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ABSTRACT

ARTICLE HISTORY

Spinal cord injury (SCI) derives in loss of bone mineral content (BMC) and bone mineral density (BMD).
However, physical activity is an important determinant in bone mass acquisition, which is partially
mediated through the lean mass (LM). The aim was to examine the effect of cardiorespiratory fitness
(CRF) on BMD and BMC arms of adult males with SCI and able-bodied controls using the arm LM as a
mediator variable. Thirty able-bodied men and thirty men with SCI participated. BMC and BMD were
analysed by DXA, and indirect calorimetry was used to calculate VO2peak during a progressive armcranking test. When groups were divided by the amount of LM, the subgroup with highest LM had
significantly higher arm BMC compared to the lowest LM subgroup (p ≤ 0.05) in both SCI and ablebodied groups. Moreover, same differences were found when confidence intervals were analysed. Only
in the SCI group, arm LM mediated the relationship between bone mass and CRF at 30.9%, as indicated
by the Sobel test (z = 2.17 and z = 2.04 for BMC and BMD, respectively). In conclusion, LM mediates the
indirect association between CRF and bone health, specifically in the arms. This finding highlights the
importance of having an adequate CRF for the maintenance of good bone health in SCI men.

Accepted 6 September 2018

Introduction
Spinal cord injury (SCI) includes those disorders that produce a
disconnection in the central nervous system and cause different consequences depending on the involvement and level of
injury (Qin, Bauman, & Cardozo, 2010). Approximately 56% of
the cases have tetraplegia and a complete loss of motor and
sensory function from injury to the cervical cord with the
remainder having paraplegia from injury to lower levels of
the spinal cord sites (Guertin, 2008; Weiping, Bauman, &
Cardozo, 2010). One of the main problems deriving from SCI
is related to the loss of bone mass, as bone mineral density
(BMD) in the paralysed areas declines precipitously in the first
2 years after SCI, eventually reaching a level below fracture
threshold (Eser, Frotzler, Zehnder, & Denoth, 2005; Eser et al.,
2004; Shields, 2002; Troy & Morse, 2015), with about a 30%
loss of bone mass (Giangregorio, Craven, & Webber, 2005;
Jiang, Dai, & Jiang, 2006). These changes have not been
observed in the lumbar spine, femoral neck or radius in the
first 3–6 months post-SCI compared to normal values
(Maimoun et al., 2005). Several studies (Chantraine, Nusgens,
& Lapiere, 1986; Pietschmann et al., 1992; Roberts et al., 1998)
have demonstrated that the bone loss results from a high rate
of turnover characterised by bone formation–resorption
uncoupling. In this way, the appearance of osteoporosis will
increase, causing a microarchitectural deterioration in bone
robustness and a higher risk of fractures (Garland, Adkins,
Kushwaha, & Stewart, 2004; Klibanski et al., 2001), which has
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been reported to be from 1 to 20% (Bárbara-Bataller, MéndezSuárez, Alemán-Sánchez, Sánchez-Enríquez, & Sosa-Henríquez,
2018; Zleik et al., 2018).
Cardiorespiratory fitness (CRF) has been related with bone
mass variables, such as bone mineral content (BMC) and BMD
(Vicente-Rodriguez et al., 2003). This could be explained
because physical activity and muscular development are
major determinants of bone mass acquisition (VicenteRodriguez, Ara, Pérez-Gómez, Dorado, & Calbet, 2005) and
this important osteogenic effect is partially mediated through
the lean mass (LM). Furthermore, higher LM could generate
higher bone tensions (Heinonen, Sievänen, Kannus, Oja, &
Vuori, 2002). For these reasons, LM is an excellent indicator
of bone mechanical stimulation and its changes are highly
correlated with bone health (Vicente-Rodriguez et al., 2005;
Wetzsteon et al., 2011). This could be partly explained by the
mechanostat theory, which states that bone strength is regulated by modelling and remodelling processes depending on
the forces acting on the bones (Schoenau & Frost, 2002).
Although LM is considered the best predictor of BMC (El
Hage, Courteix, Benhamou, Jacob, & Jaffré, 2009; Zhu et al.,
2014), its relationship with bone health is complex due to the
multiple associations in which this body composition component is involved. Moreover, no studies have jointly examined
the association of these predictors with bone outcomes in SCI
patients and specifically through mediation analysis. This analysis is a statistical procedure that can be used to clarify the

GENUD Toledo Research Group, Universidad de Castilla-La Mancha, Avda Carlos III s/n, 45071 Toledo, Spain

© 2018 Informa UK Limited, trading as Taylor & Francis Group

2

I. RODRÍGUEZ-GÓMEZ ET AL.

process underlying the relationship between two variables
and the extent to which this relationship can be modified,
mediated or confounded by a third variable (Baron & Kenny,
1986). Therefore, it would be of interest to assess whether an
optimal CRF could influence bone health through the presence of greater LM in these specific patients and above all,
whether a specific adaptation in the arms is present in this
population given that their upper extremities are essential for
them to carry out activities of daily living.
Thus, the primary aim of this study was to determine
whether LM mediates the relationship between CRF (through
peak maximal oxygen uptake (VO2 peak)) and different bone
mass variables in young males with chronic SCI and ablebodied controls. An additional objective was to provide
more information about the influence of fitness levels on the
evolution of bone mass after SCI.

