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Low-Magnitude Mechanical Loading Becomes Osteogenic
When Rest Is Inserted Between Each Load Cycle

SUNDAR SRINIVASAN,' DAVID A. WEIMER,? STEVEN C. AGANS,' STEVEN D. BAIN,?
and TED S. GROSS!

ABSTRACT

Strategies to counteract bone loss with exercise have had fairly limited success, particularly those regimens
subjecting the skeleton to mild activity such as walking. In contrast, here we show that it is possible to induce
substantial bone formation with low-magnitude loading. In two distinct in vivo models of bone adaptation, we
found that insertion of a 10-s rest interval between each load cycle transformed a locomotion-like loading
regime that minimally influenced osteoblast activity into a potent anabolic stimulus. In the avian ulna model,
the minimal mean (+SE) periosteal labeled surface (Ps.LS) observed in the intact contralateral bones (1.6 =
1.5%) was doubled after 3 consecutive days of low-magnitude loading (3.8 = 1.5%; p = 0.03). However,
modifying the regimen by inserting 10 s of rest between each load cycle significantly enhanced the periosteal
response (21.9 + 4.5%; p = 0.03). In the murine tibia model, 5 consecutive days of 100 low-magnitude loading
cycles did not significantly alter mean periosteal bone formation rate (BFR) compared with contralateral
bones (0.011 = 0.005 wm’/um? per day vs. 0.021 = 0.013 wm®/um? per day). In contrast, separating each of
10 of the same loading cycles with 10 s of rest significantly elevated periosteal BFR (0.167 = 0.049 pum®/um?
per day; p = 0.01). Endocortical bone formation parameters were not altered by any loading regimen in either
model. We conclude that 10 s of rest between each load cycle of a low-magnitude loading protocol greatly
enhances the osteogenic potential of the regimen. (J Bone Miner Res 2002;17:1613-1620)

Key words: mechanotransduction, exercise, osteoblast, bone mass, osteogenic

INTRODUCTION to a fate of elevated fracture risk for a substantial portion
their lives.”

IMINISHED BONE mass in the elderly arises because of Mechanical loading of bone has substantial potential to

degradation of the normal balance between bone re-
sorption and bone formation observed in the young
adult.""? Current treatment strategies have focused on in-
hibiting bone resorption and are highly successful, particu-
larly in blocking elevated resorption associated with meno-
pause.® However, options for elevating bone formation as
a means of enhancing bone mass are extremely limited.*>
Given our rapidly aging population, the current inability to
augment safely and effectively bone mass consigns millions
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induce bone formation.”® However, application of exercise
regimens in humans as a means of augmenting bone mass has
met with mixed results.”” The elderly, in particular, are unable
to comply consistently with the high-impact strenuous loading
events typically associated with even minimal bone accre-
tion."'” Unfortunately, lower-magnitude exercise strategies are
extremely limited in their ability to enhance bone mass.""

A growing body of experimental data support the hypoth-
esis that fluid flow near osteocytes underlies mechanotrans-
duction within bone. Osteocytes reside within lacunae and
canaliculi inside the mineralized matrix."'*>~'* Mechanical
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loading greatly accentuates fluid flow and diffusion within
bone">'® and osteocytes are highly responsive to fluid
flow."”'® Additionally, bone formation induced by me-
chanical loading is spatially associated with locations of
large strain gradients, which, in turn, stimulate fluid
flow."*2” However, given the spatial dimensions of the
osteocyte’s lacunae and its cellular glycocalix coating, flow
of fluid past the cell body and cell processes is likely to be
highly viscous.?'® This physical consideration suggests
that if bone is loaded repetitively (i.e., at typical stride
frequencies of 1 Hz and higher), sufficient time may not
exist for osteocyte level fluid flow to recover from inertial
damping effects between each load cycle.®® Fluid flow and
thus osteocyte stimulation, therefore, potentially are much
reduced after the first few cycles of repetitive loading. If so,
it is likely that inserting a “sufficient” time period between
each loading cycle would heighten fluid flow near osteo-
cytes by facilitating recovery from inertial damping effects.

