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ARTICLE INFO ABSTRACT

Keywords: Aim: Physical activity (PA), sedentary behavior (SB) and sleep (i.e. 24-h movement behaviors) are associated
Type 2 diabetes with health indicators in people with prediabetes and type 2 diabetes (T2D). To optimize 24-h movement be-
Prediabetes

haviors, it is crucial to identify explanatory variables related to these behaviors. This review aimed to summarize
the explanatory variables of 24-h movement behaviors in people with prediabetes or T2D.

Sedentary behavior Methods: A systematic search of four databases (PubMed, Web of Science, Scopus & Embase) was performed.
Sleep Only objective measurements of 24-h movement behaviors were included in the search strategy. The explanatory
Explanatory variables variables were classified according to the levels of the socio-ecological model (i.e. intrapersonal, interpersonal
and environmental). The risk of bias was assessed using the Joanna Briggs Institute appraisal checklist.
Results: None of the 78 included studies investigated 24-h movement behaviors. The majority of the studies
investigated PA in isolation. Most studied explanatory variables were situated at the intrapersonal level. Being
male was associated with more moderate to vigorous PA but less light PA in people with T2D, and more total PA
in people with prediabetes. An older age was associated with a decrease in all levels of PA in people with T2D.
HbAlc was positively associated with sleep and SB in both groups. No associations were found at the inter-
personal or environmental level.

Conclusion: The results of this review underscore the lack of a socio-ecological approach toward explanatory
variables of 24-h movement behaviors and the lack of focus on an integrated 24-h movement behavior approach
in both populations.

24-h movement behaviors
Physical activity
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Fig. 1. Preferred reporting items for systematic reviews and meta-analyses flowchart of the systematic literature search.
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Fig. 2. Objective measurement methods of included studies.

1. Introduction

Prediabetes is a health condition characterized by a blood glucose
level higher than the normal level (fasting glucose: 100-125 mg/dl) and
falling below the diagnostic threshold of diabetes (fasting glucose: >126
mg/dl) [1,2]. Moreover, prediabetes represents a significant risk factor
for the onset of type 2 diabetes (T2D) as a quarter of people with pre-
diabetes develop T2D within five years after diagnosis and 70% develop
T2D during their lifetime [2]. Both diseases are associated with
numerous complications (e.g. cardiovascular disease) resulting in
increased mortality [3,4]. In 2021, the International Diabetes

Federation registered 573 million people with diabetes worldwide, of
which 90% had T2D. This number is expected to increase to 783 million
by 2045, revealing the rapidly increasing global burden of this disease
[5].

Adequate disease management is necessary to prevent or delay the
progression from prediabetes to T2D and, in people with T2D, to obtain
an optimal glycemic control and prevent diabetes-related complications
[6-9]. An important aspect of disease management involves a healthy
lifestyle wherein the allocation of time to physical activity (PA),
sedentary behavior (SB) and sleep throughout a 24-h day (i.e. 24-h
movement behaviors) is known to be associated with favorable health
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Being male (2,0, -, +, 2, +)
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Depressive symptoms (-)

Legend:
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Prediabetes

Fig. 3. Explanatory variables of PA, SB and sleep in people with T2D and people with prediabetes classified according to three domains of the socio-ecological model.
Abbreviations: PA, Physical activity; SB, Sedentary behavior, T2D, type 2 diabetes mellitus; BMI, body mass index; HDL-cholesterol, high-density lipoprotein
cholesterol; T2D, type 2 diabetes; MVPA, moderate to vigorous physical activity; LPA, light physical activity; total PA, total physical activity.

Table 1
Explanatory variables of sleep duration in people with prediabetes and direction and strength of association.

Related to sleep duration Unrelated to sleep Summary code” Strength of

. R . duration . conclusion®
Positive Negative association n/N for row Association (+/—/0/

association (%)° )¢

Intrapersonal variables
Socio-demographic variables
Not reported
Health-related variables

Obstructive sleep Mokhlesi et al., 2021 1/1 (100%) - 4
apnea [102]
HbAlc Reutrakul et al., 2018 [29] 1/1 (100%) - 4

Behavioral variables

Not reported

Interpersonal variables

Not reported

Environmental variables
Physical environmental variables
Not reported

Perceived environmental variables
Not reported

Abbreviations: HbAlc, hemoglobin Alc.

@ Summary code is an overall summary of the findings for each variable separately.

b n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations
between the variable and sleep duration.

¢ Shows the direction of the individual/summary association.

4 Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).
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Explanatory variables of SB in people with prediabetes and direction and strength of association.

Related to SB

Unrelated to SB

Summary code” Strength of

. . ) . . conclusion’
Positive association Negative association n/N for row Association (4/—/0/
%) ?)°

Intrapersonal variables

Socio-demographic variables

Age Rockette-Wagner et al., 2017 1/1 (100%) + 4

[103]

Health-related variables

Waist circumference Swindell et al., 2018 [31] 1/1 (100%) + 4

Systolic blood Swindell et al., 2018 [31] 1/1 (100%) + 4

pressure
Diastolic blood Swindell et al., 2018 [31] 1/1 (100%) + 4
pressure

Fasting insulin Swindell et al., 2018 [31] 1/1 (100%) + 4

Fasting glucose Swindell et al., 2018 0/1 (0%) 0 4
[31]

2-h plasma glucose Swindell et al., 2018 [31] 1/1 (100%) + 4

HbAlc Swindell et al., 2018 0/1 (0%) 0 4
[31]

HOMA-IR Swindell et al., 2018 [31] 1/1 (100%) + 4

Triglycerides Swindell et al. 2018 [31] 1/1 (100%) + 4

Total cholesterol Swindell et al., 2018 0/1 (0%) 0 4
[31]

HDL-cholesterol Swindell et al., 2018 1/1 (100%) - 4

[31]

LDL-cholesterol Swindell et al., 2018 0/1 (0%) 0 4
[31]

CRP Swindell et al., 2018 [31] 1/1 (100%) + 4

Neck pain Dzakpasu et al., 2023 0/1 (0%) 0 4
[104]

Shoulder pain Dzakpasu et al., 2023 0/1 (0%) 0 4
[104]

Low back pain Dzakpasu et al., 2023 0/1 (0%) 0 4
[104]

Knee pain Dzakpasu et al., 2023 0/1 (0%) 0 4

Behavioral variables

Not reported

Interpersonal variables

Not reported

Environmental variables
Physical environmental variables
Not reported

Perceived environmental variables
Not reported

[104]

Abbreviations: SB, sedentary behavior; HbAlc, Hemoglobine Alc; HOMA-IR, homeostatic model assessment of insulin resistance; HDL-cholesterol, high-density li-
poprotein cholesterol; LDL-cholesterol, low-density lipoprotein cholesterol; CRP, c-reactive protein.
# Summary code is an overall summary of the findings for each variable separately.

b

between the variable and sedentary behavior.
¢ Shows the direction of the individual/summary association.

4 Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

outcomes [10]. Research among people with prediabetes and T2D has
shown that even limited time reallocations (5-30 min) from SB to light
physical activity (LPA) or moderate physical activity (MVPA) have
beneficial effects on health indicators such as adiposity and insulin
resistance [11-13].

To enhance 24-h movement behaviors, it is essential to investigate
the various factors influencing these behaviors. Comprehending all
explanatory variables is complex due to their interconnections across
diverse socio-ecological levels, including personal, social and environ-
mental dimensions. Notably, factors such as sex (interpersonal), social
support (interpersonal) and neighborhood walkability (environment)
are associated with the time spent in PA in adults with T2D [14,15].
Given the range of variables involved in explaining behavior, it is
imperative to identify explanatory variables associated with 24-h
movement behaviors across all socio-ecological levels. The most com-
plete and widely-used model to summarize explanatory variables is the
socio-ecological model (SEM) of Sallis et al. [9] which includes the 1)

n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations

the intrapersonal level (subdivided into socio-demographic (e.g. age,
sex), behavioral (e.g. attitude, beliefs) and health-related variables (e.g.
comorbidities, quality of life)), 2) the interpersonal level (e.g. model-
ling, social support), 3) the environmental level (subdivided into the
physical environment (e.g. proximity of green spaces, parks, shops and
public transport, presence of sidewalks) and the perceived environment
(e.g. neighborhood satisfaction, sense of safety, aesthetics, perception of
accessibility and availability of sidewalks and bike lanes)) and 4) the
policy level (e.g. laws, rules, education and employment opportunities).
Recognizing that behaviors are influenced by multiple levels, this
multilevel model stands out as the most comprehensive framework for
understanding explanatory variables [16-18]. Furthermore, the Ottawa
Charter for Health Promotion recommends this multilevel
socio-ecological approach, recognizing it as an effective strategy for
promoting behavioral change [19,20].

To the best of our knowledge, there is no systematic review sum-
marizing the evidence on the explanatory variables of 24-h movement
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Table 3
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Explanatory variables of LPA in people with prediabetes and direction and strength of association.

