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Abstract

Background: Pediatric cancer survivors are at increased risk of muscle weakness and low areal bone mineral density (aBMD). However, the

prevalence of muscle strength deficits is not well documented, and the associations of muscle strength with aBMD are unknown in this population.

Therefore, this study aimed to investigate the prevalence of upper- and lower-body muscle strength deficits and to examine the associations of

upper- and lower-bodymuscle strength with age-, sex, and race-specific aBMD Z-scores at the total body, total hip, femoral neck, and lumbar spine.

Methods: This cross-sectional study included 116 pediatric cancer survivors (12.1 § 3.3 years old, mean § SD; 42.2% female). Upper- and

lower-body muscle strength were assessed by handgrip and standing long jump test, respectively. Dual‑energy X‑ray absorptiometry was used to

measure aBMD (g/cm2). Associations between muscle strength and aBMD were evaluated in multivariable linear regression models. Logistic

regression was used to evaluate the contribution of muscle strength (1-decile lower) to the odds of having low aBMD (Z-score � 1.0). All anal-

yses were adjusted for time from treatment completion, radiotherapy exposure, and body mass index.

Results: More than one-half of survivors were within the 2 lowest deciles for upper- (56.9%) and lower- body muscle strength (60.0%) in

comparison to age- and sex-specific reference values. Muscle strength deficits were associated with lower aBMD Z-scores at all sites

(B = 0.133�0.258, p = 0.001�0.032). Each 1-decile lower in upper-body muscle strength was associated with 30%�95% higher odds of having

low aBMD Z-scores at all sites. Each 1-decile lower in lower-body muscle strength was associated with 35%�70% higher odds of having low

aBMD Z-scores at total body, total hip, and femoral neck.

Conclusion: Muscle strength deficits are prevalent in young pediatric cancer survivors, and such deficits are associated with lower aBMD

Z-scores at all sites. These results suggest that interventions designed to improve muscle strength in this vulnerable population may have the

added benefit of improving aBMD.
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1. Introduction

Pediatric cancer survival rates have experienced a

remarkable increase during recent decades,1 with a current

5-year survivorship rate of 85% in children and 82% in

adolescents.2 However, pediatric cancer survivors are at

risk of experiencing later health complications.3 Low areal

bone mineral density (aBMD), defined by age-, sex-, and

race-specific aBMD Z-scores less than �1.0, has been

reported in up to two-thirds of survivors.4 Pediatric cancer

treatment utilizes DNA-damaging agents and occurs during

a critical period of active skeletal growth, thus interfering

with accrual of bone mass.5�7 This is evident by a decrease

in bone formation and an increase in bone resorption.8

Chemotherapy and/or radiation not only interfere with bone

metabolism but also impact skeletal muscle mass9 and func-

tion.10 While the prevalence of muscle strength deficits in

young pediatric cancer survivors has not been consistently

documented to date, Hoffman et al.11 identified preliminary

lower-body muscle strength deficits in 183 young pediatric

cancer survivors in comparison to their siblings.

Muscle strength during childhood and adolescence is

widely considered a powerful marker of health12 and is

strongly associated with higher aBMD during both adoles-

cence13 and later in life.14 In healthy children and adolescents,

measured upper- and lower-body muscle strength have been

consistently associated with the bone mineral content (BMC)

of the total body15,16 and of the upper13,17 and lower13,17

extremities, as well as with total body and femoral neck

aBMD.18 Likewise, in adult pediatric cancer survivors,

Joyce et al.19 found that upper- (R2 = 0.56) and lower-body

(R2 : 0.33�0.40) muscle strength was positively associated

with aBMD. However, in younger survivors, the literature

describing associations of muscle strength with aBMD is

scarce. Physical activity increases muscle strength during

growth and, according to the mechanostat theory of Frost

HM,20 this creates the stimulus for bone to increase its mass.

This is relevant since lower muscle strength following the

completion of treatment could anticipate a further decline in

aBMD. Early detection of muscle strength deficits could help

survivors, who lack cancer-related treatment exposures to

trigger surveillance, to be screened for low aBMD. Currently,

muscle strength deficits are not considered in pediatric cancer

survivor screening guidelines to be a risk factor for low

aBMD.21,22

Thus, the aims of this study were to (a) investigate the

prevalence of upper- and lower-body muscle strength deficits

in young pediatric cancer survivors compared to age- and

sex-specific international reference data; and (b) to examine

the associations of upper- and lower-body muscle strength

with age-, sex-, and race-specific aBMD Z-scores at the total

body, total hip, femoral neck, and lumbar spine. We hypothe-

sized that upper- and lower-body muscle strength deficits

would be prevalent in young pediatric cancer survivors.

