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Abstract

Measures of muscle mass or size are often used as surrogates of forces acting on bone. However, 

chronic diseases may be associated with abnormal muscle force relative to muscle size. The 

muscle-bone unit was examined in 64 children and adolescents with new-onset Crohn’s disease 

(CD), 54 with chronic kidney disease (CKD), 51 treated with glucocorticoids for nephrotic 

syndrome (NS), and 264 healthy controls. Muscle torque was assessed by isometric ankle 

dynamometry. Calf muscle cross-sectional area (CSA) and tibia cortical section modulus (Zp) 

were assessed by quantitative CT. Log-linear regression was used to determine the relations 

among muscle CSA, muscle torque, and Zp, adjusted for tibia length, age, Tanner stage, sex, and 

race. Muscle CSA and muscle torque-relative-to-muscle CSA were significantly lower than 

controls in advanced CKD (CSA −8.7%, p = 0.01; torque −22.9%, p < 0.001) and moderate-to-

severe CD (CSA −14.1%, p < 0.001; torque −7.6%, p = 0.05), but not in NS. Zp was 11.5% lower 

in advanced CKD (p = 0.005) compared to controls, and this deficit was attenuated to 6.7% (p = 

0.05) with adjustment for muscle CSA. With additional adjustment for muscle torque and body 

weight, Zp was 5.9% lower and the difference with controls was no longer significant (p = 0.09). 

In participants with moderate-to-severe CD, Zp was 6.8% greater than predicted (p = 0.01) given 

muscle CSA and torque deficits (R2=0.92), likely due to acute muscle loss in newly diagnosed 

Corresponding Author: Mary B. Leonard, MD, MSCE., Stanford University School of Medicine, 300 Pasteur Drive, Room G-306, 
Stanford, California 94305, leonard5@stanford.edu. 

Disclosures: The authors state that they have no conflicts of interest.

HHS Public Access
Author manuscript
J Bone Miner Res. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
J Bone Miner Res. 2015 March ; 30(3): 575–583. doi:10.1002/jbmr.2375.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients. Zp did not differ in NS, compared with controls. In conclusion, muscle torque relative to 

muscle CSA was significantly lower in CKD and CD, compared with controls, and was 

independently associated with Zp. Future studies are needed to determine if abnormal muscle 

strength contributes to progressive bone deficits in chronic disease, independent of muscle area.
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INTRODUCTION

Muscle size and strength increase during growth, as do the mechanical loads on bones. 

Bones adapt by increasing dimensions and strength. This capacity of bone to respond to 

mechanical loading with increased bone strength is greatest during childhood.(1) Given the 

strong associations between muscle mass and bone strength, investigators have advocated a 

two-staged algorithm to assess the functional muscle-bone unit in chronic disease.(2) First, 

muscle mass is assessed relative to body size, and second, bone outcomes are assessed 

relative to muscle mass. This approach is intended to distinguish between primary bone 

disorders (muscle mass is normal and bone mass is low relative to muscle), as opposed to 

bone disorders that are secondary to muscle deficits (muscle mass is reduced but bone mass 

is ‘adequate’ for the reduced muscle mass).

Lean mass, measured by dual-energy x-ray absorptiometry (DXA), or muscle cross-

sectional area (CSA), measured by peripheral quantitative computed tomography (pQCT), 

are often used as surrogates for mechanical loading in the interpretation of bone outcomes. 

For example, adjusting DXA bone outcomes for lean mass attenuated bone deficits in 

children with chronic disease, suggesting that bone deficits represented an adaptation to 

lower muscle mass.(3,4) However, it is not known if imaging-based estimates of lean mass or 

muscle CSA are adequate surrogates of mechanical loading in children with chronic disease. 

To assess the adequacy of these lean mass estimates as surrogates of mechanical loading, we 

examined muscle torque relative to muscle size as a measure of muscle quality. Muscle 

torque is a measure of muscle strength and is the gold standard for measuring muscle 

contractile force. Chronic diseases may be associated with lower muscle strength relative to 

muscle mass that is not captured by DXA or pQCT. Accordingly, direct measures of muscle 

torque may more fully explain bone deficits in chronic disease.