Related to LPA

Positive association Negative association

Unrelated to LPA

Summary code’ Strength of conclusion’

n/N for row (%)" Association (+/—/0/?)°

Intrapersonal variables

Socio-demographic variables

Sex (being male) Rockette-Wagner et al., 2017 [103]
Age Rockette-Wagner et al., 2017 [103]
Health-related variables

Not reported

Behavioral variables

Not reported

Interpersonal variables

Not reported

Environmental variables

Physical environmental variables

Not reported

Perceived environmental variables

Not reported

1/1 (100%) - 4
1/1 (100%) - 4

Abbreviations: LPA, light physical activity.

# Summary code is an overall summary of the findings for each variable separately.

b

between the variable and LPA.
¢ Shows the direction of the individual/summary association.

d Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

behaviors in people with prediabetes or T2D. Therefore, the aim of this
systematic review was to identify the explanatory variables of 24-h
movement behaviors, summarized within the SEM, in both pop-
ulations. The results of this manuscript will provide recommendations
for the development of future interventions targeting 24-h movement
behaviors in people with prediabetes and T2D.

2. Methods

The Preferred Reporting Items for Systematic reviews and Meta-
Analyses guidelines [21] were applied in conducting this systematic re-
view. The protocol was registered on PROSPERO (ID: CRD42021251898).

2.1. Search strategy

The literature was searched systematically for articles related to
explanatory variables of 24-h movement behaviors in people with pre-
diabetes or T2D. To limit findings based on recall bias and over- or
underestimation due to self-reports, only objectively measured 24-h
movement behaviors were included. The research question was formu-
lated using the Population — Intervention — Outcome approach: “What
are the explanatory variables (O) of objectively measured 24-h move-
ment behaviors (I) in people with prediabetes or people with T2D (P)?”

To answer this research question, three key concepts were used: pa-
thology (prediabetes, T2D), objective measurement, and movement be-
haviors. These key concepts were linked via the Boolean operator ‘AND’.

Four electronic databases (i.e. MEDLINE (PubMed), Embase, Scopus
and Web of Science) were searched (last search 22/09/2023). The
search strategy for every database can be found in Supplementary file 1.

2.2. Eligibility criteria

Rayyan (http://rayyan.qcri.org) was used as an electronic library to
manage the references from the final search strategy. First, duplicates
were removed after which the title and abstract were screened by three
independent reviewers (IW, MD, MK). In case of discrepancies, a fourth
reviewer (MDC) was asked to adjudicate the results. Full text screening
was conducted by six independent reviewers (LB, IW, VV, BS, MVD,
MDQ). If the full text was unavailable, the corresponding author was
contacted and authors were asked to send the full text.

Screening was based on inclusion and exclusion criteria. The inclu-
sion criteria were as follows: (1) adults with prediabetes or T2D, (2)

n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations

objectively measured PA, SB and/or sleep, (3) assessment of at least one
explanatory variable, (4) full text availability and, (5) written in English.
Cross-sectional studies, longitudinal-observational studies and baseline
measurements of intervention studies were included. The following
exclusion criteria were applied: (1) adults with types of diabetes mellitus
other than prediabetes or T2D, (2) adults with other internal, metabolic,
neurological, physical and/or psychological diseases and, (3) reviews,
meta-analyses, letters to authors, conference abstracts and animal
studies.

A manual search of the reference lists of the included articles was
performed and relevant articles were included in the final selection
when the eligibility criteria were met.

2.3. Data extraction

The data were extracted by six independent reviewers (LB, IW, VV,
BS, MVD, MDC). Information on the following characteristics was
extracted: (1) author and year of publication, (2) country, (3) population
(T2D and/or prediabetes), (4) sample size, (5) age in years, (6) sex (%
male), (7) study design (8) movement- (i.e. PA, SB and/or sleep), and
subbehavior(s) (i.e. LPA, MVPA), (9) measurement method, (10) intra-
personal/interpersonal/environmental explanatory variables, and (11)
direction of the association.

Movement behaviors are expressed in different units. The following
units were included: total sleep duration (hours/day or minutes/day),
SB (hours/day), LPA (hours/day or minutes/day), MVPA (hours/day or
minutes/day, (not) achieving 150 min of MVPA per day, weekly MVPA
(hours/week or minutes/week), metabolic equivalent of task (MET)/
minute, bouts/day, minutes/bout and METs/day)) and total PA (total
time (in min/day), steps/day, PA level (total energy expenditure/basal
metabolic rate), total energy expenditure (kcal/day), PA energy
expenditure (kcal/day or kilojoule/kg/day), steps/day >7100 and
steps/day <4873). All the explanatory variables were included in the
tables even if they were investigated once, however, only the explana-
tory variables that were investigated in at least two independent studies
are mentioned in the Results section.

2.4. Risk of bias

The risk of bias was assessed by two independent reviewers (LB and
MDC), using the Joanna Briggs Institute appraisal checklist for analyt-
ical cross-sectional studies [22]. This checklist contains eight questions
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Explanatory variables of MVPA in people with prediabetes and direction and strength of association.

Related to MVPA

Unrelated to MVPA Summary code” Strength of

conclusion’
Positive association Negative association n/N for row Association
(%)° (+/-/0/2)°
Intrapersonal variables
Socio-demographic variables
Sex (being male) Rockette-Wagner et al., 2017 1/1 (100%) + 4
[103]
Age Rockette-Wagner et al., 2017 1/1 (100%) - 4
[103)
Health-related variables
Waist circumference Swindell et al., 2018 [31] 1/1 (100%) - 4
Systolic blood Swindell et al., 2018 0/1 (0%) 0 4
pressure [31]
Diastolic blood Swindell et al., 2018 0/1 (0%) 0 4
pressure [31]
Fasting insulin Swindell et al., 2018 [31] 1/1 (100%) - 4
Fasting glucose Swindell et al., 2018 0/1 (0%) 0 4
[31]
2-h plasma glucose Swindell et al., 2018 [31] 1/1 (100%) - 4
HbAlc Swindell et al., 2018 [31] 1/1 (100%) - 4
HOMA-IR Swindell et al., 2018 [31] 1/1 (100%) - 4
Triglycerides Swindell et al., 2018 [31] 1/1 (100%) - 4
Total cholesterol Swindell et al., 2018 0/1 (0%) 0 4
[31]
HDL-cholesterol Swindell et al., 2018 [31] 1/1 (100%) —+ 4
LDL-cholesterol Swindell et al., 2018 0/1 (0%) 0 4
[31]
CRP Swindell et al., 2018 [31] 1/1 (100%) - 4
Behavioral variables
Not reported
Interpersonal variables
Not reported
Environmental variables
Physical environmental variables
Neighborhood*® Kariuki et al., 2022 0/1 (0%) 0 3

Perceived envrionmental variables
Not reported

[28]

Abbreviations: MVPA, moderate to vigorous physical activity; HbAlc, Hemoglobine Alc; HOMA-IR, homeostatic model assessment of insulin resistance; HDL-
cholesterol, high-density lipoprotein cholesterol; LDL-cholesterol, low-density lipoprotein cholesterol; CRP, c-reactive protein.
# Summary code is an overall summary of the findings for each variable separately.

b

between the variable and MVPA.
¢ Shows the direction of the individual/summary association.

n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations

4 Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

¢ Car-dependent vs walkable neighborhood.

about the inclusion criteria, validity and reliability of the measurements
and outcomes, confounding factors and statistical analysis. Possible
answers were “yes”, “no”, “unclear” or “not applicable”. The following
scoring was applied based on the yes-score: low risk of bias (>70%),

moderate risk of bias (50-69%) and high risk of bias (<49%).

2.5. Level of evidence and level of conclusion

All included studies were assigned a level of evidence (ranging from
Al to D) by two independent reviewers (LB and MDC) using the
Evidence-Base Guideline Development (EBRO) method (Supplementary
file 2) [23]. Disagreements in the scores were discussed by the two re-
viewers (LB and MDC) until a consensus was reached. After that, each
investigated explanatory variable was assigned a strength of conclusion
(level 1; high strength of conclusion - level 4; low strength of conclu-
sion) by using the EBRO method depending on the level of evidence of
the respective studies and the consistency of their results (Supplemen-
tary file 2) [23].

2.6. Data synthesis

The explanatory variables of 24-h movement behaviors were classi-
fied across three different domains using the SEM [16]: (1) intrapersonal

(subdivided into socio-demographic, health-related and behavioral), (2)
interpersonal and, (3) environmental (subdivided into physical envi-
ronment and perceived environment) variables. The policy domain is
not mentioned since no studies have investigated variables at this level.
In addition, PA was subdivided into total PA, LPA and MVPA. The
strength of evidence for the association between an explanatory variable
and PA, SB and/or sleep was coded according to the model used by Sallis
et al. [24] and Hinkley et al. [25,26] (Supplementary file 3). The per-
centage of associations in the hypothesized direction was determined by
dividing the number of findings supporting the association (e.g. positive
association) by the total number of findings in which an association (e.g.
positive, negative and no association) was mentioned. For example, if
two studies reported a positive association and four studies no associa-
tion, the final association was coded as “no association” (2/6, 33%).

