
Research article

Active-resisted stance modulates regional
bone mineral density in humans with spinal
cord injury
Shauna Dudley-Javoroski, Richard K. Shields
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Objective: In people with spinal cord injury (SCI), active-resisted stance using electrical stimulation of the
quadriceps delivered a therapeutic stress to the femur (∼150% of body weight) and attenuated bone mineral
density (BMD) decline. In standard densitometry protocols, BMD is averaged over the entire bone cross-
section. An asymmetric adaptation to mechanical load may be masked by non-responding regions. The
purpose of this study was to test a novel method to assess regional BMD of the femur in individuals with SCI.
We hypothesize that there will be regional bone-sparing changes as a result of active-resisted stance.
Design: Mixed cross-sectional and longitudinal.
Setting: Research laboratory.
Participants: Twelve individuals with SCI and twelve non-SCI controls.
Intervention: Individuals with SCI experienced active-resisted stance or passive stance for up to 3 years.
Outcome measures: Peripheral quantitative computed tomography images from were partitioned so that femur
anatomic quadrants could be separately analyzed.
Results: Over 1.5 years, the slope of BMD decline over time was slower at all quadrants for the active-resisted
stance limbs. At >2 years of training, BMD was significantly higher for the active-resisted stance group than for
the passive stance group (P= 0.007). BMDwas preferentially spared in the posterior quadrants of the femur with
active-resisted stance.
Conclusions: A regional measurement technique revealed asymmetric femur BMD changes between passive
stance and active-resisted stance. Future studies are now underway to better understand other regional
changes in BMD after SCI.
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Introduction
Prescriptive doses of activity after spinal cord injury
(SCI) seek to enhance patients’ health and well-being
by reintroducing physiological levels of stress to
paralyzed tissues. The musculoskeletal system can
respond favorably to mechanical loads of proper magni-
tude, orientation, and periodicity.1,2 Although small-
magnitude oscillatory inputs (vibration) trigger robust
adaptations,2–4 bone generally exhibits a positive dose–
response relationship with peak strain magnitude.5–9

Osteogenic levels of compressive load can be achieved
via electrical stimulation of paralyzed muscle.10,11

However, interventions that do not deliver mechanical
loads at an appropriate dose level (magnitude, duration,
etc.) may fail to trigger desired adaptations of bone
tissues. Determining the optimal dose of musculoskele-
tal stress to prevent bone loss is an important step to
enhancing the health of individuals with SCI.
We recently discovered a dose–response relationship

for femur bone mineral density (BMD) under three
long-term mechanical loading conditions.12 Limbs that
are resisted during quadriceps electrical stimulation in
stance (active-resistive stance) typically experienced
femur compressive loads of ∼150% of body weight
(%BW), as estimated by a biomechanical model.13

Limbs that performed passive stance without electrical
stimulation typically experienced modeled loads of
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∼40% BW per limb. Finally, limbs that performed
neither standing nor electrical stimulation received
habitual loads estimated to be 0% BW. Over greater
than 3 years of training, distal femur BMD for the
active-resisted stance limbs significantly exceeded
BMD of the passive stance and the non-standing
limbs.12 Although there was a trend suggesting a differ-
ence between passive standing and non-standing limbs,
no significant difference emerged, indicating that
BMD loss was not attenuated for subjects performing
passive stance.

Although passive stance may have positive effects
upon several other secondary complications of SCI
(pressure ulcers, bowel motility, kidney and bladder
function, psychological state, etc.)14,15 no studies, to our
knowledge, definitively support that it mitigates BMD
loss.16–20 However, the regional sites used to analyze
bone density may have influenced these previous findings.
We previously determined that certain areas of bone
respond to mechanical loading after SCI in an asym-
metric fashion.21 For example, portions of the tibia
cross-section responded well to electrical stimulation
loading,while other portions did not differ fromuntrained
limbs. In standard densitometry analysis protocols, BMD
is obtained as an average from the entire bone cross-
section. High-responding regions may be masked if
non-responding regions are averaged into the analysis.

