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Abstract

Background: Despite the well-established health benefits of physical activity, a large population of older adults still maintain
sedentary life style or physical inactivity. This network meta-analysis (NMA) aimed to compare the effectiveness of wearable
activity tracker-based intervention (WAT), electronic and mobile health intervention (E&MH), structured exercise program
intervention (SEP), financial incentive intervention (FI) on promoting physical activity and reducing sedentary time in
older adults.

Methods: The systematic review based on PRISMA guidelines, a systematic literature search of PubMed, Web of Science,
Google Scholar, EMbase, Cochrane Library, Scopus were searched from inception to December 10th 2022. The randomized
controlled trials (RCT) were included. Two reviewers independently conducted study selection, data extraction, risk of bias
and certainty of evidence assessment. The effect measures were standard mean differences (SMD) and 95% confidence inter-
val (CI) in daily steps, moderate-to-vigorous physical activity (MVPA) and sedentary time.

Results: A total of 69 studies with 14,120 participants were included in the NMA. Among these included studies, the results of
daily steps, MVPA and sedentary time was reported by 55, 25 and 15 studies, respectively. The NMA consistency model ana-
lysis suggested that the following interventions had the highest probability (surface under the cumulative ranking, SUCRA) of
being the best when compared with control: FI+WAT for daily steps (SUCRA= 96.6%; SMD= 1.32, 95% CI:0.77, 1.86), WAT
+ E&MH+ SEP for MVPA (SUCRA= 91.2%; SMD= 0.94, 95% CI: 0.36, 1.52) and WAT+ E&MH+ SEP for sedentary time
(SUCRA= 80.3%; SMD=−0.50, 95% CI: −0.87, −0.14). The quality of the evidences of daily steps, MVPA and sedentary
time was evaluated by very low, very low and low, respectively.

Conclusions: In this NMA, there’s low quality evidence that financial incentive combined with wearable activity tracker is the
most effective intervention for increasing daily steps of older adults, wearable activity tracker combined with electronic and
mobile health and structured exercise program is the most effective intervention to help older adults to increase MVPA and
reduce sedentary time.
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Introduction
With the increased aging of the global population, the phys-
ical and mental health of older adults has become a public
health concern. Physical activity (PA) provides multiple
health benefits for older population, including but not
limited to reducing all-cause mortality, protecting against
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chronic diseases, improving mental health and cognitive
function.1,2 Several PA measures was closely associated
with the health outcomes of old population. Firstly,
walking is the most common PA and taking more steps is
associated with a gradually declined risk of all-cause mortal-
ity with larger effects observed in older adults than in young
adults.3 Secondly, the intensity of PA is also an important
determinator of health benefits. Compared with light intensity
physical activity (LPA), moderate-to-vigorous physical activ-
ity (MVPA) and vigorous physical activity (VPA) can induce
larger reduction of risk of mortality.4 And 30–40 minutes
MVPA per day can substantially attenuated the detrimental
association between sedentary time and all-cause mortality.5

MVPA was also associated with better aerobic fitness, larger
strength in older adults.6 Elderly people in higher MVPA
quartile had lower risk of cognitive impairment.7 The
volume of PA is also important for health. A systematic
review and meta-analysis demonstrated that individuals in
the highest category of total physical activity (TPA) had
67% lower risk for mortality compared with individuals in
the lowest category of TPA.8 A higher level of TPA is also
associated with a lower risk of diabetes,9 cardiovascular
disease,10 and is positively associated with healthy aging.11

On the contrary, low levels of PA and excess sedentary
behavior (SB) are independently associated with multiple
chronic diseases in older adults.12 Physical inactivity was
classified as the fourth leading cause of death worldwide
while a global survey across 168 countries suggested that
27.5% people did not meet the PA recommendation.13

Globally, 7.2% and 7.6% of all-cause and cardiovascular
disease deaths, respectively, are attributable to physical
inactivity.14 SB is defined as any waking behavior in a
seated or reclining posture, with a low energy expenditure
(≤1.5 MET). Several longitudinal studies of older adults
have demonstrated that greater total sedentary time was asso-
ciated with various poor health outcomes among older adults,
including all-cause mortality15 and cardiovascular diseases.16

Keadle et al.17 found that older adults who watched 5 or more
hours/day TV had a 28% higher risk of mortality over 6.6
years than those who watched TV less than 3 hours/day.
Greater sedentary time is also associated with increased
healthcare costs.18 PA guidelines recommended older adults
at least 150 minutes of moderate-intensity aerobic activity or
75 minutes of intense intensity aerobic activity every week,
or an equivalent combination of the two, and the sedentary
time should be limited.19 However, older adults are one of
the most sedentary groups, spending on average 80% of their
time in a seated posture and with 67% being sedentary for
more than 8.5 hours/day.20 Therefore, addressing the global
pandemic of physical inactivity and sedentary behavior
should be a priority for public health agency. There’s urgent
need to identify and evaluate the efficacy of different types
of available interventions to promote PA in older adults.

Interventions to promote PA and reduce sedentary
behavior have been extensively developed and studied.