3. Results
3.1. Study characteristics

The final literature search identified 11,038 references. After excluding
4764 duplicates, 6274 studies were screened for title and abstract, resulting

in 596 full texts. A total of 78 studies were ultimately included (Fig. 1). The
explanatory variables of sleep, SB or PA were investigated in seven studies
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Table 5
Explanatory variables of total PA in people with prediabetes and direction and strength of association.
Related to total PA Unrelated to total PA Summary code” Strength of
. . K . . conclusion®
Positive association Negative association n/N for row Association (+/—/0/
(%) )¢
Intrapersonal variables
Socio-demographic variables
Age Chasens et al., 2012 1/1 (100%) - 4
Sex (being male) Chasens et al., 2012 Hamasaki et al. 2015" 2/3 (67%) + 4
[27] [101]
Steeves et al., 2015
[30]
Education level Chasens et al., 2012 1/1 (100%) + 4
[27]
Health-related variables
Health Chasens et al., 2012 1/1 (100%) + 4
[27]
BMI Chasens et al., 2012 1/1 (100%) - 4
[27]
Insomnia Chasens et al., 2012 1/1 (100%) - 4
[27]
Insulin sensitivity Chasens et al., 2012 1/1 (100%) + 4
[27]
Central adiposity Chasens et al., 2012 1/1 (100%) - 4
[27]
Body fat (in %) Yates et al., 2008 [32] 1/1 (100%) - 4
Waist circumference Swindell et al., 2018 2/2 (100%) - 3
[31]
Yates et al., 2008 [32]
Systolic blood pressure Swindell et al., 2018 0/1 (0%) 0 4
[31]
Diastolic blood pressure Swindell et al., 2018 0/1 (0%) 0 4
[31]
Fasting insulin Swindel et al., 2018 1/1 (100%) - 4
[31]
Fasting glucose Yates et al., 2008 [32] Swindell et al., 2018 1/3 (33%) ? 4
[31]
Yates et al., 2013 [33]
2-h plasma glucose Swindell et al., 2018 3/3 (100%) - 3
[31]
Yates et al., 2008 [32]
Yates et al., 2013 [33]
HbAlc Swindell et al., 2018 0/2 (0%) 0 3
[31]
Yates et al., 2013 [33]
HOMA-IR Swindell et al., 2018 1/1 (100%) - 4
[31]
Triglycerides Swindell et al., 2018 2/2 (100%) - 3
[31]
Yates et al., 2008 [32]
Total cholesterol Swindell et al., 2018 0/1 (0%) 0 4
[31]
HDL-cholesterol Swindell et al., 2018 2/2 (100%) + 3
[31]
Yates et al., 2008 [32]
LDL-cholesterol Swindell et al., 2018 0/1 (0%) 0 4
[31]
CRP Swindell et al., 2018 1/1 (100%) - 4
[31]
Obstructive sleep apnea Mobhklesi et al., 2021 0/1 (0%) 0 4
severity [102]
Pain/discomfort Yates et al., 2008 [32] 1/1 (100%) — 4
Behavioral variables
Perceived competence De Man et al., 2020 0/1 (0%) 0 4
[100]
Illness perceptions Yates et al., 2008 [32] 0/1 (0%) 0 4
Mobility Yates et al., 2008 [32] 1/1 (100%) - 4
Self-care Yates et al., 2008 [32] 1/1 (100%) - 4
Interpersonal variables
Perceived relatedness De Man et al., 2020 1/1 (100%) + 4

Environmental variables

Physical environmental variables

Not reported

Perceived environmental variables

[100]

Abbreviations: PA, physical activity; BMI, Body Mass Index; HbAlc, Hemoglobin Alc; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; HDL-cholesterol,

high-density lipoprotein cholesterol; LDL-cholesterol, low-density lipoprotein cholesterol; CRP, c-reactive protein.
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b Summary code is an overall summary of the findings for each variable separately.

c

between the variable and total PA.
4 Shows the direction of the individual/summary association.

¢ Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

(9.0%) of people with prediabetes [27-33], in 66 studies (84.6%) of people
with T2D [34-99], and in five studies (6.4%) of both populations
[100-104]. No study has investigated the explanatory variables of inte-
grated 24-h movement behaviors. One study (1.3%) investigated the
explanatory variables of all three behaviors in isolation [60], four studies
(5.1%) investigated the explanatory variables of a combination of sleep and
PA [34,79,87,102], and 13 studies (16.7%) investigated the explanatory
variables of a combination of PA and SB [31,39,44,48,49,54,56,58,66,68,
81,82,103]. Most studies have investigated the explanatory variables of a
single movement behavior. In total, 40 studies (51.3%) investigated PA in
isolation [27,28,32,33,37,38,40-43,45-47,50-52,57,59,63,64,67,72-78,
83,85,86,89-91,93,95,99-101,105], six studies (7.7%) investigated SB in
isolation [35,69-71,96,104] and 14 studies (17.9%) investigated sleep in
isolation [29,36,53,55,61,62,65,80,84,88,92,94,98,106]. The majority
(80%) of the included studies were cross-sectional of which 2% derived
from randomized controlled trial baseline measurements. More informa-
tion about the included study designs is provided in Supplementary file 4.
Objective measurement devices differed across studies with accelerometry
being the most commonly used device (58%) (Fig. 2). More details on the
study characteristics can be found in Supplementary file 5.

3.2. Risk of bias and level of evidence

Sixty studies (76.9%) had a low risk of bias, 15 studies (19.2%) had a
moderate risk of bias and three studies (3.8%) had a high risk of bias.
Item 8 (“use of an appropriate statistical analysis”) was most often
scored with “yes”, item 5 (“identification of confounding factors™) and
item 6 (“use of strategies to deal with confounding factors”) were most
often scored with “no”. According to the level of evidence, most of the
studies (83.3%) obtained level C, seven studies (9%) obtained level B
and six studies (7.7%) obtained level A2. More information about the
risk of bias and level of evidence can be found in Supplementary file 6.

3.3. Explanatory variables of 24-h movement behaviors

No study has investigated the explanatory variables of integrated 24-
h movement behaviors in people with prediabetes or T2D. Therefore, the
explanatory variables of each single movement behavior, investigated in
a minimum of two independent studies, will be discussed separately for
each population. Fig. 3 provides an overview of the explanatory vari-
ables of PA, SB and sleep in both populations classified according to the
three domains of the SEM.

3.4. Explanatory variables of 24-h movement behaviors in people with
prediabetes

No explanatory variables of sleep, SB, LPA or MVPA were investi-
gated in a minimum of two studies. An overview of all the studied
explanatory variables of total sleep duration, SB, LPA and MVPA in
people with prediabetes are provided in Tables 1-4 respectively.

3.5. Explanatory variables of total physical activity

An overview of all the explanatory variables of total PA in people
with prediabetes is provided in Table 5.

n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations

3.5.1. Intrapersonal level

One socio-demographic variable of total PA was investigated in a
minimum of two studies. The results showed that being male was
associated with more time spent in total PA (2/3, 67%, strength of
conclusion level 4) [27,30,101].

Six health-related variables related to total PA were investigated in a
minimum of two independent studies. A lower waist circumference and
lower 2-h plasma glucose and triglyceride levels were associated with
more time spent in total PA (2/2, 100%; 3/3, 100%, 2/2, 100%,
respectively, strength of conclusion level 3) [31-33]. A positive associ-
ation was found between total PA and HDL-cholesterol, with more time
spent in total PA in people with higher levels of HDL-cholesterol (2/2,
100%, strength of conclusion level 3) [31,32]. No association was found
between HbAlc and time spent in total PA and an indeterminate result
was found for fasting glucose (0/2, 0%, strength of conclusion level 3;
1/3, 33%, strength of conclusion level 4, respectively) [31-33].

3.6. Explanatory variables of 24-h movement behaviors in people with
2D

3.6.1. Explanatory variables of sleep
An overview of all the explanatory variables of total sleep duration in
people with T2D is provided in Table 6.

3.6.2. Intrapersonal level

Sex and age were the only socio-demographic variables investigated
in two independent studies, showing an indeterminate association with
sleep duration (1/2, 50%; 1/2, 50% respectively, strength of conclusion
level 4) [55,87,98].

Three health-related variables of sleep duration were investigated in
a minimum of two independent studies. A lower HbAIC level was
associated with a longer sleep duration (2/3, 67%, strength of conclu-
sion level 4) [80,87,88]. No association was found between sleep
duration and obstructive sleep apnea or diabetic retinopathy (0/2, 0%;
0/2, 0%, respectively, strength of conclusion level 3) [53,65,80,84].

3.7. Explanatory variables of sedentary behavior

An overview of all the explanatory variables of SB in people with T2D
is provided in Table 7.

3.7.1. Intrapersonal level

Two socio-demographic variables were investigated in a minimum of
two independent studies. An older age was associated with more time
spent sedentary (4/4, 100%, strength of conclusion level 3) [39,58,68,
96]. No association was found between sex and SB (2/9, 22%, strength
of conclusion level 4) [39,44,49,54,56,67,68,81].