If active resisted or passive stance yields localized
cross-sectional changes, then subtle changes in BMD
within certain regions of the femur could be missed
during standard peripheral quantitative computed tom-
ography (pQCT) imaging. Accordingly, the purpose of
this study is to partition pQCT scans of the distal
femur in order to test if mechanical loads in stance
attenuate bone loss asymmetrically across selected ana-
tomical regions. We hypothesize that bone-sparing
benefits of stance will emerge via this regional evalu-
ation of femur anatomic quadrants. We also hypothesize
that active-resisted stance will be superior to passive
stance for all regions analyzed in those with SCI.

Methods
Subjects
The protocol was approved by our institution’s Human
Subjects Office Institutional Review Board. All subjects
provided written informed consent before participating.
Twelve individuals with motor complete (AIS-A and
B)22 SCI participated in this study. Demographic data
are shown in Table 1. An additional 12 individuals
without SCI served as a normative control condition.
Exclusion criteria were a history of bone pathology
(i.e. bone metabolic disease, cancer, etc.), thyroid dis-
order, previous fracture at the scan sites, pregnancy,
and medications known to affect bone metabolism.

Table 1 Subject demographics

Subject Gender SCI level AIS Age SCI years Time bins* Loading dose

1 M T7 A 27 0.30 2–7 Active
2 M T4 A 16 0.38 1–5 Active
3 M T8 A 20 0.24 1,3,5 Active
4 M T10 A 37 0.22 1,3 Active
5 M T10 A 26 0.99 4–6 Active
6 F C5–6 A 26 1.50 6 Active
7 M T6 A 28 2.05 7 Active
8 M T12 A 39 0.21 1,2,4,5 Passive
9 M T8 B 43 0.33 2–4,6 Passive
10 M T8 A 38 0.53 3,4,7 Passive
11 M T11 A 34 0.68 3–5 Passive
12 M T4 A 44 0.61 3,4 Passive
13 M 30
14 M 24
15 M 24
16 F 22
17 M 24
18 M 42
19 M 27
20 M 23
21 M 24
22 M 30
23 F 48
24 F 31

*Time bins: bin 1= 0–0.25 years; bin 2= 0.25–0.50 years; bin 3= 0.50–0.75 years; bin 4= 0.75–1 year; bin 5= 1–1.5 years; bin 6=
1.5–2 years; and bin 7=>2 years.
Numerals in bold denote scan sessions that were re-analyzed to determine reliability of the quadrant partitioning method.
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Individuals without an SCI underwent a single bilateral
assessment with pQCT. Bilateral values were averaged
across limbs for each subject. Subjects with SCI under-
went between one and six bilateral pQCT scans.

Active resistive standing protocol
This study used pQCT images acquired for a previous
investigation.12 Briefly, SCI subjects 1–7 (Table 1) per-
formed unilateral quadriceps stimulation in supported
stance (active-resisted stance loading) with the knee
in 20° of flexion. The standing system is illustrated in
Fig. 1A. Subjects performed unilateral quadriceps
stimulation (20z, 60 contractions, supramaximal inten-
sity; Fig. 1B) on an average of 3 days per week for up
to 3 years. This protocol was designed to offer a substan-
tial physiological challenge to the quadriceps (fatigue;
Fig. 1B) in order to trigger adaptive hypertrophy
(Fig. 1C). The quadriceps training protocol required
approximately 30 minutes per bout. We developed a bio-
mechanical model that estimated the compression and
shear loads experienced by the femur during active-
resisted stance training.13 Compressive loads during
training were approximately 150%BW, a dose of load
that we previously reported could attenuate BMD

loss in the tibia compared to untrained limbs after
SCI.10,11,21

Passive standing protocol
A second group of five subjects with SCI stood in a
standing frame or a standing wheelchair without apply-
ing quadriceps electrical stimulation (Table 1, passive
stance loading cohort). Subjects were requested to
stand for 30 minutes, to match the duration of standing
performed by subjects in the active-resisted stance
cohort. We previously determined that modeled femur
compressive loads during passive stance at all knee
angles approximate 40%BW.13 Subjects stood on an
average of 3 days per week.
In the active-resisted stance group, the limb that did

not receive electrical stimulation did perform passive
stance during training sessions. Data from the unstimu-
lated limbs of active-resisted stance subjects were there-
fore added to the passive standing group.