Methods
Subjects and procedure
Sixty participants took part in this study. A sample composed
of 30 male patients with SCI (20 to 52 years old) was recruited
from the National Hospital for Paraplegics in Toledo, Spain.
The range of time since the injury occurred was from 2 to
15 years, and the patients presented levels of injury involving
vertebrae between Th1 and L1. Therefore, the SCI group
included people with motor SCI below the cervical vertebrae
to ensure that there was no tetraplegia and with at least
2 years of evolution, so that it could be considered chronic.
Moreover, people with prosthesis or another medical devices
and acute injuries were ruled out because they were still in a
period of sharp decrease in BMD and BMC due to the complete and sudden immobilisation of a specific region. In this
regard, female participants were also excluded because hormones especially in menopausal status, can affect demineralisation (Bauman, Kirshblum, Cirnigliaro, Forrest, & Spungen,
2010). According to the norms of the International Standards
for Neurological Classification of Spinal Cord Injury (Kirshblum
et al., 2011), twenty-three of the participants were classified
according to American Spinal Injury Association (ASIA)
Impairment Scale (AIS) as grade A (no sensory or motor preservation below the injury level), and seven as grade B (no
motor preservation below the level of the lesion).
Anthropometrics, body composition, CRF, physical activity
level (questionnaire concerning physical activity habits) and the
spasticity level were assessed using the Modified Ashworth scale
by an experienced physiotherapist under medical supervision.
Thirty males without pathology matched by age, body
mass and height with the SCI group served as the control
group (CG) (See Table 1). Participants were informed about
the aims and procedures of the study, as well as the possible
risks and benefits. Written informed consent was obtained
from all of them. The study protocol was approved by the
Ethical Committee of Clinical Research (CEIC 13/10) and
according to the Declaration of Helsinki. We certify that all
applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed
during the course of this research.

Table 1. Anthropometric and descriptive data.
Variables
Age (years)
Body mass (kg)
Height (cm)
BMI (kg · m−2)
%Body fat
PA (hours/week)
Arm BMD (g · cm−2)
Arm BMC (g)
Arm LM (kg)
VO2 peak
(ml · kg−1 · min−1)
GE (%)
NE (%)

Spinal Cord Injury
(n = 30)
32
71.4
175
23.2
28.3
4.6
0.87
419.9
7.1
28.3

±
±
±
±
±
±
±
±
±
±

6
13.1
6
3.9
7.3
6.7
0.07
61.2
0.9
8.3

15.4 ± 2.3
17.5 ± 2.7

Control
(n = 30)
30
76.4
178
24.2
21.3
4.4
0.82
381.6
6.6
37.0

±
±
±
±
±
±
±
±
±
±

Effect sizes

8
10.4
6
3.1
6.8**
5.0
0.04*
50.9*
0.9*
7.1**

0.28
0.42
0.50
0.28
0.99
0.03
0.88
0.68
0.56
1.13

Small
Small
Medium
Small
Large
Trivial
Large
Medium
Medium
Large

12.4 ± 1.3**
13.6 ± 1.6**

1.61
1.76

Large
Large

Data are mean ± SD. BMI, body mass index; PA, physical activity; BMD, bone
mineral density; BMC, bone mineral content; LM, lean mass; VO2 peak, maximal oxygen uptake normalized for arm LM; GE, gross efficiency; NE, net
efficiency; * p < 0.05, ** p < 0.01 for spinal cord injury vs. control group.

Anthropometry
For the height measurements, patients with SCI were laid down
supine on a stretcher, ensuring maximum length of all members
and placing the ankle in 90° of flexion. The measurement was
made from the most distal point of the head to the calcaneus of
the extended leg with a measuring tape (W606PM Lufkin Executive
Diameter Pocket Tape, Apex Tool Group, Apex, NC, USA). For body
mass, individuals were weighed with their wheelchair on a
0.8 × 0.8 m force platform (Athletjump, Instituto de Biomecánica
de Valencia, Valencia, Spain); then, the wheelchair was weighed to
obtain the individual’s actual body mass. Control participants’
heights were measured in the upright position, in underwear
and barefoot with a stadiometer (Seca 711, Hamburg, Germany).
Body mass was determined with the same requirements using a
scale (Seca 711, Hamburg, Germany). Body mass index (BMI) was
calculated as body mass (kg) divided by height (m) squared
(kg/m2).

Bone mass
Total and regional bone mass were assessed using a dual energy
X-ray absorptiometry (DXA) scanner (Hologic QDR Discovery,
Bedford, USA). The DXA equipment was calibrated using a lumbar spine phantom and following the Hologic guidelines. All the
DXA scans were analysed using Physician’s Viewer, APEX System
Software Version 3.1.2. (Bedford, USA). Bone mineral content (g)
and BMD (g · cm–2) were calculated from total and regional
analysis of the whole body. Particularly, whole-body scans were
submitted to a regional analysis to determine the composition of
the arm regions. The arm region included the hand, forearm and
arm, and was separated from the trunk by an inclined line
crossing the scapulohumeral joint, such that the humeral head
was located within the arm region. All scans were made in the
supine position, with light clothing and no metal, shoes or
jewellery. This method has been being validated for this specific
population (McPherson et al., 2014).

Cardiorespiratory fitness
Peak maximum oxygen uptake and respiratory exchange ratio
(RER) were determined in all participants with indirect
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calorimetry using an incremental arm-cranking test to volitional exhaustion on an arm ergometer (V2, LODE,
Groningen, Germany). Before the graded test, participants
received instructions about the exercise protocol and the use
of the Borg 6–20 rating of perceived exertion scale.
Participants were instructed to maintain a cadence between
60 and 70 revolutions per minute. In addition, they were able
to practice breathing into the mask and the movement at a
low wattage to familiarise themselves with the ergometer
before the test started. The initial test workload was 20W for
2 min, followed by 15W gradual increases every 3 min until
respiratory exchange ratio was ≥ 1.0. Participants rested for 5
additional min. After that point, the workload was increased
by 15W every minute until volitional fatigue. Patients were
encouraged by researchers throughout the test to perform a
maximal effort. Peak effort was defined as the achievement of
at least two of the following criteria at the end of the test: 1)
peak heart rate was > 95% of age-predicted maximum (220age); 2) RER ≥ 1; 3) a perception of effort ≥ 17 (Borg’s scale).
During the experiment, gas exchange and heart rate were
measured continuously with an O2 and CO2 analyser (Oxycon
Pro, Jaeger, Hoechberg, Germany) and a heart rate monitor
(Polar FT7, Polar, Kempele, Finland), respectively. VO2 peak
was the highest 10-s value achieved during the test. The
protocol and criteria were comparable with the ones used in
a previous study with the same population (Astorino & Thum,
2018), using increments of 15W/min in our test against 13 W/
min used by Astorino and Thum (2018).
In order to match the activity level of both groups, a
questionnaire regarding physical activity habits was administered just to determine which type of activity was practiced,
the level of performance and the training frequency (number
of hours per week). The kind of sports practised by the participants were: basketball, handbike, triathlon, tennis and swimming in the SCI group and swimming, running, football, bike,
paddle-tennis and strength-training in the CG group. In particular, 13 and 7 participants did not practice any sport, 7 and 6
played at a competitive level and 10 and 17 played at a
recreational way, in the SCI and CG respectively.

