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Abstract

Purpose—As our society becomes increasingly sedentary, compliance with exercise regimens
that require numerous high-energy activities each week become less likely. Alternatively, given an
osteogenic exercise intervention that required minimal effort, it is reasonable to presume that
participation would be enhanced. Insertion of brief rest-intervals between each cycle of
mechanical loading holds potential to achieve this result as substantial osteoblast function is
activated by many fewer loading repetitions within each loading bout. Here, we examined the
complementary hypothesis that the number of bouts/wk of rest-inserted loading could be reduced
from 3/wk without loss of osteogenic efficacy.

Methods—We conducted a series of 3 wk in vivo experiments that non-invasively exposed the
right tibiae of mice to either cyclic (1 Hz) or rest-inserted loading interventions and quantified
osteoblast function via dynamic histomorphometry.

Results—While reducing loading bouts from 3/wk (i.e., 9 total bouts) to 1/wk (3 total bouts)
effectively mitigated the osteogenic benefit of cyclic loading, the same reduction did not
significantly reduce periosteal bone formation parameters induced by rest-inserted loading. The
osteogenic response was robust to the timing of the rest-inserted loading bouts (3 bouts in the first
week vs 1 bout/wk for three weeks). However, elimination of any single bout of the three 1/wk
bouts mitigated the osteogenic response to rest-inserted loading. Finally, periosteal osteoblast
function assessed after the 3 wk intervention was not sensitive to the timing or number of rest-
inserted loading bouts.

Conclusions—We conclude that rest-inserted loading holds potential to retain the osteogenic
benefits of mechanical loading with significantly reduced frequency of bouts of activity while also
enabling greater flexibility in the timing of the activity.

Keywords
Bone; Exercise; Mechanical Loading; Osteoblast

Copyright © 2014 American College of Sports Medicine

Corresponding Author: Ted S. Gross, Ph.D., Department of Orthopaedics and Sports Medicine, Box 359798, 325 oth Ave, Seattle,
WA, 98107, T: 206.897.5604, F: 206.897.5611, tgross@u.washington.edu.

Conflict of Interest: The authors have no conflict of interest to disclose and note that the results of this study do not constitute
endorsement by the ACSM.

Funding Disclosure: This work was funded, in part, by NIH (NIAMS), University of Washington Endowments and Department of
Orthopaedics and Sports Medicine start up funding.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srinivasan et al. Page 2

Introduction

Exercise is an epigenetic stimulus for enhanced bone mass. The potential of this anabolic
intervention has been illustrated in a variety of pre-clinical animal models and in cross-
sectional studies of single limb sport activities (7,10,14,29). However, the results of
longitudinal human exercise interventions have been equivocal (16,23,25). Critically, the
enhanced periosteal osteoblast activity so clearly induced by mechanical loading in pre-
clinical studies (and that most effectively augments bone’s structural integrity; (5)) has been
modest in human studies (as assessed by periosteal expansion; (15,17)).

There are many possible explanations for the inability of exercise to enhance periosteal
adaptation in the human skeleton, including the normal challenges associated with
translating pre-clinical observations into viable clinical interventions (13). One particularly
challenging phenotypic aspect of bone’s response to loading is that only stimuli perceived as
sufficiently different from normal are capable of eliciting an adaptive response. To achieve
this objective, the bone cell syncytium possesses great sensitivity to distinguish between
those epigenetic stimuli requiring a biological response from the great majority of stimuli
that do not. In the specific context of exogenous mechanical loading interventions, a
threshold number of loading cycles (itself dependent upon factors such as magnitude, rate,
and frequency) are required to initiate a sustained osteoblastic response eventually resulting
in bone accretion (27,30,38). In terms of human exercise interventions, this threshold
phenomenon means that the mild magnitude activities that are most readily complied with
by the broadest populations must be performed for many more load cycles (or at higher
frequencies) to elicit an anabolic response (1). Extending these observations, one might
surmise that the human skeleton ignores the vast majority of skeletal loading induced by
modest exercise (8).

The existence of this threshold behavior has led us to explore strategies that might enable
mild mechanical stimuli to be perceived as potently anabolic. In an initial study, we
observed that inserting a 10 s zero load rest interval between each loading cycle transformed
a cyclic loading intervention that did not induce bone formation into a highly osteogenic
regimen (35). We and other groups have since demonstrated that rest-inserted loading
significantly elevates bone formation compared with cyclic loading interventions of equal
cycle numbers, magnitudes, and frequencies (11,18,33,36). These studies support the thesis
that brief zero-load rest-intervals significantly augment the osteogenic potential of otherwise
moderately or non-stimulatory interventions and can be used to reduce the threshold of cycle
numbers or strain magnitude required to achieve an anabolic response (33).