We also hypothesized that upper- and lower-body muscle

strength deficits would be associated with low aBMD

Z-scores.
2. Methods

2.1. Study design and participants

This cross-sectional study included 116 pediatric cancer

survivors (12.1 § 3.3 years old, mean § SD; 42.2% female)

from the iBoneFIT project. A detailed description of the study

protocol has been published elsewhere.23 Briefly, iBoneFIT is a

multicenter parallel group randomized controlled trial designed

to examine the effect of a 9-month online exercise program on

bone health in young pediatric cancer survivors. Survivors were

recruited from the Units of Pediatric Oncology and Hematology

of the “Virgen de las Nieves” (Granada) and “Reina Sofia”

(Cordoba) University Hospitals, Spain. Inclusion criteria were

aged 6�18 years, not currently receiving treatments for cancer,

diagnosed at least 1 year prior to enrolment, and previous expo-

sure to radiotherapy and/or chemotherapy. Data collection

occurred in 2 waves due to coronavirus disease 2019 restrictions:

(a) October 2020 to February 2021; and (b) December 2021 to

March 2022. All parents and survivors provided written

informed consent and assent before entering the trial, respec-

tively. The iBoneFIT project was approved by the Ethics

Committee on Human Research of Regional Government of

Andalusia (Reference: 4500, December 2019) and followed the

ethical guidelines of the Declaration of Helsinki (revised Version

2013), and the randomized controlled trial was registered at

isrctn.com (Reference: isrctn61195625, 2 April 2020). This

study is reported according to the Strengthening the Reporting of

OBservational Studies in Epidemiology (STROBE) checklist

(Supplementary Table 1).24 Although we recruited 116 young

pediatric cancer survivors in total, the sample sizes vary slightly

for some variables due to missing data (i.e., some survivors were

unable to perform some of the tests, were afraid of being scanned

using dual‑energy X‑ray absorptiometry (DXA), or declined a

particular test during their assessment).

2.2. Bone health

Survivors were evaluated using a single DXA scanner

(Hologic Series Discovery QDR, Bedford, MA, USA) and

analyzed by APEX software (Version 4.0.2; Hologic Series

Discovery QDR). The device was calibrated each day using a

lumbar spine phantom. Survivors were asked to remain still

while being scanned in the supine position, as per guidelines

from the International Society of Clinical Densitometry.25

Three regions (total body, right hip, and lumbar spine) were

analyzed to characterize aBMD (g/cm2) and BMC of the total

body (less head), total hip, femoral neck, and lumbar spine

(mean of L1�L4). A single trained researcher analyzed all

DXA scans. According to the International Society of Clinical

Densitometry,25 DXA assessment should be performed (a) in

children and adolescents with diseases that may affect the skel-

eton, and (b) when they may benefit from interventions to

decrease their elevated risk of a clinically significant fracture.

These are features of our sample, as described in the literature.4

The DXA coefficient of variation in pediatric population ranges

between 1.0% and 2.9%, depending on the region.26 Moreover,

using international reference data from the Bone Mineral
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Density in Childhood Study,27 age-, sex-, and race-specific

aBMD and BMC Z-scores at the total body, total hip, femoral

neck, and lumbar spine were calculated for all the analyses.

2.3. Muscle strength

Upper-body muscle strength was evaluated using the

handgrip test (TKK 5101 Grip D; Takei, Tokyo, Japan).