We have examined bone and body composition outcomes using DXA and pQCT in children 

treated with chronic glucocorticoids for steroid sensitive nephrotic syndrome (SSNS),(5–7) in 

children with elevated inflammatory cytokines due to incident Crohn’s disease,(8–10) and in 

children with chronic kidney disease (CKD).(11–13) Each of these disorders may be 

associated with abnormalities in muscle metabolism. Glucocorticoids and inflammatory 

cytokines increase protein catabolism and increase myostatin, resulting in muscle atrophy 

and weakness.(14,15) In addition, glucocorticoids may increase intramuscular adipose tissue 

which will result in an overestimate of muscle CSA on pQCT.(16) Similarly, fluid retention 

and edema in CKD may result in an overestimation of muscle CSA and mass since the 
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density of water is similar to muscle. For example, the removal of fluid during maintenance 

dialysis resulted in acute reductions in lean mass measured by DXA.(17) CKD is associated 

with impaired muscle protein metabolism,(18) as well impaired mitochondrial function and 

swelling of individual muscle fibers.(19)

The relationships between muscle torque and muscle CSA have not been addressed in these 

diseases. If glucocorticoids, inflammation, and CKD are associated with lower muscle 

torque relative to muscle CSA, imaging-based measures of lean mass or muscle CSA that 

are integral to the functional muscle-bone unit algorithm to assess bone deficits may not 

fully capture the muscle forces acting on bone. Thus, the objectives of this pQCT study were 

(1) to identify deficits in muscle torque relative to muscle CSA in children and adolescents 

with CKD, SSNS, and Crohn’s disease, and (2) to determine whether muscle torque is 

associated with bone geometry in children and adolescents with these conditions, 

independent of muscle CSA, body weight, growth, and development. Our hypothesis was 

that muscle torque relative to muscle CSA would be lower in CKD, SSNS, and Crohn’s 

disease, and this difference would contribute to differences in bone geometry. If deficits in 

muscle torque contribute to bone deficits independent of muscle CSA, future studies of the 

muscle-bone unit should incorporate measures of both muscle torque and CSA.

METHODS

Study Participants

The study populations included children and adolescents aged 5 to 21 years that were 

enrolled as participants in simultaneous bone studies at the Children’s Hospital of 

Philadelphia.(7–9,20,21)

Participants with CKD (n = 54) were included if they had an estimated glomerular filtration 

rate (eGFR) less than 90 ml/min/1.73 m2 and no prior history of renal transplantation.(22) 

Reduced muscle torque was previously reported in this CKD cohort, but that study did not 

examine the association between muscle torque and bone.(12) Furthermore, the analysis here 

was limited to children with a primary renal diagnosis of congenital anomalies of the kidney 

and urinary tract in order exclude children with systemic inflammatory diseases or other 

renal conditions treated with glucocorticoids. Estimated GFR (ml/min/1.73 m2) was 

calculated from height and serum creatinine (mg/dl) using the pediatric estimating equations 

recently reported by the Prospective Cohort Study of Kidney Disease in Children.(22) 

Participants were categorized into CKD stages according to the National Kidney Foundation 

definitions:(23) CKD stage 2 = eGFR 60 to 89; CKD stage 3 = eGFR 30 to 59; CKD stage 4 

= eGFR 15 to 29; CKD stage 5 = eGFR <15; and CKD 5D = maintenance dialysis. For the 

purposes of these analyses, we combined CKD stages 2 and 3 (CKD 2–3, n = 30) and CKD 

stages 4 to 5D (CKD 4–5D, n = 24).

The participants with SSNS (n = 51), as defined by the International Society of Kidney 

Disease in Children,(24) were included if they had a normal eGFR (greater than 90 ml/min/

1.73 m2), at least a 6 month interval since SSNS diagnosis, a history of oral glucocorticoid 

therapy for SSNS within the prior 12 months, and documented urinary remission at the time 
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of the study visit as previously described.(7) Patients in relapse were excluded to avoid the 

confounding effects of edema.

