols and data
reduction strategies, sedentary behavior measured with
differing monitors should be compared carefully (6). Since
hip and knee OA commonly result in reduced sleep dura-
tion and quality, being able to measure these parameters
objectively could be a significant addition to the measure-
ment protocol (31).

Monitors are often worn at different locations, and the
wear position is assumed to be trivial at a group level (11).
Participants could be less compliant to wear a monitor
due to aesthetic motives, even though commercially avail-
able wrist-worn activity monitors, such as the Fitbit and
JawboneUP, have become increasingly popular (20,32).
This elevated acceptance towards popular, commercially
available activity monitors obviously depends on the
weight, dimensions, and appearance of a monitor. With
regard to measurement options, one should recognize the
effect of the wear position on a device’s measuring abili-
ties (e.g., the Actigraph wGT3X-BT can only distinguish
standing from sitting if it is worn on the hip).

Especially in accelerometers, an important feature
might be the possibility to extract raw data that can be
analyzed independent of the manufacturers’ algorithms, if
these are specified insufficiently for specific needs and

1464 Sliepen et al



study aims. Moreover, raw data can be re-analyzed retro-
spectively if new algorithms are developed.

The sensor’s prices are presented to provide an esti-
mate, but might vary slightly due to country-specific taxes,
order size, or conversion rates. The sensors’ prices vary
from less than e50 for relatively simple pedometers, to
e6,300 for a portable gait-analysis system. A pedometer
might be sufficient to get an overall idea of physical activ-
ity in a specific population, especially since walking is
considered the main contributor to lower-leg activities,
but devices with further analytical options might be worth
the higher costs (33).

To summarize, a large variety of specifications and fea-
tures should be considered, ultimately leading to a well-
informed choice of the most appropriate monitor. Themes
such as whether a monitor has been sufficiently validated
in the target population (as activity assessment can be
hampered by certain patient characteristics [27]), whether
a device should be able to measure for at least 7 days (as
differences in activity behavior have been shown in knee
OA patients between weekdays and weekends [29]), how
much a device can maximally cost, and what size and
weight are acceptable with regard to compliance (as com-
pliance with a monitoring protocol often remains chal-
lenging [20]), should be taken into consideration.

The description of every single activity monitor cur-
rently available on the market is a difficult task due to the
rapid progression of technical developments within this
field. Therefore, the monitors mentioned in this review
will not encompass the full scale of available devices,
both research-grade and consumer available devices. This
review consequently focused only on devices used within
knee and hip OA research, as these diseases affect at least
250 million people worldwide (2).

Second, this review has not addressed the validity of
the described activity monitors. Clearly, a device’s valid-
ity should be thoroughly examined beforehand. Using a
valid and reliable monitor improves study results, and
therefore, one should assess whether and how a device
has been validated.

Finally, we were unable to retrieve all specifications
and/or related references for each device due to various
reasons (Tables 1 and 2). Probably, some of the
specifications were proprietary and therefore unavailable
to the public, whereas other features were simply not
applicable or specified by the manufacturer. We were
able, however, to retrieve most specifications, in part by
contacting the manufacturers.

The choice for the most appropriate monitor requires
weighing specific features and limitations of every device,
since the assessment of all domains of physical activity
with 1 single device is arguably impossible. A well-
defined study objective as well as issues such as the mea-
surement duration and financial costs should be taken
into consideration prior to the device selection, as such a
procedure will optimize the choice for an activity monitor.
This review has provided a detailed list of currently avail-
able devices with a broad spectrum of features, enabling
the scientific community to select the most appropriate
activity monitor, thereby hopefully improving the assess-
ment of physical activity in hip and knee OA research.
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