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Abstract

Background Osteoporosis is a major worldwide health concern. The acquisition of bone mass during growth decreases the
risk of osteoporosis later in life. Muscular strength is an important and modifiable factor to improve bone development in
this period.

Objective The aim of this review was to summarize the relationship between muscular strength and bone health.

Methods Cross-sectional data from studies addressing this association from childhood to young adulthood were systemati-
cally searched. The DerSimonian and Laird method was used to compute pooled estimates of effect size and respective 95%
CI. The meta-analyses were conducted separately for upper limbs or lower limbs muscular strength and for bone regions.
Additionally, a regression model was used to estimate the influence of determinants such as age, lean mass, fat mass, height,
weight and cardiorespiratory fitness in this association.

Results Thirty-nine published studies were included in the systematic review. The pooled effect size for the association of
upper limbs muscular strength with upper limbs, spine and total body BMD ranged from 0.70 to 1.07 and with upper limbs,
spine and total body BMC ranged from 1.84 to 1.30. The pooled effect size for the association of lower limbs muscular
strength with lower limbs, spine and total body BMD ranged from 0.54 to 0.88 and with lower limbs, spine and total body
BMC ranged between 0.81 and 0.71. All reported pooled effect size estimates were statistically significant.

Conclusion This systematic review and meta-analysis supports that muscular strength should be considered as a useful
skeletal health marker during development and a target outcome for interventions aimed at improving bone health.

1 Introduction osteoporosis is one of the most important health problems

in terms of the global burden of disease [1, 2]. It has been
Osteoporosis is a systemic skeletal disease that consists  clearly established that high bone mass during childhood and
of low bone mass and microarchitectural deterioration of  adolescence has an important positive effect on adult skeletal
bone tissue, which increases bone fragility and the risk of ~ health [3]. Peak bone mass, defined as the amount of bone
fracture [1]. Because of its high morbidity and mortality,  attained at the end of skeletal development, usually occurs
between the 2nd and 3rd decade of life [4, 5], and has been
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Muscular strength is associated with bone health during
growth. This positive association was site-to-site and
distant to the contraction in both males and females.

Overall, upper limbs muscular strength showed a
stronger relationship with bone results than lower limbs
muscular strength.

The meta-regression analyses showed that determinants
such as age, lean mass, height and weight positively
influenced lower limbs muscular strength and skeletal
health association.

with bone development in children and adolescents. Fur-
thermore, strengthening activities are related to both lean
mass and muscular strength, according to the mechanostat
theory [9], which exert tensile forces that strain the bones
they are attached to and induce adaptations that improve the
bones’ resistance. During growth, the primary mechanical
challenges to the mechanostat result from increases in bone
length and muscle force [10].

A wide variety of tests is applied to express muscular
strength and its relationship to bone health. ALPHA battery
includes handgrip strength and standing long jump tests,
which have been previously validated and used to assess
musculoskeletal fitness [11]; also isokinetic testing and one
maximal repetition have been recommended for the assess-
ment of muscle strength.

Previous reviews have addressed the health benefits of
muscular strength for children and adolescents [12, 13].
However, no previous study has comprehensively exam-
ined the information regarding the site-specific and systemic
association between both upper and lower limbs muscular
strength and bone development taking into account the influ-
ence of potential confounders in this link in a growing skel-
eton, using a meta-analysis approach.

For these reasons, this systematic review and meta-analy-
sis aimed to synthesize in a reproducible way the consistency
of the associations of muscular strength to bone health dur-
ing growth at local and remote sites of DXA measurements
and to examine the influence of participants’ characteristics
(i.e., sex, age, lean mass, fat mass, height, weight, physical
activity and cardiorespiratory fitness) in this relationship.

2 Methods

This systematic review and meta-analysis was performed
according to the Meta-analysis of Observational Studies in
Epidemiology statements (MOOSE) [14], Reporting Items

for Systematic Reviews and Meta-Analyses (PRISMA) [15],
and the Cochrane Collaboration Handbook [16] recommen-
dations. This systematic review and meta-analysis was previ-
ously registered with the International Prospective Register
of Systematic Reviews (PROSPERO) database (Registration
number: CRD42018097051).

