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Prevention of Postmenopausal Bone Loss by a Low-Magnitude, High-
Frequency Mechanical Stimuli: A Clinical Trial Assessing Compliance,
Efficacy, and Safety
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ABSTRACT: A l-year prospective, randomized, double-blind, and placebo-controlled trial of 70 postmeno-
pausal women demonstrated that brief periods (<20 minutes) of a low-level (0.2g, 30 Hz) vibration applied
during quiet standing can effectively inhibit bone loss in the spine and femur, with efficacy increasing
significantly with greater compliance, particularly in those subjects with lower body mass.

Introduction: Indicative of the anabolic potential of mechunical sumuli, animal models have demonstrated that short
periods (<230 minutes) of low-magnitude vibration (<(.3g), applied o a relatively high frequency (20-90 Hz), will
increase the number and width of trabeculuce. as well as enhance stffness and strength of cancellous bone. Here. o I-year
prospective. randomized. double-blind, and placebo-controlled chneal rial in 70 women, 3-8 years past the menopause,
examined the ability of such high-trequeney. low-magmitude mechanical signals o inhibit bone loss in the human.
Materials and Methods: Each day, one-halt of the subjects were exposed (o short-duration (two [0-minute treatments/
duy). low-magnitude (2.0 m/s™ peak o peak ). 30-Hz vertical accelerations (vibration), whereas the other half stood for the
same duration on placebo devices, DXA was used to measare BMD at the spine, hip, und distal radius at baseline, and 3.
6. and 12 months, Fifty-six women completed the |-year treatment.

Results and Conclusions: The detection threshold of the study design failed to show any changes in bone density using
an intention-to-treat analysis for either the placebo or treatment group. Regression analysis on the a prion study group
demonstrated a significant etfect of compliance on efheacy ol the intervention, particularly at the lumbar spine (p — 0.004).
Posthoc testing was used to assist m identifving vanious subgroups that muy have benefited from this treatment modality.
Evaluating those in the highest quartile of comphiance (86% compliant). placebo subjects lost 2.13% in the femoral neck
over | vear, whereas treatment was associated with a gain of Q.04% | reflecting a 2.17% relative benelit of teatment (p =
(.06). In the spine, the 1.6% decrease observed over 1 year in the placebo group was reduced to a (L10% loss in the active
group, indicating a 1.5% relauve benefit of treatment (p = 0.09), Considering the interdependence of weight. the spine of
lighter women (<265 kg), who were in the highest quartile of compliance, exhibited a relative benefit of active treatment
of 3.35% greater BMD over | year (p = 0.009), for the mean compliance group, & 2.73% relative benefit in BMD was
found (p = 0.02). These preliminary results indicate the potential for a noninvasive. mechanically mediated intervention
for osteoporosis. This non-phanmacologic approach represents a physiologically based means of inhibiting the decline in
BMD that follows menopause. perhaps most effectively in the spine of lighter women who are in the greatest need of
intervention.
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INTRODUCTION

O\-u_o}u IROSIS. A DISEASE CHARACTERIZED by the progres-
sive loss of bone tissue, is one of the most common
complications of aging.'"" After menopause, BMD can con-
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tinue to decline at o rate as high as 3% /vear in some
women.” "~ resulting in 709 of women over the age of 80
having BMD measurements more than 2.5 SDs below
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voung normal values' Intervention stritegies that slow the
loss of bone soon after menopause may result ina signifi-
cunt reduction of fractures m those individuuals at greatest
risk.”!

To dute, prevention of bone loss has been approached
principally through pharmacologic intervenuon. the long-
term safety of which remains uncertain.™ These pharma-
cologic approaches inherently ignore that a significant por-
tion of the skeleton’s structural success van be attributed to
bone's sensitivity to alterations in 1y mechanical environ-
ment, with its “form follow funcnon™ characteristics ensur-

ing that sulficient mass is placed o withstand the rigors of

functional activity " In essence. physical stimuli represent
both an endogenous anabolic stimulus to bone tissue' " and
an antiresorptive factor that can actively inhibit osteoclus-
togenesis, '

The sheleton™s sensitivity to als physical environment
infers that such non-pharmacologic signals could provide an
exogenous treatment regimen tor the inhibition of bone loss.
Whereas long-tenm exercise has been shown to increase
BMD in young people.’™" this sensitivity scems to be
greatly reduced in the elderly." ™" Moreaver, exercise, and
the predilection to falls that it may invite, could promote the
very fractures that the intervention is prescribed to prevent.
In contrast to the relatively well-accepted anabolic influence
of high mechanical forces, recent work has led 1o the
hypothesis that extremely small physical stimuli, at sufhi-
ciently mgh. but physiologically relevant, frequencies. can
be critical determinants of hone morphology'™*! and thus
represent g unigue means of mediating bone quantity and
quality.