Measurements and calculations
Energy expenditure (EE), RER and VO2 peak measurements
were quantified during maximal and rested tests, using indirect calorimetry with an O2 and CO2 analyser (Oxycon Pro,
Jaeger, Hoechberg, Germany). Participants rested in a supine
position and gas exchange measurements were recorded continuously for 20 min. The EE was obtained from VO2 and
converted to equivalent J · min−1 using the associated measurements of RER and the standard conversion values.
Depending on the base-line subtracted from the EE, different
mechanical efficiency indices were calculated (Gaesser &
Brooks, 1975; Whipp & Wasserman, 1969). Calculation of
gross efficiency (GE) and net efficiency (NE) were made for
both groups. The equations used for calculating each of the
efficiency indices are presented below: GE = W/E × 100;
NE = W/(E−ER)× 100; where W is the external work accomplished (J · min−1), E is the total energy expended (J · min−1),
and ER is the energy expended at rest.
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Statistical analysis
The statistical analysis was performed using SPSS version 24.0
(IBM Corporation, SPSS, Inc., Chicago, USA). Both statistical
(Kolmogorov-Smirnov test) and graphical methods (normal probability plots) resulted in a normal distribution of the variables.
The characteristics of the study groups (mean, standard deviation
and statistical size with Cohen’s d test (Cohen, 1992)) were
determined through basic descriptive tests. For all analyses,
VO2 was normalised for arm LM and both groups (SCI and CG)
were subdivided into three groups depending of the VO2 peak
and arm LM mean as follows: low (1st quartile), medium (2nd and
3rd quartiles) and high (4th quartile).
Partial correlation coefficients were estimated to examine
the relationships among bone variables (BMC and BMD), CRF
and arm LM, correcting for age and BMI. The differences in
bone mass (BMD and BMC) between CRF and LM groups were
determined using different models of covariance analyses
(ANCOVA). In Model 1, age and BMI were used as covariates,
and categories of CRF and arm LM were used as fixed factors. In
Model 2, age, BMI, and arm LM or CRF were used as covariates,
depending on the fixed factor. Pairwise post-hoc hypotheses
were tested using the Bonferroni correction for multiple comparisons. Confidence interval of the differences were also
reported for these analyses (Cumming & Finch, 2001).
Mediation analysis was conducted to examine whether the
association between bone mass and CRF variables was mediated
by the arm LM variable using the PROCESS macro for SPSS (IBM
Corporation, SPSS, Chicago, IL, USA). The goal of this model was
to investigate the total (c) and direct effects (a, b, c’), reflected by
the unstandardised regression coefficient and significance
between the independent and dependent variables in each
model. The model also investigated the indirect effect (IE)
obtained from the product of coefficients (a Å ~ b), which
indicates the change in the bone mass variables for changes in
CRF that is mediated by the proposed mediator. This macro used
bootstrapping methods recommended by Preacher and Hayes
(Preacher & Hayes, 2008) for testing mediation hypotheses, using
a resampling procedure of 10 000 bootstrap samples. The Sobel
test was used to test the statistical significance of the mediation
effect in the parametric approach (Sobel, 1982). All analyses were
performed on the SCI and CG and a significance level of p ≤ 0.05
was used in all cases.
Sample size was calculated using the variable of interest
with more variability, BMD, to get a power of 99% to detect
differences in the contrast of the null hypothesis H0:μ1 = μ2
with a bilateral Student t-test for two independent samples,
taking into account that significance level was 1%, and assuming that the mean of the reference group was 1.20 units, the
mean of the SCI group was 1.25 units and the standard
deviation of both groups was 0.02 units, it was necessary to
include 10 experimental units in the reference group. In accordance with these calculations, each group in the study had at
least 10 participants.

Results
Table 1 summarises anthropometric and descriptive data for
the SCI and CG. Both showed similar age, body mass, height,
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Table 2. Partial correlation coefficients between physical condition, arm lean
mass, bone mineral density and bone mineral content, corrected for age and
body mass index for the spinal cord injury group (a) and control group (b).
VO2 peak

Arm LM

Arm BMD

Arm BMC

-

0.463*
-

−0.031
0.502*
-

0.250
0.672**
0.877**

-

−0.323
-

0.026
0.357
-

−0.202
0.646**
0.735**

a.
VO2 peak
Arm LM
Arm BMD
b.
VO2 peak
Arm LM
Arm BMD

VO2 peak, maximal oxygen uptake; LM, lean mass; BMD, bone mineral density;
BMC, bone mineral content; * p < 0.05, ** p < 0.01 for spinal cord injury vs.
control group.