The most frequently studied health-related variables were HbAlc,
waist circumference and Body Mass Index (BMI). A higher HbAlc level,
greater waist circumference and BMI were associated with more time
spent sedentary (2/3, 66%, strength of conclusion level 4; 3/3, 100%,
strength of conclusion level 2; 3/3, 100%, strength of conclusion level 3,
respectively) [39,48,49,68,81,96]. A higher HDL-cholesterol level was
associated with less time spent sedentary (2/2, 100%, strength of
conclusion level 2) [48,49]. No association was found between SB and
fatigue (0/2, 0%, strength of conclusion level 3) [35,76].

Time spent in MVPA was the only behavioral variable investigated in
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Table 6
Explanatory variables of sleep duration in people with T2D and direction and strength of association.

Related to sleep duration

Unrelated to sleep

Summary code”

Strength of

. ) . duration . conclusion®
Positive Negative association n/N for row Association
association (%)° (+/-/0/2)¢
Intrapersonal variables
Socio-demographic variables
Age Magri et al., 2023 Weatherall et al., 2018 1/2 (50%) ? 4
[98] [871
Education status Weatherall et al., 2018 0/1 (0%) 0 4
[871
Household income Weatherall et al., 1/1 (100%) - 4
2018 [87]
Sex (male) Foster et al., 2009 Weatherall et al., 2018 1/2 (50%) ? 4
[55] [871
Race Weatherall et al., 2018 0/1 (0%) 0 4
[871
Marital status Weatherall et al., 2018 0/1 (0%) 0 4
[87]
Health-related variables
Diabetic retinopathy Reutrakul et al., 2020 0/2 (0%) 0 3
[80]
Sirisreetreerux et al.,
2021 [84]
HbAlc Reutrakul et al., Weatherall et al., 2018 2/3 (67%) - 4
2020 [80] [87]1
Whitaker et al.,
2018 [88]
Health-related quality of life (EQ-5D-5 L) Johnson et al., 2017 0/1 (0%) 0 4
[94]
Health-related quality of life (SF-12 mental Johnson et al., 2017 1/1 (100%) - 4
composite summary) [94]
Health-related quality of life (SF-12 physical Johnson et al., 2017 0/1 (0%) 0 4
composite summary) [94]
MT2 mutation Imam et al., 2020 [61] 0/1 (0%) 0 4
Obstructive sleep apnea Lam et al., 2010 [65] 0/2 (0%) 0 3
Ding et al., 2022 [53]
Metformin therapy/intake Kajbafetal., 2014 1/1 (100%) + 4
[62]
Insomnia Alshehri et al., 2020 0/1 (0%) 0 4
[36]
Cardiovascular risk © Hein et al., 2022 1/1 (100%) - 4
[92]
Microalbuminuria Magri et al., 2023 1/1 (100%) - 4
[98]
LDL-cholesterol Magri et al., 2023 1/1 (100%) - 4
[98]
Time in range Lee et al., 2023 [97] 0/1 (0%) 0 4
Time above range Lee et al., 2023 [97] 0/1 (0%) 0 4
Time below range Lee et al., 2023 [97] 0/1 (0%) 0 4
Standard deviation of glucose Lee et al., 2023 [97] 0/1 (0%) 0 4
Coefficient of variation Lee et al., 2023 [97] 0/1 (0%) 0 4
Behavioral variables
Chronotype (Morning < evening/ Henson et al., 2020 [60] 0/1 (0%) 0 4
Intermediate < evening)
Interpersonal variables
Ramadan Alghamdi et al., 1/1 (100%) - 3
2020 [34]
Environmental variables
Physical environmental variables
Hospitalization Pupier et al., 2018 [79] 0/1 (0%) 0 4

Perceived environmental variables
Not reported

Abbreviations: T2D, type 2 diabetes; HbAlc, Hemoglobin Alc; SF, Short form; MT2 mutation, melatonin receptor 2 mutation.

# Summary code is an overall summary of the findings for each variable separately.

> n — Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations
between the variable and sleep duration.

¢ Shows the direction of the individual/summary association.

d Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

¢ Based on the SCORE index calculated by five risk factors: age, sex, smoking status, systolic blood pressure and total cholesterol. The SCORE index estimates the risk
of 10-year fatal cardiovascular event. A SCORE index <5% is considered to be a low risk of CVD and a SCORE index >5% was considered to be a high risk of CVD.
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Table 7
Explanatory variables of SB in people withT2D and direction and strength of association.

Related to SB

Unrelated to SB

Summary code”

Strength of

s od
Positive association Negative association n/N for row Association conclusion
(%)° (+/-/0/2)°
Intrapersonal variables
Socio-demographic variables
Sex (male) Balducci et al., 2017 Rowlands et al., Cooper et al., 2014 2/9 (22%) 0 4
[39] 2021 [81] 1491
Mathe et al., 2017 Booth et al., 2022° Falconer et al., 2014
[68] [44] [54]
Fritschi et al., 2016
[56]
Manyara et al., 2021
[67]
Booth et al., 2022
[44]
Age Balducci et al., 2017 4/4 (100%) + 3
[39]
Mathe et al., 2017
[68]
Guo et al., 2015 [58]
Colomer et al., 2022
[96]
Education Mathe et al., 2017 1/1 (100%) - 4
[68]
Employment Mathe et al., 2017 1/1 (100%) - 4
[68]
Ethnicity Mathe et al., 2017 0/1 (0%) 0 4
[68]
Income Mathe et al., 2017 0/1 (0%) 0 4
[68]
Smoking (smoker) Mathe et al., 2017 1/1 (100%) - 4
[68]
Health-related variables
HbAlc Balducci et al., 2017 Cooper et al., 2014 2/3 (66%) + 4
[39] [49]
Rowlands et al., 2021
[81]
BMI Mathe et al., 2017 3/3 (100%) + 3
[68]
Rowlands et al. 2021
[81]
Colomer et al., 2022
[96]
Waist circumference Balducci et al., 2017 3/3 (100%) + 2
[39]
Cooper et al., 2014
[49]
Cooper et al., 2012
[48]
hs-CRP Balducci et al., 2017 1/1 (100%) + 4
[39]
Triacylglycerol Cooper et al., 2014 1/1 (100%) + 4
[49]
Metabolic risk® Cooper et al., 2014 1/1 (100%) + 4
[49]
HDL-cholesterol Cooper et al., 2014 2/2 (100%) - 2
[49]
Cooper et al., 2012
[48]
Systolic blood pressure Cooper et al., 2014 0/1 (0%) 0 4
[49]
Insulin Cooper et al., 2012 1/1 (100%) + 4
[48]
HOMA-IR Cooper et al., 2012 1/1 (100%) + 4
[48]
Physical activity energy expenditure Lamb et al., 2016 0/1 (0%) 0 2
[66]
Wake time mean glucose McMillan et al., 2020 0/1 (0%) 0 4
[69]
Glucose standard deviation McMillan et al., 2020 0/1 (0%) 0 4
[69]
Glucose range McMillan et al., 2020 0/1 (0%) 0 4
[69]
Glucose coefficient of variation McMillan et al., 2020 0/1 (0%) 0 4
[69]
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Table 7 (continued)

Related to SB Unrelated to SB Summary code” Strength of
. . ) . . conclusion®
Positive association Negative association n/N for row Association
(%) (+/~/0/2)°
Glucose CONGA McMillan et al., 2020 0/1 (0%) 0 4
[69]
Average glucose blood level Alothman et al., 1/1 (100%) + 4
2020 [35]
Cardiorespiratory fitness Cooper et al., 2014 1/1 (100%) - 4
[49]
Diabetes duration Mathe et al., 2017 0/1 (0%) 0 4
[68]
Nocturia Morris et al., 2016 1/1 (100%) + 4
[70]
Fatigue Poppe et al., 2021 0/2 (0%) 0 3
[76]
Alothman et al.,
2020 [35]
Stress Poppe et al., 2021 0/1 (0%) 0 4
[76]
Pain Poppe et al., 2021 0/1 (0%) 0 4
[76]
Neck pain Dzakpasu et al., 2023 0/1 (0%) 0 4
[104]
Shoulder pain Dzakpasu et al., 2023 0/1 (0%) 0 4
[104]
Low back pain Dzakpasu et al., 2023 0/1 (0%) 0 4
[104]
Knee pain Dzakpasu et al., 2023 1/1 (100%) + 4
[104]
Nausea/dizziness Poppe et al., 2021 0/1 (0%) 0 4
[76]
Numbness/tingling Poppe et al., 2021 0/1 (0%) 0 4
[76]
Sadness Poppe et al., 2021 0/1 (0%) 0 4
[76]
Well-being Alothman et al., 0/1 (0%) 0 4
2020 [35]
Physical function Alothman et al., 0/1 (0%) 0 4
2020 [35]
Behavioral variables
Chronotype (Morning < evening/ Henson et al., 2020 1/1 (100%) + 4
Intermediate < evening) [60]
MVPA Cooper et al., 2014 Lamb et al., 2016 1/2 (50%) ? 4
[49] [66]
Interpersonal variables
Not reported
Environmental variables
Physical environmental variables
Time of day (morning) Paing et al., 2020 1/1 (100%) + 4
[71]
Hospitalized Pupier et al., 2018 0/1 (0%) 0 4
[79]

Perceived environmental variables
Not reported

Abbreviations: SB, sedentary behavior; T2D, type 2 diabetes; HbAlc; Hemoglobin Alc; BMI, Body Mass Index; Hs-CRP, high-sensitivity C-reactive protein; HDL-
cholesterol, High-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment for insulin resistance; glucose CONGA, continuous overall net glycemic
action; MVPA, moderate to vigorous physical activity.