2.1 Search Strategy

A literature search was conducted in MEDLINE (via Pub-
Med), EMBASE, the Cochrane Central Register of Con-
trolled Trials, the Cochrane Database of Systematic Reviews
and the Web of Science databases from inception to April
2019. The search strategy used was: (“physical activity” OR
“muscle strength” OR endurance OR “grip strength” OR
jump OR fitness) AND (adolescen* OR teen* OR child*
OR student* OR youth* OR young*) AND (“bone density”
OR “bone mineral content” OR “bone mineral density” OR
“bone mass”). The reference lists of the articles included and
of previous relevant systematic reviews and meta-analyses
were reviewed for additional studies.

2.2 Selection Criteria

Original research articles analyzing the relationship between
muscular strength and bone outcomes during growth were
included in this systematic review and meta-analysis. The
following inclusion criteria were used: (i) study participants:
healthy individuals aged 8-30 years, since this age range
has been previously used to estimate the peak bone mass
[4] in accordance with data that suggest that bone mass is
still being accrued in the 3rd decade of life [17]; and (ii)
study design: data obtained from either cross-sectional stud-
ies or baseline measurements of cohort studies. The exclu-
sion criteria were: (i) not using dual-energy X-ray absorpti-
ometry (DXA) to assess bone health; (ii) studies reporting
adjusted associations; and (iii) studies not written in English
or Spanish.

Where more than one report provided data for the same
sample, only the publication with the most detailed results
or providing data for the largest sample size was included.
However, sample characteristics could be extracted from
the multiple reports to obtain the most complete descriptive
information. The literature search was performed indepen-
dently by two reviewers (ATC and PLM) and inconsistencies
were solved by consensus.

2.3 Data Extraction

The main characteristics of the selected studies were sum-
marized in an ad hoc table including information regard-
ing: (1) author identification; (2) country of study; (3) year
of publication; (4) participants’ characteristics (i.e., age,
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number, lean and fat mass, height and weight); (5) physical
activity level: non-active (< 2 or 3 h/week of extracurricular
activity participation), active (> 2 or 3 h/week of extracur-
ricular activity participation) or mixed (studies analyzing
non-active and active population together). Studies that did
not report participants’ physical activity level were consid-
ered as a mixed group; (6) cardiorespiratory and muscu-
lar strength measurements; (7) DXA model; and (8) bone
outcomes.

2.4 Risk of Bias Assessment

The Quality Assessment tool for Observational Cohort and
Cross-sectional Studies from the National Heart, Lung and
Blood Institute [18] was used to evaluate the risk of bias for
cohort and cross-sectional studies, which include criteria
about the research question, population definition, partici-
pation rate, recruitment, sample size, analysis, time frame,
exposure levels, measures and assessment, outcome meas-
ures and blinding, loss of follow up, and confounding vari-
ables. Each study was rated as good (i.e., most criteria met
and with a low risk of bias), fair (i.e., some criteria met and
with a moderate risk of bias), or poor (i.e., few criteria met
and with a high risk of bias).

Data extraction and quality assessment were indepen-
dently performed by two researchers (ATC and PLM) and
inconsistencies were solved by consensus or involving a
third researcher (CAB).

2.5 Data Synthesis and Analysis

The DerSimonian and Laird method [19] was used to com-
pute pooled estimates of effect size (ES) and respective con-
fidence intervals (95% CI) for the association of muscular
strength with BMD and BMC. ES was calculated regardless
of whether studies estimated this association by correlation
coefficients, regression models or mean value trends by
group. ES values around 0.2 were considered to be a weak
effect, values around 0.5 a moderate effect, values around 0.8
a strong effect and values larger than 1.0 a very strong effect.

Considering differences between regional muscular
strength in the values of BMD and BMC, meta-analyses
were conducted separately for upper and lower limbs muscu-
lar strength. Furthermore, considering differences between
BMD and BMC regions (upper limbs, lower limbs, spine
and total body), a meta-analysis was done for each region.
For upper limbs muscular strength, BMD and BMC from
the same region were considered, and similarly for lower
limbs muscular strength. At least four studies in each group
were required to conduct the meta-analysis. The heteroge-
neity of results across studies was evaluated using the I
statistic [20], which was interpreted as: 0-40% (minimal),
30-60% (moderate), 50-90% (substantial) and 75-100%

(considerable). The corresponding p values were also con-
sidered [16].

