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Abstract

Summary This study examined the effect of a controlled dose
of vibration upon bone density and architecture in people with
spinal cord injury (who eventually develop severe osteoporo-
sis). Very sensitive computed tomography (CT) imaging re-
vealed no effect of vibration after 12 months, but other doses
of vibration may still be useful to test.

Introduction The purposes of this report were to determine
the effect of a controlled dose of vibratory mechanical
input upon individual trabecular bone regions in people
with chronic spinal cord injury (SCI) and to examine the
longitudinal bone architecture changes in both the acute
and chronic state of SCI.

Methods Participants with SCI received unilateral vibration of
the constrained lower limb segment while sitting in a wheel-
chair (0.6g, 30 Hz, 20 min, three times weekly). The opposite
limb served as a control. Bone mineral density (BMD) and
trabecular micro-architecture were measured with high-
resolution multi-detector CT. For comparison, one participant
was studied from the acute (0.14 year) to the chronic state
(2.7 years).

Results Twelve months of vibration training did not yield
adaptations of BMD or trabecular micro-architecture for
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the distal tibia or the distal femur. BMD and trabecular
network length continued to decline at several distal femur
sub-regions, contrary to previous reports suggesting a
“steady state” of bone in chronic SCI. In the participant
followed from acute to chronic SCI, BMD and architecture
decline varied systematically across different anatomical
segments of the tibia and femur.

Conclusions This study supports that vibration training, using
this study’s dose parameters, is not an effective anti-
osteoporosis intervention for people with chronic SCI. Using
a high-spatial-resolution CT methodology and segmental
analysis, we illustrate novel longitudinal changes in bone that
occur after spinal cord injury.

Keywords Bone mineral density - Osteoporosis - Spinal cord
injury - Trabecular architecture - Vibration

Introduction

Spinal cord injury (SCI) precipitates severe bone loss of the
paralyzed limbs through a combination of mechanical, neural,
and hormonal factors [1]. Bone mineral density (BMD) is lost
most rapidly in the initial post-SCI phase, with initial rates as
high as 4.7 % per month [2]. BMD losses can exceed 34 % by
1 year and 52 % by 4 years [3]; however, we have limited
understanding of the concurrent trabecular architectural
changes that occur. There is a need for novel anti-
osteoporosis rehabilitation therapies as well as more detailed
methods to assess bone architecture after SCL.

Rehabilitation strategies for post-SCI bone often use exog-
enous mechanical loading to subsidize the mechanical loads
lost from muscle contraction and weight bearing. The precise
combination of mechanical stimuli required to preserve bone
architecture after SCI is unknown. Because the cellular and
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molecular response to mechanical stimulation is incompletely
understood, numerous modes of input are viable candidates for
osteo-regulatory signals. High-magnitude compressive forces
generated by electrical muscle stimulation attenuate BMD de-
cline for individuals with recent SCI [4—7]. However, patients
with long-term SCI and osteoporosis may be poor candidates to
receive high-magnitude muscle loading interventions [§].
Moreover, patients with lower motor neuron injury (peripheral
nerve damage) cannot electrically activate their limbs with
standard commercially available electrical stimulators [9]. For
the large population of patients with chronic SCI and/or lower
motor neuron involvement, an alternate approach is needed for
preserving bone architecture after SCIL.

Low-intensity, usually imperceptible vibratory loads pre-
dominate bone’s daily strain history [10]. Thus, in the absence
of postural contractions after SCI, osteoporosis may develop
in part because pervasive low-magnitude strains are lost.
Animal studies support that low-magnitude vibratory loads
are anabolic to bone. Low-magnitude vibratory input (0.25—
0.3g) yielded improvements in bone formation rate [11], bone
turnover biomarkers [12], bone architecture [11], and mechan-
ical stiffness [13]. In sheep femora, 12 months of hindlimb
vibration training (30 Hz, 0.3g) yielded a 34 % difference in
trabecular BMD between experimental animals and controls
[14]. The 30-Hz vibratory stimulus in that study falls within
the frequency spectrum of volitional muscle contraction [15].
As noted above, small-amplitude loads in the frequency spec-
trum of volitional muscle contraction comprise the over-
whelming majority of bone’s daily load exposure [10].
While these experiments do not negate the considerable evi-
dence for the osteogenic potential of large compressive loads
[4-7], they do support that small oscillatory loads can subsi-
dize lost mechanical strains after SCI. If this is indeed true, a
new therapeutic avenue may exist for people with SCI who
cannot activate paralyzed muscle (due to lower motor neuron
lesion) or who cannot receive large-magnitude muscle loads
(due to advanced post-SCI osteoporosis).