# Summary code is an overall summary of the findings for each variable separately.

 n — Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations
between the variable and sedentary behavior.

¢ Shows the direction of the individual/summary association.

d Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

¢ Proportion of time spent sedentary per day.

f Sedentary time (h/day).

8 Metabolic risk is calculated by summing standardized values for waist circumference, fasting triaglycerol, HbAlc and systolic blood pressure and the inverse of
HDL-cholesterol.

two independent studies, showing an indeterminate association with 3.8.1. Intrapersonal level
time spent sedentary (1/2, 50%, strength of conclusion level 4) [49,66]. Two socio-demographic variables were explored in a minimum of
two independent studies. The results indicated that men spent less time
in LPA than women did (3/5, 60%, strength of conclusion level 4) [39,
44,56,68,82]. An indeterminate association was found between age and
LPA (1/2, 50%, strength of conclusion level 4) [39,68].

BMI was the only health-related variable investigated in two

3.8. Explanatory variables of light physical activity

An overview of all the explanatory variables of LPA in people with
T2D is provided in Table 8.

11
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Table 8
Explanatory variables of LPA in people withT2D and direction and strength of association.
Unrelated to LPA Summary code” Strength of
. . ) . . conclusion?
Positive association Negative association n/N for row Association (+/—/0/
(%) 2

Intrapersonal variables
Socio-demographic variables
Age Balducci et al., 2017 Mathe et al., 2017 [68] 1/2 (50%) - 4

[39]
Sex (male) Booth et al., 2022 [44] Sardinha et al., 2017 Fritschi et al. 2016 3/5 (60%) - 4

[82] [56]

Balducci et al., 2017
[39]1
Mathe et al., 2017

[68]
Education Mathe et al., 2017 [68] 1/1 (100%) 0 4
Employment Mathe et al., 2017 [68] 1/1 (100%) 0 4
Retired Mathe et al., 2017 [68] 1/1 (100%) 0 4
Ethnicity (non-Caucasian) Mathe et al., 2017 [68] 1/1 (100%) 0 4
Income Mathe et al., 2017 [68] 1/1 (100%) 0 4
Smoking status Mathe et al., 2017 [68] 1/1 (100%) 0 4
Marital status Mathe et al., 2017 [68] 1/1 (100%) 0 4
Health-related variables
HbAlc Balducci et al., 2017 1/1 (100%) - 4

[39]
BMI Balducci et al., 2017 2/2 (100%) - 3

[39]

Mathe et al., 2017

[68]

High sensitivity-C-reactive Balducci et al., 2017 1/1 (100%) 4
protein [39]

Chronotype preference® Henson et al., 2020 1/1 (100%) - 4

[60]
Stress Poppe et al., 2021 [76] 1/1 (100%) 0 4
Diabetes duration Mathe et al., 2017 [68] 1/1 (100%) 0 4
Fatigue Poppe et al., 2021 [76] 1/1 (100%) 0 4
Pain Poppe et al., 2021 [76] 1/1 (100%) 0 4
Nausea/dizziness Poppe et al., 2021 [76] 1/1 (100%) 0 4
Numbness/tingling Poppe et al., 2021 [76] 1/1 (100%) 0 4
Sadness Poppe et al., 2021 [76] 1/1 (100%) 0 4
Behavioral variables
Exercise’ An et al., 2020 [37] 0/1 (0%) 0 4
Interpersonal variables
Ramadan Alghamdi et al., 2020 1/1 (100%) 0 3

[34]
Environmental variables
Physical environmental variables
Amount of PA equipment in the De Greef et al., 2011 1/1 (100%) + 4
home [52]

Perceived environmental variables
Walking infrastructure® De Greef et al., 2011 1/1 (100%) - 4

[52]

Abbreviations: LPA, light physical activity; T2D, type 2 diabetes; HbAlc, Hemoglobin Alc; BMI, Body Mass Index; PA, physical activity.
2 Summary code is an overall summary of the findings for each variable separately.

b

between the variable and LPA.
¢ Shows the direction of the individual/summary association.

4 Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

e «

or neither (intermediate)”.

f Self-reported for at least 30 min per day for 3 days per week for the past 3 months or longer.

8 Perceiving lower availability and quality of walking infrastructure.

independent studies and was negatively associated with time spent in
LPA (2/2, 100%, strength of conclusion level 3) [39,68].

3.9. Explanatory variables of moderate to vigorous physical activity

An overview of all the explanatory variables of MVPA in people with
T2D is provided in Table 9.

3.9.1. Intrapersonal level
Five socio-demographic variables were explored in a minimum of
two independent studies. Sex was studied in 15 studies with 11 studies

n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations

a diurnal characteristic, identifies individuals as having a preference for morning (i.e., go to bed early and get up early), evening (ie, go to bed late and get up late)

12

indicating that men performed more time in MVPA than women did (11/
15, 73%, strength of conclusion level 4) [39,40,44,46,49,54,56,59,
66-68,74,81,90,93]. Age was negatively associated with MVPA, less
time was spent in MVPA with increasing age (7/10, 70%, strength of
conclusion level 4) [39,40,46,47,58,68,74,81,90,93]. People with a
higher income or a higher education level spent time more time in MVPA
(2/2, 100%, strength of conclusion level 3; 2/3, 67%, strength of
conclusion level 4, respectively) [40,47,68]. Additionally, no associa-
tion was found between MVPA and ethnicity (2/5, 40%, strength of
conclusion level 4) [40,59,68,93].

Nine health-related variables were explored in a minimum of two
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Explanatory variables of MVPA in people withT2D and direction and strength of association.

Related to MVPA

Unrelated to MVPA

Summary code”

Strength of

. d
Positive association Negative association n/N for row Association conclusion
%) (+/=/0/2)°
Interpersonal variables
Socio-demographic variables
Age Balducci et al., 2017 [39] Castonguay & Miquelon 8/12 (67%) - 4
Bazargan-Hejazi et al., 2018 [46]
2017 [40] Zhu et al., 2021 [90]
Jakicic et al., 2010 [93] Guo et al., 2015% [58]
Rowlands et al., 2021 [81] Jakicic et al., 2010" [93]
Chlebowy et al., 2016 [47]
Pizzol et al., 2019 [74]
Mathe et al., 2017 [68]
Guo et al., 2015 [58]
Sex (being male) Bazargan-Hejazi et al., Castonguay & Miquelon Fritschi et al., 2016 [56] 11/15 (73%) + 4
2017 [40] 2018 [46] Jakicic et al., 2010° [93]
Cooper et al., 2014 [49] Helgeson et al., 2021
Falconer et al., 2014 [54] [59]
Lamb et al., 2016 [66] Zhu et al., 2021 [90]
Manyara et al., 2021 [67]
Rowlands et al., 2021
[81]
Balducci et al., 2017 [39]
Jakicic et al., 2010" [93]
Pizzol et al., 2019 [74]
Mathe et al., 2017 [68]
Booth et al., 2022 [44]
Race/Ethnicity Bazargan-Hejazi Jakicic et al., 2010 [93] 2/5 (40%) 0 4
et al.,2017%' [40] Mathe et al., 2017 [68]
Jakicic et al., 20107 [93] Helgeson et al., 2021
[59]
Employed Mathe et al., 2017 [68] 1/1 (100%) + 4
Smoking status Mathe et al., 2017 [68] 0/1 (0%) 0 4
Income Bazargan-Hejazi et al., 2/2 (100%) + 3
2017 [40]
Mathe et al., 2017 [68]
Education Bazargan-Hejazi et al., Mathe et al., 2017 [68] 2/3 (67%) + 4
2017 [40]
Chlebowy et al., 2016
[47]
Marital status Mathe et al., 2017 [68] 1/1 (100%) - 4
Health-related variables
HbAlc Balducci et al., 2017 [39] Cooper et al., 2014 [49] 1/3 (33%) 0 4
Dauriz et al., 2018 [51]
HDL-cholesterol Dauriz et al., 2018 [51] Cooper et al., 2014 [49] 1/3 (33%) 0 4
Cooper et al., 2012 [48]
Triacylglycerol Cooper et al., 2014 [49] 0/1 (0%) 0 4
Insulin Cooper et al., 2012 [48] 1/1 (100%) - 3
HOMA-IR Cooper et al., 2012 [48] 1/1 (100%) - 3
Fasting plasma glucose Dauriz et al., 2018 [51] 0/1 (0%) 0 4
2-h plasma glucose Dauriz et al., 2018 [51] 0/1 (0%) 0 4
Triglycerides Dauriz et al., 2018™ [51] Dauriz et al., 2018" [51] 1/2 (50%) ? 4
Insulin sensitivity Dauriz et al., 2018 [51] 1/1 (100%) + 4
Waist circumference Balducci et al., 2017 [39] Cooper et al., 2014 [49] 3/5 (60%) - 4
Cooper et al., 2012 [48] Dauriz et al., 2018" [51]
Dauriz et al., 2018™ [51]
BMI Bazargan-Hejazi et Dauriz et al., 2018" [51] 6/8 (75%) - 4
al.2017° [40] Zhu et al., 2021 [90]
Castonguay & Miquelon
2018 [46]
Dauriz et al., 2018™ [51]
Jakicic et al., 2010 [93]
Rowlands et al., 2021 [81]
Mathe et al., 2017 [68]
Fat mass (%) Dauriz et al., 2018™ [51] Dauriz et al., 2018" [51] 1/2 (50%) ? 4
Disposition index” Dauriz et al., 2018 [51] 0/1 (0%) 0 4
Systolic blood pressure Cooper et al., 2014 [49] 1/1 (100%) - 4
Cardiovascular disease Jakicic et al., 2010° [93] Jakicic et al., 2010" [93] 1/2 (50%) ? 4
history
Comorbidities Bazargan-Hejazi et al., 1/1 (100%) - 4
2017 [40]
Metabolic risk Cooper et al., 2014 [49] 0/1 (0%) 0 3
Glucose AUC Dauriz et al., 2018 [51] 0/1 (0%) 0 4
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Table 9 (continued)