One clear limitation in developing osteogenic exercise regimens is the need to repeatedly
and vigorously load the skeleton across days and weeks. This limitation has been little
explored, despite ultimately being a critical aspect of any exercise regimen (i.e., how often
must one exercise to achieve the desired result). Given the ability of rest-inserted loading to
greatly reduce the thresholds required to achieve an osteogenic response (either the number
of loading cycles or strain magnitude within each loading bout), we hypothesized that the
number of bouts/wk of rest-inserted loading could be reduced from 3/wk without loss of
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osteogenic efficacy. We tested this hypothesis via a series of 3 wk long in vivo exogenous
loading regimens that varied in the number and timing of loading bouts.

We pursued four complementary in vivo experiments in which young adult female C57BL/6
mice (16 wk) were subjected to external mechanical loading of the right tibia. Briefly, with
mice under inhaled anesthesia (2% isoflurane), the right tibia was placed in cantilever
bending by gripping the tibia proximal to the tuberosity and by applying controlled loads to
the lateral surface of the distal tibia (9). Using previous strain gaging and FEA based
calibrations (33), an applied load magnitude of 0.56 N was anticipated to induce 2350 pe
peak longitudinal normal strain at the tibia mid-shaft. Based upon pilot studies, we
anticipated that this magnitude of stimulus would induce rapid saturation of the osteoblastic
response to loading. This strain magnitude is similar to that observed on the human tibia
mid-shaft during vigorous activity (24), is greater than tibia normal strains during mouse
locomotion (~1600 pe) but less than that experienced when mice jump off a 20 cm ledge (~
2600 pe; (19)). To quantify animal specific normal strains, the right tibia mid-shaft of each
mouse was imaged (vivaCT40, Scanco, Inc) prior to the study and animal specific peak
normal strains were quantified via application of beam theory to individualized mid-shaft
morphology (33). Across all experiments, each bout consisted of 50 loading cycles in which
peak loads were reached in 100 ms, held for 700 ms, and unloading reached in 100 ms and
dwell time prior to initiation of the subsequent loading cycle was 100 ms (i.e., 1 s per load
cycle). For rest-inserted loading, each load cycle was separated by a 10 s no load rest
interval. Normal cage activity was permitted between loading sessions and food and water
provided ad libitum with body weights assessed on loading days and the day of sacrifice. All
experimental procedures were approved by the University of Washington Institutional
Animal Care and Use Committee.

Experiment 1

The first experiment separately assessed whether cyclic loading or rest-inserted loading
interventions could be reduced from 3/wk to 1/wk without loss of osteogenic efficacy. The
right tibiae of separate groups of mice were exposed to equal magnitude mechanical loading
applied as either a cyclic (1 Hz) or a 10 s rest-inserted waveform (i.e., 10 s zero-load rest
between each load cycle). The interventions consisted of 9 bouts applied three days per
week for three weeks (day 1, 3, 5, 8, 10, 12, 15, 17, 19; d1-19) or 3 bouts applied once per
week over the same 3 wk period (i.e., day 1, 8, 15; d1,8,15; Fig 1). All groups contained
n=8, with the exception of the 9 bout rest-inserted loading group (n=10). All mice in
Experiment 1 received calcein labels on d 10 and 19, with sacrifice on d 22. Bone formation
induced at the tibia mid-shaft was compared to that of the contralateral tibia to assess
whether a given intervention was osteogenic and across regimens to determine whether a
reduced number of bouts compromised the osteogenic response to loading.

Experiment 2

We next assessed whether the osteogenic benefit induced by 3 bouts of rest-inserted loading
was robust to the timing of the bouts within the 3 wk intervention. While numerous
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perturbations could be used to explore this thesis, we contrasted the osteoblastic response to
3 bouts of rest-inserted loading applied over the 15t week of the 3-wk protocol (i.e., loading
ond 1, 3,5; d1,3,5; n=7) with that achieved by 3 bouts of 1/wk rest-inserted loading (d 1, 8,
15; d1,8,15; n=8) or 9 bouts of rest-inserted loading (d1, 3, 5, 8, 10, 12, 15, 17, 19; d1-19;
n=10). This design provided a stringent assessment of the impact of timing of loading bouts,
as the final loading event for the d1,3,5 group occurred the furthest in time from the final
calcein label on d19. Mice received calcein labels on d 10 and 19, with sacrifice on d 22. In
order to reduce animal use, we used data for the latter two groups generated in Experiment
1.