Using w surgically myasive model on the ulnae of aged (4
vear old) turkeys, high-frequency (30 Hzy, low-magnitude
(2000 microstrain) sighads were suceesslul in stimulating an
merease o cartical bone. whereas high-amplitude (3000
microstraing, fow-frequency (1 Hz) signals faled o be
anabohce! ™" Delivering these signals noninvasively for 10
nminutes/day, a fHoor plate vibrating vertically at 90 Hz.
inducimg strain in the bone of less than [0 microstrain,
successtully mhibited disuse osteopenia caused by 23 h and
S0 minutes of tail suspension in the rut, whereas U minutes/
day of normal weight-bearing activity failed tw curb this
Toss.! ™

“Inclonger-term antmal studies. | vear of daily. 20-minute
sessions of fow-level ((.3g, where ¢ = ecarth’s gravitational
field, or 9.8 m/s"). mgh-trequency (30 Hz) mechanical stim-
ulation to the hind limbs of adult female sheep stmulated a
43% increase in bone density in the proximal femur, mea-
sured by CT.'7 This incredase was achieved through a 369
mcrease in the thickness of individual trabeculae and o 45%
increase in their number,'™ contributing o o 124 increase
i stiffness and 279 increase in strength of the cancellous
bone from the femor'"™

The work reported here evatuates, in humans, whether
such o nonimvasive, low-level mechamcal signal, induced
noninvasively inte the musculosheletal system, s able to
infubit the bone foss that (ollows menopause. Considering
the fiber type—specific sarcopenia that parallels aging,™" we
believe the bone wasting that occurs in older adults results
not only from the dimnished Tevels ot activity, but trom the
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attenuated 20- to 50-Hz muscle dynamics that normally
arise during long-duration activities such as quiet standing.
Thus, we hypothesize that “reintroducing”™  the  low-
magnitude. mgh-frequency dynamics back into the muscu-
loskeletal system will re-establhish a key regulatory stimulus
to the bone tissue and thus mhibit the reductuon of BMD that
follows menopause.

MATERIALS AND METHODS
Sty subjects

The protocol and study design were reviewed and ap-
proved by Creighton University™s Human Use Committee,
and all clinical work was completed at the Creighton Uni-
versity School of Medicine's Osleoporosis Center. Women
meeting the 3 to R-year postimenopausal crileria were re-
cruited from the greater Omaha arca by newspaper, radio,
and television advertising and from existing subjects within
Creighton’s Osteoporosis Center. Informed consent was
obtamed trom quahified volunteers who agreed to participate
in the study. Inclusion cnteria included normal nutritional
status (as determined by questionnaire). stable weight main-
tenance (1.e., no elective weight loss or diet). estimated daily
calcium intake of =500 mg/day. and the capability of fol-
lowing the protocol tor daily use of the device as well as
understanding and providing informed consent. Because of
design constraints of the oscillating device. the body mass
of included subjects had 1o be greater than 45 kg and Tess
than 84 kg.

Exclusion criteria consisted of any pharmacelogic mter-
vention for osteopenia within the previous 6 months. any
use of steroids, current smoking status. consumption of
excessive aleohal (=2 drinks/day ). evidence of osteomala-
cia, Paget's disease, osteogenesis imperfecta, gastromtesti-
nal disease, or history of mahgnancy. and/or any prolonged
immaobilization of the axial or appendicular skeleton within
the last 3 vears. Subjects were also excluded if they had
evidence of spondyloarthrosis, thyrotoxicosis, psychomotor
disturbances, hyperparathyrotdism, renal or hepatic discase,
and chronic diseases known to atfect the musculoskeletal
system (e.g.. muscular dystrophy), and/or were engaged
high-impact activity at least three times per week (including
but not Limited 1o tennis, acrobics, running, weight-bearing
activity or exercise more intense than fast walking), :

Subjects not excluded by medical history and who met
the inclusion criteria of 3-8 years past menopausc unulv.':.;f—'
went o battery of standard laboratory tests (eg.. Heulth
Screen 20, urinalysis. hematology. and bone-specific mark-
ers; Metra, Suusahto. CAL USA), as well as lateral X-ray
views of the thoracic and lumbar spine. In this second tier
examination, subjects were excluded with physical or ra-
diographic evidence of fractures or osteophytes. No patient
exclusion was based on BMD status (T or 7 scores). It the
inclusionfexclusion criteri were satisfied by the medical
history. laboratory data. and X-ray data, the subject was
enrolled in the study. Over the course of 2 vears, a total ol
70 women were enrolled in the study.