Several studies of vibratory loading in humans with SCI
have used whole-body vibration (WBYV), in which the partic-
ipants stand atop a vibrating platform [16—18]. The two stud-
ies which included bone assessments showed no effect of
WBYV training on BMD or trabecular micro-architecture [17,
18]. Given the strong evidence for the anabolic potential of
vibration from animal studies, we were surprised by these
findings. Therefore, we designed an experimental apparatus
to administer a carefully controlled dose of vibration at a
known compressive load in a way that more closely replicates
the mechanical loading conditions of several successful ani-
mal studies [11, 13]. In this system, participants with SCI
receive low-intensity vibration to a constrained lower limb
segment from a seated position, rather than in standing
through passive weight bearing [19], allowing the opposite
limb to serve as a within-subject control.
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The observation that bone density incompletely predicts
bone strength [2] highlights the complementary role played
by other factors such as bone tissue quality [20] and bone
architecture [21]. Several cross-sectional studies confirmed
that trabecular architecture is markedly deteriorated after
chronic SCI [22]. The only available longitudinal studies de-
scribed changes of bone stiffness and strength properties over
a short-time post-SCI but did not report adaptations of trabec-
ular micro-architectural parameters [2, 23, 24]. Thus, no esti-
mate is currently available for the time course of trabecular
architecture degradation after SCI.

The purpose of this report is to determine the effect of a
controlled dose of vibratory mechanical input upon individual
trabecular bone regions in people with SCI. A secondary pur-
pose is to examine longitudinal bone architecture changes in
both the acute and chronic state of SCI. The high-resolution
CT imaging technique used in this report offers an unprece-
dented level of resolution for measuring in vivo skeletal ad-
aptations in human patients in order to determine the efficacy
of vibratory input for enhancing bone integrity after SCI.

Methods
Participants

The protocol was approved by the University of lTowa Human
Subjects Institutional Review Board. Informed consent was
obtained from all individual participants included in the study.
Forty-two individuals with motor-complete SCI (American
Spinal Injury Association (ASIA) Impairment Scale (AIS) A
and B) [25] and 21 individuals without SCI underwent periph-
eral quantitative computed tomography (pQCT) imaging to
establish benchmarks to aid interpretation of the study out-
comes. A portion of these participants appeared in a previous
report [3]. These individuals ranged from 0.1 to 29.2 years
post-SCI (mean 5.9 years). Six individuals with chronic paral-
ysis participated in the longitudinal vibration training compo-
nent of this study (Table 1). Using estimates of variation ob-
tained from pilot individuals with chronic SCI, statistical pow-
er exceeded 0.825 to detect an effect size of 10 % with six
participants. Exclusion criteria were thyroid disorder, previous
fracture at the scan sites, medications known to affect bone
metabolism, a history of bone pathology, and pregnancy.

pQCT imaging

pQCT measurements were performed with a Stratec
XCT3000 densitometer (Stratec Medical, Pforzheim,
Germany). Voxel size was 0.4 mm?>, scanner speed was
25 mm/s, and slice thickness was 2.2 mm. pQCT images were
obtained at 4 % of tibia length and 12 % of femur length
(measured from the distal end). Single pQCT slices were
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Table 1 Demographic data
Participant Gender SCIlevel AIS Age SCI years Number of pQCTs  SCIl years  Sessions Sessions/week  Percent
at first pQCT at first CT  completed compliance
1 M T4 A 17 0.14 6 0.36 N/A N/A N/A
2 M T8 A 23 0.19 5 3.75 152 2.44 81.22
3 M T7 A 29 0.30 6 436 148 222 74.16
4 M T4 A 34 2.40 6 9.10 112 2.31 76.88
5 F Cc7 B 66 9.15 3 9.15 116 2.14 71.25
6 F T4 A 33 10.56 3 10.56 149 2.51 83.63
7 M T8 B 65 16.65 3 14.73 147 223 74.30

Participant 1 was followed longitudinally via peripheral quantitative computed tomography (pQCT) and high-resolution computed tomography (CT) for
the first 2.7 years post-spinal cord injury (SCI.) Participants 2—7 completed >112 vibration sessions over 12 months, averaging >2.14 sessions per week

(>76 % compliance)

AIS American Spinal Injury Association Impairment Scale, N/4 not applicable

analyzed for trabecular BMD using our standard method [3, 4,
6, 26]. Participants with SCI underwent between one and six
bilateral pQCT scans spanning as much as 8.9 years post-SCIL.
Non-SCI participants underwent a single bilateral pQCT scan.