Sensitivity analyses (systematic re-analysis while remov-
ing studies one at a time) and subgroup analyses were con-
ducted to assess the robustness of the summary estimates.
Additionally, sensitivity analyses provided insight as to
whether any particular study or subgroup accounted for a
large proportion of heterogeneity in the correlation pooled
estimates. Subgroup analyses were performed according to
participants’ sex, physical activity level (non-active, active
and mixed group; non-active and active participants ana-
lysed together) and test used (ALPHA-fitness battery tests
versus others tests groups such as isokinetic testing, Sargent
jump test, vertical jump, IRM, maximal isometric leg exten-
sion force, isometric force with a force plate, multi-station
weight machine testing, total hip machine).

Random-effects meta-regression analyses were conducted
to assess whether age, lean mass, fat mass, height, weight or
cardiorespiratory fitness significantly influenced the associa-
tion of muscular strength with BMD and BMC. Finally, to
assess publication bias, Egger’s regression asymmetry test
was used [21]. A level of <0.10 was used to determine if
publication bias might be present.

Statistical analyses were performed using Stata/SE soft-
ware, version 14 (StataCorp, Chicago, IL, USA).

3 Results
3.1 Systematic Review

The systematic review and meta-analyses flow diagram is
presented in Fig. 1. From the 117 full-text articles identified,
only 39 studies [22-60], which included a total of 5785 par-
ticipants, met the inclusion criteria and were included in the
systematic review. Most studies were conducted in European
countries [23, 24, 31-34, 37, 42-45, 48-50, 52, 53, 55-58].
Eight were conducted in North America [29, 30, 39, 40,
51, 54, 59, 60], two in South America [35, 36], six in Asia
[22,25-27, 38, 41], one in Africa [47] and one in Australia
[28]. Participants in the studies were healthy people whose
age ranged from 9.3 to 25.0 years. Upper limbs muscular
strength was examined in 16 studies [22, 26, 27, 30-32, 37,
40, 41, 48, 51, 53-55, 57, 59] and lower limbs muscular
strength in 32 studies [23-25, 27-30, 32-36, 3840, 42-52,
54-56, 58-60]. Additionally, 12 studies reported results
related to upper limbs, 29 related to spine, 26 related to total
body and 30 related to lower limbs bone outcomes.

Handgrip was the most used test to assess upper limbs
muscular strength, while a wide variety of tests was used to
assess lower limbs muscular strength. All studies used DXA
as the tool to assess bone health (Table 1).
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Fig.1 PRISMA flow diagram

3.2 Risk of Bias

Risk of bias was evaluated with the Quality Assessment tool
for Observational Cohort and Cross-sectional Studies from
the National Heart, Lung and Blood Institute, which showed
that 84.62 % of the studies had a moderate risk of bias
[22-25, 27-31, 35, 36, 38-51, 53, 54, 56-60], and 15.38 %
a low risk of bias [26, 32-34, 37,42, 52, 55]. When studies
were analysed by individual domains, 71.79 % of the studies
had shortcomings in the exposure level domain (Electronic
Supplementary Material (ESM) Appendix S1).
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3.3 Meta-analysis

Forests plots including the pooled ES estimates for upper
and lower limbs muscular strength, the corresponding 95%
CI and the I? heterogeneity statistic for BMD and BMC are
shown in Figs. 2, 3, 4, 5.

3.3.1 Upper Limbs Muscular Strength

For the BMD analysis, the pooled ES were 0.87 (95% CI
0.56—1.17) with considerable heterogeneity (I* = 90.0%; p
< 0.001) for upper limbs BMD, 1.07 (95% CI 0.81-1.33)
with substantial heterogeneity (/* = 84.3%; p < 0.001) for
spine BMD and 0.70 (95% CI 0.54-0.87) with important
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Muscular Strength and Bone Health During Growth

Reference

Upper limbs
Afghani et al. (2003) Girls (22) —-
Afghani et al. (2003) Boys (22) . =
Ginty et al. (2005) (31) ——

Kardinaal et al. (2000) Women (37)
Kardinaal et al. (2000) Girls (37) ]
Miller et al. (2004) (40)