BMI and physical activity. The percentage of body fat, arm
BMC, arm BMD, arm LM, GE and NE were significantly higher in
the SCI group than in the CG except for CRF (p < 0.05 and
effect sizes mediums and larges).
The partial correlation coefficients between bone mass
variables, arm LM and CRF, after correcting for age and BMI,
are shown in Table 2(a and b). Bone mass and CRF were
positively associated with arm LM (p < 0.05), but we did not
observe any significant association between CRF and bone
mass variables in the SCI group. In CG, the association
between BMC and arm LM and BMD were the only significant
correlations (p < 0.05).
Tables 3 and 4 shows group differences in bone variables,
arm LM and VO2peak, according to the CRF and arm LM levels.
In relation to bone mass, both models showed no significant
differences when the groups were divided by CRF.
Nevertheless, when the SCI group was divided by arm LM,

there were significant differences between the group with the
highest arm LM and the group with the lowest arm LM in arm
BMC (p ≤ 0.05), but not with the medium LM group (Model 1
and Model 2). The same differences were found in the CG,
along with the differences between the medium and higher
LM groups for both models (p < 0.05). Confidence intervals
also verified these differences between the subgroups.
Mediation analysis diagrams are depicted in Figure 1.
Overall, arm LM mediated the indirect relationship between
bone mass variables (BMD and BMC) and CRF, after correcting
for age and BMI. For the SCI group, the relationship between
CRF and arm LM was positive (p < 0.05) in the first regression
equation. In the second equation, the regression coefficient of
CRF on the dependent variables (arms BMC and BMD) was not
significant (p > 0.05). In the third regression equation, the
relationship between arm LM and arm BMC and BMD was
positive (p < 0.001), though between CRF and arm BMC and
BMD it was more attenuated when the mediator was included
in the regression model (p > 0.05). Finally, both the IE and the
Sobel test were significant, confirming the mediation role of
arm LM in these models (z = 2.17; p < 0.05 for BMC and
z = 2.04; p < 0.05 for BMD). The percentage of total effect
mediated by arm LM was 30.9%. The mediation role was not
significant for the CG (z = −1.53; p > 0.05 for BMC and
z = −1.23; p > 0.05 for BMD).

Discussion
To the best of our knowledge, this investigation is the first to
analyse the role of arm LM in the relationship between CRF
and arm bone mass in people with SCI, in comparison to a CG

Table 3. Bone mineral content and density in the arms by cardiorespiratory fitness and arm lean mass categories, corrected for age and body mass index (BMI).
SCI Group
Cardiorespiratory Fitness levels

Arm BMD (g · cm−2)
Arm BMC (g)
Arm LM (kg)

Low
(n = 7)
0.9 ± 0.0
396.1 ± 19.9
6.6 ± 0.4

Model 1
Medium
(n = 16)
0.9 ± 0.0
427.0 ± 13.9
7.2 ± 0.3

Arm BMD (g · cm−2)
Arm BMC (g)
VO2 peak (ml · kg−1 · min−1)

0.8 ± 0.0
376.6 ± 17.7
35.6 ± 4.1

0.9 ± 0.0
417.3 ± 12.0
42.4 ± 2.8

Arm BMD (g/cm−2)
Arm BMC (g)
Arm LM (kg)

Low
(n = 7)
0.8 ± 0.0
392.0 ± 19.6
67.2 ± 3.9

Model 1
Medium
(n = 16)
0.8 ± 0.0
373.2 ± 13.2
66.0 ± 2.6

Arm BMD (g/cm−2)
Arm BMC (g)
VO2 peak (ml · kg−1 · min−1)

0.8 ± 0.0
337.9 ± 15.4
46.1 ± 2.7

0.8 ± 0.0
375.6 ± 10.0
42.0 ± 1.8

High
Low
(n = 7)
(n = 7)
0.9 ± 0.0
0.9 ± 0.0
412.8 ± 19.4
415.8 ± 15.8
7.4 ± 0.3
Arm Lean Mass
0.9 ± 0.0
0.8 ± 0.0
451.7 ± 17.6*
378.0 ± 19.0
48.2 ± 4.0
Control Group
Cardiorespiratory fitness levels
High
Low
(n = 7)
(n = 7)
0.8 ± 0.0
0.8 ± 0.0
375.9 ± 18.6
387.3 ± 15.3
63.9 ± 3.7
Arm Lean Mass
0.8 ± 0.0
0.8 ± 0.0
425.0 ± 15.0*†
338.0 ± 16.3
40.0 ± 2.6
-

Model 2
Medium
(n = 16)
0.9 ± 0.0
422.4 ± 10.6
-

High
(n = 7)
0.8 ± 0.0
402.3 ± 14.9
-

0.9 ± 0.0
417.3 ± 12.3
-

0.9 ± 0.0
450.4 ± 18.8*
-

Model 2
Medium
(n = 16)
0.8 ± 0.0
372.5 ± 10.3
-

High
(n = 7)
0.8 ± 0.0
382.0 ± 14.6
-

0.8 ± 0.0
375.5 ± 10.2
-

0.9 ± 0.0
424.9 ± 15.7*†
-

Data are ± SEM. SCI, spinal cord injury; VO2 peak, maximal oxygen uptake; LM, lean mass; BMD, bone mineral density; BMC, bone mineral content.
Covariates for cardiorespiratory fitness levels: Model 1 (age and BMI); Model 2 (Model 1+ arm lean mass).
Covariates for arm lean mass levels: Model 1 (age and BMI); Model 2 (Model 1+ cardiorespiratory fitness).
* p < 0.05 for High group vs. Low group. † p < 0.05 for High group vs. Medium group.
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Table 4. Confidence interval of the differences in bone mineral content and density in the arms by cardiorespiratory fitness and arm lean mass categories, corrected
for age and body mass index (BMI)..
SCI Group
Cardiorespiratory fitness levels
Arms BMD (g/cm2)
Arms BMC (g)
Arms LM (kg)

Arms BMD (g/cm2)
Arms BMC (g)
VO2 max (ml/kg/min)

Arms BMD (g/cm2)
Arms BMC (g)
Arms LM (kg)

Arms BMD (g/cm2)
Arms BMC (g)
VO2 max (ml/kg/min)

Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High

Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High
Low – Medium
Low – High
Medium – High

