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Abstract

Sedentary behavior (SED) research is currently receiving increasing attention in the field of public health. While

it has been shown to have negative effects on cardiovascular or metabolic health, there is limited knowledge
regarding the relationship between SED and bone health in children, adolescents, and young adults. Thus, the
purpose of this review is to investigate the associations between SED and bone health status, specifically bone
mass, microstructure, and strength. A comprehensive literature search was conducted across five electronic
databases, including EMBASE, PubMed, Medline, Cochrane, Web of Science and CNKI. The inclusion criteria were
as follows: healthy participants aged 24 years or younger, with measured SED and measured bone outcomes.
The quality of the included articles was assessed using the National Institute of Health Quality Assessment

Tool for Observational Cohort and Cross-Sectional Studies. After excluding, the final sample included 25 cross-
sectional, 9 observational and 2 both cross-sectional and longitudinal studies. Among these, seven were rated

as 'high quality; twenty-three were rated as ‘'moderated quality, and six were rated as ‘low quality’ according

to the quality assessment criteria. After summarizing the evidence, we found no strong evidence to support

an association between BMC or BMD and SED, even when considering gender or adjusting for moderate-to-
vigorous physical activity (MVPA). However, a strong level of evidence was found indicating a negative relationship
between objectively measured SED and cortical bone mineral density (Ct.BMD) in the tibia or stiffness index

(SI) in the Calcaneus across all age groups. While the association between adverse bone health outcomes and
SED still cannot be confirmed due to insufficient evidence, these findings suggest that bone microstructure and
strength may be more sensitive to SED than bone mass. Thus, further evidence is needed to fully understand the
connection between sedentary behavior and bone health, particularly regarding the relationship between SED and
bone strength.
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Background

Sedentary behaviors (SED) are defined as behaviors that
occur during waking hours and have low energy expen-
diture (<1.5 METs/Metabolic Equivalents), often per-
formed in a sitting or reclining posture [1]. In November
2020, the World Health Organization (WHO) Physi-
cal Activity and Sedentary Behavior Guidelines were
published, providing advice on appropriate SED time
according to different ages and health conditions [2]. The
Physical Activity Guidelines in Chinese were also pub-
lished in December 2021, emphasizing the importance
of decreasing SED and being physically active every day
[3]. Additionally, in April 2022, the Sedentary Behav-
ior Research Network (SBRN) gathered 148 sedentary
behavior experts from 23 countries to provide recom-
mendations for SED in students aged 5 to 18 learning
offline during the COVID-19 pandemic [4]. Conse-
quently, SED research is receiving increasing attention
from public health.

SED is known to increase the risk of cardiovascular
diseases [5], metabolic syndrome [6], obesity [7], and
other disorders [1]. However, it remains unclear whether
SED has a negative impact on bone health in children
and adolescents. A recent systematic review has roughly
discussed the SED association with adverse bone health
outcomes in children, adolescents and young adults
[8]. However, this review included bone strength, bone
mass, and microarchitecture as uniform outcomes. Bone
strength is a mechanical parameter that reflects a bone’s
susceptibility to fractures, and it is influenced by several
bone outcomes, such as the degree of bone mineraliza-
tion, hydroxyapatite crystal size, heterogeneity, collagen
properties, osteocyte density, trabecular and cortical
microarchitecture [9].Therefore, bone strength repre-
sents an integrated outcome of bone mass, bone micro-
structure and bone remodeling [10], and it is difficult to
distinguish the specific influence of SED on bone strength
or bone mass independently when combining the results.
In addition, the previous review did not account for the
sex-differences in bone health. Many studies prove that
gender is an important factor affecting bone density,
skeletal geometry, and fracture. Thus, it is necessary to
update and reanalyze each of the bone health outcomes
that can be affected by SED independently, and discussed
how genders are affected by SED differently.

The purpose of this study is to systematically review the
evidence base to address the following questions among
children, adolescents and young adults (<24 years) : (1)
Is there an association between SED and adverse bone
health outcomes? What are the differences in SED’s
impacts on bone mass, bone microstructure, and bone
strength? (2) Is that the association was modified by gen-
der effects? (3) Is the relationship between SED and bone
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outcomes independent of moderate to vigorous physical
activity (MVPA) ?

Methods

Search strategy

This systematic review was registered in PROSPERO
(CRD42022372316). The search for relevant studies was
conducted in five electronic databases, namely, Ovid
EMBASE (from 1946), PubMed (from 1809), Medline
(from 1949), Cochrane Library (from 1993), Web of Sci-
ence (from 1963) and CNKI (from 1999), up to Novem-
ber 14, 2022 A detailed search strategy is provided in
additional files of this study. Subsequently, duplicates
were removed after extracting and importing the articles
into Endnote X9. Potentially relevant articles were then
screened based on their titles and abstracts by two inde-
pendent reviewers (Hong. C and XX. Zhang). Full-text
articles were retrieved for all studies that met the initial
screening criteria by at least one reviewer (LM. Liang
and a research assistant). Eligibility screening was then
performed on all full-text articles by two independent
reviewers (LY. Wang and FL. Peng), and any discrepan-
cies were resolved through discussion until consensus
was reached.