Participants with incident Crohn’s disease (n = 64) were evaluated within 2 weeks of 

diagnosis, confirmed by endoscopic, histologic, clinical, and radiographic parameters.(8) 

Crohn’s disease activity was assessed using the Pediatric Crohn’s Disease Activity Index 

(PCDAI) based on symptoms (30%), physical examination (30%), laboratory parameters 

(20%), and growth data (20%).(25) PCDAI scores range from 0 to 100, and disease activity 

was categorized as none (0 to 10), mild (11 to 30), and moderate-to-severe (> 30). For the 

purposes of this analysis, we categorized participants by disease activity: none to mild 

(PCDAI ≤ 30, n = 26) or moderate–to-severe (PCDAI > 30, n = 38). Prior publications in 

these participants reported muscle and bone deficits;(8–10) however, measures of muscle 

torque were not addressed.

The control participants (n = 264, aged 5 to 21 years) were recruited from general pediatrics 

practices and newspaper advertisements in the greater Philadelphia area, as previously 

described.(21,26) Participants were excluded for other illnesses or medications that may 

impact growth, nutritional status, pubertal development, or bone accrual. The control 

participants were included in a recent report of the functional muscle bone unit in children 

and young adults.(26) This study identified significant sex and race differences in muscle 

torque relative to muscle CSA.

The study protocol was approved by the Institutional Review Board at the Children’s 

Hospital of Philadelphia. Informed consent was obtained directly from study participants 

older than 18 years, and assent along with parental consent from participants less than 18 

years of age.

Anthropometry, Physical Maturity, and Race

Height (0.1 cm) was measured with a stadiometer (Holtain, Crymych, UK) and weight (0.1 

kg) with a digital scale (Scaletronix, White Plains, New York). Age- and sex-specific Z-

scores for height and body mass index (BMI, kg/m2) were calculated using National Center 

for Health Statistics 2000 Center for Disease Control growth data.(27) The stage of pubertal 

development was determined using a validated self-assessment questionnaire and classified 

according to the method of Tanner.(28,29) Study participants, and their parent(s), if the 

participant was under age 18, were asked to categorize the participant’s race according to the 

National Institute of Health categories.

Bone and Muscle Assessment by Peripheral Quantitative Computed Tomography

Bone measures in the left tibia were obtained by pQCT using a Stratec XCT2000 device 

(Orthometrix, White Plains, NY) with a 12-detector unit, voxel size of 0.4 mm, slice 

thickness of 2.3 mm, and scan speed of 25 mm/sec. Scans were analyzed with Stratec 

software version 5.50. Polar section modulus (Zp, mm3) was assessed at 38% of tibia length 

proximal to the distal physis using Cortmode 2 (threshold, 711 mg/cm3). Section modulus 

was the primary outcome in our manuscript describing sex, maturation and race differences 

in cortical geometry and the muscle bone unit, and in our manuscript describing the relations 

between cortical geometry, muscle area, muscle torque and body weight in healthy controls 
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that was the foundation for this manuscript.(21,26) The insertion region for the tibialis 

anterior muscle (which is primarily responsible for ankle dorsiflexion) extends to this 

cortical site. A prior study in athletes demonstrated that differences in cortical structure 

between the dominant and non-dominant leg were evident at the 38% site but not the 66% 

site, and a related study demonstrated that the bone-muscle relationship was similar at the 

38% and 66% sites.(30,31) Zp is a summary measure of cortical dimensions calculated as {Σ 

(d2 × A)}/dmax, where A is the cross-sectional area of a voxel, d is the distance of the voxel 

from the center of gravity, dmax is the maximum distance of any of the voxels of the cortical 

cross-section from the center of gravity.(32) Zp explains approximately 80% of the variance 

in bone failure load.(33,34) The correlations of Zp with total area, cortical area and cortical 

thickness were 0.99, 0.98, and 0.84, respectively, consistent with our prior studies of the 

muscle bone relations in healthy children. Therefore, Zp was used as the primary bone 

outcome for this study. Muscle CSA (mm2) was assessed at the 66% site, as previously 

described in each of these disease cohorts. The manufacturer’s hydroxyapatite phantom was 

scanned daily for quality assurance. In our laboratory, the coefficient of variation (CV) for 

short-term precision ranged from 0.5 to 1.6% for pQCT outcomes in children and 

adolescents.