Therefore, we hypothesized that inserting a nonloaded
rest pause between each loading cycle would increase the
osteogenic potential of a low-magnitude locomotion-like
mechanical loading regimen. We examined our hypothesis
using both the avian ulna model and a recently developed
noninvasive murine tibia model of bone adaptation. Specif-
ically, we contrasted the ability of low-magnitude loading
regimens with and without a 10-s rest interval inserted
between each load cycle to induce osteoblastic activation
and/or bone formation.

MATERIALS AND METHODS

Avian ulna model

In this study, eight middle-aged male turkeys (2 years
old) underwent the functionally isolated avian ulna proce-
dure.® The left ulna of each turkey was isolated from
functional loading by parallel metaphyseal osteotomies per-
formed on both ends of the bone. Transcutaneous Stein-
mann pins were passed through stainless steel caps placed
over the exposed diaphyseal bone ends to enable external
loading via a pneumatic actuator. After surgery, the turkeys
were assigned randomly to one of two groups (standard
regime or rest-inserted regime). Both groups underwent
1-week protocols. Beginning on day 3 postoperatively, the
ulna was loaded externally in bending, with a strain distri-
bution similar to that induced during moderate wing flap.
For the standard regime (n = 4), the left ulna was loaded for
100 cycles with a 1-Hz sawtooth waveform on days 3, 4,
and 5. Animals undergoing the rest-inserted regime (n = 4)
underwent an identical waveform (same magnitude and
loading rate), except that a 10-s unloaded rest pause was
inserted between each of the 100 loading cycles (Fig. 1).
Mineralization of osteoid associated with bone apposition at
the ulnar middiaphysis was detected via administration of
calcein (3 mg/kg intravenously [iv]) on day 6.

After death, 200-um-thick sections were removed from
the middiaphysis of both the experimental and the intact
contralateral ulnas. The sections were hand ground to 80
wm, blinded, and imaged (100X) using a spot digital cam-
era mounted on a Nikon diaphot epifluorescence micro-
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FIG. 1. The (A) standard waveform and (B) rest-inserted waveform
were identical in magnitude and total cycle number in the avian ulna
study (illustrated via middiaphyseal normal strains). They differed only
by the 10-s pause inserted between each loading cycle of the rest-
inserted waveform. The first 12 s of each regimen is illustrated. (C) For
the murine tibia study, single load cycles for the low- and high-
magnitude groups are illustrated via applied load waveforms. The
rest-inserted load waveform was identical to that of the low-magnitude
group, with 10 s of rest inserted between each cycle.

scope. Using mean end loading conditions established via
two separate strain-gauged calibration bones,?® beam the-
ory was applied to the middiaphysis cross-section geometry
of each intact contralateral bone to quantify peak middi-
aphyseal strains induced in both experimental groups. Custom
written software (PV-Wave; VNI, Inc., Boulder, CO, USA)
was used to detect the extent of periosteal calcein labeling.
Percent periosteal-labeled surface (Ps.LS) was determined as
the ratio of Ps.LS to the middiaphyseal periosteal perimeter.

Noninvasive mouse tibia model

Eighteen adolescent female C57BI1/6]J mice (10 weeks)
underwent external loading of the right tibia using the
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FIG. 2. (A) Composite fluorescent micrograph of the ulna middi-

aphysis illustrating the minimal Ps.LS induced by a 1-week application
of the standard waveform. (B) In contrast, substantial Ps.LS was
evident on ulna loaded using the rest-inserted protocol (arrows high-
lighting calcein labeling). (C) Both the low-magnitude standard wave-
form (p = 0.03) and the rest-inserted waveform (p = 0.03) significantly
elevated Ps.LS versus intact contralateral bones (*). Ps.LS induced by
rest-inserted loading was, in turn, significantly greater than that induced
by the standard waveform (p = 0.03, A).