Inclusion and exclusion criteria

The search was not restricted by date but only included
studies published in English and Chinese. Studies were
eligible if they met the following criteria:

Population

Participants were between the ages <24 years (i.e., the
mean age was within the age range at baseline and follow-
up/post-test for longitudinal and experimental research),
and appeared to be in good health (with no diagnosed
disease, disability or overweight and obesity).

Exposure

For observational studies, different patterns of SED or
habitual daily/weekly total SED should be measured
objectively (e.g., using wearable monitors/accelerom-
eters) or subjectively (using questionnaire or memory
record). Studies that only assessed specific periods of
SED, such as during school recess, were excluded. In
addition, SED should be defined as any waking behavior
characterized by an energy expenditure<1.5 (METs/Met-
abolic Equivalents) while in a sitting or reclining posture.

Outcomes

For observational studies, associations between the
exposure and an identified bone health outcome were
reported. These included (1) Bone mass (e.g., bone min-
eral content [BMC], bone mineral density [BMD], bone
area [BA]); (2) Bone microstructure (e.g., trabecular
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number [Tb.N], trabecular thickness [Tb.Th], trabecular
area [Tb.Ar], bone volume ratio [BV/TV], bone mineral
density [Ct. BMD], cortical thickness [Ct.Th], cortical
porosity [Ct.Po], periosteal and endosteal circumference
[Peri C, Endo C]); (3) Bone strength (e.g., failure load
[FLoad], polar strength strain index [pSSI], stiffness
index [SI]);

Study design

The study was either an observational or controlled
experiment (e.g., randomized or non-randomized con-
trolled trials).

Data extraction

The extraction of data was performed by LY. Wang, with
a subsequent check conducted by FL.Peng. Information
pertaining to the study sample (including size, number
of males/females, and age range), study design (including
duration of follow-up for longitudinal studies), exposure
measurement (such as the activity monitor type or ques-
tionnaire utilized), outcomes examined (such as BMD,
BMC, BV/TV and pSSI), covariates included in the analy-
ses, and study findings were extracted and documented
in detail.

Risk of bias assessment

The assessment of information on the risk of bias (ROB)
for each individual study was conducted by two review-
ers (LY. Wang and FL. Peng), simultaneously, accord-
ing to the guidelines provided by the National Institutes
of Health Quality Assessment Tool for Observational
Cohort and Cross-Sectional Studies [11]. Initially, lon-
gitudinal studies were assigned a “high” rating, while
cross-sectional studies were assigned a “moderate” rat-
ing. Subsequently, the initial rating was either upgraded
or downgraded based on the ROB, which was evaluated
on the basis of the following 14 components: (1) clearly
stated research question; (2) specified and defined study
population; (3) participation rate of eligible persons; (4)
selection of subjects; (5) sample size justification; (6)
exposure measured prior to outcome(s); (7) sufficient
timeframe between exposure and outcome; (8) levels of
exposure; (9) exposure measures defined, valid, reliable
and consistently implemented; (10) exposure(s) assessed
more than once over time; (11) outcome measures
defined, valid, reliable and consistently implemented; (12)
blinding of outcome assessors; (13) loss to follow-up and
(14) adjustment for key confounders.

Categorization of levels of evidence and meta-analyses

The present study employed a coding method developed
by Singh et al. [12] and Koedijk et al. [8] for categoriz-
ing and summarizing the relationships between SED
and bone health outcomes. This rating system takes into
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account the number of studies, as well as the quality and
consistency of the outcomes. Consistency was defined as
at least 75% of significant outcomes (p<0.05) having the
same direction. The rating system includes three levels of
evidence:

(1) Strong evidence: Consistent findings in at least two
high-quality studies;

(2) Moderate evidence: Consistent findings in one high
quality study and at least one moderate quality study,
or consistent findings in at least three moderate-
quality studies;

(3) Insufficient evidence: Only one study avai lable or
inconsistent findings in at least two studies.

Results

After removing duplicates, a total of 4635 studies were
retrieved. Following full-text screening, 36 studies were
deemed eligible for inclusion in this review (Fig. 1). Of
these studies, 24 were cross-sectional, 9 were longitu-
dinal, 2 reported both cross-sectional and longitudinal
results, and 1 was an experimental study. The quality of
the included studies was assessed, with seven rated as
high quality, twenty-three rated as moderate quality,
and six rated as low quality according to the assessment
criteria.