Pairwise meta-analyses have been conducted to estimate
the effectiveness of these interventions, and the outcomes
were generally positive and promising in promoting
PA,21–24 and reducing sedentary time.25 The overall effect-
iveness was modulated by population, settings (center,
home), the use of theory or not, how interventions were
delivered (face-to-face or remote, group-based or individ-
ual), intervention component as cognitive (e.g. education,
counseling) or behavioral (e.g. self-monitoring, goal
setting). For example, theory-based interventions were
generally more effective than non-theory-based interven-
tions in promoting PA of older adults.26 The delivery
methods of intervention was always a focus of interest
in the field of physical activity intervention in recent
years. However, most of traditional interventions delivered
by face-to-face were labor and resource intensive. In
recent years, wearable activity trackers (WATs) have
been proved an effective and promising method to
promote PA.26–29 WATs empower users to monitor their
steps, physical activity level or sitting time, sleep duration
which can help users to achieve goals such as staying fit
and active, losing weight, health self-monitoring.
However, its role in older adults was less explored. At
the same time, the booming of mobile and wireless tech-
nology, or information and communication technology
render electronic Health (eHealth) and mobile health
(mHealth)-based intervention a useful tool for increasing
PA. Electronic and mobile Health intervention technolo-
gies included modalities like smartphone applications,
the web, text message, as well as social media.30 In add-
ition, if participants can get special rewards for participat-
ing in sports activities, they can exercise more actively.
The financial incentives have also been proved effective
in improving PA.22 All in all, PA interventions are
usually complex and consist of multiple components
rather than a single component. However, these complex
interventions are typically assessed in pairwise
meta-analyses that included parallel RCTs by comparing
an intervention arm to control groups or another interven-
tion. This approach excludes RCTs that do not have a
similar comparator. Consequently, a limitation of this
approach is that researchers cannot determine the degree
of each single component of the included interventions
would better contribute to the overall effect. Network
meta-analyses can estimate effects from both direct and
indirect comparisons which enables researchers to rank
interventions as comparably more effective. Therefore, in
this study, we aimed to perform a systematic review and
NMA to inform public health policy by comparing differ-
ent types of intervention on PA promotion in older adults.

Methods
This review was conducted following the criteria
of Preferred reporting Items for Systematic Reviews and
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Meta-analysis for Network Meta-analyses (PRISMA-
NMA).31 (Supplementary Table S1) This study protocol
was registered with the International Prospective Register
of Systematic Reviews (PROSPERO, registration number
CRD42022345657).

Search strategy

We searched Pubmed, Web of Science, Google Scholar,
EMbase, Cochrane Library, Scopus, and other databases
for literatures investigating different types of interven-
tion in promoting physical activity in older adults
(Supplementary Table S2). The search was restricted to
studies written in English and studies published before
December 10th 2022. Search strategies were developed
relating to six primary concepts of the review: “wearable
activity trackers”, “electronic and mobile health (electronic
and mobile Health)”, “financial incentives”, “structured
exercise”, “physical activity (including sedentary time)”
and “older adults”. The search formula was combined
with medical subject headings (Mesh) and free-text
terms. Search strategies were adapted for each data base
as necessary. For example, to identify studies that included
the wearable activity tracker, we used search terms includ-
ing: Wearable devices(Mesh), Activity tracker(Mesh),
Wearable tracker and Wearable monitor and so on. In add-
ition, forward and backward citation searches were con-
ducted for screening studies possible meeting the inclusion
criteria but not detected in the initial search.

Selection criteria

The detailed inclusion criteria were as follows: (a) the
mean age of the total sample of participants should be
aged≥ 60 years old, (b) the study design was rando-
mized controlled trials (RCTs) or cluster-RCTs, (c)
the interventions targeting increasing physical activity
measures were included when using at least one of the
following intervention, wearable activity tracker-based
interventions (WAT), including accelerometers, ped-
ometers, fitness trackers, etc. Electronic and Mobile
health-based intervention (E&MH), including text mes-
sages, email, web, smartphone, apps, etc. Financial
incentives-based intervention (FI), including but not limited
to cash rewards, deposit contracts, and vouchers that could
be exchanged for goods, etc. Structured exercise program-
based interventions (SEP), including exercise programs,
physical activity programs based behavior change strategies,
exercise prescriptions, etc. Combined interventions (a com-
bination of two or more interventions listed above), (d) the
compactor received no intervention, usual care, wait list, (e)
the primary physical activity outcomes were one of the fol-
lowing outcomes as daily steps, MVPA (minutes/week)
and sedentary time (minutes/day) by objective measures or
self-reported measures.

Data extraction

The search results were screened following three steps: (a)
removing duplicates, (b) a preliminary screen by titles and
abstracts, and (c) full-text screening. A Microsoft excel data
sheet was established to extract and organize data from the
included studies. The extracted data included author, country
or region, publication year, sample size, characteristics of par-
ticipants (age, gender, health status), intervention characteris-
tics (intervention duration, intervention method), primary
outcome measures (daily steps, weekly MVPA time and
daily sedentary time). Two reviewers (S.W. and H.G.) inde-
pendently screened data extraction process and resolved dis-
agreement in consultation with the third reviewer (Q.H.).

Risk of bias assessment

The risk of bias of the studies included in this network
meta-analysis was evaluated through the Cochrane risk
assessment tool.32 It assessed five domains, namely
adequate sequence generation, allocation concealment,
in-complete outcome data, selective reporting, and other
sources of bias. Two reviewers (G.L. and B.S.) independ-
ently assessed the risk of bias, and an expert group (X.Z.
and S.C.) was consulted to resolve disagreements.