Related to MVPA Unrelated to MVPA Summary code” Strength of
L. .. . .. . conclusion’
Positive association Negative association n/N for row Association
(%) (+/—/0/2)°
Diabetes medication Bazargan-Hejazi 0/2 (0%) 0 3

et al.,2017 [40]
Jakicic et al., 2010 [93]

Hyperglycemia symptoms Castonguay & Miquelon 1/1 (100%) - 3
2018 [46]
Diabetes duration Zhu et al., 2021 [90] Mathe et al., 2017 [68] 1/2 (50%) ? 4
Physical function Rowlands et al., 2021 1/1 (100%) + 4
[81]
Cardiorespiratory fitness Cooper et al., 2014 [49] 2/2 (100%) + 4
Jakicic et al., 2010 [93]
Fatigue Castonguay & Miquelon Poppe et al., 2021 [76] 2/3 (67%) - 4
2018 [46]
Zhu et al., 2021 [90]
Cognitive distress Castonguay & Miquelon 1/1 (100%) - 3
2018 [46]
Stress Poppe et al., 2021 [76] 0/1 (0%) 0 4
Depressive symptoms Rowlands et al., 2021 [81] 2/2 (100%) - 3
Pizzol et al., 2019 [74]
Pain Poppe et al., 2021 [76] 0/1 (0%) 0 4
Nausea/dizziness Poppe et al., 2021 [76] 0/1 (0%) 0 4
Numbness/tingling Poppe et al., 2021 [76] 0/1 (0%) 0 4
Sadness Poppe et al., 2021 [76] 0/1 (0%) 0 4
Behavioral variables
Exercise An et al., 2020 [37] 1/1 (100%) + 4
Physical activity energy Cooper et al., 2014 [49] 2/2 (100%) + 2
expenditure Lamb et al., 2016 [66]
Vegetarian diet Bazargan-Hejazi et al., 0/1 (0%) 0 4
2017 [40]
Intrinsic regulations’ Castonguay & Miquelon 1/1 (100%) + 3
2018 [46]
Introject regulations’ Castonguay & Miquelon 0/1 (0%) 0 3
2018 [46]
Amotivation regulations Castonguay & Miquelon 0/1 (0%) 0 3
2018 [46]
Identified regulations' Castonguay & Miquelon 0/1 (0%) 0 3
2018 [46]
Sedentary time Cooper et al., 2014 [49] 1/1 (100%) - 4
Chronotype Henson et al., 2020" [60] 1/1 (100%) - 4
Restorative sleep Zhu et al., 2021 [90] 1/1 (100%) + 4
Extrinsic regulations” Castonguay & Miquelon 1/1 (100%) - 3
2018 [46]
Interpersonal variables
Ramadam Alghamdi et al., 2020 0/1 (0%) 0 3
[34]

Environmental variables
Physical environmental variables

Walkability De Greef et al., 2011 [52] 1/1 (100%) + 4

Perceived environmental variables

Aesthetics of physical De Greef et al., 2011 [52] 1/1 (100%) + 4
environment

Abbreviations: MVPA, moderate to vigorous physical activity; T2D, type 2 diabetes; HbAlc, Hemoglobin Alc; HDL-cholesterol, High density lipoprotein cholesterol;
HOMA-IR, homeostasis model assessment for insulin resistance; BMI, Body Mass Index; glucose AUC, glucose area under the curve; MET, metabolic equivalent of task;

2 Summary code is an overall summary of the findings for each variable separately.

b n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations
between the variable and MVPA.

¢ Shows the direction of the individual/summary association.

4 Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

¢ METs per minute.

f Only in men.

& Only in women.

" Bouts per day, minutes per bout and total MET-minutes.

! Hispanic > Whites and African Americans.

J White & Hispanic > African American/other.

¥ Bouts per minute and minutes per bout.

! METs per minute and total MET-minutes.

™ Daily physical activity >3 MET

" Energy Expenditure> 3 MET

° Trend towards significance (p = 0.0771).

P A measure of insulin secretory compensation accounting for changing in insulin sensitivity.

9 Metabolic risk is calculated by summing standardized values for waist circumference, fasting triaglycerol, HbAlc and systolic blood pressure and the inverse of
HDL-cholesterol.
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' Achieving an outcome because you are self-motivated and self-determined.
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* A regulation which you partially internalize but not accept as one’s own such as acting to avoid guild or enhance the ego.
! Achieving an outcome because it is considered as personally valuable and important to obtain.

' Morning > evening/Intermediate > evening.
v Acting to satisfy an eternal demand or receive a demand.

independent studies. A higher BMI and waist circumference were asso-
ciated with less time spent in MVPA (6/7, 86%; 3/5, 60% respectively,
strength of conclusion level 4) [39,40,46,48,49,51,68,81,90,93]. A
higher cardiorespiratory fitness was associated with more time spent in
MVPA (2/2, 100%, strength of conclusion level 4) [49,93]. Time spent in
MVPA was negatively associated with depressive symptoms and fatigue
(2/2, 100%, strength of conclusion level 3; 2/3, 67%, strength of
conclusion level 4, respectively) [46,74,76,81,90]. An indeterminate
association was found for diabetes duration (1/2, 50%, strength of
conclusion level 4) [68,90]. Additionally, no associations were found
between time spent in MVPA and HDL-cholesterol, HbAlc or diabetes
medication (1/3, 33%, strength of conclusion level 4; 1/3, 33%, strength
of conclusion level 4; 0/2, 0%, strength of conclusion level 3, respec-
tively) [39,40,48,49,51,93].

One behavioral variable, i.e. physical activity energy expenditure,
was investigated in a minimum of two studies showing a higher physical
activity energy expenditure in people who spent more time in MVPA (2/
2, 100%, strength of conclusion level 2) [49,66].

3.10. Explanatory variables of total physical activity

An overview of all the explanatory variables of total PA in people
with T2D is provided in Table 10.

3.10.1. Intrapersonal level

Four socio-demographic variables were investigated in a minimum
of two independent studies. Sex was the most frequently studied variable
and showed an indeterminate association with time spent in total PA (5/
11, 45%, strength of conclusion level 4) [44,63,64,66-68,73,75,81,87,
95]. Age was negatively associated with total PA (3/4, 75%, strength of
conclusion level 4) [57,64,85,87]. Educational level was not associated
with time spent in total PA and an indeterminate result was found for
ethnicity (1/3, 33%; 1/2, 50%, respectively, strength of conclusion level
4) [57,73,81,87].

Six health-related variables were investigated in a minimum of two
independent studies. A higher BMI was associated with less time spent in
total PA (5/8, 63%, strength of conclusion level 4) [51,57,81,83,85-87].
A negative association was found between waist circumference and time
spent in total PA (3/4, 75%, strength of conclusion level 4) [49,51,99].
Moreover, neither HbAlc nor HDL cholesterol was associated with time
spent in total PA (0/5, 0%, strength of conclusion level 3; 1/3, 33%,
strength of conclusion level 4, respectively) [49-51,83,87]. An inde-
terminate association was found for systolic blood pressure and fat mass
(2/4, 50, 1/2, 50%, respectively) [49-51,57,83,91,107].

3.11. Environmental level

One physical environmental variable, i.e. being hospitalized, and one
perceived environmental variable, i.e. subjective walkability, were
indeterminately associated with time spent in total PA (2/5, 40%, 1/2,
50% respectively, strength of conclusion level 4) [45,72,77,79].