Survivors, keeping the arm straight, squeezed the dyna-

mometer twice with each hand for 5 s at a time; the best

score from the right hand and the best score from the left

hand were averaged together and reported in kilograms. The

handgrip test has shown good validity (intraclass correlation

coefficients (ICC): 0.73�0.91) with high reproducibility

and excellent test�retest reliability in children

(ICC: 0.91�0.93).28,29 Lower-body muscle strength was

assessed using the standing long jump test (considering the

motor coordination that naturally occurs in human locomo-

tion), which was performed twice after a short warmup; the

best score was reported in centimeters. This field-based test

has demonstrated good validity (i.e., the strongest associa-

tion with 1 maximum repetition, p < 0.001) and excellent

test�retest reliability (ICC = 0.94) in children.30 To gain an

appropriate insight into the status of muscle strength in our

sample, test performances were compared to updated age-

and sex-specific reference values based on 8 million test

results from healthy young populations in nearly 34 coun-

tries, which were gathered by the FitBack network.31

Muscle strength deficits were identified as � 2nd decile,

which is consistent with previous reports utilizing defini-

tions of fitness deficits based on sex-and age-specific

percentiles created by Tomkinson et al.32 and Ortega et al.33

2.4. Anthropometry and somatic maturity

Body mass (kg) was evaluated with an electronic scale

(SECA 861; SECA, Hamburg, Germany) with an accuracy of

100 g. Stature (cm) was assessed using a precision stadiometer

(SECA 225) to the nearest 0.1 cm. Body mass index (BMI)

was calculated as body mass/stature (kg/m2). Additionally,

age- and sex-specific body mass index Z-scores and categories

were calculated using international reference data for pediatric

populations.34 Somatic maturity was measured using the

prediction of years before or after peak height velocity using

validated algorithms for boys and girls.35

2.5. Clinical data and calcium

Medical record abstraction was used to retrieve diagnosis,

time from treatment completion to baseline data collection,

and treatment exposures (radiotherapy, chemotherapy and/or

surgery, alone or in combination). Diagnosis was not included

in analysis as it was colinear with treatment exposure. Time

from treatment completion was treated as a continuous vari-

able, and treatment exposure as a dichotomous variable: radio-

therapy (yes/no). Finally, daily calcium intake (in mg) was

estimated by a validated specific food-frequency

questionnaire.36
2.6. Total physical activity

The tri-axial ActiGraph wGT3x-BT accelerometers (GT3X;

ActiGraph, Pensacola, FL, USA) were used to measure total

physical activity for 7 consecutive days (24 h/day). Young pedi-

atric cancer survivors were instructed to wear devices attached

to their non-dominant wrist at all times except during water

activities. Accelerometers were initialized at a sampling

frequency of 90 Hz, and raw data were processed using the

GGIR R open-source package Version 2.8-2 (R Foundation for

Statistical Computing, Vienna, Austria).37 Euclidean norm of

the raw acceleration minus 1 G with negative values rounded to

0 was calculated along with the angle of the z-axis of the device

to estimate physical activity and sleep parameters.38 Non-wear

time was detected based on the standard deviation of the raw

accelerations recorded in the 3 accelerometer axes as described

elsewhere,39 and then it was imputed by means of the accelera-

tion for the rest of the days at the same time window. Appro-

priate thresholds were used to identify physical activity

intensities (i.e., moderate-to-vigorous physical activity: 200 mg,

and light physical activity: 35�200 mg).40 We considered a day

valid when: (a) the accelerometer registered at least 23 h/day,

and (b) survivors wore the accelerometers for at least 16 h/day,

since in this study the accelerometers were worn both day and

night.41 Survivors having at least 1 valid day were included

(sensitivity analyses showed similar results when including

participants who had at least 3 valid weekdays and 1 weekend

day). Total physical activity was calculated as the sum of the

daily averages of moderate-to-vigorous physical activity and

light physical activity (the mean of all 7 days).

2.7. Statistical analyses

The normal distribution of the variables was verified using

skewness and kurtosis, the Kolmogorov�Smirnov test, a visual

check of histograms, and Q�Q and box plots. Descriptive data

were reported as mean § SD or as frequencies (%). Multivari-

able linear regression analyses were used to evaluate the associ-

ations of upper- and lower-body muscle strength with age-, sex-,

and race-specific aBMD Z-scores at each site (the same analyses

were carried out for BMC Z-scores). Models were created as

follows: Model 0 (no adjustments), Model 1 (adjusted for time

from treatment completion to baseline evaluation (years) and

radiotherapy exposure (yes/no)), Model 2 (adjusted for covariates

in Model 1 plus BMI (kg/m2)), Model 3 (adjusted for covariates

in Model 2 plus calcium intake (mg)), and Model 4 (adjusted for

covariates in Model 3 plus total physical activity (min/day)). To

identify the minimum sufficient adjustment set (MSAS) for the

associations of upper- and lower-body muscle strength with age-,

sex-, and race-specific aBMD and BMC Z-scores, we built a

theoretical causal diagram based on previous associations with

muscle strength and/or aBMD and BMC available in the scien-

tific literature.3,11,19,42�44 We used the online tool DAGitty45 to

construct a directed acyclic graph (DAG).46 The covariates age,

sex, time from treatment completion, radiotherapy exposure,

body mass index, calcium intake, and physical activity were

identified as the MSAS (Supplementary Fig. 1). Radiotherapy

exposure was the unique oncological treatment variable
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associated with aBMD and BMC (Supplementary Table 2). Age