pQCT scan procedure
pQCT measurements were performed with a Stratec
XCT 3000 densitometer (Stratec Medical, Pforzheim,
Germany). This device is calibrated with respect to fat

Figure 1 (A) Schematic representation of the standing system. Quadriceps force during muscle stimulation (active-resisted stance)
is transmitted to the distal femur as compression and shear. (B) Representative example of quadriceps force during active-resisted
stance training. Substantial fatigue developed over the course of 60 contractions. (C) Magnetic resonance image showing training-
induced hypertrophy in a subject who performed unilateral active-resisted stance training for 6 months (subject 1, Table 1).
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(fat density= 0 g/cm3). Voxel size was 0.4 mm3,
scanner speed was 25 m/s, and slice thickness was
2.2 m.

Using a tape measure, femur and tibia length were
measured using bony landmarks.23,24 An investigator
passed the limb through the pQCT gantry and secured
the subject’s foot onto a footplate. A radiology tech-
nician performed a scout view of the tibio-femoral
joint and placed a reference line at the distal limit of
the lateral femoral condyle. Using this reference line,
the scanner obtained an image at 12% of femur length
(measured from the distal end). The subject was then
repositioned for a scan of the contra-lateral limb.

pQCT analysis procedures
An investigator delineated four quadrants of the femur
cross-section for individual analysis. First, using the
pQCT scanner’s image analysis software, a 20-sided
polygon was fit to the periosteal border of the femur.
A line was fit to opposing nodes of the polygon to
bisect the region into two halves. The polygon was
rotated until this bisecting line was parallel, per visual
inspection, to the medial–lateral axis of the femur. A
second line was anchored to the corners of the
polygon to partition the polygon into quadrants of
equal area. The investigator then defined a region of
interest that followed the polygon dividing lines and
the femur periosteal border within each quadrant
(Fig. 2). Each femur quadrant was analyzed with a
threshold of −100 g/cm3 to define the periosteal
border21 and a threshold of 400 g/cm3 with a 3 × 3
voxel filter to exclude cortical and subcortical voxels.
Because the cortical shell is very thin at this site (and
is therefore subject to the partial-volume effect),25 we
report only trabecular BMD for each quadrant.

Quadrant reliability analysis
The position of the quadrant bisecting lines determined
which voxels entered the BMD analysis for each quad-
rant, and therefore may have influenced the measured
BMD. To determine the effect of quadrant placement
on BMD, we examined the repeatability of the quadrant
placement method. We selected 15% of the scans for
each sub-cohort (active, passive, and non-SCI) and
repeated the quadrant placement procedure in a
blinded fashion. The investigator then repeated the
BMD analysis without receiving knowledge of results.
For each individual quadrant, we obtained the coeffi-
cient of variation (CV) between the first and second
BMD analyses. The reliability of the quadrant placement
method was estimated as the mean of all CV values
for the 52 re-analyzed quadrants. The concordance

between the first and second analyses was also estimated
using an intra-class correlation (ICC(3,1)).26

Statistical analysis
Quadrants were defined according to anatomic reference
points: postero-medial (PM), postero-lateral (PL),
antero-medial (AM), and antero-lateral (AL). BMD
for each quadrant was normalized to the mean non-
SCI BMD for that quadrant. To facilitate longitudinal
comparisons among cohorts, we partitioned the
dataset into seven time bins based on time post-SCI:
0–0.25, 0.25–0.50, 0.50–0.75, 0.75–1, 1–1.5, 1.5–2, and
>2 years. Mean (SD) BMD was computed for all sub-
jects present in each time bin (see Table 1 for subject rep-
resentation across time bins). For passive stance subjects
with bilateral data, one limb was randomly selected for
analysis. This same limb was analyzed at all time points
for which the subject contributed BMD data.