4. Discussion

This systematic review aimed to summarize the explanatory vari-
ables of PA, SB and sleep in people with prediabetes or T2D. Based on
this review, four gaps in the current evidence were identified. First,
almost no explanatory variables of movement behaviors were investi-
gated at the interpersonal or environmental levels. Second, in people
with prediabetes, little is known about the explanatory variables of
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single movement behaviors. Third, information about the explanatory
variables of objectively measured sleep and LPA in people with pre-
diabetes or T2D is scarce. Last, until now there has been no focus on the
explanatory variables of the 24-h movement behavior composition in
both populations.

First, the finding that the majority of the examined factors pertained
to the intrapersonal level, with minimal exploration at the interpersonal
and environmental levels, suggests a deficiency in adopting a socio-
ecological approach. This observation is noteworthy given the recom-
mendation of this multilevel approach by the Ottawa Charter for Health
Promotion [108]. Most behavior change models focus only on the intra-
personal level, however, the SEM broadens this focus to the interrelations
of intrapersonal factors with sociocultural and physical surroundings
[16]. The beneficial effects of behavioral change interventions (i.e. pro-
moting PA, limiting SB and optimizing sleep) by focusing on the inter-
relation of the socio-ecological levels have already been demonstrated in
healthy individuals [109-113] and people with T2D [114] but are un-
explored in people with prediabetes. In future research, it is recom-
mended to apply the SEM methodology to explore the factors influencing
24-h movement behaviors of people with prediabetes or T2D to formulate
recommendations for future intervention studies.

The most investigated intrapersonal factors were socio-demographic
and health-related variables. For example, age and sex were consistently
investigated in at least one study across all behaviors except for sleep in
people with prediabetes. Increasing age was consistently associated with
lower LPA, MVPA and total PA levels and higher SB levels in both
populations but additional research is needed in people with prediabetes
to determine these associations. Similar trends are identified in healthy
populations which can be explained by a decline in functional capacity
and comorbidities with advancing age [115-120]. This finding sug-
gested that 24-h movement behavior compositions might become less
optimal with increasing age in people with prediabetes or T2D. This
highlights the potential need for the development of interventions
stratified by different age groups. Regarding sex, differences in sleep and
PA between men and women with T2D were found. Men with T2D tend
to sleep less, perform less LPA but more MVPA compared to women with
T2D who have lower levels of MVPA and total PA but higher levels of
LPA. Studies in healthy individuals also support this sexual dimorphism
in movement behaviors [121]. Although additional research is needed to
confirm this phenomenon in people with prediabetes, our results suggest
that it is important to differentiate between men and women in future
interventions aiming to optimize 24-h movement behaviors.

Among the health-related variables, HbAlc was consistently investi-
gated across all movement behaviors except for LPA in people with pre-
diabetes. However, comparison with the findings of other studies is
difficult since associations between movement behaviors and health
outcomes can be investigated in two directions, and most studies have
examined the influence of a movement behavior (e.g. PA) on a health
outcome (e.g. HbA1lc) while this review investigated the inverse associ-
ation. In people with T2D, BMI was investigated across all behaviors
except sleep. A lower BMI was consistently associated with more time
spent in total PA, MVPA and LPA, while a higher BMI was associated with
more time spent sedentary. Recent research has also shown that the time
spent on 24-h movement behaviors in adults with T2D differs according
to weight status with adults being obese spending less time in LPA, MVPA
and sleep than adults being normal weight or overweight [13].

Almost no behavioral variables were investigated in both pop-
ulations. Since interventions targeting behavioral change often rely on
causal determinants to effectively change behavior, more additional
research on the behavioral explanatory variables of 24-h movement
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Table 10
Explanatory variables of total PA in people with T2D and direction and strength of association.
Related to total PA Unrelated to total PA Summary code” Level of
Positive association Negative association n/N for row Association evidence
(%) (+/-/0/2)°
Intrapersonal variables
Socio-demographic variables
Sex (male) Mathe et al., 2017 [68] Rowlands et al., 2021 Phillips et al., 2016 [73] 5/11 (45%) ? 4
Manyara et al., 2021 [67] [81] Plotnikoff et al., 2013
Kaur & Sandhu 2015 [63] Weatherall et al., 2018 [75]
Lamb et al., 2016 [66] [871 Hamasaki et al. 2015"
Booth et al., 2022 [44] Kelly et al., 2015 [64] [95]
Age Kelly et al., 2015 [64] Weatherall et al., 2018 3/4 (75%) - 4
Strycker et al., 2007" [871
[85]
Fritschi et al., 2017
[57]
Marital status Weatherall et al., 2018 0/1 (0%) 0 4
[871
Ethnicity (black/minority) Rowlands et al., 2021 Weatherall et al., 2018 1/2 (50%) ? 4
[81] [87]
Income Bermudez-Milan et al., 1/1 (100%) + 4
2016 [41]
Education level Phillips et al., 2016 [73] Weatherall et al., 2018 1/3 (33%) 0 4
[871
Fritschi et al., 2017 [57]
Employment Weatherall et al., 2018 1/1 (100%) + 4
[871
Health-related variables
BMI Rowlands et al., 2021 Siddiqui et al., 2018 [83] 5/8 (63%) - 4
[81] Dauriz et al., 2018" [51]
Dauriz et al., 2018 [51] Fritschi et al., 2017 [57]
Strycker et al., 2007"
[85]
Tudor-Locke et al.,
2002°% [86]
Weatherall et al., 2018
[87]
Waist circumference Dauriz et al., 2018 [51] Dauriz et al., 2018" [51] 3/4 (75%) — 4
Cooper et al., 2014 [49]
Rowlands et al., 2023
[99]
Fat mass (%) Rowlands et al., 2023 Dauriz et al., 2018 [51] 1/2 (50%) ? 4
[99]
VO,max Bjgrgaas et al., 2005 [43] 1/1 (100%) + 4
Cardiorespiratory fitness Cooper et al., 2014 [49] 1/1 (100%) + 4
Perceived physical fitness Bjgrgaas et al., 2005 [43] 1/1 (0%) + 4
Short physical performance Rowlands et al., 2023 1/1 (100%) + 4
battery score [99]
Sit-to-stand score Rowlands et al., 2023 1/1 (100%) + 4
[99]
Resting heart rate Rowlands et al., 2023 1/1 (100%) - 4
[99]
Systolic blood pressure Dasgupta et al., 2017 Siddiqui et al., 2018 [83] 2/4 (50%) ? 4
[50] Cooper et al., 2014 [49]
Zucatti et al., 2017
[91]
Diastolic blood pressure Siddiqui et al., 2018 [83] 0/1 (0%) 0 3
HbAlc Dasgupta et al., 2017 [50] 0/5 (0%) 0 3
Weatherall et al., 2018
[87]
Siddiqui et al., 2018 [83]
Cooper et al., 2014 [49]
Dauriz et al., 2018" [51]
HOMA-IR Dasgupta et al., 2017 1/1 (100%) - 4
[50]
LDL-cholesterol Dasgupta et al., 2017 [50] 0/1 (0%) 0 4
HDL-cholesterol Dauriz et al., 2018 [51] Cooper et al., 2014 [49] 1/3 (33%) 0 4
Dauriz et al., 2018" [51]
Triacylglycerol Cooper et al., 2014 [49] 0/1 (0%) 0 4
Triglycerides Dauriz et al., 2018 [51] Dauriz et al., 2018" [51] 1/2 (50%) ? 4
Fasting plasma glucose Dauriz et al., 2018 [51] 0/1 (0%) 0 4
2-h plasma glucose Dauriz et al., 2018 [51] 0/1 (0%) 0 4
Glucose AUC Dauriz et al., 2018 [51] 0/1 (0%) 0 4
Time in range Lee et al., 2023 [97] 0/1 (0%) 0 4
Time above range Lee et al., 2023 [97] 0/1 (0%) 0 4
Time below range Lee et al., 2023 [97] 0/1 (0%) 0 4

(continued on next page)
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Related to total PA Unrelated to total PA Summary code” Level of
. . K . . evidence®
Positive association Negative association n/N for row Association
(%)° (+/-/0/2)°
Standard deviation Lee et al., 2023 [97] 0/1 (0%) 0 4
Coefficient of variation Lee et al., 2023 [97] 0/1 (0%) 0 4
Disposition index’ Dauriz et al., 2018 [51] 0/1 (0%) 0 4
Insulin sensitivity Dauriz et al., 2018 [51] 1/1 (100%) + 4
Metabolic risk Cooper et al., 2014 [49] 1/1 (100%) - 4
T2D diagnosis Preiss et al., 2014 [77] Fritschi et al., 2017 [57] 1/2 (50%) ? 4
Medication Weatherall et al., 2018 1/1 (100%) + 4
[87]
Fatigue Fritschi et al., 2017" Fritschi et al., 2017' [57] 1/2 (50%) ? 4
[57]
Executive function Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Attention-processing speed Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Verbal fluency Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Verbal memory Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Visual memory Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Visuospatial function Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Global cognition Zabetian-Targhi et al., 0/1 (0%) 0 4
2021 [89]
Reactive hyperemia index Baier et al., 2021 [38] 1/1 (100%) + 3
Behavioral variables
Perceived everyday activity Bjgrgaas et al., 2005 [43] 0/1 (0%) 0 4
Health beliefs Phillips et al., 2016 Phillips et al. 2016" [73] 1/2 (50%) ? 4
m [73]
PA related concerns Phillips et al., 2016 1/1 (100%) - 4
[731
Barriers for PA Phillips et al., 2016 [73] 1/1 (100%) + 4
Sedentary time Cooper et al., 2014 [49] 1/1 (100%) - 4
Wake after sleep onset Fritschi et al., 2017 [57] 0/1 (0%) 0 4
Sleep efficiency Fritschi et al., 2017 [57] 0/1 (0%) 0 4
Chronotype Henson et al., 2020 1/1 (100%) 4
[60]
Interpersonal variables
Racial discrimination Bermudez-Milan et al., 0/1 (0%) 0 4
2016 [41]
Environmental variables
Physical environmental variables
Hospitalized Pezzino et al. 2010° Preiss et al., 2014 [77] 2/5 (40%) ? 4
[72] Pezzino et al., 2010 [72]
Pupier et al. 2018" [79] Pupier et al. 2018° [79]
Day of the week (weekday) Bevier et al., 2020 [42] 1/1 (100%) - 4
Home equipment De Greef et al., 2011 [52] 1/1 (100%) + 4
Objective walkability Braver et al., 2021 [45] 1/1 (100%) - 4
Perceived environmental variables
Subjective walkability Braver et al. 2021” [45] Braver et al. 20219 [45] 1/2 (50%) ? 4