In terms of SED assessment, 18 of the included studies
utilized accelerometers placed on the waist, hip, or wrist
to measure SED. Self-reported questionnaires were used
to assess SED in 12 studies, with recall periods ranging
from three to seven days. Finally, six studies used both
accelerometer and questionnaire methods to assess SED.

Whole body

Table 1 provides a comprehensive overview of the 19
studies (13 cross-sectional, 5 longitudinal, and 1 with
both designs) investigating the associations between SED
and whole-body bone density, including total body with-
out head (TBLH) bone density. Of the nineteen studies,
nine (47%) employed self-reported questionnaires, nine
(47%) used accelerometers, and one (5%) [21] used both
methods to assess SED. Among these studies, eleven
(58%) [13-17, 20, 22, 27-30] examined the results in boys
and girls separately, whereas the remaining eight [19, 21,
23-26, 31, 32] studies did not.

A summary of the associations between self-reported
or objectively measured SED and each bone mass out-
come were presented in Tables 2, 3 and 4, and Table 5,
respectively. The available evidence indicates a moder-
ate level of certainty that there is no association between
objectively measured SED and BMC or BMD in whole-
body for children, adolescents, and young adults. How-
ever, one high quality longitudinal study [31] with a high
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Fig. 1 PRISMA flow diagram for the search results and inclusions process for identification of articles

risk of bias showed a significant negative association
between objectively measured SED and BMD/BMC in
1-year-old children, but not in 2-, 3-, or 3.5-year-olds,
after adjusting for randomized group, sex, and demo-
graphic variables.

For boys, there is moderate evidence indicating a non-
association between self-reported SED and whole-body
BMD, whereas two studies investigate the relationship
between whole-body BMD and objectively measured
SED, with only one high-quality longitudinal study [20]
showing a significant association. For girls, moderate
evidence also suggests a lack of association between self-
reported SED and whole-body BMD. Furthermore, stud-
ies by Donvina Vaitkeviciute et al. [33] and Luis Gracia
Marco et al. [16] have confirmed that after adjusting for
MVPA, the relationship between SED and whole-body
bone mass, including BMC and BMD, disappeared.

Spine

Table 1 presents 13 studies that examined the associa-
tions between SED and spine bone density, consisting of
9 cross-sectional studies [13, 14, 16, 18, 21, 22, 25, 34, 35]
and 4 longitudinal studies [26-28, 30]. Among them, 5
studies (38%) [14, 26—28, 30] employed accelerometers,
6 studies (46%) [13, 16, 22, 25, 34, 35] employed ques-
tionnaires, and 2 studies (15%) [18, 21] utilized both to
assess SED. Ten studies [13, 14, 16, 18, 22, 27, 28, 30, 34,
35] conducted separate analyze for boys and girls regard-
ing the relationship between SED and bone density in the
spine. Tables 2, 3, 4 and 5 provide a summary of the asso-
ciations between self-reported or objectively measured
SED and each bone mass outcome of the spine. The evi-
dence is still insufficient to draw a definitive conclusion
about the association between SED and bone mass in the
spine.
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Table 2 Summarize the evidence from including studies examining associations between SED and bone outcomes in all groups

Anatomical Assessment of SED Y. Bone outcomes Associated with  Not associated with  Summary coding
sites assessed SED (citations)®  SED (citations)* Evidence level Summary Association
Whole body Ob-SED BMC [310%, 23] [32], 13114, [21], [26] Moderate 0
BMD [311°, [26] [311°, [24], [21] Moderate 0
Self-reported SED BMC [21] Insufficient ?
BMD [19], [21] Insufficient ?
Spine Ob-SED BMC [21], [26] Insufficient ?
BMD [21], [26] Insufficient ?
Hip Ob-SED BMC [26] Insufficient ?
BMD [26] Insufficient ?
Femur BMD [24] Insufficient ?
Tibia Ob-SED BV/TV [38)°, [40] Strong 0
ToN [38° Insufficient ?
Tb.Th [40] [38]° Insufficient ?
Tb.BMD [39] Insufficient ?
CtPo [38]°, [40] Strong 0
CtTh [40] [38]° Insufficient ?
CtBMD [40], [39] [38)° Strong -
Tt.BMD [38]° Insufficient ?
Tt.Ar [40] [38)° Insufficient ?
Peri C [39] Insufficient ?
Endo C [39] Insufficient ?
FlLoad [40] [38)° Insufficient ?
pSSl [39] [38)° Insufficient ?
Calcaneus Ob-SED BUA [41] [44] Insufficient ?
505 [41], [44] Insufficient ?
Sl [41], [42], [471° [43], [47)° Strong -
Radius Ob-SED BV/TV [40] Insufficient ?
Tb.Th [40] Insufficient ?
CtTh [40] Insufficient ?
CtPo [40] Insufficient ?
Ct.BMD [40] Insufficient ?
Tt.Ar [40] Insufficient ?
FlLoad [40] Insufficient ?