High-resolution CT

One individual underwent CT imaging at 4 months and at
2.7 years post-SCI (participant 1). Six other participants
underwent CT scanning before and after receiving 12 months
of vibration training (details below). Bilateral limbs were im-
aged via high-resolution multi-detector CT (Definition Flash,
Siemens Healthcare, Erlangen, Germany) and the INTable
Calibration Phantom Couch Pad. The single-source spiral ac-
quisition used 16x0.3-mm detector collimation, 120 kVp,
240 mAs, 1.0 pitch, and a gantry rotation speed of 1.0 s.
Helical scanning was performed to obtain 0.4-mm slices,
which were then reconstructed at 0.3 mm using a normal cone
beam method with a U70u kernel to achieve high structural
resolution. Scan time was approximately 10 min. An investi-
gator registered the right and left limbs and defined six uni-
form axial regions spanning the most distal 4-16 % of the
tibiae and femora (2 % per segment) (Fig. 1a). This enabled
us to determine whether adaptations differed along the longi-
tudinal axis of the bone. Our previous work indicated that
adaptations to SCI and to mechanical loading interventions
may also vary in different regions of the bone cross section
[5,26]. We applied a set of four radial peel modes to separately
analyze the central and peripheral zones of the bone cross
section (Fig. 1a). The first three peel modes concentrically
removed 30, 45, and 60 % of voxels from the trabecular en-
velope. The final peel mode (“peripheral”) analyzed the out-
ermost ring of the trabecular envelope by subtracting the 60 %
peel area from the 30 % peel area. These four analysis ap-
proaches enabled us to determine whether adaptations differed
across the bone’s cross section.

The investigator who analyzed the CT images was kept
blinded to the training status of the participants. Images were
processed using volumetric topologic analysis (VTA) [27].
Trabecular BMD was calculated as the average physical den-
sity for each region. Trabecular surface width (SW, pum) was
calculated as the BMD-weighted average surface width for
each region. Trabecular thickness (THK, mm) was calculated
as the BMD-weighted average surface thickness for each re-
gion. Network length (NL) was found by dividing the number
of surface voxels in the trabecular lattice by the number of
voxels in the volume of interest. It is unitless, as it is the ratio
of'the trabecular volume to the total volume considered. Other
key architectural parameters relied upon the VTA classifica-
tion of trabecular elements as plate-like and rod-like struc-
tures. Osteoporotic bone typically displays evidence of ero-
sion of plates and conversion to rods [28]. Plate volume frac-
tion (PVF) represents the relative preponderance of plates in a
volume, weighted to BMD. Surface-to-curve ratio (SCR) is an
index of relative “plateness” compared to “rodness” of a tra-
becular region [27]. A low SCR indicates extensive erosion of
plates and conversion to rods, a process known to occur in
osteoporosis [28].

Vibration intervention

Participants received vibration to the constrained limb seg-
ment while sitting in a wheelchair (Fig. 1b). One limb
remained untrained as a within-subject control. The trained
leg was the dominant limb for three participants and the
non-dominant limb for the other three individuals. The linear-
ity, repeatability, accuracy, and transmissibility of vibration for
this system have been previously described [19]. A compres-
sive pre-load of 10—15 % of body weight (%BW) was applied
to the top of the knee to couple the limb segment to the vi-
brating surface, after which a cyclical load of 35 % of body
weight was applied (5 s on and 10 s off) during the continuous
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Fig. 1 a Schematic representation of the computed tomography (CT)
image-processing technique. For both the distal femur and the distal
tibia, we analyzed six regions that spanned 4-16 % of the bone length
(R1-R6). Each region was then processed with three concentric peel
modes which removed external voxels corresponding to 30, 45, and
60 % of the region’s cross-sectional area. The final peel mode
(peripheral) analyzed the outermost ring of trabecular bone by
subtracting the area delineated by the 60 % peel from the area