We used a two-way (group × quadrant) analysis of
variance (ANOVA) to compare BMD differences
among the active-resisted stance and passive stance
limbs at each bone quadrant. Pairwise multiple compa-
risons (Tukey) were used when indicated. Significance
was set to alpha <0.05.

Results
For the 52 re-analyzed quadrants (among 13 subjects),
mean CVof BMD values obtained via the quadrant pla-
cement procedure was 0.89%. The ICC(3,1) value was
0.997, indicating near-perfect concordance for re-ana-
lyzed quadrants. Both of these tests indicate that the
quadrant placement procedure was reliable and contrib-
uted very little variation to the measured BMD values.

Mean (s.d.) BMD values for all cohorts, time bins,
and quadrants are shown in Table 2. Fig. 2 depicts
longitudinal data for subject 1, who performed 3 years
of unilateral active-resisted stance training. His contra-
lateral limb received no electrical stimulation (passive
stance). The electrical stimulation protocol provided
a sufficient physiological challenge to trigger muscle
hypertrophy:27 This subject’s active-resisted stance
limb quadriceps muscle cross-sectional area was 24%
higher than the passive stance limb (Fig. 1). The pro-
gressive destruction of the trabecular lattice in the
passive stance limb is visible in the pQCT images in
Fig. 2. BMD differences between limbs were largest
for the posterior quadrants. For example, at >2.0
years post-SCI, active-resisted stance BMD was 25.4%
and 29.5% higher than passive stance BMD at PL and
PM, respectively, within the same individual (Fig. 2).
AL and AM BMD differed between limbs by only
10.7% and 5.2%.
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Group mean BMD values for each femur quadrant
are shown in Fig 3. We computed the slope of BMD
decline across time for each quadrant in the active-
resisted stance limbs. Over the first 1.5 years of training,
the slope of decline was highest for the PL quadrant

(slope=−2.662) and lowest for the PM quadrant
(slope=−1.287). No quadrant of the active-resisted
limbs declined below 82.7% of non-SCI BMD at 1.5
years. The slope of BMD decline was greater for the
passive stance limbs, ranging from a minimum of

Figure 2 Longitudinal pQCT images from a subject who performed unilateral active-resisted stance training for> 2 years (subject 1,
Table 1). This individual’s contra-lateral limb performed passive stance and experienced extensive deterioration of the trabecular
lattice. The plots at right depict the relative BMD decline for each limb compared to this subject’s baseline BMD values.
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−3.357 for PM and a maximum of −4.738 for the AL
quadrant. All four passive stance quadrants declined
below 83.5% of non-SCI BMD by 1.5 years.

We analyzed long-term outcomes (1.5 to >2.0 years)
of the two doses of load using statistical comparisons
among quadrants and dose levels. A two-way ANOVA
indicated that normalized BMD for the active-resisted
stance limbs was higher than for passive stance limbs
(P= 0.001). Follow-up tests revealed no significant
differences between these cohorts at individual
quadrants.

Discussion
The purpose of this study was to test a novel ‘quadrant’
method to assess BMD of the femur in individuals with
SCI. We hypothesized that bone-sparing benefits of
therapeutic stress would emerge in certain regions of
the femur. This study supports that active-resisted
stance is superior to passive stance for preservation of
BMD at all regions of the femur after SCI. While
results from a subject followed longitudinally suggest
that bone was preferentially preserved in the posterior
quadrants with active-resisted stance, the group data
suggest that bone adaptations to active-resisted stance
were symmetric; however, increased variation with a
small sample prohibits a complete comparison of all
quadrants between these two training groups.