2. The ROB of this research is defined as “high quality”

b, Citations for studies reporting a significant association between SED and the bone outcomes

<. Citations for studies reporting a non-significant association between SED and the bone outcomes

9, When SED be assessed by accelerator that be defined as objectively measured SED(Ob-SED). When SED be assessed by questionnaire or memory recall that be

defined as self-reported SED

Abbreviations: SED=sedentary behavior, BMD=bone mineral density, BMC=bone mineral content, BUA=broadband ultrasound attenuation, SOS=seed of sound,
Sl=stiffness index, BV/TV=trabecular bone volume ratio, Tb.Th=trabecular thickness, Tt.BMD =trabecular BMD, Tb.N=trabecular number, Tb.Ar=trabecular area,
Ct.Th=cortical thickness, Ct.Po=cortical porosity, Ct. BMD=cortical BMD, Tt.Ar=total area, Endo C=endosteal circumference, Peri C=periosteal circumference,

pSSl=polar strength strain index, F.Load=Bone failure load

In a high quality 2-year longitudinal study, Donvina
Vaitkeviciute et al. [27] (high ROB quality) demonstrated
that the relationship between objectively measured SED
and spine BMD disappeared in boys after adjusting for
MVPA or VPA. A cross-sectional study [18] found that
the association between objectively measured or self-
reported SED and spine BMD in girls persisted after
controlling for MVPA, but vanished after controlling for
VPA.

Hip

Table 1 presents four studies that investigated associa-
tions between SED and hip bone density, consisting of
three cross-sectional studies [20, 22, 35] and one lon-
gitudinal study [26]. Among these studies, one utilized
an accelerometer to assess SED (25%) [26], while the
remaining three utilized questionnaires (75%) [20, 22,
35]. Moreover, three studies (75%) [20, 22, 35] analyzed
the relationship between SED and hip bone density of
boys and girls.
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Table 3 Summarize the evidence from including studies examining associations between SED and bone outcomes in boys

Anatomical sites Assessment of Bone outcomes

Associated with SED Not associated with

Summary coding

assessed SED Y. (citations)® SED (citations)® Evidence level Summary
Association
Whole body Ob-SED BMC [30] [14], [28] Insufficient ?
BMD [28] [301Q Insufficient ?
Self-reported SED BMC [16] [22] Insufficient ?
BMD [20] [19],[20], [22] Moderate 0
Spine Ob-SED BMC [28] [14] Insufficient ?
BMD [18] [28], [30] Insufficient ?
Self-reported SED BMC [35] [16], [22], [35] Insufficient 0
BMD [18], [22] Insufficient ?
Hip Self-reported SED BMC [35] [22], [35] Insufficient ?
BMD [20] [20] Insufficient ?
Femur Ob-SED BMC 28] [14] Insufficient ?
BMD [28] [30] Insufficient ?
Self-reported SED BMC [16], [35] Insufficient ?
BMD [18], [20] [20] Insufficient ?
Tibia Self-reported SED CtTh [35] Insufficient ?
Peri C [35] [35] Insufficient ?
Endo C [35] [35] Insufficient ?
SS [35] Insufficient ?
Calcaneus Self-reported SED Sl [46]° Insufficient ?

2. The ROB of this research is defined as “high quality”

b, Citations for studies reporting a significant association between SED and the bone outcomes

<. Citations for studies reporting a non-significant association between SED and the bone outcomes

9, When SED be assessed by accelerator that be defined as objectively measured SED(Ob-SED). When SED be assessed by questionnaire or memory recall that be

defined as self-reported SED

Abbreviations: SED=sedentary behavior, BMD=bone mineral density, BMC=bone mineral content, Sl=stiffness index, Ct. Th=cortical thickness, Endo C=endosteal
circumference, Peri C=periosteal circumference, Ct th=cortical thickness, SSI=strength strain index

A summary of the associations between self-reported
or objectively measured SED and each bone mass out-
come of hip, is provided in Table 2 Tables 3 and 4. How-
ever, the evidence to summarize the association between
SED and hip bone mass outcomes remains inconclusive.
Only one high-quality longitudinal study [26] with a six-
year follow-up duration found a negative correlation
between objectively measured SED and hip BMC, but no
correlation was observed with hip BMD for all groups.
Nevertheless, further studies are needed to provide more
robust evidence on the association between SED and hip
bone density.