noninvasive murine tibia loading device.®® With the mouse
anesthetized (2% isoflurane), the device secured the proxi-
mal tibia metaphysis from motion via a brass gripping cup.
The tibia diaphysis then was placed under “cantilever”
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bending in the medial-lateral plane by applying force to the
lateral distal tibia metaphysis via a computer-controlled
linear force actuator. Mice were assigned randomly to three
groups: (1) low magnitude (low, n = 6), (2) low magnitude
rest-inserted (rest-inserted, n = 6), and (3) high magnitude
(high, n = 6). The low-magnitude group underwent 100
cycles/day of a 0.25 N peak load, 1 Hz, 0.01/s strain rate
trapezoidal waveform for 5 consecutive days (inducing 650
e peak normal strain at the middiaphysis in separate cal-
ibration mice). For the low-magnitude rest-inserted group,
peak load (0.25 N) and peak strain rate (0.01/s) were equiv-
alent to the low-magnitude group. However, instead of 100
daily load cycles, the rest-inserted mice were exposed to a
10-cycle/day regime with a 10-s pause inserted between
each load cycle. The high-magnitude group underwent a
100-cycle/day 1-Hz regime with the peak load and strain
rate doubled compared with the low-magnitude group (0.5
N; 0.02/s) and served as a positive control for an osteogenic
response in the model (Fig. 1). The overall daily external
loading period for the mice in all groups was 100 s. All
animals were allowed 23 days of free cage activity after the
5-day loading regimen to facilitate consolidation of new
bone. All mice received calcein injections (15 mg/kg intra-
peritoneally [ip]) on day 1 and day 26 to detect osteoblast
activity over the course of the experiment. After death, on
day 28, 100-um-thick middiaphyseal cross-sections were
taken from the right (experimental) and left (intact con-
tralateral) tibias and were mounted unstained for evaluation
of cross-sectional areal properties and dynamic indices of
bone formation. Sections were imaged (100X) with identity
blinded. On both the endocortical and periosteal surfaces,
single-labeled surface (sLS), double-labeled surface (dLS),
and interlabel thickness (Ir.L.Th) were measured. From
these data, mineralizing surface (MS; MS = (dLS + sLS/
2)/bone surface [BS] * 100), mineral apposition rate (MAR;
MAR = Ir.L.Th/interlabel time period [Ir.L.t]), and surface
referent bone formation rate (BFR; BFR = MAR * MS/BS)
were calculated.®” Static measures of the periosteal enve-
lope (periosteal area [Ps.Ar]) and endocortical envelope
(endocortical area [Ec.Ar]) were used to determine cross-
sectional cortical area (Ct.Ar). Animal-specific peak middi-
aphyseal strains induced at the initiation of the loading
experiments were calculated using beam theory to apply end
loading conditions established in separate calibration exper-
iments via a combined strain gauging and finite element
(FE) analysis approach.

Statistics

Nonparametric statistical comparisons were used to as-
sess within-group and across-group treatment effects. Wil-
coxon paired tests (p = 0.05, one-tailed) were used to
distinguish differences between loaded bones and intact
contralateral bones. Kruskal-Wallis tests (p = 0.05, two-
tailed) were used to identify differences due to different
loading regimes, with Mann-Whitney tests used as a post
hoc follow-up (p = 0.05, two-tailed).
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TaBLE 1. MEAN (£SE) ENDOCORTICAL BONE FORMATION DATA FROM NONINVASIVE LOADING OF THE MOUSE TIBIA

Ec.MS (%) Ec.MAR (pm/day) Ec.BFR (um’/um’® per day)
Low Intact 51.5(*+6.18) 0.85 (x0.17) 0.45 (%0.10)
Load 61.0 (%8.72) 0.82 (x0.11) 0.55 (%0.13)
High Intact 45.3 (£3.23) 0.71 (%0.08) 0.33 (+0.05)
Load 37.3 (+5.50) 0.85 (x0.12) 0.33 (£0.06)
Rest Intact 45.0 (£5.06) 0.80 (%0.12) 0.36 (£0.06)
Load 40.2 (£5.72) 0.87 (%0.13) 0.36 (%£0.07)

No significant differences were noted.

Low, low-magnitude loading group; high, high-magnitude loading group; rest, rest-inserted loading group; intact, intact left tibia; load,

experimentally loaded right tibia.