Active und placebo devices were manufactured and as
signed o device number to coincide with o randomization
code, Each woman successtully recrunted into the study was
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provided with o mechanical device (see below), which was
delivered 1o her home and set up by a technician. Through-
oul the course of the study, subjects and investigators were
blinded as to which device was an active or placebo unit,
and all information reparding the randomization scheme
way kept confidential and secure,

Design of the vibration pluiform

Fo induce low-level physical stimulation in 4 controlled
amner. an apparatus was designed that used a small. low-
force (18N but highly linear. moving coil actuator {model
LATS 18, BEL San Marcos, CA, USA) 1o impose peak to
peak vertical accelerations of 0.2 at a frequency of 30 Hz
on a body mass of up to 85 kg, The device was designed
such that a very smuall driving force would produce vertical
accelerations of the subject’s body mass and the supporting
spring loaded plate (Fig. 11 With incorporation of appro-
priate accelerometer feedback from the plate surface, con-
trol circuitry was sufficient (o reduce non-translational
maides of vibranon cavnsed by motion or positional changes
of the subject ™" As demonstrated in human volunteers,
foot-hased, whole-body vibrations above 25 Hz (cycles per
sceondy and below Ty can sofely be transmitted into the
lower appendicular and axial skeleton without producing
amy detrimental skelewal resonances. The measured trans-
missihilities in the skeleton are all significantly below 1.0 at
treguencies above 25 Heo with 704 of the ground-based
sienal reaching the vochanter of the femur and Ly in the
spine.' =

Experimentad design

Sample size projections (discussed below) determined
that 64 women would be required to address the principal
hypothesis. that 15, women who used an active device af
least 80% of the prescribed time would show a significant
mhibitton of the bone joss that follows menopause. The
study was also designed such that subjects who dropped out
within the first months of parucipation would be replaced,
The minal cohort ol 64 women was randomly distributed
o one ol two groups, and individual treatment began as
soon as each subject was enrolled in the study. Each subject
wis randomly assigned to the acuve or placebo group
according 1o a confidential. rundomized number sequence
generated by an independent statistical consultant and with-
out regard o baseline BMD or matching between groups.

ln the inital recruitiment group, active devices, which
vibrated at 30 Hz, 02g peak o peak. were provided o 32
waomen, whereas 32 women received a placebo device, At
this intensity level, with o total displacement of 35 pm, the
motion of the active platform s shightly discernible because
the intensity s just above the perception level for vibra-
ton. " To help obscure the active/placebo status of the
devices, caclr device emitted a low-frequency audible sound
to suggest that every plate was “active.” Throughout the
course ol the study. neither the investigators nor the subjects
were informed whether the device was active or placebo,
reinforcing the blinded nature of the study.

Each coded device was delivered 1o the subject’s home.
and the subject was mstructed how to stand on it for two
H0-minute treamments/dav, separated by o mummum of 10 h,
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FIG. 1. cA) Noninvasive device w achicse low magnimde jnechan-

wcal sumulation consists of o spring-supparted plate driven by an 18N
peak force clectromagnenic actuator. By ncorporating the suhject™
mass as part of a resonating mechanmcal system, perturbation ol up 1o
0.4g (peak o peak). over the range of 5 100 Hz, can be atnned for

subjects up o 80 kg (B Acceleratons messored a LA idoned line).”
while shightly outaf phuse with the 0.2¢ 30-Hz ascillation of the plate,”

demonstrated o high level of transmissibiling

tor 7 days/week. By delivering the devices to the subject’s
home, each person was mnsulated from other purticipants i
the study and intersubject device comparison wis avoided.
which also aided in the blinded study design. The subjects
were advised 1o use the device in any location in their home
that was convenient for them. Subject compliance was re-
corded by an electrome monitor integrated within the de-
vice, which tabulated time. date. and duraton of cach treat-
ment. throughout the l-vear period. After the 10-minute
treatment period, both active and placebo devices shut oft
amtomatically. I the subject interrupted any given 10-
minute period (e.g.. stepping off to answer the phone). this
disruption was detected through a plate surface pressure
switch, signaling the device to emit an acoustic warning and
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the treatment would pause unul the subject returned. 1 the
subject did not return within 10 mimutes. the device would
record the tme actuvated and automaticully shut ofl,

No incentive was given for maximizing compliance, the
device enmtted no visible or audible warnings if dinly use
wits undersubscribed. and the study was designed such that
the investigators did not prompt the subjects o use the
device. Percent compliance was measured s the total num-
ber of treatments in which the subject stood on the device
for at least ¥ minutes, divided by two times the number of
days the devices were in the subject’s home times > 100,