Model 1
−0.08 to 0.06
−0.07 to 0.09
−0.04 to 0.09
−94.96 to 33.32
−88.48 to 55.24
−47.95 to 76.36
−1766.56 to 494.36
−2055.72 to 477.35
−1248.52 to 942.34
Arms Lean Mass levels
−0.09 to 0.04
−0.13 to 0.03
−0.09 to 0.04
−95.97 to 14.55
−141.58 to −8.67*
−89.24 to 20.40
−19.47 to 5.92
−27.80 to 2.74
−18.35 to 6.84
Control Group
Cardiorespiratory fitness levels
Model 1
−0.04 to 0.07
−0.07 to 0.05
−0.08 to 0.02
−44.35 to 82.01
−52.48 to 84.63
−62.23 to 56.72
−1126.16 to 1371.81
−1027.42 to 1683.06
−970.71 to 1380.71
Arms Lean Mass levels
−0.08
−0.10
−0.06
−87.67
−145.80
−93.90
−42.51
−34.82
−56.73

to
to
to
to
to
to
to
to
to

0.02
0.01
0.03
5.69
−32.58*
−2.50
125.42
166.29
105.30

Model 2
−0.06 to 0.07
−0.04 to 0.11
−0.03 to 0.09
−57.52 to 44.36
−44.15 to 71.07
−27.34 to 67.42
−0.10
−0.15
−0.10
−98.15
−146.85
−91.02

to
to
to
to
to
to
-

0.04
0.02
0.04
19.70
−2.07*
24.69

Model 2
−0.03 to 0.07
−0.07 to 0.04
−0.08 to 0.02
−36.62 to 64.24
−48.65 to 59.34
−56.13 to 37.20
−0.08
−0.11
−0.07
−88.05
−148.81
−97.10

to
to
to
to
to
to
-

0.02
0.01
0.03
12.93
−25.03*
−1.62

SCI, spinal cord injury; VO2 peak, maximal oxygen uptake; LM, lean mass; BMD, bone mineral density; BMC, bone mineral content.
Covariates for cardiorespiratory fitness levels: Model 1 (age and BMI); Model 2 (Model 1+ arm lean mass).
Covariates for arm lean mass levels: Model 1 (age and BMI); Model 2 (Model 1+ cardiorespiratory fitness).

without pathology, using mediation analysis. Our main novel
finding was that SCI patients with the lowest arm LM showed
significantly lower arm BMC than those who had the highest
arm LM. Furthermore, arm LM acted as a partial mediator in
the indirect relationship between CRF and arm bone mass in
this sample. However, in spite of the significant values in the
SCI group, the mediation analysis showed no associations in
the CG, even though significant differences in arm BMC were
also reported when the CG were divided by arm LM.
The quality of life of individuals with SCI is related to
independence and health (Hicks et al., 2011), and their upper
extremities are essential, given that they are necessary for all
their movements. For this reason, the previously demonstrated relationship between CRF and body composition
plays an important role in these patients (Dolbow et al.,
2011; Myers, Lee, & Kiratli, 2007; van der Scheer et al., 2017).

However, whole body BMD was not affected by this peripheral
association (data not shown); thus, overall decrease in BMD in
SCI people will eventually occur (da Silva et al., 2013).
In our study, CRF categories did not show significant differences in arm bone mass and arm LM, like in the people without
SCI. This could be because VO2 peak is a measure that indicates
the highest value of oxygen consumption obtained by an individual during exercise testing; nevertheless, this cardiorespiratory
parameter did not show a direct relationship with bone health.
Consequently, these results indicate that BMD and BMC of the
arms could be preserved in individuals with this condition, most
likely due to the use of these limbs for movement in their daily
activities and the specific use of the wheelchair (Miyahara et al.,
2008). Thus, in contrast to leg BMD values, people with SCI
showed greater arm BMD than able-bodied adults’ normative
values (Clasey, Janowiak, & Gater, 2004); moreover, other studies
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Figure 1. Arm lean mass (Arm LM) mediation analysis model between cardiorespiratory fitness (CRF) (VO2 peak) and the arm bone mineral content (BMC) (a) and
bone mineral density (BMD) (b), correcting for age and body mass index (BMI).
Sobel test: 2.17* (a) and 2.04* (b).*p < 0.05.**p < 0.001

have demonstrated that physically active SCI patients had higher
values in arm BMD and LM compared to active able-bodied
people (Beck, Lamb, Atkinson, Wuermser, & Amin, 2014; Jones,
Legge, & Goulding, 2002; Miyahara et al., 2008; Sutton, Wallace,
Goosey-Tolfrey, Scott, & Reilly, 2009). Furthermore, a strong relationship was present between lean tissue and bone mass in the
arms, a non-weight-bearing bone, regardless of the level or
completeness of lesion (Spungen, Wang, Pierson, & Bauman,
2000). Likewise, lumbar spine maintained the normal BMC and
BMD for this same reason, the involvement of lumbar spine in
body posture and the daily activities (Shields, 2002; Wang, Wang,
Shih, Pan, & Huang, 2010).
More particularly, no decreases in BMD have been found by
other authors in the chronic phase of the injury compared with

the acute phase in the trabecular and cortical bone of the radius,
and even some improvements were found in other cases (De
Bruin, Vanwanseele, Dambacher, Dietz, & Stüssi, 2005). Similar
results have also been found in children with SCI, whose bone
mass and LM decreased in the lower extremities; but were
preserved in the arms (Liu, Briody, Munns, & Waugh, 2008). This
suggests that these changes seem to be independent from age
(Bauman, Spungen, Wang, Pierson Jr, & Schwartz, 1999).
However, significant differences in both groups appeared
in arm BMC when the sample was categorised by arm LM. This
could demonstrate the relationship between LM and bone
mass, which was confirmed by the significant associations
between arm bone mass and arm LM. In that way, the
mechanical stress produced by physical activity on the bone