Femur

Table 1 presents the 14 studies that investigated the asso-
ciations between SED and femur bone density, micro-
structure, and strength comprising nine cross-sectional
studies [13, 14, 16, 18, 20, 24, 25, 34, 35] and five lon-
gitudinal studies [27-30, 36]. Of the fourteen studies,
six (25%) [14, 24, 27, 28, 30, 36] employed accelerome-
ters, seven (50%) [13, 16, 20, 25, 29, 34, 35] used ques-
tionnaires, and one (7%) [18] used both to assess SED.
Most of the included studies [13, 14, 16, 27-30, 34—36]
analyzed the association between SED and femur bone

density, microstructure and strength separately for boys
and girls separately.

Tables 2, 3, 4 and 5 summarizes the associations
between self-reported or objectively measured SED
and femur bone outcomes. Only one cross-sectional
study [24] (low ROB quality) investigated the associa-
tion between objectively measured SED and femur bone
density in both boys and girls, but found no significant
relationship. For boys, the evidence of the association
between self-reported or objectively measured SED and
each femur bone mass outcomes are still insufficient. For
girls, a moderate level of summary evidence has found
a negative association between self-reported SED and
femur BMD. A high ROB quality longitudinal study [36]
examined the longitudinal associations between objec-
tively measured SED and BMD in girls aged 9-12 over
a 2-year period. After adjustment for baseline bone out-
come, baseline accelerometer wear time, ethnicity, 2-year
height, 2-year lean soft tissue mass, 2-year maturity,
and calcium intake, no association between objectively
measured SED and SSI, Ct BMD, Ct BMC, Ct.Ar, Ct.Th,
Tt.Ar, Peri C and Endo C was observed.

Regarding the relationship between SED and femur
bone mass outcomes after adjusting for MVPA, a 2-year
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Table 4 Summarize the evidence from including studies examining associations between SED and bone outcomes in girls

Anatomical sites Assessmentof Bone outcomes

Associated with

Not associated with SED  Summary coding

assessed SED . SED (citations)® (citations)© Evidence level Summary
Association
Whole Ob-SED BMC [14] Insufficient ?
body Self-reported BMC [13], [22] Insufficient ?
SED BMD (171, [20] (131, 119], [20], [22] Moderate 0
Spine Ob-SED BMC [14] Insufficient ?
BMD (18] Insufficient ?
Self-reported BMC [16], [22], [34] Insufficient ?
SED BMD (18] (131, [22], [34] Insufficient ?
Hip Self-reported BMC [35] [35] Insufficient ?
SED BMD [20] [20] Insufficient ?
Femur Ob-SED BMC [14] Insufficient ?
Self-reported BMC [e] [34], [35] Insufficient ?
SED BMD (131, (18], [20] [20], [34] Moderate -
Tibia Ob-SED Ct.Th [36)° Insufficient ?
Tb.N [37] Insufficient ?
Ct.BMD [36] ° Insufficient ?
Tt. Ar [36] @ Insufficient ?
Peri C [36]° Insufficient ?
Endo C [36] ¢ Insufficient ?
Self-reported Ct.Th [35] Insufficient ?
SED Peri C (35] (35] Insufficient ?
Endo C [35] Insufficient ?
SSI [35] Insufficient ?
Calcaneus Self-reported BUA 3], Insufficient ?
SED SOS [13], Insufficient ?
Sl [13], [46)° Insufficient ?

2. The ROB of this research is defined as “high quality”

b, Citations for studies reporting a significant association between SED and the bone outcomes

<. Citations for studies reporting a non-significant association between SED and the bone outcomes

9. When SED be assessed by accelerator that be defined as objectively measured SED(Ob-SED). When SED be assessed by questionnaire or memory recall that be

defined as self-reported SED

Abbreviations: SED=sedentary behavior, BMD=bone mineral density, BMC=bone mineral content, SI=stiffness index, Tb.N=trabecular number, Tb.Ar=trabecular
area, CtTh=cortical thickness, Ct.BMD=cortical BMD, Tt.Ar=total area, Endo C=endosteal circumference, Peri C=periosteal circumference

longitudinal study by Donvina Vaitkeviciute et al. [27]
found that the negative association between objectively
measured SED and femur BMD still existed in boys.
However, the association between self-reported SED and
femur BMC vanished in both boys and girls after adjust-
ing for MVPA, according to Luis et al. cross-sectional
study [16]. Sebastien et al. cross-sectional study [18]
confirmed that after adjusting for MVPA, the negative
correlation between self-reported SED and femur BMD
persisted in girls but vanished in boys.