Clinteal assessment

Bascline BMD was determined by DXA (QDR 2000:
Hologic, Waltham, MA, USA), with measurements taken it
tour skeletal locations: proximal right and lelt temora, lum-
bar spine. and the distal one-third of the nondominant ru-
dius, Subjects were phoned to come in for follow-up scans
at approximately 3, 6. and 12 months. Care was taken to
position the patient in the same way at cach scan, and the
sume bone density technician performed euch scan, A bone
phantom was used 1o cabbrate the DXA machine cach
day."™*" Atbaseline and completion of the study., 1o approx-
imate change in bone remodeling status, serum and urine
samples were taken, and markers of bone formation and
resorption were measured. At completion of the study. u
written “exit’” questonnatre was requested from cach sub-
ject, which asked about ease and convemence of vse and
whether. in the subject’s judgment, they were on a placebo
or active device.

Stanistical analvsiy

After 12 months of treatment. the primary outcome mei-
sure was. in subjects with at least 80%  compliwnee,
significant difference between changes in BMD of the spine
and femur in the active and placebo groups. Secondary
oulcome measures were serum indices of hone formation
and resorption. The sample size was determined by antici-
pating a balunced study with a difference i bone density
loss between active and placebo groups of 2% over | year,
assuming a population SD of 2.4%. A final group size of 36
was calculated 1o be required to attam o power of .80 with
an e of 0,05 With a 10% drop-out rate projected (N = 6,
a recruitment goal of 64 was set (¥ — 320 cach group),
While the active/placebo status of the devices wis not
revealed. any subject who withdrew within the first 3
months of Ireatment was replaced by a subject who received
the same device status.,

The study results were analyzed in colluboration with un
mdependent  statisical consufunt (Baston Biostatistics,
Wellesley. MA. USA). and no data imputation was per-
tormed. The data were inmtially evaluated in an “intention-
to-treat” analysis using the 1 2-month DX A scan or the scan
at the Tast Tollow-up visit, and mcluded the results of alf
subjects enrolled in the study, both treatment and placebo.
Analyses were pertormed o prioci using all subjects. tinst by
simple population r-test. and second by multiple lincar re-
gression, with body mass and complisnce as covariates.
Posthoc analyses were performed tor all subjects with base-
line and 12-month DXA data and tor whom full clectroni-
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cally recorded compliance data were available. In posthoc
testing. the interaction of compliance and treatment was
wssessed ina linear effects model. with least squire means
cenerated at the specilied compliance levels reflecting the
mtercepts of the three compliance  quartile boundarices
(39, 1%, 7660, 83.9% ), Because of the reported relation-
ship between osteoporotic tracture risk and body build.=™ 4
three-way mteraction of treatment. compliance, and subject
weipght thiseeted at 635 kg consistent with NHANES 11 body
weights of females in this age range'™"") was investigated
both m a hinear etlect model and by a simple ~test dichaot
omizing complianee at the 805 and 60% levels, p values
less than (105 were considered statistically siznificant; no
posthoe corrections were undertaken.

RESULTS

ln total, 70 (33 active and 37 plucebo) subjects were
randomized mto the study and were included in o the
intention-to-treat analysis. Six (one active and five placebo)
subjects withdrew within the first 3 moaths and therefore
had no DXA follow-up. Each of the six people who with-
drew was replaced by a new subject who entered into the
sumie treatment type. Of the 64 subjects who had at least two
DXA measurements, 8 did not have a 1 2-month DXA scan:
therefore, the remaining 56 subjects (28 active and 28
placebo cach with a 12-month DXA scan) formed the a
priori analysis group, Complete electronically recorded
compliance data on 10 of the remaining 56 subjects were
not available. und thus the per-protocol analysis (group used

lfor posthoc analysis purposes) considers only the subset of

46 subjects (26 active and 20 placcho)r where o full elec-
tronic record of complianee was available. There soas one
adverse reaction of teatment reported (headache ). which
came from g woman in the placebo group. All uctive devices
were redssessed at the end of the study and found 1o be
within 3% of the 30 He, 0.2¢ criteni, as per the original
dynamic parameters at the initiation of the study. Further-
more. at the end of the 12-month period. the audible acous-
tie signal, intended (o obscure the acnive/placebo status of
the platform, was functioning in all devices.