and sex were already accounted for using international reference

data to calculate age-, sex-, and race-specific aBMD and BMC

Z-scores. Binary logistic regression was used to evaluate the

contribution of muscle strength (1-decile lower) to the odds of

having low aBMD (Z-score � 1.0).4 The same analyses were

conducted for BMC Z-scores. Results are presented as odds

ratios (ORs) with 95% confidence intervals (95%CIs). Similar

models were built for logistic regressions. Statistical analyses

were performed using the statistical software R Version 4.0.3

(R Foundation for Statistical Computing). B coefficient was

presented non-standardized, and p values of <0.05 were consid-

ered statistically significant.
3. Results

Of the 196 young pediatric cancer survivors initially

screened for participation, 116 were enrolled and included in

this study (Supplementary Fig. 2).

3.1. Participant characteristics

Descriptive characteristics of our sample are presented in

Table 1. The average age of the total sample was 12.1 §
3.3 years (mean § SD), and 42.2% were female. The majority

of survivors were diagnosed with acute lymphoblastic leukemia

(38.8%), lymphoma (12.1%), and central nervous system

tumors (9.5%). Table 2 shows that more than one-half of survi-

vors had muscle strength deficits (upper- (56.9%) and lower-

body muscle strength (60.0%) deficits). Regarding bone health
Table 1

Descriptive characteristics of survivors included in the study.

Characteristic Total n

Sex (female/male, %) 42.2/57.8 11

Age (year) 12.1 § 3.3 11

Body mass (kg) 46.6 § 18.0 11

Stature (cm) 147.5 § 17.1 11

Body mass index Z-score 0.9 § 1.1 11

Body mass index (categories, %)

Underweight 3.5 4

Normoweight 61.2 71

Overweight 20.7 24

Obese 14.6 17

Years from peak height velocity �0.8 § 2.7 11

Time from treatment completion (year) 5.0 § 3.8 11

Radiotherapy exposure (yes/no, %) 27.6/72.4 11

Cancer type (%)

Acute lymphoblastic leukemia 38.8 45

Lymphoma 12.1 14

Central nervous system tumors 9.5 11

Renal tumors 7.8 9

Neuroblastoma 6.9 8

Malignant bone tumors 6.9 8

Histiocytosis 5.2 6

Soft tissue and other extraosseous sarcomas 4.3 5

Retinoblastoma 3.5 4

Hepatic tumors 2.6 3

Other malignant epithelial neoplasms 1.7 2

Unspecified malignant neoplasms 0.9 1

Notes: Data are presented as mean § SD or as percentage (%), as indicated. Percent
(Table 2), the averages were as follows: total body aBMD

Z-score =�0.2 § 1.4, BMC Z-score =�0.5 § 1.3; total hip

aBMD Z-score = 0.1 § 1.3, BMC Z-score = 0.4 § 1.4; femoral

neck aBMD Z-score =�0.2 § 1.4, BMC Z-score =�1.3 § 1.5;