Tibia

Table 1 presents a list of 6 studies that investigated the
associations between sedentary behavior (SED) and tibia
bone microstructure or strength, which includes 4 cross-
sectional studies [35, 37-39] and 2 longitudinal studies
[36, 40]. Among the included studies, four studies (67%)
[36, 37, 39, 40] employed accelerometer, one study (17%)
[35] utilized questionnaires, and one study (17%) [38]

utilized both accelerometer and questionnaires to assess
SED. Only three studies (50%) [35—37] analyzed the rela-
tionship between SED and tibia microstructure sepa-
rately for boys and girls.

A summary of the associations between the self-
reported or objectively measured SED and bone strength
outcomes of tibia is presented in Tables 2, 3, 4 and 5.
The evidence for all groups suggests a lack of association
between objectively measured SED and BV/TV or Ct. Po
in the tibia, but a negative association between objec-
tively measured SED and Ct. BMD. Leigh Gabel et al. [38]
found that after adjusting for MVPA, Tb. Th, Ct. Th, and
Ct. BMD were positively related, while Ct. Po and F. Load
were negatively related.

However, the summarizing evidence of the relationship
between self-reported or objectively measured SED and
each outcome of tibia bone microstructure or strength is
insufficient when only focusing on boys or girls.



Wang et al. BMC Public Health (2024) 24:2991

Page 21 of 25

Table 5 Summarize the evidence from including studies examining associations between SED and bone outcomes after adjusted

MVPA
Groups Anatomical Assessment of Bone outcomes Associated with Not associ- Summary coding
sites assessed  SED Y. SED (citations)® ated with SED Evidence level  Summary
(citations) Association
Adjusted Whole Ob-SED BMD [27] Insufficient ?
MVPA body Self-reported  BMC [16] Insufficient ?
SED
Spine Ob-SED BMD [18] [27] Insufficient ?
Self-reported BMD [18] Insufficient ?
SED
Femur Ob-SED BMD [27] Insufficient ?
Self-reported BMC [16] Insufficient ?
SED BMD (8] [27] Insufficient ?
Tibia Ob-SED BV/TV [40] Insufficient ?
Th.Th [40] Insufficient ?
Ct.Th [40] Insufficient ?
Ct.Po [40] Insufficient ?
Ct.BMD [40] Insufficient ?
Tt. Ar [40] Insufficient ?
F. Load [40] Insufficient ?
Radius Ob-SED BV/TV [40] Insufficient ?
Tb. Th [40] Insufficient ?
Ct.Th [40] Insufficient ?
Ct.Po [40] Insufficient ?
Ct.BMD [40] Insufficient ?
Tt. Ar [40] Insufficient ?
F. Load [40] Insufficient ?

2. The ROB of this research is defined as “high quality”

b, Citations for studies reporting a significant association between SED and the bone outcomes

<. Citations for studies reporting a non-significant association between SED and the bone outcomes

9, When SED be assessed by accelerator that be defined as objectively measured SED(Ob-SED). When SED be assessed by questionnaire or memory recall that be

defined as self-reported SED

Abbreviations: SED=sedentary behavior, BMD=bone mineral density, BMC=bone mineral content, Sl=stiffness index, BV/TV=trabecular bone volume ratio,
Tb.Th=trabecular thickness, Ct.Po=cortical porosity, Ct.Th=cortical thickness, Ct. BMD=cortical BMD, Tt.Ar=total area, F.Load=Bone failure load

Calcaneus

Table 1 lists 7 studies that have investigated the associa-
tions between sedentary behavior(SED) and calcaneus
bone strength or microstructure (cross-sectional stud-
ies=5 [41-45], longitudinal studies=1 [46], and both
cross-sectional and longitudinal=1 [47]). Among the
seven studies, three (37%) [41, 44, 45] utilized accelerom-
eter, one (25%) [46] used questionnaires, and three(37%)
[42, 43, 47] employed both accelerometer and question-
naire methods to assess SED. Furthermore, two studies
(25%) [45, 46] analyzed the relationship between SED and
calcaneus microstructure separately for boys and girls.

A summary of the associations between the self-
reported or objectively measured SED and calcaneus
bone outcomes is presented in Tables 2, 3 and 4. Strong
level evidence indicates a negative correlation between
objectively measured SED and SI in calcaneus for all
groups. Lan Cheng’s six-year longitudinal study [47]
reported a negative correlation between SED and SI at
baseline, but an insignificant correlation at 2 and 6 years.

However, when solely focused on boys or girls, the
summing evidence of the relationship between SED and
calcaneus bone strength is currently inadequate.

Radius

Table 1 presents 3 longitudinal studies (100%) investigat-
ing the associations between SED and radius bone micro-
structure. Among them, one study (33 [29]%) performed
a gender-specific analysis of the relationship between
SED and radius microstructure. According to Leigh
Gabel et al. [40], whose study is of high risk of bias qual-
ity, only Ct. BMD is positively correlated with objectively
measured SED in boys and girls. However, upon adjust-
ing for MVPA, all correlations become non-significant.