JOURNAL OF SPORTS SCIENCES

is essential to enable osteogenesis and produce beneficial
effects on bone health (Barreno, 2009). Moreover, our findings
show that arm LM was positively correlated with CRF in the
SCI group.
Mediation analysis demonstrated the value of LM as a
mediator, confirming the independent relationship between
arm LM and CRF with arm bone mass, as shown by the
Sobel test for indirect effect. The relation between CRF and
bone mass was not directly established, either for BMD or
for BMC although when LM was included in the model as a
mediator these associations became significant. The
increase of VO2 peak in people with SCI was associated
with an increase in the arm LM, which in fact could produce
an increased arm bone mass. This model is a special condition for SCI people, due to the fact that arm LM did not
have a mediator effect in the CG, and even more importantly, CRF was not related to arm LM. This condition could
be established given that SCI people’s arm LM are maintained in good shape by their daily activities; which produce
better GE and NE than CG. In spite of the fact that peak
heart rate of age-predicted maximum and the hours per
week of physical activity were similar in both groups.
Thus, in the CG the only association found was in bone
mass and arm LM, even though the differences in arm
BMC when the groups were divided by arm LM.
For these reasons, the maintenance of an adequate of CRF
is important for the maintenance of good bone health in the
arms for people with chronic SCI, which could help to prevent
fracture risk and osteoporosis in this specific area of the body.
This is a promising finding given the necessity of achieving
strategies for counteracting the dramatic decrease in BMD and
BMC of SCI individuals. It must be a priority to prevent them
from developing osteoporosis and fragility fracture after injury,
since in SCI people, LM is only 60–65% that of able-bodied
controls (Giangregorio, Hicks, et al., 2005), and they often lack
sufficient fitness to perform basic activities of daily living (van
der Scheer et al., 2017).
Our study is not without limitations. We did not record the
intake of vitamin D and calcium or other dietary information,
which have an influence on bone mass acquisition (Ebeling,
2008; Reid, Bolland, & Grey, 2014). The measurements of bone
health in the upper limbs do not indicate overall bone health
in individuals with SCI; nevertheless, our findings are highly
relevant because of the importance of upper limbs for this
population. Finally, the cross sectional design of the study
does not allow us to make cause-effect inferences and no
study design has the statistical power nor is as free of bias
as prospective intervention studies (Torres-Costoso et al.,
2017). However, most mediation analyses are performed on
cross-sectional studies (Torres-Costoso et al., 2015, 2017).
Moreover, it is important to note that this study adds more
data about the big challenge for the health professionals to
evaluate the effect of physical activity and CRF on bone health
in SCI people, understanding the mediator role of the LM. To
our knowledge, no other studies using DXA and indirect
calorimetry have been performed with the SCI population.
Furthermore, both DXA and calorimetry carried out with a
specific arm ergometer are reference methods for the analysis
of body composition and CRF, respectively.
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Conclusions
In conclusion, our study identifies an indirect association
between CRF and regional bone mass, highlighting the influence of regional LM as a mediator factor in people with chronic
SCI. Therefore, a high CRF would be related to the maintenance
of an adequate bone health, specifically in the arms, preventing
bone fractures at that level that could decrease the quality of
life of SCI people, given that their arms are essential for them to
carry out activities of daily living. Future research should
explore whether this relationship is also present in female SCI
patients and if specific dietary interventions or medication
could influence this relationship.

Disclosure statement
No potential conflict of interest was reported by the authors.

Funding
This study was funded by Junta de Comunidades de Castilla La Mancha
[PPII-2014-007-A] and the Biomedical Research Networking Center on
Frailty and Healthy Aging (CIBERFES) and FEDER funds from the
European Union [CB16/10/00477]. Irene Rodríguez Gómez received a
PhD grant from the Universidad de Castilla-La Mancha “Contratos predoctorales para la formación de personal investigador en el marco del
Plan Propio de I+D+i, cofinanciados por el Fondo Social Europeo” [2014/
10340].

ORCID
Luis M. Alegre
http://orcid.org/0000-0002-4502-9275
Ignacio Ara
http://orcid.org/0000-0002-2854-6684

References
Astorino, T. A., & Thum, J. S. (2018). Within-session responses to highintensity interval training in spinal cord injury. Disability and
Rehabilitation, 40(4), 444–449.
Bárbara-Bataller, E., Méndez-Suárez, J. L., Alemán-Sánchez, C., SánchezEnríquez, J., & Sosa-Henríquez, M. (2018). Change in the profile of
traumatic spinal cord injury over 15 years in Spain. Scandinavian
Journal of Trauma, Resuscitation and Emergency Medicine, 26(1), 27.
Baron, R. M., & Kenny, D. A. (1986). The moderator–Mediator variable distinction in social psychological research: Conceptual, strategic, and statistical
considerations. Journal of Personality and Social Psychology, 51(6), 1173.
Barreno, P. G. (2009). Mecanotransducción. Una aproximación tensegridal.
Monografías de la Real Academia Nacional de Farmacia.
Bauman, W., Spungen, A., Wang, J., Pierson, R., Jr, & Schwartz, E. (1999).
Continuous loss of bone during chronic immobilization: A monozygotic
twin study. Osteoporis International, 10(2), 123–127.
Bauman, W. A., Kirshblum, S., Cirnigliaro, C., Forrest, G. F., & Spungen, A. M.
(2010). Underestimation of bone loss of the spine with posterior-anterior dual-energy X-ray absorptiometry in patients with spinal cord
injury. The Journal of Spinal Cord Medicine, 33(3), 214.
Beck, L. A., Lamb, J. L., Atkinson, E. J., Wuermser, L.-A., & Amin, S. (2014).
Body composition of women and men with complete motor paraplegia. The Journal of Spinal Cord Medicine, 37(4), 359–365.
Chantraine, A., Nusgens, B., & Lapiere, C. M. (1986). Bone remodeling
during the development of osteoporosis in paraplegia. Calcif Tissue
International, 38(6), 323–327.
Clasey, J. L., Janowiak, A. L., & Gater, D. R. (2004). Relationship between
regional bone density measurements and the time since injury in
adults with spinal cord injuries. Archives Physical Medica
Rehabilitation, 85(1), 59–64.
Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155.