RESULTS

Avian ulna model

The loading regimens induced nearly identical mean (=
SE) peak normal strains in the standard waveform group
(820 £ 50 pe) and the rest-inserted group (830 * 60 pe;
p = 0.40). Only two of eight intact contralateral ulnas
showed any periosteal labeling (both in the rest-inserted
group). Averaged across all turkeys, 1.6 £ 1.5% of the
periosteal surface was labeled in the intact bones. The
standard loading waveform elicited a small but significant
elevation in the Ps.LS compared with intact contralateral
bones (3.8 = 1.5%; p = 0.03; Fig. 2). The rest-inserted
waveform was highly osteogenic (21.9 * 4.5%; p = 0.03).
The 5.8-fold increase in labeled surface elicited by the
rest-inserted loading compared with standard loading was
statistically significant (p = 0.03).

Noninvasive mouse tibia model

Peak longitudinal normal strains were equivalent in the
low-magnitude and rest-inserted groups (680 = 20 we vs.
665 = 25 we; p = 0.39) and were doubled in the high-
magnitude group (1330 * 50 we). The young mice exam-
ined in this study exhibited active osteoblast activity on both
endocortical and periosteal surfaces at the initiation of the
study. None of the three loading regimens altered endocor-
tical bone formation parameters compared with normal con-
tralateral tibia (Table 1). In contrast, osteoblastic activity on
the periosteum was significantly enhanced by both the high-
magnitude and the rest-inserted regimes (Fig. 3). Histolog-
ically, new bone formation was lamellar, with no evidence
of woven bone. Compared with paired intact tibia, perios-
teal MS was not significantly altered by low-magnitude
loading (Fig. 4) but was significantly enhanced by high-
magnitude (p = 0.04) and rest-inserted loading (p = 0.01).
Likewise, periosteal MAR was not altered by low-
magnitude loading but was significantly elevated by both
high-magnitude (p = 0.01) and rest-inserted loading (p =
0.01; Fig. 4). As a result, periosteal BFR was significantly
elevated in both high-magnitude (p = 0.01; 3.7-fold vs.
paired contralateral tibia, 14.5-fold vs. low magnitude) and
rest-inserted load groups (p = 0.01; 2.3-fold vs. paired
contralateral tibia, 8.0-fold vs. low magnitude) but was not
altered in the low-magnitude group (Fig. 4). Although both

high-magnitude and rest-inserted loading were more stim-
ulatory for osteoblasts than low-magnitude loading, no sta-
tistical differences were observed between high-magnitude
and rest-inserted loading for any bone formation parameter.
As compared with intact bones, both high-magnitude (p =
0.05) and rest-inserted (p = 0.03) loading induced small but
significant increases in Ct.Ar (5.1% and 6.2%, respec-
tively). Ct.Ar was achieved primarily via expansion of the
periosteal envelope (Table 2).

DISCUSSION

We used two distinct in vivo models of bone adaptation to
examine whether insertion of a brief rest interval between
each load cycle enhances the osteogenic potential of low-
magnitude mechanical loading. In the avian ulna model, the
periosteum was quiescent under normal conditions. We
found that low-magnitude locomotion-like loading only
minimally influenced osteoblast activity. Surprisingly, in-
sertion of a 10-s rest interval between each load cycle
transformed the low-magnitude regimen into a potent ana-
bolic stimulus. Using the noninvasive murine tibia-loading
model, we found that low magnitude did not alter periosteal
bone formation versus normal control bones. When a 10-s
rest interval was inserted between each loading cycle, peri-
osteal bone formation was significantly enhanced, despite a
10-fold reduction in daily load cycle number. Last, we
found that the bone formation elicited by 10 cycles of
rest-inserted loading was statistically comparable with that
induced by a standard locomotion-like waveform 10-fold
greater in cycle number and 2-fold greater in load magni-
tude and rate.