Stress-strain index (SSI) is a measure of Zp weighted for the density of each voxel and has 

been proposed as an alternative measure of bone strength. However, in a study examining 

structural failure in cadaveric bones specimens under loading stress, models including 

cortical dimensions resulted in R2 values of 0.75 or greater, while a model with SSI resulted 

in an R2 of 0.47.(35) Furthermore, a prior pQCT study from our group showed that muscle 

CSA was highly and significantly associated with cortical dimensions but was not associated 

with cortical bone mineral density (BMD) with the healthy controls.(21) We did not assess 

cortical BMD in this analysis, except to confirm that cortical BMD was not associated with 

muscle CSA within any of the disease groups (p > 0.31 within each disease group).

Measurement of Muscle Torque

Muscle torque was assessed using Biodex Multi-Joint System 3 Pro (Biodex Medical 

Systems, Inc, Shirley, NY). High intrarater (0.97 to 0.99) and interrater (0.93 to 0.96) 

intraclass correlation coefficients have been reported.(36) Peak isometric torque (ft-lbs) was 

measured in triplicate at −20, −10, 0, 10, and 20 degrees and the highest value recorded for 

both dorsiflexion and plantarflexion of the ankle. We report peak isometric torque (ft-lbs) in 

dorsiflexion (with the foot placed in 20 degrees of plantarflexion), since this measurement 

had the best test re-test reproducibility in our lab (CV 4.3%) and had the best fit (R2) in the 

Zp regression models, previously described.(26) Further, the tibialis anterior attaches directly 

to the tibia (the bone of interest in this study) and causes dorsiflexion of the ankle. In the Zp 

models described below, we performed a sensitivity analysis using measures of 

plantarflexion and confirmed that muscle torque measured in dorsiflexion was 

independently and significantly associated with Zp, but measures obtained in plantarflexion 

were not.
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Laboratory Studies

Serum creatinine (mg/dl) was measured by spectrophotometric enzymatic assay (Vitros, 

Johnson & Johnson Co., Rochester, NY) with a CV of 1–5%. Reflectance 

spectrophotometry was used to quantify serum albumin (g/dl), with a CV from 0.9% to 

2.4%.

Statistical Analysis

Stata 12.0 (Stata Corp., College Station, TX) was used for all statistical analyses. A p-value 

of < 0.05 was considered statistically significant, and two-sided tests of hypotheses were 

used throughout. The distributions of all continuous variables were examined for normality. 

Tibia length, muscle CSA, muscle torque, and Zp were log transformed to achieve normal 

distributions. Group differences were assessed using Student’s t-test or Wilcoxon signed-

rank for non-normally distributed variables.

Log linear regression was used to compare muscle CSA between each disease group and 

controls, adjusted for tibia length, age, age2, sex, race (black vs. non-black), Tanner stage, 

and a multiplicative Tanner stage by sex interaction, as previously described.(26) Differences 

in muscle torque relative to CSA between each disease group and controls were also 

evaluated using log linear regression, adjusted for each of the covariates above.(26) Similar 

models were used to compare Zp between each disease group and controls, adjusted for the 

covariates above, in addition to a Tanner stage by race interaction term, as previously 

described.(21) Muscle CSA was first added to the Zp model to evaluate for changes in the 

group differences (if any) in Zp, and then measures of muscle torque and body weight were 

also included in the model to evaluate for further changes in group differences, independent 

of muscle CSA.

Because outcome variables (torque, CSA, Zp) in the models were in log form, 

exponentiating the beta-coefficient for the respective disease covariates generated ratios 

between the disease and control groups. For example, exponentiating the beta-coefficient for 

CKD 2–3 in the model for muscle torque resulted in a ratio of 0.857. This indicates that 

muscle torque was 14.3% (1 − 0.857 = 0.143) lower in CKD 2–3, compared with controls, 

adjusted for age, age2, sex, race, tibia length, and muscle CSA, as shown in Table 3.

RESULTS

Participant Characteristics

The participant characteristics are summarized in Table 1 according to disease group. CKD, 

SSNS, and Crohn’s disease participants had lower height Z-scores compared to the controls. 

Participants with CKD 4–5D had lower height Z-scores (−1.43 ± 1.26 vs. −0.13 ± 1.06 

years, p < 0.01) compared to those with CKD 2–3. The Crohn’s disease participants with 

PCDAI scores > 30 had lower height Z-scores, compared to those with scores ≤ 30 (−0.45 ± 

1.09 vs. −0.04 ± 1.10, p=0.15); however, the difference was not statistically significant. 