vibration. This was done to facilitate transmissibility of the
vibratory stimulus and to mimic weight-bearing conditions
carried out in previous animal experiments. We have previ-
ously demonstrated that this low level of compressive load
does not independently trigger bone adaptations in paralyzed
humans [6]. The vibration system delivered vertical oscilla-
tions of 0.6g at 30 Hz for 20 min. These parameters were
selected to reflect the vibration conditions of recent studies
that reported anabolic effects of vibration in the murine tibia
[11, 13, 29]. We previously verified that vibration using these
parameters does not increase background EMG activity [30]
and downregulates monosynaptic reflex activity [31]. Reflex-
mediated muscle contractions did not occur, eliminating mus-
cle force as a potential confounding source of mechanical load
to the bone. Participants were asked to complete three vibra-
tion sessions per week.

Statistical analysis

We used a repeated-measures two-way (training X time) anal-
ysis of variance (ANOVA) to analyze pQCT-derived BMD.
We analyzed CT data in three ways. First, because of the
complexity of the CT data (six analyzed regions and four peel
modes per region, per dependent variable), we conducted ini-
tial statistical analyses using the mean value for all six sam-
pled CT regions. We used a repeated-measures two-way
(training x time) ANOVA for each dependent variable: BMD,
SW, THK, NL, PVF, and SCR, with follow-up tests (Tukey)
as indicated. Secondly, when the above two-way ANOVA
indicated a significant training X time interaction for the mean
CT data, we inspected each individual CT segment to deter-
mine which regions were most responsive to training. To
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delineated by the 30 % peel. Bone mineral density (BMD) and five
trabecular architecture parameters were calculated for each peel mode
for each bone region. b Schematic representation of the vibration
training system. Ankle and forefoot straps secured the foot to the
vibrating surface. To securely couple the limb segment to the vibrating
surface, a compressive load of 10-15 % of body weight was applied to the
top of the knee via a full-contact pad. Technical details of the vibration
system have been described elsewhere [19, 30, 31]

accomplish this, we performed two-way repeated-measures
(training x time) ANOVASs on raw data for each such segment.
Thirdly, we conducted a final series of ANOVA tests on nor-
malized data. For each dependent variable, we converted the
12-month data point to a percent of the baseline value and
performed a two-way (trainingxregion) repeated-measures
ANOVA. All analyses were adjusted for experiment-wise er-
ror. Alpha was set to p=0.05.

Results

Compliance for the vibration training participants with the
recommended dose of training (three sessions per week) was
76.9 % over 12 months of training (Table 1).

For pQCT-derived BMD, no significant interaction existed
between training and time for either the tibia or the femur. A
significant main effect of limb existed for tibia BMD (p=
0.034). Follow-up testing revealed that BMD of the trained
limb was significantly higher than the untrained limb at both
the pre-training and post-training conditions. Because an
equal number of dominant and non-dominant limbs received
the training stimulus, this offset at baseline appears to reflect a
random variation effect. Thus, pQCT analysis showed no ev-
idence of training-related adaptations in BMD for the vibra-
tion cohort.

CT-derived BMD and architecture values processed using a
30 % peel method illustrate the strict measurement strategies
employed in this study (Fig. 2). For the tibia (using the mean
of all CT regions), a significant training X time interaction oc-
curred for two conditions: BMD processed with the 30 % peel
(p=0.041) and THK processed with the 60 % peel (»=0.038).
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Fig. 2 Mean/standard error computed tomography (CT)-derived bone mineral density (BMD) and trabecular architecture for the vibration training
cohort at baseline and after 12 months of unilateral training. For clarity, representative CT regions are shown as described in Fig. 1 (R1, R3, and R6)

Follow-up testing revealed a significant difference in BMD
between limbs at the baseline measurement (p=0.048), con-
sistent with the pQCT analysis. A significant difference also
existed for THK between the baseline and 12-month assess-
ments for the untrained limb only (p=0.004). For these two
conditions, we then proceeded to examine each separate CT
region individually. No significant trainingxtime interaction
emerged for any CT region for THK. For BMD, a significant

Baseline 12 Months

Baseline 12 Months

interaction existed for CT region 10 (spanning 10-12 % of
tibia length) (»=0.046). However, follow-up tests indicated no
pairwise effects for time or training.