Guimaraes et al. (2018) (35) —i—
Guimaraes et al. (2018) (36) —a—

Emslander et al. (1998) (30) ——

Ginty et al. (2005) (31) ——

Guimaraes et al. (2018) (36) ——
Madsen et al. (1998) (39) —i—

Naka et al. (2005) Boys prepuberty (41) ——

Naka et al. (2005) Boys postpuberty (41) —i—
Naka et al. (2005) Girls prepuberty (41) —i—
Naka et al. (2005) Girls postpuberty (41) —-
Snow-Harter et al. (1990) (51) —i—

Sutter et al. (2019) (53) ——

Taaffe et al. (2004) Non-Active (54) —

Taaffe et al. (2004) Active (54) —
Torres-Costoso et al. (2015) Boys (55) —i—
Torres-Costoso et al. (2015) Girls (55) —i—
Valdimarsson et al. (1999) (57) —-

Whittington et al. (2009) (59) =
Subtotal (I-squared = 84.3%, p = 0.000)

<>
Total body
Emslander et al. (1998) (30) ——
Ginty et al. (2005) (31) ——
Guimaraes et al. (2018) (35) —i—

Taaffe et al. (2004) Non-Active (54) L

Taaffe et al. (2004) Active (54) —t
Torres-Costoso et al. (2015) Boys (55) ——
Torres-Costoso et al. (2015) Girls (55) —i—
Valdimarsson et al. (1999) (57) -
Whittington et al. (2009) (59)

Subtotal (I-squared = 90.0%, p = 0.000) >

Spine

Chan et al. (2008) Girls (26) ——
Chan et al. (2008) Boys (26) ——
Cheng et al. (1998) Girls (27) —i—
Cheng et al. (1998) Boys (27) —i—

Guimaraes et al. (2018) (36) =
Madsen et al. (1998) (39)
Miller et al. (2004) (40) —
Ribom et al. (2004) Men (48)
Ribom et al. (2004) Women (48)
Sutter et al. (2019) (53)

Taaffe et al. (2004) Active (54) —
Torres-Costoso et al. (2015) Boys (55)
Torres-Costoso et al. (2015) Girls (55)
Valdimarsson et al. (1999) (57)

Whittington et al. (2009) (59)

+
i
_._
+
_._
Taaffe et al. (2004) Non-Active (54) ——
_._
_._
—il—
= 5
Subtotal (I-squared = 40.0%, p = 0.055) <O

%

ES(95% Cl)  Weight

9.03
9.39
8.83
7.32
5.31
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Fig.2 Forest plot including correlation between upper limb muscular fitness and BMD (bone mineral density) outcomes. The effect size and

95% CI (confidence interval) for fully adjusted random effects are depicted for each study

heterogeneity (1> = 40.0%; p = 0.055) for total body BMD < 0.001) for spine BMC and 1.30 (95% CI 0.90-1.70) with
(Fig. 2). Considering the BMC analysis, the pooled ES were  considerable heterogeneity (I> = 90.4%; p < 0.001) for total

1.84 (95% CI 1.11-2.57) with considerable heterogeneity 2 body BMC (Fig. 3).

= 98.2%; p < 0.001) for upper limbs BMC, 1.38 (95% CI
0.88—1.87) with substantial heterogeneity (P =89.6 %; p



A.Torres-Costoso et al.