lumbar spine aBMD Z-score =�0.1 § 1.3, BMC Z-

score =�0.5 § 1.3. Participant characteristics by childhood

cancer diagnosis (soft/solid tumors) are presented in Supple-

mentary Table 3.
3.2. Associations of muscle strength with aBMD Z-scores at

each site

All associations of upper- and lower-body muscle strength

with aBMD Z-scores at the total body, total hip, femoral neck,

and lumbar spine examined by multivariable linear regression

are shown in Figs. 1 and 2. We observed that upper-body

muscle strength deficits were associated with lower aBMD

Z-scores at total body (B = 0.258, 95%CI: 0.169�0.346,

p < 0.001), total hip (B = 0.208, 95%CI: 0.116�0.301, p <

0.001), femoral neck (B = 0.175, 95%CI: 0.076�0.275, p <

0.001), and lumbar spine (B = 0.194, 95%CI: 0.095�0.294,

p < 0.001). Concerning lower-body muscle strength deficits,

we found significant associations with lower aBMD Z-scores

at total body (B = 0.183, 95%CI: 0.068�0.298, p = 0.002),

total hip (B = 0.160, 95%CI: 0.045�0.275, p = 0.007), femoral

neck (B = 0.133, 95%CI: 0.011�0.254, p = 0.032), and lumbar

spine (B = 0.153, 95%CI: 0.031�0.275, p = 0.014). After

adjusting for calcium intake (mg) and total physical activity

(min/day), results were similar (Supplementary Tables 4 and 5).
Female n Male n

6

6 12.2 § 3.5 49 12.0 § 3.2 67

6 45.2 § 18.3 49 47.6 § 17.9 67

6 145.3 § 16.0 49 149.0 § 17.7 67

6 0.8 § 1.1 49 1.0 § 1.2 67

6.1 3 1.5 1

65.4 32 58.2 39

16.3 8 23.9 16

12.2 6 16.4 11

6 0.0 § 2.9 49 �1.3 § 2.5 67

3 5.2 § 4.1 48 4.9 § 3.6 65

6 24.5/75.5 49 29.8/70.2 67

36.7 18 40.3 27

12.2 6 11.9 8

10.2 5 9.0 6

4.1 2 10.5 7

12.2 6 3.0 2

8.2 4 6.0 4

6.1 3 4.5 3

0.0 0 7.5 5

4.1 2 3.0 2

4.1 2 1.5 1

2.0 1 1.5 1

0.0 0 1.5 1

age may not add to 100% due to rounding.



Table 2

Distribution of upper- and lower-body muscle strength deciles and age-, sex-, and race-specific aBMD and BMC Z-scores.

Characteristic Total n Female n Male n

Muscle strength

Upper-body reference decile (%)

1 32.8 38 32.7 16 32.8 22

2 24.1 28 26.5 13 22.4 15

3 12.1 14 12.2 6 11.9 8

4 6.0 7 6.1 3 6.0 4

5 5.2 6 6.1 3 4.5 3

6 7.8 9 8.2 4 7.5 5

7 6.9 8 4.2 2 8.9 6

8 2.6 3 2.0 1 3.0 2

9 1.6 2 0 0 3.0 2

10 0.9 1 2.0 1 0 0

Lower-body reference decile (%)

1 40.9 47 40.8 20 40.9 27

2 19.1 22 22.5 11 16.7 11

3 9.6 11 6.1 3 12.1 8

4 12.2 14 18.4 9 7.6 5

5 7.0 8 6.2 3 7.6 5

6 5.2 6 2.0 1 7.6 5

7 2.6 3 2.0 1 3.0 2

8 0.9 1 0 0 1.5 1

9 1.7 2 0 0 3.0 2

10 0.9 1 2.0 1 0 0

aBMD Z-score

Total body (less head) �0.2 § 1.4 116 �0.2 § 1.2 49 �0.2 § 1.5 67

Total hip 0.1 § 1.3 115 0.2 § 1.2 48 0.1 § 1.3 67

Femoral neck �0.2 § 1.4 115 0.1 § 1.5 48 �0.4 § 1.3 67

Lumbar spine �0.1 § 1.3 116 �0.1 § 1.2 49 �0.1 § 1.5 67

BMC Z-score

Total body (less head) �0.5 § 1.3 116 �0.5 § 1.1 49 �0.5 § 1.4 67

Total hip 0.4 § 1.4 115 0.3 § 1.2 48 0.5 § 1.6 67

Femoral neck �1.3 § 1.5 115 �1.4 § 1.5 48 �1.2 § 1.5 67

Lumbar spine �0.5 § 1.3 116 �0.4 § 1.1 49 �0.5 § 1.4 67

Notes: Data are presented as mean § SD or as percentage (%), as indicated. Upper- and lower-body muscle strength reference deciles are shown using FitBack

reference values. Age-, sex-, and race-specific aBMD and BMC Z-scores at each site are presented using international reference data from the Bone Mineral

Density in Childhood Study. Percentage may not add to 100% due to rounding.

Abbreviations: aBMD = areal bone mineral density; BMC = bone mineral content.
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Likewise, when examining the same analyses for BMC

Z-scores, the results were consistent (Supplementary Fig. 3 and

Tables 6 and 7).
3.3. ORs of low aBMD Z-scores at each site

Fig. 3 presents the risk of low aBMD Z-scores associated

with 1-decile lower in upper- and lower-body muscle strength.