None of the other variables provided in Table 1 differed significantly between CKD 2–3 and 

4–5D or between Crohn’s disease participants with PCDAI scores ≤ vs > 30. The greater 

BMI Z-scores in the children and adolescents with SSNS was consistent with 
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glucocorticoid-induced obesity.(37) The proportion of participants within CKD, SSNS, and 

Crohn’s disease with serum albumin levels less than 3.5 g/dl were 7%, 31%, and 45%, 

respectively.

Muscle Cross-sectional Area

The multivariate regression models for muscle CSA are shown in Table 2 according to 

disease group and adjusted for age, age2, Tanner stage, sex, race, Tanner by sex interaction, 

and tibia length. Table 2 summarizes the differences in muscle CSA between each disease 

group compared with reference participants. For example, participants with CKD4–5 have 

muscle CSA that is 8.7% lower than the reference participants, adjusted for age, sex, race 

and maturation. Compared to controls, muscle CSA was 8.7% lower (p = 0.01) in CKD 4–

5D but not significantly lower in CKD 2–3. Muscle CSA was 3.1% greater in SSNS 

compared to controls, but the difference was not significant. Crohn’s disease was associated 

with a trend toward more pronounced muscle deficits in children with greater disease 

activity when compared to controls (9.5% lower in PCDAI ≤ 30 vs. 14.1% lower in PCDAI 

> 30). These models explained 81–83% of the variability in muscle CSA. Serum albumin 

was not associated with muscle CSA in CKD, SSNS or Crohn’s disease.

Muscle Torque Relative to Muscle Area

The multivariate regression models for muscle torque relative to muscle CSA are shown in 

Table 3 according to disease group and adjusted for age, age2, sex, race, and tibia length. 

These models explained 86–88% of the variability in muscle torque. In CKD, muscle torque 

relative to muscle CSA trended towards being progressively lower with more severe CKD as 

compared with controls, as is seen in Figure 1 (14.3% lower in CKD 2–3 vs. 22.9% lower in 

CKD 4–5D). Among SSNS participants, there was no difference compared with controls. 

Analyses were repeated limited to the 33 SSNS participants treated with prednisone therapy 

at the time of the study visit; the results were unchanged. There was no significant 

difference in muscle torque relative to muscle CSA in Crohn’s participants with mild disease 

activity (PCDAI ≤ 30) compared with controls, but muscle torque was 7.6% lower (p = 

0.05) in the participants with moderate-to-severe disease activity (PCDAI > 30) compared 

with controls.

The Muscle-Bone Unit in Pediatric Chronic Disease

Table 4 summarizes differences in Zp between each disease group and the reference 

participants in a series of sequential models. For each disease, four models are presented. 

The first column in Table 4 shows the results of the multivariate regression for the base Zp 

model adjusted for age, age2, tibia length, sex, Tanner stage by sex interaction, race, and 

Tanner stage by race interaction. The second column illustrates that muscle CSA was 

significantly and positively associated with Zp in each disease group. The third column 

indicates that muscle torque was significantly and positively associated with Zp in each 

disease group, independent of muscle CSA. The fourth column demonstrates that body 

weight was also significantly and positively associated with Zp in each disease group, 

independent of muscle CSA and torque. Adjusting the models for BMI in place of weight 

did not impact associations between disease and control participants.
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Comparison of the percent differences in Zp across the four models within each disease 

group compared with controls illustrates the effects of the progressive adjustments for 

muscle CSA, muscle torque, and weight on the disease group effects. In the base model, Zp 

was significantly lower for both CKD 2–3 (7.0%) and CKD 4–5D (11.5%), compared to 

controls. Adjustment for the lower muscle CSA in CKD attenuated the deficits in Zp (CKD 

2–3 5.2%, p = 0.08; CKD 4–5D 6.7%, p = 0.05) and improved the fit of the model with an 

increase in the R2 from 0.88 to 0.92. Subsequent adjustment for the muscle torque and body 

weight further attenuated the differences in Zp between CKD and controls, and the 

differences were no longer significant. With the addition of muscle torque and body weight, 

the model R2 was unchanged at 0.92. Last, when the base model was adjusted for muscle 

torque without adjustment for muscle CSA, the β-coefficient for CKD 4–5D was −5.8 (95% 

CI −13.3, 2.3) demonstrating that adjustment for either muscle CSA alone or muscle torque 

alone resulted in similar attenuation of the CKD 4–5D effect.