At the completion of the study. the randomization code
was braken. and a comparison of the two groups, active and

placebo. wis determined. Although the study was not pow- ;-
ered o detect demographie differences, age. height, femur,

and spme BMD at baseline were not significantly different
between the groups. However. at bascline. the placebo
group’s average weight was 3 kg higher than the active
wroup {po< 0.03), and the body mass index (BMD of the
placebo group was 2 kg/m” higher (=7 0.04; Table 1)
Ancntention-to-treat unalysis of all 70 subjects wis un-
dertahen using o bootstrap weehnigue to pernit estimation of
the response in subjects with incomplete dat' =" In neither
the active nor placebo group did changes in bone density
exceed the detection threshold of the study desiegn. In the
femoral neck. the active group lost 0.69% of their BMD
versus o (0.279% loss in the placebo group. In the trochanter,
the active group lost .07% ol their BMUD versus a 00194
loss i the placebo group - In the lumbar spine. the achive
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Al the begiming of the protocol, there were no sigmiticant differences between the setive and placebo aroips i tenns of e, height, months past the
menopatte, and femur spioe, or rdivs BMIY There were sigmficant slifferences in heady weight betseen the tuas grotpes, with the placebo group 5 ke

Neaster han the active group ¢ p

vroup lost O51% versus a loss of 0.65% mn the placebo
population (p = 0.45).

Fifty-six subjeets (28 active and 28 placebo) had o 12-
month DXA scun, and this group constituted the & priori
study group. A wide range in compliance with device use
wits obsersed in this population, ranging from 1% (o 954%
When the device was used. however. 98.4% of what con-
stituted oo complete reatment (=8 minutes) was a tull 10-
minute treatment. Thirmy-seven percent of subjects complet-
mg the study were at least 80% compliant {10 active and 7
placebor, whereus 72% ol subjects were at leust 60% com-
plunt (19 active and 14 placebo). Whereas the placebo
population had consistently higher losses of BMD in the
lumbar spine. femoral neck. and trochanter regions of the
skeleton than that measured in the active treatment groups,
no significant differences were observed on population av-
CTages

Because ol the large range of compliance. multiple re-
aression analysis was performed on the a prion populations
o identify the relatonship between compliance and ctfi-
cieys Strong positive associations between device usage and
chunges in BMD were observed at all three sites of interest
(Tuble 23 Using compliance and weight as covartes,
BMD of the spine was tound 1o increase (0.071% for each
pereent merease in compliance of device use (p = 0.0039),
Prajecting this correlanion to an “idealized patient” who was
1000 comphant, and assuming the bone remodeling re-
sponse 1o he linear. this would correspond 1o a 7.1% in-
credse in BMD over the course ol the year. For the trochan-
ter o 1% compliance, BMD would be projected 1o
mercase by 5.1% (p = 0.085), and for the femoral neck.
BMD would increase at a projected rate of 1.8% over the
course of the year (p = .34y Correspondingly. BMD
changes i the placebo population demonstrated no associ-
ation - the trochanter and lumbar spine and o negative
association tor the temoral neck (p = 0.001).

Posthoc analysis of the per protocol group, examinimg
ctheaey wteach intercept of comphance quantiles. used least
seuare means generated at the specified compliance level
o those subjects i that quartile and treatment group per-
formed without correchions. Based on the suggestion of a
freatment and compliance interaction as seen i Table 2,4

D03 Body mass indes wlso showed o stenificant ditference Tetween the tw groups op = 004
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The tahle presents multiple wepression dita using the covarates ul subject®
weight and percent complunee of device vses A stromg, dependenee on
comphance 1~ demonsirated for the spine of e aetive subjects g
0004 and the femuonal neck of the plivebo subpecrs 0l A
dependence on subject welghn s also shiewn for the spime and fenwnal neck
region of the pliceho subjects 1 p O sl e O respectively ),

linear prediction model was constructed o investigate the
peneral miluence of complianee iie.. percent ol total pos
sible treatments complered: Tuble 310 A sigmblicant interac-
tion of treatment and complhince was observed for femoral
neck BMD changes (p = 0,060 with the active treatment
showing a refutive benefit onver placeho of 2.17% when the
subjects were 36% compliant. Similar observations are seen
at the rochanter trelatve benetit of 1,23% at 86% compli-
ances po= (21 and at the lombar spime (1.5% relative
henefit: p — (LO9), Pactoring in weight improves the elti-
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Tane 3. Preerst ComeriaNer Eyrmor on TreaTvesT DirmereNees

it
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Mean comp. and wi, < 63 kg —(L70 343 H2A (02
B39% Compliance =i =16 + .50 (4
B5.9% Comp, and wi. < 65 kg 018 —317 L3350 (009
Percent change in femoral trochanter BMD (trearment and
complianue interaction povalue = 0035)

S9.0% Compliance —0.50  —(u3 +0.43 .67
SU0% Compoand wi <2 65 kg —09F — .89 L6 1157
Meun compliance AR (73 FO.TY [y
Mean comp. and wt, < 63 kg —(L16 - 155 +1.39 0 028
RS9 Comphanoe + 076 .47 w3 021
RS9% Comp, and wi, = 63 kg + 080 1.12 ~1.92 017