Considering the differences in baseline between limbs, we
analyzed normalized CT data (percent of baseline) for each
dependent variable. A significant training X region interaction
existed for one condition: NL processed with the “peripheral”
peel (p=0.018). For region 5 (12—14 % tibia length), untrained
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limb-normalized NL was significantly greater than trained
limb-normalized NL (p=0.007). Taken together, this detailed
analysis using CT uncovered no evidence for a training effect
for the vibration intervention at the distal tibia.

CT-derived BMD and architecture values for the femur
appear in Fig. 2. Using the mean of all CT regions, a signifi-
cant trainingxtime interaction emerged for only one condi-
tion: SCR processed with the 45 % peel (p=0.026).
However, this interaction did not persist for any of the CT
regions when examined individually. For the normalized fe-
mur CT data (percent of baseline), a significant training X re-
gion interaction emerged for five conditions: SCR processed
with the “peripheral” peel; NL processed with the 30 %, 45 %,
and peripheral peels; and PVF processed with the peripheral
peel (interaction p=<0.001, <0.001, 0.027, 0.020, and 0.003,
respectively). Pairwise tests showed trained versus untrained
limb differences at several of the individual CT regions.
However, the between-limb difference occurred in the hypoth-
esized direction (trained limb>untrained limb) in only one
instance: NL processed with the 30 % peel at region 12 (p=
0.003). Thus for the distal femur normalized data, CT uncov-
ered evidence for a training effect of vibration for only one
architecture variable at just one CT region processed via one
peel mode. Taken together, there was no compelling evidence
that vibration training triggered BMD or architecture changes
at the distal femur.

Chronic SCI BMD and architecture

Most [3, 32, 33] but not all [34] previous studies have indi-
cated that bone loss reaches a steady state after SCI, usually
between 4 and 8 years. pQCT data from the vibration cohort
support this view: no decline in pQCT-derived BMD occurred
over 12 months for the tibia (p=0.229) or the femur (p=
0.176). However, this issue has not been investigated using
high-resolution CT imaging nor has the possibility of a steady
state been examined for trabecular micro-architecture param-
eters. Based on the absence of training-related differences be-
tween limbs (as described above), we pooled the trained and
untrained limbs for all 30 % peel BMD and architecture var-
iables and analyzed differences between the baseline and 12-
month time points. At the distal tibia, BMD and NL declined
significantly across time (p<0.001, p=0.016, respectively),
indicating that these parameters had not achieved steady state.
Across all CT regions, mean percent decline was 24.3 % for
BMD and 14.4 % for NL. No individual CT region experi-
enced a significant decline in BMD or NL over 12 months (all
p>0.05). At the distal femur, pooled-limb BMD and NL like-
wise declined significantly across time (p<0.001, p=0.003,
respectively). Across all CT regions, mean percent decline
was 29.5 % for BMD and 35.5 % for NL. For BMD, individ-
ual CT regions 2 and 3 showed significant declines over time
(both p<0.047). CT region 2 likewise showed a significant
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decline in NL over time (»p=0.015). Thus, CT imaging en-
abled us to detect continued declines in BMD and NL at spe-
cific anatomical sub-segments that were not detectable with
single-slice pQCT imaging.

Acute-to-chronic SCI BMD and architecture

pQCT-derived BMD declined precipitously over time post-
SCI for the distal tibia and distal femur (Fig. 3). The single
individual who underwent longitudinal CT imaging appears
as the red plot in this figure. BMD for this participant declined
by 55.9 % at the distal tibia and 73.4 % at the distal femur.
This participant’s position within the longitudinal pQCT da-
tabase confirms that his BMD declined in a typical fashion
over the first 2.7 years post-SCI. This supports that the partic-
ipant’s micro-architecture changes (analyzed by CT) may be
considered generally typical for an individual with SCI
progressing from the acute to the chronic stage (Figs. 4 and
5). Representative examples of reconstructed distal tibia im-
ages for this participant appear in Fig. 4a. At the distal tibia,
BMD declined by an average of 48.1 % over the six sampled
regions (Fig. 4b). Region 1, spanning 4-6 % of tibia length,
showed the most severe BMD decline (76.7 %). BMD decline
was progressively less severe moving toward the most proxi-
mal sampled regions. BMD declined by just 14.9 % at region
6, which spanned 14—16 % of tibia length.