Each 1-decile lower in upper-body muscle strength was associ-

ated with higher odds of having aBMD Z-scores less than �1.0

at the total body (OR = 1.95, 95%CI: 1.38�3.11), total hip

(OR = 1.36, 95%CI: 1.04�1.95), femoral neck (OR = 1.31,

95%CI: 1.04�1.74), and lumbar spine (OR = 1.30, 95%CI:

1.03�1.73). Regarding lower-body muscle strength, each

1-decile lower was associated with higher odds of having

aBMD Z-scores less than �1.0 at the total body (OR = 1.36,

95%CI: 1.05�1.87), total hip (OR = 1.70, 95%CI: 1.15�2.92),

and femoral neck (OR = 1.35, 95%CI: 1.03�1.89). These

results did not change after controlling for calcium intake (mg)

and total physical activity (min/day) (Supplementary Table 8).

Similarly, findings were consistent when examining the same
analyses for BMC Z-scores (Supplementary Fig. 4 and

Table 8).

4. Discussion

4.1. Main findings

More than one-half of young pediatric cancer survivors

enrolled in a clinical trial to improve bone health had upper-

and lower-body muscle strength deficits when compared to

geographically diverse updated age- and sex-specific reference

values.31 Importantly, we found that muscle strength deficits

were consistently associated with lower aBMD Z-scores at the

total body, total hip, femoral neck, and lumbar spine.27 Each

1-decile lower in muscle strength was associated with 30%�95%

higher odds of having low aBMD Z-scores. These results suggest

that interventions designed to improve muscle strength in pedi-

atric cancer survivors may potentially improve aBMD.

The literature describing associations of muscle strength

with aBMD in young pediatric cancer survivors is scarce.

Objectively measured upper- and lower-body muscle strength

have been strongly associated with BMC of total body15,16 and



Fig. 1. Associations of upper-body muscle strength (reference deciles using FitBack reference values) with age-, sex-, and race-specific areal bone mineral density

(aBMD) Z-score at each site. Multivariable linear regression models were adjusted for time from treatment completion (years), radiotherapy exposure (yes/no)

and body mass index. Age-, sex-, and race-specific aBMD Z-score at each site is presented using international reference data from the Bone Mineral Density in

Childhood Study.27

424 A. Marmol-Perez et al.
of upper13,17 and lower13,17 extremities, as well as with total

body and femoral neck aBMD18 in healthy children and

adolescents. Our results indicate that these associations could

be even stronger in young pediatric cancer survivors

(6�18 years), who may never recover from these early deficits.

Previous data from Joyce et al.,19 where muscle strength defi-

cits and aBMD were positively correlated among 493 adult

survivors of pediatric onset acute lymphoblastic leukemia

(33.3 § 7.1 years), suggest that loss of muscle strength early

in life may precipitate further decline in aBMD.

Our findings regarding the associations of upper-body

muscle strength with aBMD at multiple sites are consistent

with data from reports among healthy children and adoles-

cents. Vicente-Rodr�ıguez et al.15 reported that upper-body

muscle strength was consistently the strongest fitness variable

to positively correlate with total body BMC in 278 adolescents

(13.0�18.5 years); Gracia-Marco et al.13 showed that among

234 non-active adolescents (14.8 § 1.2 years), those with

reduced upper-body muscle strength also had lower BMC at

total body and upper extremities; Saint-Maurice et al.16

reported positive associations between upper-body muscle

strength and height-adjusted total BMC in 433 children and

adolescents (14.1 § 2.3 years); and Wang et al.17 reported

positive correlations between maximal voluntary contraction

of the elbow flexors and upper-extremity BMC among 258

pubertal girls (mean age = 11.2; 95%CI: 9.8�12.6 years).
Our findings regarding the associations of lower-body

muscle strength with aBMD are not completely consistent

with previous findings in healthy young populations since

lower-body lean mass seemed to be a better predictor of

aBMD than muscle strength.47 This could be because the

lower extremities are subject to higher mechanical loadings

than the upper extremities, with more opportunity for bone

regeneration and formation,48 or because our measure of

lower-body strength required not only strength but also

balance and coordination. Nevertheless, our lower-body

muscle strength and aBMD results are consistent with results

in non-cancer populations. Baptista et al.18 evaluated 114

healthy younger children (8.5 § 0.4 years) and found positive

associations between lower-body muscle strength (vertical

jump test) and height-adjusted total body and femoral neck

aBMD; Gracia-Marco et al.13 evaluated non-active adolescents

and found that those with reduced lower-body muscle strength

(standing long jump test) presented decreased BMC at total

body and lower extremities; and Wang et al.17 evaluated

pubertal girls (mean age = 11.2; 95%CI: 9.8�12.6 years) and

found that maximal isometric voluntary extension of the left

knee was positively correlated with lower-extremity BMC.