Regional BMD differences
The present study illustrates that refined pQCT analysis
techniques may reveal BMD adaptations in high-

Table 2 BMD data

Cohort Bin/(n)* AL† AM† PL† PM†

Non-SCI N/A 225.37 189.33 232.94 224.12
(23.90) (25.12) (25.98) (30.28)

Active 1 (5) 233.24 188.26 219.66 224.02
(11.49) (9.08) (15.72) (10.07)

2 (23) 229.45 195.50 226.80 238.35
(15.06) (1.41) (7.07) (18.17)

3 (3) 225.05 184.78 218.50 229.38
(8.16) (14.91) (5.89) (10.76)

4 (3) 231.77 192.57 209.20 226.07
(6.10) (8.53) (3.10) (7.18)

5 (3) 206.10 170.97 192.60 209.83
(30.64) (18.50) (29.18) (24.83)

Passive 1 (5) 233.24 188.26 219.66 224.02
(11.49) (9.08) (15.72) (10.07)

2 (3) 181.73 140.67 175.03 189.80
(19.76) (14.65) (9.91) (9.75)

3 (6) 189.42 149.87 193.85 203.12
(29.45) (36.14) (28.37) (33.39)

4 (6) 177.70 138.98 174.22 189.47
(36.96) (39.86) (41.84) (40.40)

5 (5) 189.90 156.08 170.00 193.52
(9.14) (7.20) (23.90) (16.51)

*Time bins: bin 1= 0–0.25 years; bin 2= 0.25–0.50 years; bin 3= 0.50–0.75 years; bin 4= 0.75–1 year; bin 5= 1–1.5 years; bin 6=
1.5–2 years; and bin 7=>2 years. The number of subjects per bin appears in parentheses.
†Quadrants: AL= antero-lateral; AM= antero-medial; PL= postero-lateral; PM= postero-medial.
BMD values are g/cm2.

Figure 3 Longitudinal BMD for distal femur quadrants,
normalized to the non-SCI BMD value for each quadrant. Values
are mean (SE). The slope of longitudinal BMD decline for the
quadrants is listed.
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responding regions that are obscured by averaging with
BMD from non-responding regions. The importance of
this finding is that BMD studies of human subjects must
strive to minimize subject exposure to ionizing radi-
ation. While high-resolution CT-based imaging is the
gold standard,12 pQCT offers the advantage of lower
radiation exposure. By using refined analysis techniques,
investigators may gain insight into subtle bone adap-
tations without resorting to CT imaging. Moreover,
without the masking influence of non-responding
regions during conventional analysis, small regional
adaptations may be detectable during longitudinal train-
ing protocols, as shown by one subject who received
both passive stance and active-resisted stance (Fig. 2).
The slope of BMD decline for all quadrants in the

active-resisted stance group was roughly half as large
as the comparable passive stance slope values (Fig. 3).
When examining long-term effects of training
(>1.5 years), active-resisted stance BMD differed sig-
nificantly from passive stance BMD (P= 0.001), but
no particular quadrant demonstrated a significant
difference from passive stance. Thus active-resisted
stance training appeared to trigger bone adaptations
symmetrically across the femur cross section in these
two fairly small cohorts of subjects. However, this
trend was not likewise supported by the single active-
resisted stance subject shown in Fig. 2, who demon-
strated asymmetric preservation of BMD in the
posterior quadrants. It appears that the pattern of
bone preservation during active-resisted stance may be
modified by subject anatomy or other individual traits.
Prior to the study we were interested to learn whether

the line of action of the electrically stimulated quadri-
ceps differentially loaded the anterior and posterior por-
tions of the femur. We previously observed that soleus
loads transmitted to the tibia via the Achilles tendon
triggered BMD-sparing adaptations only in the pos-
terior half of the tibia cross-section.21 Quadriceps
forces transmitted through the patellar tendon could
(in theory) preferentially load the anterior aspect of
the femur. However, we viewed this suggestion with
caution because the transmission of quadriceps forces
is likely to depend on a complex interplay of patella–
femoral and tibia–femoral contact forces. In addition,
it is not uncommon for concurrent reflex-mediated acti-
vation of the antagonist muscles (hamstrings) to occur
when using surface electrodes during electrical stimu-
lation. A degree of hamstrings hypertrophy can be
seen in the active-resisted limb of the subject depicted
in Fig. 1.
Similarly, a sound argument could be made that