Certainty of the evidence

The Grading of Recommendations Assessment, Development
and Evaluation (GRADE) approach was used to assess the
quality of the evidence. Two reviewers (S.W. and G.L.) inde-
pendently conducted the assessment and resolved disagree-
ment in consultation with the third reviewer (Q.H.). Five
domains were used to assess the quality of evidence (publica-
tion bias, indirectness, imprecision, study limitations, and
consistency of effect), and the quality of the evidence was
graded into high, moderate, low, and very low.33

Data synthesis and statistical methods

When reported, the mean change and standard deviations
were used which was performed according to methods out-
lined in the Cochrane Handbook.32 The standardized mean
difference (SMD) with 95% confidence intervals (95% CI)
was calculated as the effect size. SMD values <0.2, 0.2≤
0.5, 0.5≤ 0.8, and > 0.8 were categorized as trivial, small,
moderate, and large effect sizes, respectively.34 A random
effect network meta-analysis was performed to calculate
pooled estimates. Stata 17.0 software was used to draw
network graphs to describe and present the geometry of dif-
ferent interventions, with nodes representing different inter-
ventions and edges representing head-on comparisons
between interventions. Global and local tests were carried
out for the presence of inconsistency, while allowing for
heterogeneity. The global inconsistency test compares the
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fit and parsimony of consistency and inconsistency
models.35 The local inconsistency test evaluates the differ-
ence between direct and indirect estimates in all closed
loops in the network. Node splitting was used to evaluate
the inconsistency of the model. Furthermore, probability
ranking for each intervention was carried out using
surface under cumulative ranking curve (SUCRA) percent-
age values as one of the final predictions. SUCRAs range
from 0% to 100% with larger SUCRAs indicated as more
effective intervention. Comparison-adjusted funnel plots
were used to assess potential publication bias.

A series of pairwise meta-analyses were conducted by the
random effects model. Heterogeneity of between-study com-
parisons was assessed by the I2 statistic and values of I2 <
25%, 25%–≤50%, 50%–≤75%, and >75% were defined as
very low, low, moderate, and high degrees of heterogeneity,
respectively.36 P= 0.1 was considered significant in the I2

statistic. Publication bias was examined by Egger’s test.

To test the robustness of the results and examine
potential moderator variables for the primary outcomes,
subgroup analyses were performed according to vari-
ables including age (<70 years old vs. ≥70 years old),
health status (healthy vs. with chronic conditions) and
intervention time (short-term ≤12 weeks vs. long-term
>12 weeks).

Results

Literature selection

A total of 23,728 potentially relevant studies were obtained
by searching databases, and 12 supplementary studies were
manually searched (Figure 1). First of all, 13872 duplicates
were removed. After preliminary screening by reading the
title and abstract of the studies, 9788 irrelevant studies
were excluded. After reading the full text of the remaining

Figure 1. Flow chart of studies selection.
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134 studies, 65 studies were excluded (27 studies did not
report relevant data, 16 studies were ineligible in age, 10
studies were not RCT designed, and 12 studies did not
meet the inclusion criteria). Finally, a total of 69 studies
were included in this NMA.37–105

Characteristics of the included studies

A detailed summary of included studies (n= 69) is pre-
sented in Supplementary Table S3. A total of 14120 sub-
jects were finally included and the sample size ranged
from 15 to 1023. The mean age of included participants
ranged from 60 to 83 years old. 33 studies included older
adults with chronic conditions, and 11 studies included par-
ticipants with chronic obstructive pulmonary diseases
(COPD),38,40,52,57,60,63,64,68,69,80,81 8 studies included parti-
cipants with type 2 diabetes (T2DM),54,56,66,76,78,4–86 while
the remaining 14 studies included participants with other
chronic diseases.50,55,58,59,62,74,87,91,95,97,98,102–104 The
included studies assessed outcome variables using objective
measurement and self reported. The objective measurement
used two types of instruments: accelerometers or pedometers.
The self reported of included studies was mainly used by inter-
national physical activity questionnaire (IPAQ).37,49,90 The
accelerometers from ActiGraph in the USA was most used
by the included studies (n=19).42,45,55,59,62–64,72,74,76,77,80,83,
86,100,102–105,

A total of 55 studies reported a measure of daily steps,39,
40,42–44,46–48,50,52–71,73–79,81,83–87,91–100,102,103,105 25 studies

reported MVPA41,42,45,46,51,55,58,63,64,72,74,76,77,80,84–86,88–

91,100,103–105 and 15 studies reported sedentary time37,38,
48,49,59,64,71,72,76,82,86,89,100,102,105 The outcome variables
of most included studies was mainly assessed by objective
measurement. A total of four studies used self-reported to
assessed physical activity, with one study only reported
MVPA90 and three studies only reported sedentary
behavior.37,49,82 The duration of the interventions
ranged from 2 weeks to 12 months. 34 studies had an
intervention duration less than 12 weeks,39–41,43,46,48,49,52,53,
58,59,61–64,71–74,77,79,82,84–86,89,92,94,95,100,105 while 35 studies
used interventions longer than 12 weeks.37,38,42,44,45,47,50,51,
54–57,60,65,66,70,75,76,78,80,81,83,87,88,90,91,93,96–99,101–104