%

Reference ES (95% CI) Weight
Upper Limbs
Afghani et al. (2003) Girls (22) —a— 0.75 (0.51, 0.98)6.90
Afghani et al. (2003) Boys (22) —a— 0.70 (0.39, 1.01)6.86
Cheng et al. (1998) Girls (27) —_— 2.47 (1.98, 3.01)6.69
Cheng et al. (1998) Boys (27) —_— 1.28 (0.81, 1.75)6.75
Ginty et al. (2005) (31) — 1.56 (1.16, 1.95)6.81
Gracia-Marco et al. (2011) Active (32) e — 1.34 (0.75, 1.93)6.64
Gracia-Marco et al. (2011) Non-active (32) — 1.04 (0.58, 1.49)6.76
Guimaraes et al. (2018) (35) —_— 1.61 (1.07,2.14)6.70
Guimaraes et al. (2018) (36) = 2.19(1.29, 3.10)6.28
Kardinaal et al. (2000) Women (37) —=— 4,13 (3.92, 4.34)6.90
Kardinaal et al. (2000) Girls (37) —— 3.53 (3.26, 3.80)6.88
Torres-Costoso et al. (2015) Boys (55) e 2.08 (1.45, 2.71)6.60
Torres-Costoso et al. (2015) Girls (55) —_— 1.66 (1.12, 2.20)6.69
Valdimarsson et al. (1999) (57) —— 1.09 (0.83, 1.36)6.88
Whittington et al. (2009) (59) = 2.20 (0.87, 3.53)5.65
Subtotal (I-squared = 98.2%, p = 0.000) —_— —— 1.84 (1.11, 2.57) 100.00
Spine
Chan et al. (2008) Girls (26) —— 2.07 (1.70, 2.45)14.11
Chan et al. (2008) Boys (26) —a— 2.02 (1.65, 2.38)14.17
Ginty et al. (2005) (31) —— 0.92 (0.55, 1.28)14.17
Guimaraes et al. (2018) (36) = 2.02 (1.14,2.90)10.35
Torres-Costoso et al. (2015) Boys (55) —— 1.49 (0.92, 2.06)12.76
Torres-Costoso et al. (2015) Girls (55) —— 1.05 (0.56, 1.54)13.35
Valdimarsson et al. (1999) (57) —— 0.63 (0.38, 0.88)14.77
Whittington et al. (2009) (59) = 0.58 (-0.93, 2.108.31
Subtotal (I-squared = 89.6%, p = 0.000) - 1.38 (0.88, 1.87)100.00
Total Body
Chan et al. (2008) Girls (26) — 2.14 (1.76, 2.51)10.00
Chan et al. (2008) Boys (26) —— 2.07 (1.71, 2.44)10.05
Ginty et al. (2005) (31) —— 1.01 (0.65, 1.38)10.05
Gracia-Marco et al. (2011) Active (32) —— 0.27 (-0.02, 0.57)10.35
Gracia-Marco et al. (2011) Non-active (32) —— 0.87 (0.59, 1.14)10.43
Guimaraes et al. (2018) (35) —— 1.12 (0.63, 1.63)9.36
Guimaraes et al. (2018) (36) = 1.55 (0.73, 2.36) 7.54
Torres-Costoso et al. (2015) Boys (55) —_—— 1.73 (1.14,2.33)8.83
Torres-Costoso et al. (2015) Girls (55) —_—— 1.58 (1.04,2.11)9.17
Valdimarsson et al. (1999) (57) —a— 0.80 (0.54, 1.05)10.50
Whittington et al. (2009) (59) 1.54 (-0.15, 3.238.71
Subtotal (I-squared = 90.4%, p = 0.000) L 1.30 (0.90, 1.70)100.00

| | | | | | | | | | |

Fig. 3 Forest plot including correlation between upper limb muscular fitness and BMC (bone mineral content) outcomes. The effect size and
95% CI (confidence interval) for fully adjusted random effects are depicted for each study

3.3.2 Lower Limbs Muscular Strength

For the BMD analysis, the pooled ES were 0.67 (95% CI
0.54-0.80), with substantial heterogeneity (I* = 86.5%; p
< 0.001) for lower limbs BMD, 0.54 (95% CI 0.36-0.72)
with substantial heterogeneity (I> = 81%; p < 0.001) for
spine BMD and 0.88 (95% CI 0.65-1.11) with substantial
heterogeneity (I = 81.5%; p < 0.001) for total body BMD
(Fig. 4). Considering the BMC analysis, the pooled ES were
0.81 (95% CI 0.52-1.09) with substantial heterogeneity e
= 82.7%; p < 0.001) for lower limbs BMC, 0.71 (95% CI

0.37-1.06) with substantial heterogeneity (I* = 74.5%; p <
0.001) for spine BMC and 0.77 (95% CI 0.49-1.06) with
substantial heterogeneity (I> = 77.3%; p = 0.001) for total
body BMC (Fig. 5).