The ability of rest-inserted loading to significantly aug-
ment the osteogenic potential of low-magnitude loading in
both adult and growing skeletons suggests promise as a
potential strategy to build bone mass via exercise. However,
a number of facets of this observation remain to be resolved
before its successful application. First, the described studies
used models of cortical bone adaptation. Augmentation of
both trabecular and cortical bone would enhance most ef-
fectively bone structural properties, but it is not known
whether rest-inserted loading will be similarly osteogenic
for trabecular bone. To date, we have not attempted to
optimize the rest interval. Our initial choice of a 10-s rest



REST BETWEEN LOAD CYCLES

A

ol
Cal

FIG. 3. Composite fluorescent micrographs of the mouse midshaft
illustrate (A) minimal periosteal bone formation in response to the
low-magnitude regimen, and (B) substantial periosteal bone formation
stimulated by the high-magnitude and (C) rest-inserted regimens (ar-
rows). Endocortical bone formation was similar for each group and no
different from that observed in the intact contralateral tibia.
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FIG. 4. Periosteal bone formation parameters at the tibia midshaft in
response to low-magnitude, high-magnitude, and low-magnitude rest-
inserted loading. Low magnitude loading did not significantly alter (A)
MS, (B) MAR, or (C) BFR compared with the intact contralateral tibia.
Both high-magnitude and rest-inserted loading significantly enhanced
these parameters (*). In addition, both high-magnitude and rest-inserted
loading induced significantly greater mineral apposition and bone for-
mation compared with the low-magnitude loading (A). No statistical
differences were observed between high-magnitude and rest-inserted
loading.

pause appears somewhat serendipitous because based on
our preliminary reports,®®*?? a recent study using larger-
magnitude loading protocols (about fourfold greater peak
strain magnitude than the low-magnitude protocols used
here) found that rest intervals of 3.5 s and 7 s were inef-
fective, but 14 s increased bone formation compared with
repetitive loading regimes.® It remains to be determined
whether optimal rest intervals are similar across species,
different peak strain magnitudes, and different cycle dura-
tions. Also, it remains to be assessed whether rest-inserted
loading will ultimately augment structural properties suffi-
ciently to decrease fracture risk, because the initial studies
described here assessed the ability of rest-inserted loading
to initiate an osteogenic response (i.e., periosteal activation
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TABLE 2. MEAN (£SE) CrOSS-SECTIONAL AREAL DATA FROM NONINVASIVE LOADING OF THE MOUSE TiBIA

Ec.Ar (mm?)

Ct.Ar (mm?)

Ps.Ar (mm?)
Low Intact 0.889 (=0.036)
Load 0.880 (*=0.018)
High Intact 0.840 (*=0.022)
Load 0.870 (=0.023)
Rest Intact 0.857 (£0.026)
Load 0.898 (+0.022)

0.399 (+0.025)
0.385 (+0.017)
0.347 (+£0.013)
0.352 (+£0.013)
0.390 (+0.014)
0.403 (+0.015)

0.491 (+0.013)
0.495 (+0.006)
0.493 (+0.012)
0.518 (£0.011)
0.466 (+0.012)
0.495 (+£0.009)

Significant differences are in bold.

Low, low-magnitude loading group; high, high-magnitude loading group; rest, rest-inserted loading group; intact, intact left tibia; load,
experimentally loaded right tibia; bold, loaded tibias significantly increased versus intact tibias (p < 0.05).

and bone formation). Extension of this response over weeks
and months likely will be required to significantly enhance
structural properties.

Although the data of this study do not specifically address
the mechanism by which rest-inserted loading derived its
potency, they circumstantially support the thesis that fluid
flow near osteocytes mediates mechanotransduction within
bone. In this context, we recently reported a numerical
model of lacunocanalicular fluid flow, suggesting that load-
induced fluid flows near osteocytes were reduced substan-
tially (>45%) beyond the first few load cycles of repetitive
locomotion-like mechanical loading.** Our physical inter-
pretation of this phenomenon was related to the forced flow
of viscous interstitial fluids through the fiber-filled canalic-
ular annuli and the consequent “inertia” in the fluid flow. In
the present in vivo studies, tissue deformations were iden-
tical for both standard locomotion-like loading and rest-
inserted loading; yet, insertion of a rest interval activated a
substantially larger proportion of the periosteum (turkey)
and induced more bone formation (mice). These results
suggest that rest-inserted loading may derive its efficacy
from enhancing secondary stimuli induced when bone is
loaded mechanically (i.e., stimuli other than deformation of
the tissue). It is reasonable to assume that a 10-s rest interval
would diminish inertial fluid flow effects associated with
locomotion-like exercise that contains nonloaded periods
only during the swing phase of gait. Thus, fluid flow near
osteocytes (and associated processes such as shear stress,
nutrient exchange, and convection of cytokines) likely were
elevated in the rest-inserted regimes.