Fercent chunge in temoral neck BMD (treatment and compliance

mteraction povalue - 0,02

SU.1% Compliance [.18 042 0.76 052
SO % Comp.oand wi. = 65 kg — 157 094 —{Lh3 0.74
Mean compliance —ik6d —1 IR —1}.54 .34
Mean comp. and wi. <= 63 kg —083 - 1.5] 058 (.69
R5.0% Complance YR Z13 207 (106
85.9% Comp.und wi. << 65 kg 013 —223 +2.10 0149

Compliance wis assessed as a single (lineary effect tor percent comphi-
ance (59,007 T6.62%. and 85.87% ). Least-square meuans were generated af
the speeilied compliunce level, Weight was dichotomized 1o be cither = 63
kg or = A3 ke, Least-square means were generated estimating the = 635 kg
means at that level of compliance (eg., 39.1%

ciey of treatment. with the benefit of treatment ranging from
2% to 3% at all three sites, with p values ranging from (.19
to 0.009.

Considenng weight as an interacting influence on spine
BMD. the subjects were stratified into groups above and
below 65 kg (Fig. 2: Tuble 4). In the lower-weight cohort,
in the highest quartile of compliance (86% ), there was a
3.17% loss of bone in the spine m the placebo group
compared with a 0.18% gain in BMD in the active group.
suggesting a 3.35% relative benefit of treatment (p << 0.009;
Table 3). Stmilarly. in this lower-weight, high-compliance
group for the femoral neck, there was a 2.239% loss over the
course of the year in the placebo group compared with
(L13% loss in the active group, representing a 2.1% relative
benefit of treatment. For the trochanter, the relative benefit
was 1.92% over the course of 1 year of treatment.

Figure 3 provides a plot of the quartiles derived from the
linear modeling with the placebo group providing the mean
of the three-gquartile values for cach treatment site. In the
lumbar spine. a 0.1% loss in the highest quartile of compli-
ance was relatively better than the 1.55% loss experienced
by the lowest compliance group. This 1.55% loss in the
lowest compliance group was similar to the 1.76% loss
meuasured i subjects standing on a placebo device. In the
trochanter region, a 0.76 gain was determined tor the high-
est compliance group, whereis a 0.5% loss was experienced
by the lowest compliance group, a loss that was similar o
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Tasek 4. Prreest Choance as o Fusenos o Cosperiaset
A WG

It

Parameter Activee Placebo oA e, 17 p Vil
Percent change i total spine BMD
Compliance = Ol 041 0o EINR (155
6% Comp. and wi < A5 kg (.28 A2 RIS [IARR
Complunce = K% =17 1.1 {4 [ARh)
0% Comp, and wt, < 65 kg +0.49 A < 16w 002
Percent change i femaral trochunter BML
Compliunee = A% <57 14 +1.71 04
ol Comp. und wio = 63 ke =074 - 125 +1.499 .26
Complianee = R =090 41 07 (h 56
80% Comp, and wi. - 63 ke 1137 [0 P47 0,25
Percent change in lemoral neck BMD
Complimee = 6005 {323 =12% + 1 (5 i3
60% Comp. and wi. ~ 65 kg -0d41 —254 + 20N (.23
Compliunee = 8045 17 MR +2ALS D16
B0% Comp. und wi 63 hy  —HLOA 20N +3, |2 140

Data are <hown for the spine. temoral trochanter, and temeral neck as o
tunction of 6 and 80 compliance, The analysis s repeated tor those
subjects thut are also 65 kg i weightt The subject numbers tor cach
rreatment v pe by category wre Complianee = 6070 Active = 149, Placebo =
14, Comphance = 60Fe and weight = 65 ket Active — W0 Placebo — &
Complianee = 80% 0 Actve — L Placeho — 70 Complimee = 509 ol
weight < 63 kg Active = 7, Plucehe = 3 The data illustrate o substantial
inereuse i efficacy i the lumbar spine with both higher comphianee levels
and e lighter weight subjects.

the (L71% loss observed m the pliacebo group. The femoral
neck. as well, demonstrated o dose-dependent response with
i 0045 s an the highest-comphiance group versus o
1IR%% loss in the low-compliance group. This IS loss
was stmlar to the 1.247%  losy measured in the placebo
group, In the distal radius, there were no significant difler-
ences between any ot the comphance groups and the plu-
cebo group.