Among the 69 studies included, there were 10 treatments.
The interventions had main components included WAT
(n=19),37,39,41,42,44,45,49,52,53,7781,87,93,9496,97,100,101,105 E&MH
(n=6),65,80,86,90,91,93 SEP (n=10),38,40,47,50,55,60,61,75,82,98 FI
(n= 5),91–93,95,99 WAT+E&MH (n= 17),39,41,42,48,51,53,54,
56,62,63,68,69,74,77,79,87,104 WAT+SEP
(n= 20),38,40,43,46,50,57,60,61,64,66,67,70,71,73,75,76,81,84,85,101 FI+
WAT (n= 3),94,96,97 FI+E&MH (n= 3),91,93,99 E&MH+
SEP (n= 5)72,78,88,102,103 and WAT+E&MH+ SEP
(n= 9).47,57–59,72,79,83,89,103

Quality assessment

The overall risk of bias of the included studies was presented
in Figure 2 and Figure 3 while details were presented in
(Supplementary Table S4). Overall, all studies reported a

Figure 2. Risk of bias graph.

Figure 3. Risk of bias summary.
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low risk of random sequence generation (100%). And 4
(5.6%) studies38,41,48,100 were rated as high risk of bias in allo-
cation concealment domain. Most studies were rated as low
risk on incomplete outcome data while 7 (9.9%)
studies37,44,49,52,56,79,83 were rated as high risk of bias due
to incomplete outcome data and remaining 12 (16.9%)
studies42,43,46,49,53,66,67,78,87,94,100,104 provided insufficient
information in attrition bias. In addition, most studies were
rated as low risk of bias on selective outcome reporting
whereas 12 (16.9%) studies42,43,46,49,53,66,67,78,87,94,100,104

provided insufficient information in reporting bias. Finally,
all studies were classified as having an unclear risk of bias
for other bias domains.

Certainty of evidence

The results of quality evaluation on three main physical
activity measures by GRADE profiler software showed

that the quality of evidence for daily step counts, MVPA
was rated very low while the quality of the evidence for sed-
entary time was rated low. (Supplementary Table S5)

Network plots

The network plot of eligible comparisons on daily steps,
MVPA, sedentary time are shown in Figure 4. The size of
the nodes for each intervention indicates the number of
studies included in the corresponding nodes. The thickness
of the lines connecting 2 nodes indicates the amount of rele-
vant data.

Daily steps

Fifty-five studies assessed daily steps and were eligible for
NMA (Figure 4). The inconsistency model test did not
show any significant difference for daily steps (p= 0.075)

Figure 4. Network plots for studies examining the effectiveness of different interventions in older adults on daily steps, MVPA, sedentary time.
CON: control; WAT: wearable activity tracker-based intervention, E&MH: electronic&mobile health intervention, SEP: structured exercise program
intervention, FI: financial incentive intervention, WAT+E&MH: wearable activity tracker+ electronic and mobile health intervention, WAT+ SEP:
wearable activity tracker+ structured exercise program intervention, FI+WAT: financial incentive+wearable activity tracker intervention, FI+
E&MH: financial incentive+ electronic and mobile health intervention, E&MH+ SEP: electronic and mobile health+ structured exercise program
intervention, WAT+ E&MH+ SEP: wearable activity tracker+ electronic and mobile health+ structured exercise program intervention.
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(Supplementary Table S6). The consistency model analysis
demonstrated that when compared with CON, interven-
tions including WAT (SMD= 0.47, 95% CI: 0.21, 0.74,
P < 0.001), SEP (SMD= 0.40, 95% CI: 0.03, 0.76, P <
0.05), WAT+E&MH (SMD= 0.74, 95% CI: 0.45, 1.03,
P < 0.001), WAT+ SEP (SMD= 0.44, 95% CI: 0.22,
0.66, P < 0.001), FI+WAT (SMD= 1.32, 95% CI: 0.77,
1.86, P < 0.001), E&MH+ SEP (SMD= 1.04, 95% CI:
0.39, 1.67, P < 0.001), WAT+E&MH+ SEP (SMD=
0.69, 95% CI: 0.31, 1.07, P < 0.001) can significantly
increase the daily steps of older adults with small to
large effect size (SMD= 0.40–1.3) except for the interven-
tions including E&MH (SMD= 0.19, 95% CI: −0.21,
0.60, P= 0.353), FI (SMD= 0.34, 95% CI: −0.14, 0.82,
P= 0.179) and FI+E&MH (SMD= 0.45, 95% CI:
−0.13, 1.03, P= 0.130) (Supplementary Table S7). The
local inconsistency test using the node splitting method
showed that the direct and indirect comparisons between
interventions were consistent (P > 0.05) (Supplementary
Table S8). Table 1 presents NMA estimates of all inter-
ventions against all (SMD, 95% CI). The ranking prob-
ability of different interventions showed that the most
effective intervention was FI+WAT (SUCRA= 96.6%)
followed by SEP+E&MH (SUCRA= 86.3%), WAT+
E&MH (SUCRA= 73.6%) and WAT+E&MH+ SEP
(SUCRA= 67.8%) while the least effective treatment
was CON (SUCRA= 3.4%) (Supplementary Table S14
and Figure S4). No publication bias was detected evi-
denced by the funnel plot (Supplementary Figure S1).
Pairwise meta-analysis for all comparisons are provided
and considerable heterogeneity exist among most compa-
nions (min I2= 0%, max I2= 94.2%) (Supplementary
Table S11). There was no significant difference between
direct and indirect estimates in all closed loops
(Supplementary Figure S7).