8

I. RODRÍGUEZ-GÓMEZ ET AL.

Cumming, G., & Finch, S. (2001). A primer on the understanding, use, and
calculation of confidence intervals that are based on central and noncentral distributions. Educational and Psychological Measurement, 61(4),
532–574.
da Silva, A. R., Alves, E. D., Santos, J. D. A. T., Fonseca, R. M. C., Gorla, J. I., &
Barros, J. D. F. (2013). Relationship bone mineral density and physical
activity in people with spinal cord injury. Journal Nursing UFPE on Line,
7(11), 6346–6351.
De Bruin, E., Vanwanseele, B., Dambacher, M., Dietz, V., & Stüssi, E. (2005).
Long-term changes in the tibia and radius bone mineral density following spinal cord injury. Spinal Cord, 43(2), 96.
Dolbow, D., Gorgey, A., Daniels, J., Adler, R., Moore, J., & Gater, J., DR.
(2011). The effects of spinal cord injury and exercise on bone mass: A
literature review. NeuroRehabilitation, 29(3), 261–269.
Ebeling, P. R. (2008). Osteoporosis in men. New England Journal of
Medicine, 358(14), 1474–1482.Retrieved from http://www.nejm.org/
doi/full/10.1056/NEJMcp0707217.
El Hage, R. P., Courteix, D., Benhamou, C.-L., Jacob, C., & Jaffré, C. (2009).
Relative importance of lean and fat mass on bone mineral density in a
group of adolescent girls and boys. European Journal of Applied
Physiology, 105(5), 759–764.
Eser, P., Frotzler, A., Zehnder, Y., & Denoth, J. (2005). Fracture threshold in
the femur and tibia of people with spinal cord injury as determined by
peripheral quantitative computed tomography. Archives of Physical
Medicine and Rehabilitation, 86(3), 498–504.
Eser, P., Frotzler, A., Zehnder, Y., Wick, L., Knecht, H., Denoth, J., & Schiessl,
H. (2004). Relationship between the duration of paralysis and bone
structure: A pQCT study of spinal cord injured individuals. Bone, 34(5),
869–880.
Gaesser, G. A., & Brooks, G. A. (1975). Muscular efficiency during steadyrate exercise: Effects of speed and work rate. Journal of Applied
Physiology: Respiratory, Environmental and Exercise Physiology, 38(6),
1132–1139.
Garland, D. E., Adkins, R. H., Kushwaha, V., & Stewart, C. (2004). Risk factors
for osteoporosis at the knee in the spinal cord injury population. The
Journal of Spinal Cord Medicine, 27(3), 202–206.
Giangregorio, L. M., Craven, B., & Webber, C. E. (2005). Musculoskeletal
changes in women with spinal cord injury: A twin study. J Clin
Densitom, 8(3), 347–351.
Giangregorio, L. M., Hicks, A., Webber, C., Phillips, S., Craven, B., Bugaresti, J.,
& McCartney, N. (2005). Body weight supported treadmill training in
acute spinal cord injury: Impact on muscle and bone. Spinal Cord, 43
(11), 649.
Guertin, P. A. (2008). A technological platform to optimize combinatorial
treatment design and discovery for chronic spinal cord injury. Journal
Neuroscience Researcher, 86(14), 3039–3051.
Heinonen, A., Sievänen, H., Kannus, P., Oja, P., & Vuori, I. (2002). Sitespecific skeletal response to long-term weight training seems to be
attributable to principal loading modality: A pQCT study of female
weightlifters. Calcif Tissue International, 70(6), 469–474.
Hicks, A., Ginis, K. M., Pelletier, C., Ditor, D., Foulon, B., & Wolfe, D. (2011).
The effects of exercise training on physical capacity, strength, body
composition and functional performance among adults with spinal
cord injury: A systematic review. Spinal Cord, 49(11), 1103.
Jiang, S.-D., Dai, L.-Y., & Jiang, L.-S. (2006). Osteoporosis after spinal cord
injury. Osteoporos Int, 17(2), 180–192.
Jones, L., Legge, M., & Goulding, A. (2002). Intensive exercise may preserve
bone mass of the upper limbs in spinal cord injured males but does not
retard demineralisation of the lower body. Spinal Cord, 40(5), 230.
Kirshblum, S. C., Burns, S. P., Biering-Sorensen, F., Donovan, W., Graves, D.
E., Jha, A., . . . Mulcahey, M. (2011). International standards for neurological classification of spinal cord injury (revised 2011). The Journal of
Spinal Cord Medicine, 34(6), 535–546.
Klibanski, A., Adams-Campbell, L., Bassford, T., Blair, S. N., Boden, S. D.,
Dickersin, K., . . . Hruska, K. (2001). Osteoporosis prevention, diagnosis,
and therapy. JAMA, 285(6), 785–795.
Liu, A. J. W., Briody, J. N., Munns, C. F., & Waugh, M.-C. A. (2008). Regional
changes in bone mineral density following spinal cord injury in children. [Article]. Developmental Neurorehabilitation, 11(1), 51–59.