Among the SSNS participants, Zp was not different from controls, unadjusted or adjusted 

for muscle CSA and muscle torque. Model fit improved with the addition of muscle CSA, 

with the R2 increasing from 0.89 to 0.93, but did not further improve by adding muscle 

torque and body weight into the model.

In the base model for Crohn’s disease, Zp was not significantly lower in either disease 

category compared with controls. However, adjusting for the lower muscle CSA in Crohn’s 

disease resulted in a 6.3% greater Zp (p = 0.03) in the PCDAI > 30 group compared to 

controls with R2 increasing from 0.87 to 0.92. The magnitude of the greater Zp in this group 

was comparable with additional adjustment for muscle torque and body weight, while the R2 

remained 0.92.

DISCUSSION

This study is the first to examine the relations among muscle torque, muscle CSA, body 

weight and cortical bone structure in children and adolescents with CKD, SSNS or Crohn’s 

disease. Given the disease-specific risk factors for impaired muscle function and the interest 

in the muscle-bone unit in these diseases, it is important to characterize deficits in muscle 

strength relative to muscle CSA, and to address the independent contributions of muscle 

CSA, muscle torque, and body weight to bone deficits. This study is the first to demonstrate 

that advanced CKD and Crohn’s disease were associated with significant deficits in muscle 

torque relative to muscle area. The final models demonstrated that three distinct components 

of biomechanical loading - muscle CSA, muscle torque, and body weight, were consistently 

and independently associated with Zp. These findings, combined with the fact that advanced 

CKD was associated with a 22.9% lower muscle torque relative to muscle area than 

controls, suggest that muscle CSA may be an incomplete surrogate for mechanical loading 

in CKD. This is consistent with our recent report that the normal positive association 

between changes in muscle CSA and cortical dimensions in healthy controls was absent in 

CKD.(12) Future longitudinal studies are needed to determine if abnormal muscle function 

contributes to skeletal deficits in CKD, independent of muscle area or mass.
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The sample of CKD participants in this analysis was limited to those with congenital 

anomalies of the kidney and urinary tract in order to avoid the effects of inflammation and 

glucocorticoid therapy seen in other forms of CKD (e.g. glomerulonephritis). We observed 

8.7% lower muscle CSA in CKD 4–5D, compared to controls. This may be due to the 

impaired protein synthesis and/or accelerated protein degradation. Identified mediators of 

muscle protein breakdown include metabolic acidosis, angiotensin II, and neural and 

hormonal factors that cause defects in insulin/insulin-like growth factor I intracellular 

signaling.(18) In addition to the deficits in muscle CSA observed here, muscle torque relative 

to CSA was significantly lower in CKD, compared to controls and the 22.9% reductions 

were striking in advanced CKD. There are multiple possible explanations for impaired 

muscle function. First, the reduced muscle torque relative to CSA may have been due to 

systemic volume overload(17) and/or edema of individual muscle fibers(19) resulting in an 

overestimation of muscle CSA. Second, muscle fibers exhibit abnormal biochemical 

properties in CKD: a recent muscle biopsy study in adult dialysis patients demonstrated a 29 

to 47% reduction in oxidative capacity as measured by succinate dehydrogenase activity, 

compared with controls.(19)

The present analysis did not show any difference in muscle torque relative to muscle CSA 

between the participants with SSNS and controls. The results were unchanged when limited 

to the participants treated with glucocorticoids at the time of the study visit. Zp was not 

different from controls, adjusted or not adjusted for muscle CSA or muscle torque. Given 

that children and adolescents with SSNS have minimal systemic inflammation, they serve as 

a model of the independent effect of glucocorticoids on muscle CSA and muscle torque 

relative to CSA. Therefore, our findings suggest that glucocorticoids do not have long-

lasting effects on muscle CSA or muscle function in children and adolescents with SSNS, 

even though prior studies suggest a negative role of glucocorticoids in skeletal muscle 

physiology.(14,16,38)