Tibia micro-architecture parameters for this participant de-
clined by varying amounts over the first 2.7 years post-SCI
(Fig. 4b). Trabecular NL declined by an average of 41.9 %
over the six sampled regions, while PVF declined by an aver-
age of only 2.5 %. The key unifying feature among tibial
architecture parameters was that without exception, the max-
imal decline occurred in the most distal region (region 1) and
the minimal decline occurred in the most proximal region
(region 6). Thus, the spatial pattern of trabecular architecture
decline for this participant closely paralleled his pattern of
BMD decline.

Representative examples of reconstructed distal femur im-
ages appear in Fig. 5a. At the distal femur, BMD declined by
an average of 53.6 % over the six sampled regions (Fig. 5b).
BMD loss in the distal femur was most severe in the central
regions, not the distal regions as in the tibia. Region 3, span-
ning 8-10 % of femur length, showed the most severe BMD
decline over 2.7 years (66.3 %). Similar to the tibia, BMD
decline was least severe at the most proximal femur region
(region 6 38.5 % decline). This pattern of regional decline
also existed for femur architecture parameters. The decline
of each architecture variable was most severe at the center
regions (regions 3 and 4) and least severe at the most prox-
imal region (region 6). Just as in the tibia, femur NL showed
the greatest mean decline across time (38.1 %) and PVF
showed the least decline (2.9 %).
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Fig. 3 Peripheral quantitative computed tomography (pQCT)-derived
bone mineral density (BMD) for participants with and without spinal
cord injury (SCI), including the individual who was concurrently
followed with computed tomography (CT) (participant 1). For clarity,

To summarize, for a participant followed longitudinally for
the first 2.7 years post-SCI, the average BMD loss across the
entire distal tibia (~48 %) was comparable to the average
BMD loss over the entire distal femur (~54 %). Likewise,
the magnitude of the decline for each trabecular architecture
parameter was similar between the tibia and femur. However,
high-resolution CT imaging enabled us to detect spatial differ-
ences in the anatomical distribution of BMD/architecture de-
cline between the tibia and femur. BMD and architecture loss
were most severe in the ultra-distal tibia, whereas losses for
the femur were greatest at the central portion of the epiphysis.

Discussion

The purpose of this study was to determine the effect of a
controlled dose of vibratory mechanical input upon individual
trabecular bone regions in people with SCI. A secondary pur-
pose was to examine longitudinal bone architecture changes in
both the acute and chronic state of SCI. This investigation
afforded us a unique opportunity to explore whether a steady
state exists for trabecular micro-architecture with chronic SCI,
a phenomenon not previously described in the literature.

Outcomes of vibration training

We previously confirmed that the vibration intervention mim-
icked the mechanical input conditions of previous animal
studies [19] and that it did not cause reflexive muscle contrac-
tions [30, 31]. We used a novel and sophisticated imaging
approach to obtain outstanding imaging resolution for
in vivo bone adaptations. Based on results from animal
models we anticipated that 12 months of vibration of the
constrained limb segment at 0.6g, 30 Hz would yield improve-
ments in measures of trabecular BMD and micro-architecture.
High-resolution CT imaging yielded no evidence of BMD
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data for individuals with SCI>15 years are pooled (gray plot). Data for
this group and for non-SCI participants are shown as mean/standard error.
Joint contractures and involuntary muscle spasms prevented some SCI
participants from undergoing femur scans

adaptation and very weak evidence for architecture adapta-
tion: enhanced NL of a single femur region, processed with
a single peel mode. The results of this detailed imaging study
do not support that long-term vibration training at this partic-
ular dose yielded bone adaptations in these participants. As
has been reported elsewhere [35], the skeletal system in pa-
tients with chronic SCI seems to be refractory to change in
response to mechanical loading. The findings of this study
corroborate and amplify the findings of previous studies
showing an unexpected insensitivity of bone to vibratory input
in paralyzed human extremities [17, 18].