Subgroup analysis showed that compared with CON, six
types of intervention (WAT, WAT+E&MH, WAT+SEP,
FI+WAT, E&MH+SEP, WAT+E&MH+SEP) could
significantly increase daily steps for relatively younger parti-
cipants (<70 years) and FI+WAT is the best intervention
(SUCRA= 93.9%). Although only three types of intervention
(WAT, WAT+SEP, FI+WAT) could significantly increase
daily steps in older participants (≥70 years), FI+WAT is still
the best intervention (SUCRA= 98.0%). In addition, six
types of intervention (WAT, SEP, WAT+E&MH, WAT+
SEP, SEP+E&MH, WAT+E&MH+SEP) could signifi-
cantly increase daily steps among participants with chronic
conditions and FI+WAT is the best (SUCRA= 82.0%)
while only four types of intervention (WAT, WAT+
E&MH, WAT+SEP, FI+WAT) could effectively increase
daily steps among healthy participants and FI+WAT is
also the best intervention (SUCRA= 97.8%). Finally, five
types of intervention (SEP, WAT+SEP, FI+WAT, SEP+
E&MH, WAT+SEP+E&MH) could significantly increase
daily steps in long-term with WAT+SEP+E&MH the

best (SUCRA= 92.5%) while four types of intervention
(WAT, WAT+E&MH, WAT+SEP, FI+WAT) was
effective in short-term with FI+WAT the best (SUCRA=
94.9%) (Supplementary materials A–F).

MVPA

Twenty-five studies were eligible for the NMA of MVPA
(Figure 4). The inconsistency model test did not show any
significant difference for MVPA (P= 0.16) (Supplementary
Table S6).The consistency model analysis results suggested
that when compared with the CON, interventions including
WAT+E&MH (SMD= 0.71, 95% CI: 0.37, 1.05, P<
0.001), WAT+SEP (SMD= 0.48, 95% CI: 0.10, 0.85, P=
0.013), WAT+E&MH+SEP (SMD= 0.94, 95% CI: 0.36,
1.52, P= 0.002) can significantly increase the weekly
MVPA time of older adults (Supplementary Table S7).
Table 2 presents the NMA estimates of all interventions
against all (SMD, 95% CI). The ranking probability of differ-
ent interventions showed that the most effective treatment
was WAT+E&MH+SEP (SUCRA= 91.2%) followed by
WAT+E&MH (SUCRA= 81.8%), WAT+SEP (SUCRA
= 60.8%) and the least effective treatment was CON
(SUCRA= 17.3%) (Supplementary Table S15 and
Figure S5). No publication bias was detected evidenced by
the funnel plot (Supplementary Figure S2). The local incon-
sistency test using the node splitting method showed that
the direct and indirect comparisons between interventions
were consistent (P>0.05) (Supplementary Table S9).
Pairwise meta-analysis for all comparisons are provided and
considerable heterogeneity exist among most companions
(min I2= 0%, max I2= 94.2%) (Supplementary Table S12).
There was no significant difference between direct and indir-
ect estimates in all closed loops (Supplementary Figure S8).

Subgroup analysis showed that compared with the CON,
only two types of intervention (WAT+E&MH, WAT+
E&MH+ SEP) could significantly increase MVPA for rela-
tively younger participants (<70 age) with WAT+E&MH
+ SEP the best (SUCRA= 97.6%). Only WAT+ SEP
could significantly increase MVPA in older participants
(≥70 age). In addition, Only WAT+E&MH and WAT+
SEP could significantly increase MVPA among participants
with chronic conditions and WAT+ SEP intervention is the
best (SUCRA= 81.0%). Similarly, only two types of inter-
vention (WAT+ SEP, WAT+E&MH+ SEP) could
increase MVPA among those healthy participants and
WAT+E&MH+ SEP is the best (SUCRA= 86.4%).
Finally, there are three types of intervention (WAT+
E&MH, WAT+ SEP, WAT+E&MH+ SEP) that could
significantly increase MVPA in short-term and WAT+
E&MH+ SEP is the best (SUCRA= 85.0%). And four
types of intervention (WAT, WAT+E&MH, FI+
E&MH, WAT+E&MH+ SEP) was effective in long-term
with WAT+E&MH+ SEP the best (SUCRA= 94.4%)
(Supplementary materials G-L).
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Sedentary time