standing with anterior support of the knees will cause

preferential sparing of bone in the anterior quadrants
of the femur. Active-resisted stance and passive stance
subjects both experienced contact forces at the anterior
surface of the knee (Fig. 1). We believe it is likely that
such postural contact forces were an important source
of mechanical loads in the two stance groups. Despite
this bilateral source of load, it is clear that active-resisted
stance offered a superior bone-sparing stimulus in the
subject who received both conditions (passive and
active-resisted; Fig. 2).

Alternative modifiers of BMD
Results from the single subject who performed active-
resisted stance training on one limb and passive stance
training on the other limb illustrate the dose–response
nature of femur BMD adaptations to varied mechanical
loads. Under identical genetic, nutritional, and hormo-
nal conditions, BMD for all femur quadrants was
higher at all time points for the active-resisted stance
limb than for the passive stance limb (Fig. 2). It is
important to note that the active-resisted stance training
was physiologically rigorous, using maximal stimulation
to elicit strong quadriceps contractions (Fig. 1). This
subject rapidly demonstrated hypertrophy of the stimu-
lated leg (within 6 months of training) and most effec-
tively reduced BMD decline at the PM quadrant
(29.5% difference between limbs at >2.0 years). It
appears that an important outcome of active-resisted
stance training was to ‘rescue’ BMD of the PM quad-
rant. We believe that the dose of active muscular load
was likely a critical determinant of this subject’s bone-
sparing response.
Despite the critical nature of the dose of muscular

load, we are aware that other modes of mechanical
input are important stimuli for bone maintenance. For
example, electrical stimulation at 20z yielded an
unfused tetanic contraction of the quadriceps.28 The
unfused nature of the force profile may introduce a
vibratory stimulus to the limb. Animal studies have
demonstrated that vibratory input at low loads in
the frequency range of skeletal muscle contraction29

readily modulates bone anabolic mechanisms.2,3

Differences in BMD between the active-resisted stance
and passive stance groups may have been caused by
the oscillation of the muscle driven by the electrical
stimulation frequency.
In addition, low-level muscle stimulation that does

not trigger muscular overload or hypertrophy may still
modulate genetic, neural, vascular, and endocrine sig-
naling pathways. Activation of paralyzed muscle may
alter gene expression in pathways for myokines such as
myostatin,30 insulin-like growth factor 131 and fibroblast
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growth factor 2,32 which may alter the activity of osteo-
cytes and osteoprogenitor cells.33,34 Furthermore, the
presence of receptors for calcitonin gene-related
peptide,35–37 neuropeptide Y38 and substance P39 in
bone suggests that these neuroendocrine factors may
play a role in bone adaptation. Future investigations
of bone adaptation may explore the possible effects of
muscle stimulation training upon adipose tissue, which
is also known to regulate differentiation of bone
marrow stem cells.40 It is theoretically possible that
BMD gains observed after muscle stimulation training
are a consequence of increased stem cell differentiation
to osteocytes at the expense of adipocytes. Work is
underway in our laboratory to discern the possible sep-
arate and/or synergistic effects of several mechanisms
known to modulate bone signaling in people with
paralysis.

Conclusions
Active-resisted stance yielded the lowest rate of BMD
decline across time. A novel region-based pQCTanalysis
technique revealed that the posterior regions of the
femur benefitted most from active-resisted stance train-
ing in one subject, but that training effects were more
symmetric across the cohort. The identification of
high-responding regions may allow more rapid detection
of training effects in longitudinal studies. It may also
allow detection of subtle training effects in interventions
that may only yield small bone responses, such as
passive stance. Further research is needed to determine
the extent to which various regions of bone change as
a result of therapeutic stress in people with SCI.
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