3.3.3 Sensitivity Analysis

The pooled ES estimates for the association between upper
limbs muscular strength and BMD and BMC were not sig-
nificantly modified in magnitude or direction when individ-
ual study data were removed from the analysis one at a time.
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Fig.4 Forest plot including correlation between lower limb muscular fitness and BMD (bone mineral density) outcomes. The effect size and

95% CI (confidence interval) for fully adjusted random effects are depicted for each study
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%

Reference ES (95% CI) Weight
Lower limbs
Al Rassy et al. (2018) Low BMI (25) = 0.47 (-0.63, 1.57) 4.07
Al Rassy et al. (2018) Normal BMI (25) = 1.31(0.43,2.19) 5.17
Al Rassy et al. (2018) High BMI (25) = 1.35(0.38,2.32) 4.69
Gracia-Marco et al. (2011) Active (32) —— 0.39 (0.10, 0.69) 9.04
Gracia-Marco et al. (2011) Non-active (32) —— 0.45(0.23,0.68) 9.42
Guimaraes et al. (2018) (35) — 1.20 (0.64, 1.75) 7.29
Guimaraes et al. (2018) (36) —_— 2.14 (1.40,2.87) 6.06
Khawaja et al. (2019) Men (38) —a— 0.55(0.16, 0.94) 8.45
Khawaja et al. (2019) Women (38) —— 0.44 (0.20, 0.67) 9.37
Torres-Costoso et al. (2015) Boys (55) ::: 0.04 (-0.46, 0.55) 7.65
Torres-Costoso et al. (2015) Girls (55) 0.04 (-0.42,0.50) 7.97
Vicente-Rodriguez et al. (2003) (58) —a— 1.81(1.35,2.26) 8.00
Whittington et al. (2009) (59) = 0.76 (-0.33, 1.85) 4.12
Witzke et al. (1999) (60) —a— 1.04 (0.69, 1.39) 8.71
Subtotal (I-squared = 82.7%, p = 0.000) L 0.81(0.52,1.09)  100.00
Spine
Al Rassy et al. (2018) Low BMI (25) = 0.55 (-0.56, 1.65) 5.86
Al Rassy et al. (2018) Normal BMI (25) L 0.93(0.09,1.77) 7.78
Al Rassy et al. (2018) High BMI (25) 1.04 (0.11,1.98) 7.03
Guimaraes et al. (2018) (35) — 0.74 (0.06, 1.41) 9.26
Guimaraes et al. (2018) (36) = 2.04 (1.30,2.78) 8.66
Khawaja et al. (2019) Men (38) —— 1.10 (0.66, 1.47) 11.90
Khawaja et al. (2019) Women (38) —— 0.34 (0.11,0.58) 13.32
Torres-Costoso et al. (2015) Boys (55) —a— -0.12 (-0.63, 0.39) 10.88
Torres-Costoso et al. (2015) Girls (55) — 0.09 (-0.37,0.56) 11.32
Whittington et al. (2009) (59) 1.22 (-0.40, 2.83) 3.51
Witzke et al. (1999) (60) —— 0.72 (0.17,1.27) 10.48
Subtotal (I-squared = 74.5%, p = 0.000) - 0.71(0.37, 1.06)  100.00
Total body
Al Rassy et al. (2018) Low BMI (25) i 0.49 (-0.61, 1.60) 4.29
Al Rassy et al. (2018) Normal BMI (25) = 1.77 (0.82,2.71) 5.19
Al Rassy et al. (2018) High BMI (25) = 1.88(0.83,2.93) 4.58
Gracia-Marco et al. (2011) Active (32) —— 0.28 (-0.01,0.58) 10.72
Gracia-Marco et al. (2011) Non-active (32) —i— 0.51 (0.25,0.76) 11.04
Guimaraes et al. (2018) (35) —— 1.06 (0.65, 1.47) 9.69
Guimaraes et al. (2018) (36) L 1.77 (0.92,2.61) 5.86
Khawaja et al. (2019) Men (38) —a— 1.11 (0.69, 1.52) 9.64
Khawaja et al. (2019) Women (38) —— 0.47 (0.24,0.71) 11.19
Torres-Costoso et al. (2015) Boys (55) I -0.05 (-0.55, 0.46) 8.78
Torres-Costoso et al. (2015) Girls (55) -0.03 (-0.54, 0.47) 8.78
Whittington et al. (2009) (59) 1.85(0.08, 3.63) 2.12
Witzke et al. (1999) (60) —— 1.09 (0.52, 1.67) 8.11
Subtotal (I-squared = 77.3%, p = 0.000) <> 0.77 (0.49, 1.06)  100.00

| | | | | | | | |

-1 -5 0 5

Fig.5 Forest plot including correlation between lower limb muscular fitness and BMC (bone mineral content) outcomes. The effect size and
95% CI (confidence interval) for fully adjusted random effects are depicted for each study

3.3.4 Subgroup Analysis and Meta-regression

Based on participants’ sex, all BMD regions for upper limbs
muscular strength showed higher ES values in boys (e.g.,
1.18 for upper limbs, 1.31 for spine and 0.74 for total body)
than in girls (e.g., 0.59 for upper limbs, 0.96 for spine and
0.65 for total body). Also, most BMC regions for upper
limbs muscular strength showed similar ES values in boys
(e.g., 1.67 for upper limbs, 1.49 for spine and 1.50 for total
body), whereas in girls, upper limbs had higher ES estimates

(e.g., 2.09 for upper limbs, 1.39 for spine and 1.49 for total
body).