Fifteen studies assessed sedentary time and were eligible for
the NMA (Figure 4). The inconsistency model test did not
show any significant difference for sedentary time (P=
0.102) (Supplementary Table S6).The consistency model
analysis results demonstrated that compared with the
CON, only WAT+ SEP intervention (SMD=−0.43, 95%
CI: −0.76, −0.09, P= 0.012) and WAT+E&MH+ SEP
intervention (SMD=−0.50, 95% CI: −0.86, −0.14, P=
0.007) could significantly reduce daily sedentary time of
older adults (Supplementary Table S7). Table 3 presents
the NMA estimates of all interventions against all (SMD,
95% CI). The ranking probability of different interventions
showed that the most effective treatment was WAT+
E&MH+ SEP (SUCRA= 80.3%) followed by WAT+
SEP (SUCRA= 71.4%) while the least effective treatment
was CON (SUCRA= 12.4%) (Supplementary Table S16
and Figure S6). The local inconsistency test using the
node splitting method showed that the direct and indirect
comparisons between interventions were consistent (P >
0.05) (Supplementary Table S10). Pairwise meta-analysis
for all comparisons are provided and considerable hetero-
geneity exist among most comparisons (min I2= 0%, max
I2= 79.8%) (Supplementary Table S13). There was no sig-
nificant difference between direct and indirect estimates in
all closed loops (Supplementary Table S10). No publication
bias was detected evidenced by the funnel plot
(Supplementary Figure S3).

Subgroup analysis showed that compared with the CON,
only the WAT+E&MH+ SEP (SUCRA= 98.3%) could
significantly reduce sedentary time for relatively younger
participants (<70 age) while four types of intervention
(SEP, WAT+ SEP, E&MH+ SEP, WAT+E&MH+
SEP) could significantly reduce sedentary time in older par-
ticipants (≥70 age) with WAT+ SEP the best (SUCRA=
97.6%). In addition, it was suggested that no intervention
could effectively reduce sedentary time among participants
with chronic conditions while four types of intervention
(SEP, WAT+ SEP, WAT+E&MH+SEP, E&MH+
SEP) could effectively reduce sedentary time among
healthy participants and WAT+ SEP is the best interven-
tion (SUCRA= 92.3%). Finally, four types of intervention
(SEP, WAT+ SEP, E&MH+ SEP, WAT+E&MH+ SEP)
could significantly reduce sedentary time in short-term and
WAT+ SEP still is the best (SUCRA= 81.9%). However,
no intervention could effectively reduce sedentary time in
long term (Supplementary Materials M-R).

Discussion

Main findings

The present NMA was the first study to demonstrate the
efficacy of different interventions for promoting physical

activity and reducing sedentary time in older adults. We
found that financial incentive combined with wearable-
activity trackers (for daily steps), wearable activity tracker
combined with electronic and mobile health and structured
exercise program (for MVPA and sedentary time) were
likely the most effective interventions. Control including
no intervention, usual care or wait list was the least effective
intervention for all outcomes. However, the quality of the
evidence ranged from very low to low according to the
GRADE criteria which lead to limitations on these findings.

Improving daily steps

While physical activity guidelines from around the world
are typically expressed in terms of frequency, duration
and intensity parameters, step is an easily interpret-able,
track-able measure of physical activity, and have been
embraced by clinicians and consumers as a meaningful
metric for physical activity promotion. And early studies
suggested that the common reasons for older people to
avoid performing physical activities are inconvenience
and a lack of access to physical activity programs.106

Walking is the most commonly targeted physical activity
for older adults that can be practiced anywhere, so there
are no problems involved with gaining access to programs.
In addition, walking at 2.5 km/h (0.69 m/s) is sufficient for
older adults to achieve the intensity of MVPA.107

Accumulation of more daily steps provides multiple
health benefits, including lower risk of mortality, cardiovas-
cular events, hypertension, diabetes and obesity.108–110

Although pairwise meta-analyses have suggested that wear-
able activity trackers,28,111,112 financial incentives,22,113

electronic and mobile-health114,115 based physical activity
interventions are effective in promoting daily steps, these
reviews incorporated studies that used wearable activity
trackers or financial incentives, electronic and mobile
health as main or one of the components of intervention
and cannot determine their contributions to the overall treat-
ment effect. Our results demonstrated that a single use of
financial incentives, electronic and mobile health and a
combination of financial inventive and electronic and
mobile health cannot efficiently increase daily steps for
older adults. And the present NMA for the first time pro-
vided evidence that financial incentive combined with
wearable activity tracker was the best choice for increasing
daily steps of older adults regardless their age and health
status.

In fact, according to behavior economics, immediate
incentive is useful in emphasizing a short-term physical
activity benefit and motivate more people to be active.
The impact of financial incentives-based intervention on
daily steps was reviewed previously with a small but sig-
nificant estimated effect size (SMD= 0.25) reported.113

Another review further explored the specific role of cash
reward and found that modest incentives (1.40 US$/day
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on average) were associated with increased mean daily
steps during the intervention period (MD= 607.1), and
this effects remained during follow ups even after incen-
tives were removed (MD= 513.8).22 The advantage over
other interventions by financial incentive can be explained
that older adults have lower incomes and are more sensitive
to physical activity incentives.116 And this review also
reported that the greatest subgroup differences were
observed for studies using incentives combined with wear-
able trackers when compared with a combination of incen-
tives and smartphones.22 In addition, less active and older
adults usually gained larger steps increase. Thus, financial
incentive combined with wearable trackers can generate
synergistic effect in increasing daily steps which is further
supported by our findings (SMD= 0.73). Subgroup ana-
lysis suggested that financial incentive combined with
wearable tracker is still the best intervention which was
not influenced by age and health status of participants,
and it seems better in short-term intervention. This can be
explained that older adults’ positive attitude toward wear-
able activity tracker use did not persist long, and step
counts showed waning patterns through the 3-month
study period.117 The modulating role of intervention dur-
ation on the effects of financial inventive targeting daily
steps was also explored and results suggested that effects
of short intervention duration ranging from 12 to 23
weeks (MD= 789.1) seemed better than intervention dur-
ation over 23 weeks (MD= 670.7).22 Overall, the results

of this NMA further strengthened the combination of finan-
cial incentive and wearable activity trackers which can be
used by public health agency to promote daily steps for
the old populations all over the world.