Alternatively (or additionally), the effectiveness of rest-
inserted loading may arise from other distinct processes. For
example, a substantial body of literature indicates that re-
petitive stimuli rapidly saturate cellular responses in various
tissues®'* and that the response of bone to a few cycles of
repetitive loading is similar to that achieved with orders of
magnitude more load cycles.®*** Recent in vivo data
confirm that bone becomes accommodated to repetitive
loading, as separation of a 360-cycle daily loading protocol
into 4 bouts of 90 cycles over the course of a day enhances
the anabolic response of bone to mechanical loading.®®

Although rest-inserted loading remains to be optimized, it
represents a departure from established modalities of repet-
itively loading bone tissue. In both in vivo and in vitro
models, mechanical stimuli such as increased strain magni-

tude”® and rate,°"*® loading frequency,®” and fluid
flow“*! have been shown potently osteogenic. In general,
these investigations have established the paradigm that the
greater the mechanical stimulus, the greater the response
elicited from bone cells or bone tissue. Comparison of the
standard low- and high-magnitude groups confirms this
pattern of response in the murine tibia model. However, in
the growing mouse, we found that 10 cycles of low-
magnitude rest-inserted loading substantially enhanced
bone formation compared with control bones, while 100
cycles of an identical-magnitude repetitive loading without
rest between cycles did not alter bone formation versus
control bones. In addition, the amount of bone formation
induced by 10 cycles of daily rest-inserted loading was not
significantly different from that achieved by the positive
control high-magnitude group exposed to twice the load
magnitude and rate and 10 times the number of load cycles.
The ability of rest-inserted loading to induce more bone
formation (vs. low-magnitude loading) or equivalent bone
formation (vs. high-magnitude loading) with less actual
loading of bone (cycle number and/or magnitude, respec-
tively) directly challenges the concept that high-magnitude,
high-impact loading is required to build bone mass.

In this context, the broad relevance of these data lie with
their potential to extend substantially the skeletal benefits of
mild exercise. The ability to induce bone formation in
growing or mature skeletons via low-magnitude nonimpact
loading would make bone-building exercise accessible to all
ages while minimizing injury risk. A number of possibilities
might be explored readily to implement rest-inserted load-
ing. Tai Chi, which already has been suggested to enhance
balance in the elderly,*® might be modified such that pos-
tures between movements are deliberately held for longer
periods of time. Similarly, hand weights might be held in
fixed positions between each load repetition to enhance
bone mass in the upper extremities. With such ease of
implementation, rest-inserted waveforms also might be
combined with the low-magnitude high-frequency loading
that is highly osteogenic for trabecular bone®” as a means
of focally enhanced bone structure at any skeletal site.

In summary, insertion of a 10-s rest interval between each
load cycle transformed a low-magnitude minimally osteo-
genic loading regimen into a potent osteogenic stimulus in
two distinct in vivo models of bone adaptation. We found
that 10 cycles of low-magnitude loading per day inter-
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spersed with 10 s of rest induced equivalent bone formation
as a regimen of 100 cycles/day of twice the strain magnitude
and twice the strain rate. These studies with cortical bone
emphasize that it should be possible to augment bone struc-
ture without subjecting an individual to high-magnitude
high-impact loading. If so, low-magnitude or mild exercise
regimes interspersed with rest intervals between load cycles
may prove a safe and highly effective treatment for both
acute (e.g., space induced) and chronic (e.g., paralysis or
aging induced) bone loss.
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