Glucocorticoids, inflammatory cytokines, and malnutrition may affect skeletal muscle CSA 

and function in Crohn’s disease. This study was limited to newly-diagnosed patients prior to 

treatment with glucocorticoids; therefore our findings highlight the effects of inflammation 

and malnutrition on the bone-muscle unit. Inflammatory cytokines (i.e. tumor necrosis 

factor-alpha, IL-1, and IL-6) cause protein degradation, myoblast apoptosis, and inhibition 

of myogenic differentiation.(15) We observed lower muscle CSA in Crohn’s disease, with a 

trend for greater deficits in participants with more advanced disease. While muscle torque 

relative to CSA was not significantly lower in participants with mild Crohn’s disease 

activity (PCDAI ≤ 30), it was significantly lower in those with moderate-to-severe disease 

activity (PCDAI > 30). These data suggest that inflammation and malnutrition negatively 

affect muscle CSA and muscle torque relative to CSA. Interestingly, Zp was lower in 

Crohn’s disease, compared with controls in models unadjusted for muscle CSA, muscle 

torque, and body weight, but was significantly greater than controls in moderate-to-severe 

Crohn’s disease when adjusted for these three covariates. It is possible that bone loss from 

decreased mechanical loading lags behind an acute loss of muscle mass and function over 

the interval immediately preceding diagnosis.

Lee et al. Page 9

J Bone Miner Res. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As detailed in the Introduction, investigators have advocated a two-staged algorithm to 

assess the functional muscle-bone unit in chronic disease, and to identify primary and 

secondary bone disorders.(2) In the CKD group, muscle CSA was lower in CKD 4–5D 

compared with controls, but Zp was not significantly lower compared with controls when 

adjusted for the low muscle CSA, muscle torque, and weight – suggesting a bone disorder 

potentially secondary to muscle deficits. However, the associations among lower Zp, muscle 

CSA and muscle torque do not prove a causal relation between muscle and bone deficits. 

The metabolic derangements in CKD may be an adjunctive or independent primary factor 

affecting bone and/or muscle directly. In the Crohn’s disease group, muscle CSA was low, 

but Zp was greater than expected relative to the muscle CSA, suggesting a temporal 

disconnect between the muscle-bone unit in newly diagnosed Crohn’s disease.

The cross-sectional design of this study is a limitation. Longitudinal data would provide 

greater insight into the effects of acute vs. chronic changes in muscle CSA and muscle 

torque on bone. Second, the study may be limited by the imprecise measures of disease 

activity in Crohn’s disease, the variable glucocorticoid exposure in SSNS, and the 

heterogeneity in CKD duration. Third, total physical activity was associated with Zp in our 

prior study of healthy children and young adults; unfortunately, physical activity was not 

assessed in these three disease groups.(26) Fourth, the measures of muscle torque were 

assessed relative to total calf muscle CSA, rather than the specific muscles involved in 

dorsiflexion (tibialis anterior, peroneus tertius, extensor digitorum longus, and extensor 

hallucis proprius). We were also unable to assess muscle fiber type, pennation angle, or 

oxidative capacity in this non-invasive study. However, the fact that our models explained 

greater than 85% of the variability in muscle torque (an effort-dependent outcome) suggests 

that we captured important determinants. We assessed tibial loading with dorsiflexion of the 

ankle despite the fact that additional tibial loading modalities include plantar flexion of the 

ankle and flexion/extension of the knee. In our sensitivity analyses, the plantar flexion 

covariate was not significantly associated with Zp for any of the three diseases, suggesting it 

does not capture biomechanical loading (data not shown). An additional limitation is the 

lack of measures of muscle density as an index of intramuscular adipose tissue. A recent 

study in older dialysis patients demonstrated that greater intramuscular adipose tissue was 

associated with high levels of inflammatory cytokines and reduced muscle strength.(39) 

Therefore, alterations in intramuscular adipose tissue may contribute to the strength deficits 

observed in our CKD and Crohn’s disease participants. Future studies employing measures 

of intra- and extra-myocellular lipids are necessary to examine associations with CKD and 

other diseases associated with potential risk factors for impaired muscle quality.

Other investigators have proposed that measurements of ground reaction forces, such as 

mechanography, better capture biomechanical loading of bone.(31,40) Anliker, et al. reported 

that pQCT measures of bone mineral content at the 14% site were better correlated with 

ground reaction forces than with calf muscle CSA (R2 = 0.84 vs. 0.72 in males, and 0.77 vs. 