Furthermore, all BMD regions for lower limbs muscular
strength showed higher ES values in boys (e.g., 0.88 for
lower limbs, 0.75 for spine and 0.92 for total body) than
among girls (e.g., 0.56 for lower limbs, 0.48 for spine and
0.80 for total body). Conversely, all BMC regions for lower
limbs muscular strength showed higher ES values in girls
(e.g., 0.92 for lower limbs, 0.76 for spine and 0.98 for total
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body) than in boys (e.g., 0.90 for lower limbs, 0.58 for spine
and 0.72 for total body) (ESM Appendix S2).

Regarding participants’ physical activity levels, because
of the scarcity of studies (none or only one), analysis of non-
active participants was not possible except for BMD regions
and lower limbs muscular strength; in this case, the ES for
the associations were higher in non-active participants (from
1.00 to 1.36) than in active participants (from 0.28 to 0.60)
and in mixed participants (from 0.64 to 0.81). When analy-
ses were possible only for active and mixed groups, the ES
for the association were higher in mixed participants (from
0.64 to 1.91) than in active participants (from 0.06 to 1.59)
(ESM Appendix S3).

Based on muscular strength tests used, other tests group
showed higher ES (from 0.54 to 1.83) than ALPHA-fitness
test battery (from —0.01 to 1.80), except for upper limbs
BMC and upper limbs muscular strength, in which results
were similar (ESM Appendix S4).

The random-effects meta-regression models indicated
that age (8 = —0.05, p = 0.043), height (f = -0.02, p =
0.035) and weight (f# = —0.02, p = 0.011) were inversely
related to the association between upper limbs muscular
strength and spine BMD. Likewise, height (# = —0.03, p
= (0.035) and weight (f = —0.02, p = 0.019) were inversely
related to the association between upper limbs muscular
strength and total body BMC.

The association between lower limb muscular strength
and all BMD regions was positively influenced by most of
the variables, e.g., lean mass (f = 0.02, p = 0.040), height
(# =0.02, p = 0.026) and weight (§ = 0.02, p = 0.040) for
lower limb BMD, and height (# = 0.02, p = 0.013) for total
body BMD. Furthermore, age (f = 0.07, p = 0.008), height
(6 =0.03, p =0.028) and weight (f = 0.03, p = 0.021) were
related to the association between lower limbs muscular
strength and total body BMC. Finally, age was related to
the association between lower limbs muscular strength and
the BMC of the spine (8 = 0.06, p = 0.037) and height ( =
0.03, p = 0.037) (ESM Appendix S5).

3.3.5 Publication Bias

Evidence of publication bias was found by funnel plot asym-
metry and Egger’s test (total body BMC p = 0.063 and total
body BMD p = 0.093 for lower limb muscular fitness and
total body BMD for upper limb muscular fitness p = 0.081;
ESM Appendix S6).

4 Discussion
Bone mass accrual during the growing years is a strong

determinant of osteoporosis risk later in life. This sys-
tematic review identified and pooled cross-sectional data

from studies addressing the relationship between muscular
strength and bone health during skeletal development. This
systematic review and meta-analysis found a site-to-site and
total positive association between muscular strength and
bone outcomes in both males and females.

Current evidence supports that muscular strength is a
marker of skeletal health in children and adolescents [12,
13]. Our meta-analysis, in accordance with these prior find-
ings, confirms a consistent association of muscular strength
with BMC and BMD. Moreover, our review supports the
consistency of this association across different sites, includ-
ing spine and total body, which are the preferred skeletal
sites for DXA measurements during growth as they are
highly accurate and reproducible [61]. In this sense, the
results showed an association at local and distant anatomi-
cal sites with muscular action. The cause—effect relation-
ship seems to be primarily associated with powerful muscle
contractions and powerful osteogenic stimuli for the adjacent
bone [43]. Furthermore, a remote relationship has been sug-
gested indicating that not only a pure mechanical stimulus,
but also muscle glycogen metabolism and systemic-related
changes are involved factors [42, 62, 63].