Improving weekly MVPA

In recent years, the broad health benefits of MVPA have
been reported by numerous studies,4,5 while data from
122 countries showed nearly a third (31.1%) of adults glo-
bally are physical inactive that do not meet the public health
guidelines which recommended at least 150 minutes
MVPA or an equivalent combination achieving 600 meta-
bolic equivalent (MET)-min per week.118 Therefore, strat-
egies designed to increased MVPA should be prioritized
and scaled up urgently.

Similarly, previous pairwise meta-analyses have
reviewed the effectiveness of wearable activity track-
ers,28,111,112 electronic and mobile health119,120 based
intervention on MVPA in adults. One limitation of these
pairwise meta-analyses is that they can only provide a
comparison between true intervention and control rather
than different interventions. Our study suggested that
wearable activity tracker combined with electronic and
mobile health and structured exercise program interven-
tion has the highest probably of being the best for improv-
ing MVPA level for older adults. A small to medium
effect size in favor of MVPA increase was also observed

Table 3. NMA comparisons of the effectiveness of different interventions on sedentary time.

CON

−0.04
(−0.27,0.20)

WAT

−0.19
(−0.53,0.15)

−0.16
(−0.57,0.26)

E&MH

−0.39
(−0.99,0.22)

−0.35
(−1.00,0.30)

−0.20
(−0.89,0.50)

SEP

−0.22
(−0.71,0.27)

−0.18
(−0.73,0.36)

−0.03
(−0.63,0.57)

0.17
(−0.61,0.95)

WAT+ E&MH

−0.43
(−0.76,−0.09)

−0.39
(−0.80,0.02)

−0.24
(−0.72,0.24)

−0.04
(−0.66,0.58)

−0.21
(−0.80,0.39)

WAT+ SEP

−0.41
(−0.88,0.06)

−0.38
(−0.90,0.15)

−0.22
(−0.80,0.36)

−0.03
(−0.79,0.74)

−0.20
(−0.88,0.49)

0.01
(−0.55,0.58)

E&MH+ SEP

−0.50
(−0.87, −0.14)

−0.47
(−0.90, −0.03)

−0.31
(−0.81,0.19)

−0.12
(−0.82,0.58)

−0.28
(−0.90,0.33)

−0.08
(−0.55,0.40)

−0.09
(−0.56,0.38)

WAT+ E&MH+ SEP

CON= control, WAT=wearable activity tracker-based intervention, E&MH= electronic and mobile health intervention, SEP= structured exercise program
intervention, WAT+ E&MH=wearable activity tracker+ electronic and mobile health intervention, WAT+ SEP=wearable activity tracker+ structured
exercise program intervention, E&MH+ SEP= electronic and mobile health+ structured exercise program intervention, WAT+ E&MH+ SEP=wearable
activity tracker+ electronic and mobile health+ structured exercise program intervention.

Wu et al. 11



for wearable activity tracker combined with electronic
and mobile health intervention (SMD= 0.74), wearable
activity tracker combined with structured exercise
program (SMD= 0.48), respectively. Traditionally, struc-
tured exercise program was prescribed as moderate inten-
sity in form of continuous aerobic exercise and/or
combined with muscle strengthening exercise or flexibil-
ity exercise for older adults.121 Undoubtedly, this would
be helpful for increasing MVPA. However, structured
exercise program seemed not enough to induce significant
increase of weekly MVPA as it was usually prescribed 2–
3 times per week, and duration of approximately
60 minutes each time with 30–40 minutes valid practice
time when warm-up and cool-down time was excluded.
For example, older adults in a 12-week exercise
program (functional task exercise or resistance strength
exercise) showed no significant difference in changing
the physical activity score at 3, 6, or 9 months.122 This
can also be supported by our study that under the consist-
ency model analysis, single structured exercise program
intervention cannot efficiently increase weekly MVPA
compared with the control. However, when combined
with wearable activity trackers and electronic and
mobile health, structured exercise program could better
promote MVPA for older adults. In fact, wearable activity
trackers and electronic and mobile health intervention can
provide feedback on physical activity, sedentary time,
enabling users to conduct self-monitoring, goal setting,
social support whenever and wherever, not limited by
time and space.123 And, wearable activity trackers or elec-
tronic and mobile health intervention can be easily inte-
grated with behavioral change counseling and other
interventions. In addition, current pairwise meta-analyses
about the effectiveness of financial incentive targeting
physical activity was restricted to steps,22 total physical
activity,113 energy expenditure,113 exercise adherence.124

Due to limited available studies, only four studies
explored the effectiveness of financial incentive on phys-
ical activity in older adults aged over 60.91,93,94,96 In these
four studies, only one study led by Losina et al.91 reported
changes of MVPA following 6 months of intervention
that financial incentive and telephone health coaching
had the highest mean increase of MVPA (∼39 minutes)
while financial incentive, telephone health coaching and
attention control induced a slight increase of MVPA
(∼14 minutes, ∼16 minutes, ∼14 minutes, respectively.
And this study was conducted in patients following total
knee replacement due to serious knee osteoarthritis.
Thus, more future studies should be designed to deter-
mine the effect of financial incentive alone or combined
with other components on MVPA in healthy older
adults. Overall, this study suggests that public health
workers should work with old adults to identify a strategy
suitable for their interest to increase their MVPA level.