Discussion

Based on the level of evidence grading, this review did
not find sufficient evidence to support the hypoth-
esis that sedentary behaviors (SED) are adverse related
to bone mass or strength in children, adolescents and
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young people, particularly when analyzing boys or girls
separately or adjusting for moderate-to-vigorous physi-
cal activity (MVPA).There was no strong evidence sup-
porting an association between bone mineral content
(BMC) or bone mineral density (BMD) and any type of
SED, even when focusing on boys or girls or after adjust-
ing for MVPA. However, moderate evidence suggested a
non-association between BMC or BMD and SED in the
whole body and a negative association between BMD
and self-reported SED in the femur. Notably, bone micro-
structure or strength appeared to be more sensitive to
SED than bone mass. The review found strong evidence
in all groups indicating a negative relationship between
objectively measured SED with Ct. BMD in the tibia or
with stiffness index (SI) in the calcaneus.

These findings differ slightly from those reported by J.
B. Koedijk’s study [8], which reviewed 17 studies and con-
cluded that the association between SED and bone health
outcomes appears to be weak in persons younger than 24
years. While we also found no strong evidence to suggest
an association between objectively measured SED and
bone outcomes for the whole body, we found strong evi-
dence between objectively measured SED and Ct.BMD
in the tibia and a strong level of evidence between objec-
tively measured SED and SI in the calcaneus. These dif-
ferences may stem from our separate analyses of boys
and girls. For example, J.B. Koedijk’s study [8] includes
both Ivuskans’ research [28] and Vaitkeviciute D’s study
[33], which are high-level risk of bias (ROB) studies, to
demonstrate the non-association between objectively
measured SED and bone mass. However, Ivuskan’s study
participants were all boys, and Vaitkeviciute D’s study
adjusted for MVPA in adolescents. Therefore, when
adjusting for MVPA and gender as covariates to sepa-
rately analyze the relationship between SED and BMC or
BMD in the whole body, the conclusions may differ.

Regrettably, the existing evidence remains insufficient
to draw clear conclusions about the association between
SED and BMD or BMC in various body regions. BMD
or BMC serves as a quantified marker of bone mass,
which typically increases rapidly during the first 20
years of life before reaching a plateau in late adolescent
or early adulthood [48]. During puberty, more than 94%
of BMD in both boys and girls is acquired by the age of
16, according to longitudinal studies [49]. Thus, it is chal-
lenging to discern through correlation analysis how SED
during adolescence negatively affects bone mass during
the rapid bone accumulation period in puberty. Nev-
ertheless, when comparing the bone mass of sedentary
children at different levels, the differences are notewor-
thy. For example, Joanne A McVeigh et al. [29] observed
that daily TV watching volume had an adverse effect on
BMC, with higher levels of TV watching linked to lower
BMC in both boys and girls. Similarly, Christofaro et al.
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[25] found that BMD was lower in high SED children
than low SED children. Therefore, comparative analy-
sis seems to be more effective in identifying the harmful
impact of sedentary behaviors on bone mass than corre-
lation analysis.

Furthermore, we contend that bone strength is more
sensitive than bone mass in terms of its relationship
with SED. This could be attributed to the fact that bone
strength is influenced by bone geometry, density, and
microarchitecture, which adapt to increased mechani-
cal loads during physical activity. Furthermore, it has
been demonstrated that cancellous bone strength may
be impacted by bone tissue mineralization, trabecular
disconnection, and the presence of remodeling cavi-
ties, independent of bone mass [50]. It has been proven
that dual-energy X-ray absorptiometry (DXA) mea-
sured BMD accounts for 60-70% of the variation in bone
strength. Some important factors, such as bone geom-
etry and trabecular microarchitecture, are not captured
by DXA [51]. Therefore, DXA may be inadequate in cap-
turing subtle adaptations in bone strength and its deter-
minants, such as geometry, density, and microstructure
[40, 51]. In the future, greater attention should be paid
to the link between SED and bone strength, as even in
the absence of a negative effect on BMD, SED may be
detrimental by decreasing other determinants of bone
strength.

Approximately 47% of studies have examined the
gender-specific effects of sedentary behavior on bone
health. However, the evidence regarding the indepen-
dent influence of sedentary behavior on bone mineral
density (BMD) in different body parts among boys and
girls is weak. Gender differences in bone mass become
more apparent during puberty, as males have a longer
period of bone maturation, resulting in greater bone size
and cortical thickness [52]. During puberty, endocrine
factors such as gonadal steroids, growth hormone, and
insulin-like growth factor-1, as well as menstrual history
in girls, are crucial regulators of bone development [53,
54]. Despite these factors, our study found limited gender
differences in the correlation between self-reported sed-
entary behavior and femur BMD. Therefore, additional
high-quality research is necessary to elucidate the gen-
der-specific effects of sedentary behavior on bone health.