Serum indices of bone formution and resorption were
evaluated at baseline and at the end of the study to deter-
mine if the mechanical intervention infuenced bone remaod-
eling activity. Dietary caleium (self-reported) was the only
variable that seemed significantly different wt baseline. At
12 months, hydroxyprohme levels fell 16% in the placebo
eroup but only 3% in the active group, reflécting a 135
difference (p = 0.07). Phosphorus {haseline value — 37)
was up 1.3% in the active group but fell 4% in the placebp’
group. reflecting a 3% ditference (p = 0.08). No significanf!
changes were seen in hone-specific alkaline phosphatade
{which went up in both groups), total alkaline phosphatase
(which went down in both groups). creatinine (which did
not change). osteocalein, or parathyroid hormone (PTH ).
Every 3 months, ¢ither by telephone or visits to the Center,
patients were ashed 11 they exercised more or changed any
other uspect of their lifestyle. No trends were identitied.

In thewr exit imterviews, the subjects expressed concern
thut two [O-minute/day treatments were ditficult to schedule
but that they may be more encouraged o use the device it
elficicy was demonstrated and 1 a single use per day were
possible. Approximately 2009 ol the active subjects cuessed
incorrectly in terms of whether they had an active device,
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FIG. 2. Siratinication based on body mass shows that the lighter

women 268 ket lost 3,325 bane Trom the spine aver the course of the
year. In these lighter women who remained at least 604 comphant with
the dily tremtment of low-level mechanical stimulation, the loas was
mhibited (0 0032 ) Heavier women lost essentially no bone over the
course of the vear. and thus 1t was nat pl1>~ih|t’ 1or shos the L'n"lL';]L'_\ af
treatment t inhibie a loss that was not occurming (p = 0.34),

and 30% ol the placebo subjects guesses were incorrect as
to the status of their device,

DISCUSSION

This study examives the sadety and potennial efficacy of a
very-low-magnitude physical stimulus to inhibit loss of
BMD. which 1~ based on the musculoskeletal svastem’s
strang sensitivity o mechanical stimuli, The physical stim-
ulus is imposed nomnvasively into the weighi-bearing skel-
eton through ground-based accelerations. The nature of the
vibratory stimulus s based on providing a swrrogate tor the
spectra of high-frequency muscle-based signals that atten-
wate with aging."™"" In addition to large amplitude mechun-
ical forces (and resultant strains) associated with vigorous
activity., smaller magnitude strain signals are continually
evident in bone "™ ™™ und it is these signals that we ure
trving to mimic. When the 12-month human data are con-
sidered inan o prion analysis, the results indicate a potential
benehit of freatment strongly dependent on compliance. s
standing on the device for close 1o 20 minutes/day was
associated with o greater ability 1o prevent bone loss. Using
lincar regression analysis to determine the etfect of tull
100% compliance indicates that an “idealized™ subject who
used the deviee for the full 20 minutes/day could have up to
T% higher lumbar spine BMD and 5% higher BMD in the
trochanter than those who did not use the device at all.
Compliance. however, is difficull 1o ensure in any study.,™'
and strategies 1o improve use must be considered.

The exit interviews indicated that & “twice per day™
regimen made 11 difhcult 1o fit into o working schedule.
Possibly. exposure time could be reduced it the potency of
the mechanical signal could be mcreased. perhaps by -
vreasing the amplitude o above 0.2¢. which may lake
advantage of the interdependence ol cyele number and

1o NECK TROCH SPINE

RADIUS

a5

0a

05

% CHANGE IN BMD

1 P ACERD

a0 FEZA ACTIVE LOW COMPLIANCE

[ ACTIVE MEAN COMPLIANCE
ACTIVE HIGH COMPLIANGE

FIG. A The abihny of lea-fevel mechwncal sumulition w ihibi
bone luss i wenght-hearing regions was strongly dependent on com-
plance (lemorad peck. femoral tochanter, ttal spined, with rends
showing the more the device was osed. the greater the effect that wis
evident, Shown s vach ol the single Tinear etrects madel for active. low
comphance 139 1% 0 actve, medium complunee Gmean and active.
fgh compliinee 18390 eroups tor cacl sites and they are compared
with the mean b the asverape placebo valies from the hoear medel for
all complimce levels (Table 35 There was noantluence of the mechan-
real treatmient on the radins.

strain magnitude. " or o denuty alternative frequencies or
waveform combinations that may be more effective' ™"
Examimmng subject commitment 10 a shorter treatment du-
ration. a recent [easibility study has shown that. over 6
months of treatment in an elderly female population (75-90
years old) usimg o H0-minutes/day. 30 Hz stimulus at 0.3g.
4 mean compliance of 936 was maintained.”' Considering
the difficulty in fitting m two [0-minute (reatment regimens,
ity also possible that comphuance would huave been im-
proved had o single 20-nunute session been used.