Overall, upper limbs muscular strength showed a stronger
relationship with BMC results than lower limbs muscular
strength. The most used test to assess upper limbs muscular
strength was the handgrip test [64] and the cutoff points of
this test have been recently proposed for screening healthy
bone development in adolescents [65]. Regarding lower
limbs muscular strength, the wide variability of tests used
to measure it could have some influence in our estimates.
In this line, our analyses determined a positive association
between muscular strength and bone health using both the
ALPHA-battery test and other tests group (mainly isokinetic
strength testing). However, higher estimates were found for
the other tests group, probably because during growth isoki-
netic strength is closely related to body size, since isokinetic
actions are dependent on muscle moment limb length [66].

Our subgroup analyses determined that both males and
females showed a significant positive association between
muscular strength and bone health. Overall, associations
among boys were stronger than among girls; these results
could be explained by sex differences in muscular strength
and lean mass linked to sex steroid hormones and their posi-
tive association with bone development [67]. However, the
association between BMC and upper and lower limbs mus-
cular strength showed higher estimates in girls than in boys,
which might be explained by the sex-dependent maturational
timing effect on total body BMC development. The rise of
serum oestrogens in early maturity women is believed to
influence the accrual of bone mass during growth, but the
differences in maturity do not have any influence in men
[68].
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The level of physical activity seems to have an impor-
tant influence on bone health through the bone piezoelectric
effect [69]. In this sense, our data showed a positive asso-
ciation between muscular strength and bone health in both
non-active and active participants, although ES estimates
were higher in non-active participants than in active par-
ticipants. In those cases in which it was possible to compare
active and mixed participants, ES estimates were higher in
the mixed group, probably by influence of non-active partici-
pants. This is in accordance with previous studies that have
reported strongest associations among sedentary individu-
als than those with higher levels of physical training, while
little or no relationship has been observed in highly trained
individuals [48, 49].

The meta-regression analyses showed that determi-
nants such as age, lean mass, height and weight positively
influenced the lower limbs muscular strength and skeletal
health association. However, age, height and weight nega-
tively influenced the association with upper limbs muscular
strength, in spite of these variables being strongly related
with upper limbs muscular strength [70] and bone develop-
ment [71]. Some confounders, such as pubertal status or
diet behavior, related to both muscular strength and bone
health, may account for the lack of positive effect of muscu-
lar strength on bone health [45].

Osteoporosis-related fractures are very common and are
associated with high direct and indirect costs to the global
economy [72]. DXA is a cost-effective screening tool for
early detection of low bone mass [73]. A routine bone
assessment that could be initiated at age 50-60 would be
expected to improve health outcomes at an acceptable cost
[74,75].

4.1 Limitations

This review has several limitations, thus, its results should
be interpreted cautiously. Some of these are common to
meta-analyses (e.g., publication bias, selection bias and lim-
ited availability of complete information from study reports).
First, because of the cross-sectional design of included stud-
ies, temporal ambiguity represents an insurmountable threat
to cause—effect inferences. Second and related to total body
bone assessment, there is a consensus that the total body
minus the head instead of the total body including the head
should be obtained because the skull constitutes a large per-
centage of the skeleton and is not related to environmen-
tal factors; [76] however, most of the studies included only
showed data for total body bone measurement. Third, it is
known that pubertal status plays an important role in bone
development; however, this was not considered in our analy-
sis because most of the included studies did not report this
information. The same occurs with other important factors
such as nutrition and ethnic differences. Finally, the included

studies used different DXA models to collect bone outcomes
and this could be important, since there have been differ-
ences shown between bone measurements depending on
DXA scanner tools [77].

5 Conclusion

Muscular strength should be considered a useful skeletal
health marker during development and maturation. Physi-
cal activity programs should emphasize promoting muscular
strength to maximize peak bone mass in this period. Not-
withstanding, more research is needed to establish an opti-
mal level of muscular strength in this population to identify
high-risk individuals in whom exercise interventions aimed
at improving muscular strength could be more beneficial.
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