Reducing sedentary time

Older adults are the most sedentary population, spend an
average 9.4 hours/day being sedentary.20 High sedentary
time is associated with various poor health outcomes,
including all-cause mortality, cardiovascular diseases mor-
tality, cancer mortality, type 2 diabetes.125–127 To date,
there are no widely accepted guidelines quantifying a
limit for sedentary time. The Canadian 24-hour movement
guidelines recommend older adults restrict sedentary time
to a maximum of 8 hours/day.128 Thus, interventions to
reduce total sedentary time could potentially enhance phys-
ical health and well-being of older adults. In addition to
interventions specifically targeted sedentary behav-
ior,129,130 interventions aiming to increase physical activity
also were analyzed for their effectiveness to reduce seden-
tary time in recent reviews. Brickwood et al.28 and Li
et al.111 reviewed wearable activity trackers targeting sed-
entary behavior in adults aged over 18 and a non-significant
or no reduction of sedentary time was found following
intervention whether it was used as either the primary com-
ponent of an intervention or as part of a broader physical
activity intervention. Wu et al.112 demonstrated a signifi-
cant reduction of sedentary time when the population was
strictly restricted to old adults, but the effect size was
trivial (SMD=−0.1). However, wearable activity tracker-
based intervention can significantly reduce sedentary time
(MD=−35.46 minutes/day) of hospitalized adults.131

This might be associated with high concern about their
health in this specific population. Therefore, wearable activ-
ity tracker-based intervention has the potential to promote
the reduction of sedentary time for older adults but with
limited effects. Yerrakalva et al.114 reviewed the effective-
ness of mobile-health app intervention on sedentary time of
older adults and reported a potential to decrease sedentary
time (SMD=−0.49) in short term. However, the results
did not achieve statistical significance, possibly because
studies were under powered by small participant numbers.
Stockwell et al.132 reviewed digital behavior change inter-
ventions defined as devices and programs using digital
technology to foster or support behavior change, which
include but are not limited to websites, mobile phones,
smartphone apps, wearable devices, video games, virtual
and augment reality devices. This extended e-health inter-
vention with broad definition significantly reduced the sed-
entary time (SMD=−0.45, MD= 58) in older adults (≥50
years). The effect of structured exercise program on seden-
tary time in older adults was not systematically reviewed
yet. Only a few studies examined the role of structured exer-
cise program/ supervised exercise program on reducing sed-
entary time in adults, and generally the sedentary time and
PA level cannot be changed significantly. For example, a
16-week aerobic training did not change the sedentary
time and PA level of inactive older women.132 Limited by
available studies, our study found that wearable activity
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tracker combined with structured exercise program, wear-
able activity tracker combined with electronic and mobile
health and structured exercise program could significantly
promote the reduction of daily sedentary time of older
adults while a single wearable activity tracker, electronic
and mobile health or structured exercise program interven-
tion had no significant impact on sedentary time. Overall,
this study suggests that a combination of wearable activity
tracker and structured exercise program with or without
electronic and mobile health has the potential to reduce
total sedentary time of older adults. However, limited by
available studies, this conclusion needs to be strengthened
by more future studies.

Our study had the following strengths. First, our study is
the first network meta-analysis to compare the effects of dif-
ferent types of interventions on physical activity and seden-
tary time of older adults despite some of these treatments
having never been compared head-to-head in trials.
Secondly, searches were not limited by publication date
or language. Our research includes comprehensive physical
activity results, including daily steps, MVPA, and sedentary
time.

There were some limitations in this study. First, the
small sample sizes and bias in the included trials limit
our conclusions. Many of the investigated interventions
were not connected to the network, which hampered
assessing the comparative effectiveness of all available
interventions. Secondly, most of included trials used
combined interventions that cannot specifically subdi-
vided for discussion, thus hard to determine the contribu-
tion of specific intervention to the overall effect. Finally,
the quality of evidence for daily steps, MVPA and seden-
tary time was rated very low or low which limited the reli-
ability of this study.

Conclusions
This study provided evidence that various interventions are
effective and should be incorporated into physical activity
intervention program due to their potential for increasing
daily steps, MVPA and reducing sedentary time.
Apparently, combined intervention had a better effect on
all physical activity measures. Examination of specific
kinds of intervention was limited by the number of
studies available and variability in reporting. And the
quality of evidence for daily steps, MVPA and sedentary
time was very low or low which limited the reliability of
this study. Collectively, our findings provide evidence
that financial incentive combined with wearable activity
tracker-based intervention may be an effective methods to
help older adults to increase more daily steps while wear-
able activity tracker combined with electronic and mobile
health and structured exercise program may be a more
effective intervention for improving MVPA and reducing
sedentary time.
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