Posthoc analysis indicates thar this intervention may be
more effective i lighter women than in heavier woimen,
particularly in the spine (Frg. 2, Conxidering that BMD s

positively correlated with body mass,”™" these data i turn
also suggest that the mechanical stimulus works best ing;

those women with lower BMD (1.¢., effective in women
who require 1. specific 1o those skeletal sites that need
treatment (no signilicant differences were observed in the
radius between active and plucebo subjectsy, The individu-
alized “sensiuvity” 1o the mechanical signal is consistent
with findings in the mouse. where the anabolic potential of
the mechanical stimulus 1 realized inoinbred struins with
low bone density te.g.. Bo)o whereas there 15 only low
responsivity 1o altered  mechanical environments in the
high-density strains (e.g,, C3H''Y

This study indicates that low-level mechanical stimuli
may have the potential 1o prevent bone loss in the post-
menopausal population, but Faled to stunulate the forma-
tion of hone. In contrast. the stimulus used in this study was
shown in animal studies (0 be strongly anabolic!'” '™ un
observaton supported by recent work addressing the effects
of 03¢ vibratnion on bone density in children with cerebral
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palsy' ™' and adolescent females (10-13 vears old) in the
lowest quartile of BMD."*"" Whether the anabolic response
was observed because the signal was delivered to the skel-
cton of children rather than adults or because the amplitude
was S0% greater (0.3g rather than .2¢) 1s not yet clear.
Considering that the bone strain resulting from these vibra-
tions are two orders of magnitude below those levels that
initiate microdamage."*”" this mdicates that anabolism cin
be achieved without putting the skeleton at structural risk.
With this in mind. it is relevant to note that in a recent study
reported by Torvinen et al."”" vibration 40 times greater
than the signals examined here (8¢ as opposed to 0.2g)
failed 1o stimulate any form of bone response. Whether this
was because the study was relatively brief (8 months). used
healthy voung adults {and therefore there was no “signal”
lucking that required replacement). or that the amplitude
was so greal as o be bevond any torm of physiologic
relevance (as in light that is 1oo bright. sound that is 1oo
loud, or pressure that s too greaty, is ditfficult o determine
at this point.

No adverse reactions were reported in the active group.
Nevertheless. vibration of the human body 18 undeniably u
complex issue! ™™ and considering the variety of pathulo-
gies it may exacerbate, including low back pain,'™’ circu-
lation disorders,”™™" and/or neurovestibular dysfunction,'*"
it must be approached carefully, ISO 2631 gives “provi-
stonal guldance as 1o acceprable human exposure” o
whole-body vibration in the 1- 1o 100-Hz band for a sitting
or standing person,**’ defining numerical values of the
“fatigne-decreased proficiency boundary™ over a 24-h pe-
riod. Sinusoidal frequencies in the range of 25-32 Hz allow
tor a 4-h exposure at O.dg. well exceeding acceleration
levels und times under investigation with this device. The
satety of signals that exceed ly. tor even a short duration,
may be of some concern.'**!

There 18 general perception within the skeletal disciplines
that signals must be large to represent a positive influence
on bone mass and morphology. ™ These dita suppon the
premise that extremely small mechanical signals may also
be capuble of serving as a regulatory influence on skeletal
architecture, the “outcome™ of which seems to be a more
uniform distribution of stresses in trabecular bone under
load.“**" This regulatory influence may be achieved directly,
by mechanicul strain, or indirectly, through amplification of
the signal by intramedullary pressure™® or fluid Aow'"”" in
the bone tissue. Alternatively, the regulatory response may
be regulated through a system such as neuromuscular feed-
buck ampliticd by the low-level signals exceeding a stochas-
tic threshold™ or by sumulating skeletal muscle pump
acoivity, resulting in significant etfects on circulatory flows
and fluid How through the bone tissue.™"" Even considering
the complicated nuture of the physical mechanism., there can
be little doubt that the biological means of controlling bone
adaptation are even more complex.™

Bone architecture 1s but one of several eritical risk factors
associated with long bone fractures. For example, postural
stabihity and muscle strength contribute to fracture risk on i
par with BMD.*" [f the physical stimulus investigated here
does represent a surrogate for the signals lost by sarcopenia,
it 15 entirely possible that the muscle may benefit from
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treatment as well, enhancing musele strength,™" and cou-
pled with the neurovestibular system. improve postural sta-
bility

This prospective. randomized, double-blind. and placebo-
controlled study has provided important prehiminary resulis,
and clinical support for the hypothesis that extremely low
level physical stimuh may provide an effective means to
inhibit bone loss, particularly for those who cannot or will
not comply with truditional pharmacologic interventions tor
osteoporasis,'
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