Abbreviations: PA, physical activity; T2D, type 2 diabetes; BMI, Body Mass Index; HbAlc, Hemoglobin Alc; HOMA-IR, homeostatic model assessment of insulin
resistance; LDL-cholesterol, low-density lipoprotein cholesterol; HDL-cholesterol, high-density lipoprotein cholesterol; glucose AUC, glucose area under the curve;

# Hamasaki H, Kawashima Y, Adachi H, Moriyama S, Katsuyama H, Sako A et al. Associations between lower extremity muscle mass and metabolic parameters
related to obesity in Japanese obese patients with type 2 diabetes. PeerJ. 2015; 3:942. Epub 20150505. https://doi.org/10.7717 /peerj.942. PubMed PMID: 26175963;
PubMed Central PMCID: PMC4499465.

Y Summary code is an overall summary of the findings for each variable separately.

¢ n = Number of studies that report support for the direction of the association; N = number of studies that have investigated and reported on possible associations
between the variable and total PA.

4 Shows the direction of the individual /summary association.

¢ Based on the Evidence-Base Guideline Development method (Meeus et al. [33]).

f Postmenopausal women with T2D.

8 40-60 year old.

" Total energy expenditure.

I Less than 4873 steps/day.

J Metabolic risk is calculated by summing standardized values for waist circumference, fasting triaglycerol, HbAlc and systolic blood pressure and the inverse of
HDL-cholesterol.

k Older group (>59 years).

! Younger group (<58 years).

™ Habits.

" Necessity beliefs.

°© Physical activity energy expenditure.

17

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 19, 2024.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.


https://doi.org/10.7717/peerj.942

L. Bogaert et al.

P Only in women.
9 Only in men.

behaviors in people with prediabetes and people with T2D is necessary
[122].

Next, no explanatory variables of 24-h movement behaviors at the
interpersonal level in both populations and only one variable at the
environmental level in people with T2D were investigated in two or
more independent studies. Nevertheless, research in healthy individuals
has shown a significant association between interpersonal variables,
such as social support and modeling, and PA [123]. Furthermore,
research in healthy individuals has shown that environmental variables
(e.g. accessibility of facilities, aesthetics and opportunities for activity)
have a significant impact on PA levels [124,125]. Further research tar-
geting explanatory variables at the interpersonal and environmental
levels is needed to provide recommendations for the development of
24-h movement behavior interventions incorporating multiple levels of
the SEM in people with prediabetes and people with T2D [16].

Second, research on the explanatory variables of objectively
measured PA, SB or sleep among people with prediabetes is scarce. This
can be explained by the fact that prediabetes occurs mostly asymp-
tomatically, making it difficult to target this population for research
[126].

Third, it is remarkable that information on the explanatory variables
of objectively measured LPA and sleep duration in people with predia-
betes and people with T2D is scarce, especially since an increase in LPA
can have an impact on health outcomes in both populations [12,127].
Reallocating time from SB to LPA is known to positively influence
anthropometric (e.g. BMI, fat mass) and diabetes-specific (e.g. insulin
levels) measures [11,12]. Furthermore, a systematic review summari-
zing the evidence of LPA on cardiometabolic health in adults with
obesity and/or T2D showed that short bouts (2 min) of LPA and inter-
ruption of SB at least every 20 min significantly reduced (17.48%)
postprandial glycemic control compared to a whole day of sitting
without interruptions [128]. Additionally, reallocating time form SB to
LPA is perceived to be more feasible among people with less functional
capacity [128-130]. Regarding sleep, adults with T2D with a long sleep
duration (>9 h) tend to benefit regarding adiposity by taking time out of
sleep and replacing it with more PA, whereas these benefits are not
found for adults with a short-to-average sleep duration (<7.5 h).
Therefore, additional research is needed on the explanatory variables of
sleep incorporating the importance of this U-shaped association [13].

Last, the results of this review underscore the lack of focus on 24-h
movement behavior compositions in people with prediabetes and peo-
ple with T2D. This is a large shortcoming since the shift in research from
an isolated approach toward an integrated approach is already present
and rapidly emerging in healthy and clinical populations [11,31,131].

4.1. Clinical relevance

An important step in the development of behavior change in-
terventions is the identification of variables that determine the behavior
of interest. This systematic review provides recommendations to guide
the development of 24-h movement behavior interventions in people
with prediabetes or T2D by summarizing the explanatory variables of
these behaviors. The explanatory variables of the three movement be-
haviors were examined in parallel making it possible to identify simi-
larities and differences in explanatory variables between the behaviors,
which informs future 24-h movement behavior interventions. For
example, this systematic review showed that future 24-h movement
behavior interventions may differ according to sex and age. Therefore,
based on available evidence, interventions for women with T2D should
focus on encouraging participation in moderate to vigorous physical
activities, while for men the focus should be on maintaining their
physical activities with attention given to sufficient and qualitative
sleep. With increasing age, interventions should primarily focus on
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interrupting SB and increasing LPA with continued attention given to
increasing moderate to intense physical activity when possible. As sex
and age are unmodifiable factors, future interventions should be strati-
fied by these variables. However, additional insight into behavioral
variables is essential as interventions can be developed to target these
adaptable variables.

4.2. Strengths and limitations

The main strength of this review is the combination of explanatory
variables of all 24-h movement behaviors in people with prediabetes and
people with T2D. To our knowledge, a systematic review combining the
explanatory variables of these three behaviors has never been published,
although this information is of utmost importance for the development
of future interventions. Furthermore, studies were only included when
objective measurement methods were used, which limits findings based
on recall bias and over- and underestimation due to the use of subjective
measurement methods (i.e. self-reported measures such as question-
naires or diaries) [132,133]. According to the Joanna Briggs Institute
appraisal checklist for analytical cross-sectional studies, most of the
studies included in this review had a low risk of bias.

Some limitations of this systematic review need to be acknowledged.
High heterogeneity in the conceptualization of the objective measures of
PA, SB and sleep was observed (e.g. total energy expenditure, steps/
day). This might hamper comparison within the five behavioral cate-
gories that were created (i.e. sleep duration, SB, LPA, MVPA, total PA).
Furthermore, due to the exclusion of self-reports we might have missed
additional research about explanatory variables because self-reports are
often used to measure movement behaviors. Next, given the large
dispersion of the investigated explanatory variables, all variables were
included even if they were investigated only once. However, we inter-
preted the results only when an explanatory variable was investigated at
least two times in two independent studies. In some studies, the results
were reported separately for specific subgroups (e.g. results reported for
ages <58 years and ages >59 years [57]) and these were included
separately in the evidence tables. This implies that subgroup results
were considered separate studies which might impact the conclusion on
the strength and/or direction of the associations. Given the diversity in
the conceptualization of behavioral outcomes and explanatory variables
which were often investigated once, no meta-analysis was conducted.
Finally, the majority of the included studies were cross-sectional and
involved limited information about causal interference.

5. Conclusion

Until now, the majority of studies have reported explanatory vari-
ables primarily situated at the intrapersonal level of the SEM, indicating
a trend where 24-h movement behaviors tend to be less optimal with
increasing age. Moreover, men with T2D appear to allocate more time to
MVPA but less time to LPA than women with T2D. Notably, studies
addressing explanatory variables at the interpersonal and environ-
mental levels are rare, highlighting the absence of the socio-ecological
approach toward understanding the reasons for behaving during a 24-
h day. Given the known favorable impact of optimal 24-h movement
behaviors on health outcomes, there is a need for additional evidence
regarding explanatory variables across all socio-ecological levels, with
particular emphasis on sleep and LPA. Nevertheless, the information
gathered in this review provides some recommendations for the devel-
opment of future interventions targeting 24-h movement behaviors in
people with prediabetes and T2D.
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