0.60 in females). A recent study in children and adults with X-linked hypophosphatemic 

rickets (XLH) included functional measures of vertical ground reaction forces and pQCT 

measures of muscle CSA and cortical bone total CSA.(41) Assessment of the muscle-bone 

unit revealed that the model incorporating ground reaction force explained 58% of the 
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variability in bone CSA, while the model incorporating muscle CSA explained 69% of the 

variability in bone CSA. The authors concluded that the muscle-bone interaction can be 

assessed using pQCT muscle CSA. They did not evaluate the combination of muscle CSA 

and force in a single model; therefore we do not know if the combination of anatomic and 

functional measures would improve the prediction of cortical dimensions in XLH.

In summary, this is the first study to examine muscle strength, muscle size, and cortical bone 

structure in children and adolescents at risk for reduced muscle function due to 

glucocorticoid therapy, inflammation, malnutrition and CKD. This study is further 

strengthened by the inclusion of a robust reference group that facilitated the adjustment of 

the models for group differences in body size and maturation. Muscle torque relative to 

muscle CSA was significantly lower in CKD and moderate-to-severe CD, and muscle torque 

was associated with Zp, independent of muscle CSA in all three disorders. Future studies are 

needed to assess additional measures of biomechanical loading, such as ground reaction 

forces, and non-invasive measures of muscle metabolic function, such as 31P-magnetic 

resonance spectroscopy,(42) in chronic diseases. Longitudinal intervention studies are needed 

to determine if strategies to improve muscle mass and quality result in improved bone 

outcomes.
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Figure 1. 
CKD participants (all stages combined) demonstrated significantly lower predicted muscle 

torque relative to muscle cross-sectional area, combined with healthy controls.
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Table 1

Participant Characteristics

Variable Chronic Kidney Disease Nephrotic Syndrome Crohn’s Disease Controls

N 54 51 64 264

Age (years) 12.7 ± 4.0 10.4 ± 4.1 12.8 ± 2.7 13.0 ± 4.4

Sex, n (%) male 36 (67) 30 (59) 38 (59) 121 (46)

Race, n (%) Black 14 (26) 12 (24) 4 (6) 83 (31)

Tanner Stage, n (%)

 Stage 1 16 (31) 26 (51) 17 (26) 70 (27)

 Stage 2 6 (12) 7 (14) 16 (25) 28 (11)

 Stage 3 11 (21) 10 (19) 12 (19) 34 (13)

 Stage 4 10 (19) 4 (8) 16 (25) 59 (22)

 Stage 5 9 (17) 4 (8) 3 (5) 70 (27)

Height 146.2 ± 20.7 138.2 ± 22.0 151.5 ± 15.6 153.2 ± 18.9

Height Z-score −0.70 ± 1.31* −0.19 ± 0.86* −0.28 ± 1.10* 0.37 ± 0.91

Weight 45.2 ± 20.9 41.1 ± 21.2 42.0 ± 13.6 50.3 ± 19.6

Weight Z-score −0.25 ± 1.40 0.55 ± 0.99 −0.55 ± 1.15 0.49 ± 1.02

BMI 20.0 ± 5.0 20.2 ± 4.9 17.8 ± 2.8 20.6 ± 4.7

BMI Z-score 0.20 ± 1.12 0.81 ± 0.96* −0.51 ± 1.04* 0.37 ± 1.01

Muscle CSA (mm2) 4551 3876 4202 5312

 IQR (3456, 5894) (3258, 5598) (3589, 5367) (3999, 6609)

Muscle Torque (ft-lbs) 13.5 9.5 14.7 17.9

 IQR (7.0, 19.3) (6.3, 21.9) (10.1, 18.8) (11.2, 24.8)

Section Modulus (mm3) 1060 800 1189 1311

 IQR (733, 1399) (569, 1389) (818, 1552) (923, 1700)

Serum Albumin (g/dl) 4.1 3.8 3.5

 IQR (3.9 to 4.2) (3.2 to 4.1) (3.1 to 3.9) -----

 Range (3.0 to 4.7) (1.9 to 4.7) (1.8 to 4.7)

Values are means ± SD or median [interquartile range (IQR) and/or range].

*
Anthropometric Z-scores were significantly different from control group (p < 0.05).
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