Altogether, our findings could be explained in terms of the

functional muscle bone unit49 based on the mechanostat theory

of Frost,20 which predicts that the increasing muscle strength

during growth creates the stimulus for bone to increase its



Fig. 2. Associations of lower-body muscle strength (Reference deciles using FitBack reference values) with age-, sex-, and race-specific areal bone mineral density

(aBMD) Z-score at each site. Multivariable linear regression models were adjusted for time from treatment completion (years), radiotherapy exposure (yes/no)

and body mass index. Age-, sex-, and race-specific aBMD Z-score at each site is presented using international reference data from the Bone Mineral Density in

Childhood Study.27
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mass. Given the high risk of muscle strength deficits and low

aBMD Z-scores in young pediatric cancer survivors, these

associations tend to be stronger in comparison to studies done

in healthy children and adolescents.
4.2. Limitations

Our study results should be considered in the context of

some potential limitations. First, the cross-sectional design

does not allow us to examine the temporal associations
Fig. 3. Odds ratios of low age-, sex-, and race-specific areal bone mineral density (

body muscle strength (Reference deciles using FitBack reference values). Binary lo

according to van Atteveld et al.4 and normal aBMD identified as Z-score higher

Adjusted models included time from treatment completion (years), radiotherapy

Z-score at each site is presented using international reference data from the Bone M
between reduced muscle strength and aBMD. Second,

included survivors were those who elected to enroll in an exer-

cise intervention to improve aBMD. They may not be repre-

sentative of all young pediatric cancer survivors, making our

prevalence estimates particularly vulnerable to selection bias.

Third, although we adjusted the analyses for some major

potential confounders identified through the DAG method

(i.e., age, sex, time from treatment completion, radiotherapy

exposure, BMI, physical activity, and calcium intake), residual

confounding cannot be eliminated. Fourth, given that bone
aBMD) Z-score at each site per one-decile lower in (A) upper- and (B) lower-

gistic regression (low aBMD identified as Z-score less than ‒1.0, according to

than ‒1.0) was used to estimate odds ratios with 95% confidence intervals.

exposure (yes/no) and body mass index. Age-, sex-, and race-specific aBMD

ineral Density in Childhood Study.27
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depth is not factored into DXA results, reliance on aBMD may

systematically underestimate bone density in shorter individ-

uals. Fifth, although standing long jump has been proven valid

and reliable in children, other tests might be more appropriate

to assess muscle strength specifically.

4.3. Public health implications

The previous literature documents preliminary lower-body

muscle strength deficits and low aBMD Z-scores in young pedi-

atric cancer survivors. However, our study indicates that not

only lower- but also upper-body muscle strength deficits are

prevalent and associated with low aBMD soon after the comple-

tion of treatment, even among survivors without known risk

factors for low aBMD. For instance, a 10-year-old girl

performing 7.3 kg on the handgrip strength test (within Decile 1,

using FitBack reference values) has an aBMD Z-score of �2.2,

which is considered low. However, a girl of the same age

performing 16.8 kg on the same test (within Decile 6) has an

aBMD Z-score of 1.4, which is not considered low. Our data indi-

cate that children and adolescents who present muscle strength

deficits should be screened for low aBMD and suggest that

interventions to improve muscle strength could also improve

aBMD.50 However, a very recent meta-analysis has found that

previous interventions aimed at improving muscle strength

and/or aBMD were inappropriate (i.e., performed in microgravity

environments such as swimming pools,51 short durations of

3 months,51,52 types of exercises not including weight-bearing

impact exercises of high intensity53) and, hence, were ineffective

at illustrating any beneficial effect in this population.54 These

findings warrant further research.

5. Conclusion

This study identified both upper- and lower-body muscle

strength deficits and associations of such deficits with lower

aBMD in a sample of young pediatric cancer survivors who

electively enrolled in an intervention study to improve bone

health. Further research in cohort studies is needed to validate

these findings so they can be incorporated into surveillance

guidelines that will provide a foundation for the development

of individualized exercise-oncology plans adapted to the

unique needs of each patient.
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