Previous animal studies used hindlimb unloading to simu-
late the mechanical load conditions of reduced activity, such
as would occur after SCI[11, 13]. We are aware of no previous
animal or human studies that have intervened with vibration of
a constrained limb segment after paralysis. An effective
vibration-based intervention could offer patients with chronic
SCI and associated osteoporosis a way to address bone loss
without risking exposure to high-amplitude mechanical loads.
This segment of the SCI patient population currently lacks
such an option. In contrast, patients with acute SCI (and
near-normal bone status) can readily perform electrical muscle
stimulation protocols that restore physiologic levels of me-
chanical load to the paralyzed skeletal system. When per-
formed at an appropriate dose of compressive load (~150 %
of body weight) and in a manner that minimizes shear forces
[36, 37], high-force muscle contraction preserves BMD and
trabecular architecture longitudinally after SCI [4-7]. We be-
lieve that it is possible that individuals with acute SCI could
also demonstrate BMD and architecture adaptations in re-
sponse to vibration training. However, vibration training
would not offer these patients the ancillary benefits of routine
electrically evoked muscle contractions, namely, improve-
ments in glucose disposal and clinical markers of metabolic
function [38—42]. No strong rationale therefore exists for
using vibration instead of electrical stimulation training to
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Fig. 4 Computed tomography
(CT) data for a participant
followed longitudinally from
acute to chronic spinal cord injury
(SCI) (2.7 years). a
Representative examples of CT
images (30 % peel) from the right
distal tibia. b Bone mineral
density (BMD) and trabecular
architecture values for each CT
region (R1-R6). The mean
percent change across time for all
regions is shown in the gray box
for each panel
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address bone decline in patients with acute SCI. Individuals Given the unprecedented level of detail of the CT analysis
with chronic SCI and the subset of acute SCI patients with in the present study, the absence of training effects over
lower motor neuron damage remain the key potential benefi- 12 months strongly supports that vibration training at the
ciaries for such an intervention. study dose does not trigger anabolism of bone in participants
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Fig. 5 Computed tomography
(CT) data for a participant
followed longitudinally from
acute to chronic spinal cord injury
(SCI) (2.7 years). a
Representative examples of CT
images (30 % peel) from the right
distal femur. b Bone mineral
density (BMD) and trabecular
architecture values for each CT
region (R1-R6). The mean
percent change across time for all
regions is shown in the gray box
for each panel

with chronic SCI. Had training effects been present, we are
confident that the CT imaging methodology would have pos-
sessed sufficient resolution to detect them. This is supported
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by the sensitivity shown by the CT technique for detecting
BMD and architecture change in the individual followed lon-
gitudinally from acute to chronic SCI. Further work is needed

@ Springer



1158

Osteoporos Int (2016) 27:1149-1160

to determine whether other vibration dose parameters (fre-
quency, amplitude, duration, training volume, etc.) could offer
an osteogenic stimulus to bone in patients with long-term SCI.

Longitudinal decline of micro-architecture

Using pQCT, we determined that the bone degradation expe-
rienced by participant 1 over 2.7 years post-SCI was generally
typical compared to a large SCI cohort (n=42). This assured
us that his CT-derived BMD and micro-architecture values
were not likely to represent spurious outlier values. The un-
even spatial distribution of BMD and architecture decline for
participant 1 is a novel finding. Single pQCT slices indicated
that BMD loss was 55.9 % at the distal tibia and 73.4 % at the
distal femur. Multi-slice CT imaging offered greater insight
into the spatial distribution of these bone adaptations. BMD
losses at the tibia were comparable to those seen with pQCT
(~50 %) for CT regions 2, 3, and 4 but were much higher at the
ultra-distal epiphysis (region 1 ~77 %). At the femur, BMD
losses were comparable to those seen with pQCT (~70 %)
only for the central sampled regions. CT-derived BMD losses
were lower at the proximal and distal extremes of the femur.
This contrasts with one recent study that reported maximum
declines in BMD at the most distal limit of the femur [2].
Methodological differences in indexing the analysis segments
to the “endpoint” of the femur may have contributed to this
discrepancy.

Because the magnitude of osteoclastic activity in any given
bone region is dependent upon the surface/volume ratio of the
local trabecular elements [43], anatomic differences along the
bone’s length likely predispose some regions to excessive
bone loss. As confirmation, BMD and architecture declines
for participant 1 were universally lowest for the most proximal
sampled tibia and femur segments. The marrow cavity begins
to form near these regions, reducing the number of trabeculae
available for osteoclastic activity, thereby reducing the longi-
tudinal percentage loss of bone at these sites. The higher
surface/volume ratio of the more distal epiphyseal regions
creates ample space for osteoclastic activity, but by the same
token, may also prime these regions for greater anabolic cel-
lular activity. An important direction for future research will
be to determine whether trabecular bone regions that experi-
ence the most severe bone loss are also most amenable to bone
preservation through mechanical loading interventions. The
CT imaging approach used in the present study is an ideal
method for exploring this issue.