Furthermore, our study explored whether the asso-
ciation between sedentary behavior and bone health is
independent of moderate to vigorous physical activity
(MVPA). While our analysis of the included studies did
not yield a definitive answer, some research does raise
several interesting points that deserve further investiga-
tion. Some researchers have suggested that not all seden-
tary behavior is detrimental to bone health, particularly
for highly active adolescents, as sedentary behavior can
provide a recovery period between loading bouts for
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optimal biomechanical adaptation and restoration of
mechano-sensitivity of bone cells [39, 55]. Additionally,
it has been suggested that guidelines aimed at improving
pediatric bone development via physical activity should
focus on increasing the total duration of MVPA, regard-
less of fragmentation and sedentary behavior, as longer
bouts of continuous MVPA may lead to shorter periods
of sedentary behavior.

Strengths and limitations

This study provides a systematic review of the associa-
tions between SED and bone health outcomes in chil-
dren adolescents, and young adults, including bone mass,
microstructure and strength across various anatomic
sites. However, certain limitations must be acknowledged
when interpreting the study’s conclusions.

Firstly, as the majority of the included research is
observational in nature, the study cannot draw causal
inferences regarding the relationships identified. Addi-
tionally, cross-sectional studies may exhibit bidirectional
associations. Furthermore, this study only considered
research published in English and Chinese, with no arti-
cles in other languages. Secondly, this study only included
healthy populations of children, adolescents, and young
adults, thereby excluding individuals who were over-
weight or had clinical conditions. Previous research has
highlighted the association between increased body
weight or body mass index and increased bone min-
eral density (BMD) [56—58]. Moreover, increased SED
may alter body composition by increasing fat mass rela-
tive to lean mass, which could influence bone health as
anthropometry and body composition predict the devel-
opment of bone accumulation [59]. Encouraging less sit-
ting time may also improve lean mass and subsequently
improve bone health, as suggested by T.L. Binkley [35].
Thus, future research should focus on understanding the
interactions between SED and lean mass on bone health,
particularly in overweight populations. Thirdly, this study
included a variety of anatomical sites assessed using dif-
ferent methodologies such as dual-energy X-ray absorp-
tiometry (DXA), high-resolution peripheral quantitative
computed tomography (HR-pQCT), and quantitative
ultrasound (QUS), as well as various methods for evalu-
ating SED, including different accelerometer types and
questionnaires. The absence of standardized assessments
limits the conclusions that can be drawn from the stud-
ies’ findings. Although BMD measurement remains the
most useful diagnostic tool for identifying osteoporosis,
other technologies such as HR-QCT and other 3D mag-
netic resonance imaging can non-invasively assess bone
cross-sectional geometry and trabecular architecture,
which could provide a more complete picture of bone
strength/health. In addition, this review included studies
that used different densitometers to assess BMD, which
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is a limitation due to the well-established inherent mea-
surement differences between scanners.

In summary, while this study provides valuable insights
into the associations between SED and bone health out-
comes, its findings should be interpreted in light of the
aforementioned limitations, and further research is war-
ranted to comprehensively understand the relationships
between SED and bone health outcomes.

Conclusion

This systematic review suggests that the evidence link-
ing sedentary behavior (SED) in children to adverse
bone health outcomes remains inconclusive due to insuf-
ficient evidence. However, it should be noted that bone
strength may be more sensitive to SED than bone mass.
The rapid increase in bone mass during the first two
decades of life makes it difficult to ascertain how SED
during adolescence negatively affects bone mass through
correlation analysis during the puberty-related rapid
bone accumulation period. Conversely, bone strength is
influenced by bone geometry, density, and microarchi-
tecture, which adapt to increased mechanical loads dur-
ing physical activity. Future studies should investigate the
link between SED and bone strength, rather than SED
and bone mass. Besides, a slight gender-specific differ-
ence between the correlation between self-reported sed-
entary behavior and femur BMD. But only 47% included
studies discussed the gender effect, the evidence are still
not suitable that we need more evidence to prove the dif-
ference. We also discussed the relationship between SED
and bone outcomes independent of (MVPA). Regretta-
bly, we still can't draw a clear conclusion according to
insufficient evidence.But we find a interesting point that
not all SED are detrimental for bone health, for highly
active adolescents, as sedentary behavior can provide
a recovery period between loading bouts for optimal
biomechanical adaptation and restoration of mechano-
sensitivity of bone cells. In the end, we still expect more
further evidence to elucidate the relationship between
SED and bone health, particularly regarding the associa-
tion between sedentary behavior and bone strength.
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