Retrieved from http://search.ebscohost.com/login.aspx?direct=
true&db=a9h&AN=28791103&lang=es&site=ehost-live.
Maimoun, L., Couret, I., Mariano-Goulart, D., Dupuy, A., Micallef, J.-P.,
Peruchon, E., . . . Leroux, J.-L. (2005). Changes in osteoprotegerin/RANKL
system, bone mineral density, and bone biochemicals markers in patients
with recent spinal cord injury. Calcif Tissue International, 76(6), 404–411.
McPherson, J., Edwards, W., Prasad, A., Troy, K., Griffith, J., & Schnitzer, T.
(2014). Dual energy X-ray absorptiometry of the knee in spinal cord
injury: Methodology and correlation with quantitative computed tomography. Spinal Cord, 52(11), 821–825.
Miyahara, K., Wang, D.-H., Mori, K., Takahashi, K., Miyatake, N., Wang, B.-L., . . .
Ogino, K. (2008). Effect of sports activity on bone mineral density in wheelchair athletes. Journal of Bone and Mineral Metabolism, 26(1), 101–106.
Myers, J., Lee, M., & Kiratli, J. (2007). Cardiovascular disease in spinal cord
injury: An overview of prevalence, risk, evaluation, and management.
American Journal of Physical Medicine & Rehabilitation / Association of
Academic Physiatrists, 86(2), 142–152.
Pietschmann, P., Pils, P., Woloszczuk, W., Maerk, R., Lessan, D., & Stipicic, J.
(1992). Increased serum osteocalcin levels in patients with paraplegia.
Spinal Cord, 30(3), 204–209.
Preacher, K. J., & Hayes, A. F. (2008). Asymptotic and resampling strategies
for assessing and comparing indirect effects in multiple mediator models. Behavior Research Methods, 40(3), 879–891.
Qin, W., Bauman, W. A., & Cardozo, C. (2010). Bone and muscle loss after
spinal cord injury: Organ interactions. Annals New York Academic
Sciences, 1211(1), 66–84.
Reid, I. R., Bolland, M. J., & Grey, A. (2014). Effects of vitamin D supplements on bone mineral density: A systematic review and meta-analysis.
The Lancet, 383(9912), 146–155.
Roberts, D., Lee, W., Cuneo, R. C., Wittmann, J., Ward, G., Flatman, R., . . .
Hickman, P. E. (1998). Longitudinal study of bone turnover after acute
spinal cord injury 1. The Journal of Clinical Endocrinology and
Metabolism, 83(2), 415–422.
Schoenau, E., & Frost, H. (2002). The” muscle-bone unit” in children and
adolescents. Calcified Tissue International, 70(5), 405–407.
Shields, R. K. (2002). Muscular, skeletal, and neural adaptations following
spinal cord injury. The Journal of Orthopaedic and Sports Physical
Therapy, 32(2), 65–74.
Sobel, M. E. (1982). Asymptotic confidence intervals for indirect effects in
structural equation models. Sociological Methodology, 13, 290–312.
Spungen, A. M., Wang, J., Pierson, R. N., Jr, & Bauman, W. A. (2000). Soft
tissue body composition differences in monozygotic twins discordant for spinal cord injury. Journal of Applied Physiology, 88(4), 1310–
1315.
Sutton, L., Wallace, J., Goosey-Tolfrey, V., Scott, M., & Reilly, T. (2009). Body
composition of female wheelchair athletes. International Journal of
Sports Medicine, 30(04), 259–265.
Torres-Costoso, A., Gracia-Marco, L., Sánchez-López, M., Notario-Pacheco,
B., Arias-Palencia, N., & Martínez-Vizcaíno, V. (2015). Physical activity
and bone health in schoolchildren: The mediating role of fitness and
body fat. PloS one, 10(4), e0123797.
Torres-Costoso, A., Pozuelo-Carrascosa, D. P., Álvarez-Bueno, C., FerriMorales, A., Ibarra, J. M., Notario-Pacheco, B., & Martínez-Vizcaíno, V.
(2017). Insulin and bone health in young adults: The mediator role of
lean mass. PloS one, 12(3), e0173874.
Troy, K. L., & Morse, L. R. (2015). Measurement of bone: Diagnosis of SCIinduced osteoporosis and fracture risk prediction. Topics in Spinal Cord
Injury Rehabilitation, 21(4), 267–274.
van der Scheer, J. W., Ginis, K. A. M., Ditor, D. S., Goosey-Tolfrey, V. L., Hicks,
A. L., West, C. R., & Wolfe, D. L. (2017). Effects of exercise on fitness and
health of adults with spinal cord injury A systematic review. Neurology,
89(7), 736–745.
Vicente-Rodriguez, G., Ara, I., Pérez-Gómez, J., Dorado, C., & Calbet, J. A.
(2005). Muscular development and physical activity as major determinants of femoral bone mass acquisition during growth. British Journal
of Sports Medicine, 39(9), 611–616.
Vicente-Rodriguez, G., Jimenez-Ramirez, J., Ara, I., Serrano-Sanchez, J.,
Dorado, C., & Calbet, J. (2003). Enhanced bone mass and physical
fitness in prepubescent footballers. Bone, 33(5), 853–859.

JOURNAL OF SPORTS SCIENCES

Wang, Y.-C., Wang, Y.-H., Shih, T. T.-F., Pan, S.-L., & Huang, T.-S. (2010).
Sublesional spinal vertebral bone mineral density correlates with neurological level and body mass index in individuals with chronic complete spinal cord injuries. Spine, 35(9), 958–962.
Weiping, Q., Bauman, W. A., & Cardozo, C. (2010). Bone and muscle loss after
spinal cord injury: Organ interactions Bone and muscle after SCI Qin et al.
[Article]. Annals New York Academic Sciences, 1211(1), 66–84.Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=a9h&AN=
55088758&lang=es&site=ehost-live.
Wetzsteon, R. J., Zemel, B. S., Shults, J., Howard, K. M., Kibe, L. W., &
Leonard, M. B. (2011). Mechanical loads and cortical bone geometry
in healthy children and young adults. Bone, 48(5), 1103–1108.

9

Whipp, B. J., & Wasserman, K. (1969). Efficiency of muscular work. Journal of
Applied Physiology: Respiratory, Environmental and Exercise Physiology, 26(5),
644–648.
Zhu, K., Briffa, K., Smith, A., Mountain, J., Briggs, A., Lye, S., . . . Walsh, J.
(2014). Gender differences in the relationships between lean body
mass, fat mass and peak bone mass in young adults. Osteoporis
International, 25(5), 1563–1570.
Zleik, N., Weaver, F., Harmon, R. L., Le, B., Radhakrishnan, R., JirauRosaly, W. D., . . . Etingen, B. (2018). Prevention and management
of osteoporosis and osteoporotic fractures in persons with a spinal
cord injury or disorder: A systematic scoping review. The Journal of
Spinal Cord Medicine, 1–25. doi:10.1080/10790268.2018.1469808