The application of imaging peel modes permitted a detailed
examination of various concentric zones within the trabecular
envelope. We are aware of no previous reports that have ex-
amined differences in bone loss among concentric zones of
CT images. This approach is important for interpretation of
the present vibration study and for the design of future studies
as well. If subtle training-related adaptations occurred in one
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cross-sectional zone but not in the others, detection of the
effect could be undermined because of averaging with non-
responsive zones. In the present study, the absence of signif-
icant training effects with any of the four peel methods bol-
sters our conclusion that vibration training did not trigger bone
adaptation in this cohort. Future training studies will identify
which concentric regions experience the most rapid bone loss
post-SCI and whether they remain responsive to mechanical
loading interventions. By eliminating non-responsive areas
from analysis, future studies will be best positioned to detect
even subtle training adaptations in trabecular micro-
architecture.

The CT-derived longitudinal values obtained for partici-
pant 1 provide important context for future applications of
high-resolution imaging for post-SCI bone. Prior to this inves-
tigation we could only theorize the direction and magnitude of
post-SCI changes in micro-architectural parameters, particu-
larly for the VTA-derived indices that used plate and rod char-
acterization. A comparison of micro-architecture raw values
for participant 1 with the untrained limbs of the vibration
cohort (all individuals with chronic SCI) confirms that archi-
tecture degradation continues beyond 2.7 years post-SCI (see
Figs. 2, 4, and 5). Interestingly, this study adds complexity to
the debate surrounding the development of steady state bone
status with chronic SCI. Several previous pQCT studies sug-
gested that BMD loss eventually ceases between 4 and 8 years
post-SCI [3, 32, 33]. pQCT data spanning 12 months for the
present vibration cohort indicated likewise. However, CT im-
aging revealed that BMD and trabecular network length con-
tinued to decline in these individuals. For the femur, we were
able to pinpoint the anatomical regions experiencing the most
consistent decline: regions 2 and 3, spanning 4-8 % of femur
length. CT imaging also gave us insight into the interplay
between architecture loss and BMD loss. For these partici-
pants at this particular time post-SCI, NL was the only archi-
tectural parameter continuing to deteriorate in conjunction
with BMD. Thus, the observed decline in BMD in these indi-
viduals may have been “driven” by a decline in NL, as op-
posed to a decline in trabecular thickness, width, or other
architectural parameters. We believe that it is likely that at
earlier time post-SCI, BMD decline may instead correlate
more strongly with the decline of other features of trabecular
architecture.

Methodologic considerations

The results of the present study pertain to vibratory input at
a particular combination of frequency, amplitude, and ses-
sion volume and do not necessarily indicate that vibration
training per se is an ineffective anti-osteoporosis strategy.
Future work is necessary to conclusively determine whether
this mode of mechanical input has osteo-regulatory poten-
tial in human participants.
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As no physical correspondence exists between the location
or thickness of pQCT and CT slices, direct comparison be-
tween BMD values for these techniques is not possible. The
percentage peel applied to CT images appears to affect the
sensitivity of this technique for detecting bone adaptations
across time. For example, we observed that the 30 % peel
generally detected 3 % more change across time than the pe-
ripheral peel. A future longitudinal study with a larger cohort
is needed to examine this methodological consideration of
high-resolution CT imaging.

Conclusions

Twelve months of vibration training did not preserve BMD or
trabecular architecture in participants with chronic SCI. These
results underscore the insensitivity of bone in long-term SCI
to mechanical loading interventions, in particular to the
“dose” of vibration administered in this study. Other modes
of vibration training may yet be fruitful interventions for other
subsets of the SCI population. A novel finding of the present
study was evidence for continued loss of BMD and trabecular
network length in long-term SCI, particularly in the most dis-
tal segments of the femur. A second novel finding was that a
participant followed longitudinally from acute to chronic SCI
showed spatial variation in BMD and architecture loss along
the longitudinal axis of the femur and the tibia. Future work is
needed to determine if the bone regions at greatest risk for
deterioration after SCI may also respond most favorably to
anti-osteoporosis interventions.
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