Experiment 3

In this experiment, we used a point mutation paradigm to assess whether removing any
single bout of the once weekly rest-inserted interventions (d1,8,15) mitigated the osteogenic
potential of the intervention. We therefore exposed mice to two bouts of rest-inserted
loading with the following temporal perturbations: 1) d 1 and d 8 (d1,8; n=8), d 1 and d 15
(d1,15; n=8), or 3) d 8 and d 15 (d8,15; n=7). As in the previous experiments, each loading
bout consisted of 50 cycles of equal magnitude rest-inserted loading (10 s rest) with the
osteogenic response of the interventions contrasted with contralateral tibiae and across
interventions. Additionally, all data for 2 bouts of rest-inserted loading were pooled and then
compared with the pooled data for 3 bouts of rest-inserted loading (from Experiment 2) and
the data for 9 bouts of rest-inserted loading (from Experiment 1). All mice received calcein
labels on d 10 and 19, with sacrifice on d 22.

Experiment 4

In the final experiment, we used a separate cohort of mice to determine whether the equally
osteogenic interventions of Experiment 2 resulted in osteoblast activation that differentially
extended past the cessation of loading on d19. The experiment groups and the timing of
loading interventions were identical to those of Experiment 2: 1) 3 bouts of loading during
the first week (d1,3,5; n=7), 2) 3 bouts of loading occurring once per week for three weeks
(d1,8,15; n=7), or 3) 9 bouts of loading occurring 3/wk for 3 weeks (d1-19; n=7). Mice
freely ambulated following their respective last loading events and then received calcein
labels on d 19 and d 28 and were sacrificed on d 31.

Dynamic Histomorphometry and Statistics

Upon sacrifice (d 22 for Experiments 1, 2 and 3; d 31 for Experiment 4), the right
(experimentally loaded) and left tibiae (contralateral) were dissected of soft tissue, and tibia
mid-shaft cross-sections (300 um) were obtained using a diamond wheel saw. Sections were
hand ground to 90 um, cover-slipped and imaged using an epiflourescent microscope
(Nikon). Upon imaging, composite images were constructed, anatomically oriented and
analyzed using customized Image J software. As in previous studies (33), we determined the
standard dynamic histomorphometry parameters including: surface referent mineralizing
surface (MS/BS; %), mineral apposition rate (MAR; mm/d) and bone formation rate
(BFR/BS; mm3/mm?/d) at the endocortical and periosteal surfaces. Preliminary analysis of
endocortical data indicated that, consistent with the minimal endocortical response induced
previously in our loading model, only one intervention significantly altered endocortical
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bone formation (rest-inserted, 9 bouts) and these data were therefore not subjected to further
analysis. Group size varied due to: 1) Experiment 1, 2 and 3 were conducted via a series of
unbalanced smaller groups that always contained mice exposed to 9 bouts of rest-inserted
loading as a sentinel (resulting in n=10 for that group), 2) one mouse each was excluded
from the d1,3,5 rest group (Experiment 2) and the d8,15 rest group (Experiment 3) due to
hyperactive osteoblast function on the contralateral control tibia suggesting systemic distress
(>3S.D.), and 3) Experiment 4 was powered at n=7 based on preliminary pilot data.
Statistical analyses of the periosteal osteoblastic response were performed via factorial
ANOVA (2x3 design, except Experiment 1 with separate 2x2 for cyclic and rest-inserted
loading), with p < 0.05 considered to be statistically significant for all comparisons. Main
effects for each comparison were loading (i.e., experimental vs contralateral tibiae) and
protocol (i.e., varied bout timing). Prior to each factorial, data were assessed for
homogeneity of variance using Levine’s test. For those data sets that did not meet the
assumption of homogeneity (Exp 2: p.BFR, Exp 3: p.BFR, Exp 4: p.MAR, p.MS, p.BFR),
data were square root transformed prior to statistical analysis. Post-hoc analyses (Tukey’s,
p=0.05) were performed for those comparisons demonstrating significant interactions
between loading and protocol. All results are reported as mean + S.E.

Tibia mid-shaft peak normal strains induced by the external loading protocols did not differ
with or across experiments (Table 1). Across all groups, peak normal strains averaged 2440
+ 25 pe. Across experiments, body weight alterations were not significant over time, nor
were interactions between protocol and time on body weight observed.

Experiment 1

We first assessed whether cyclic loading could be reduced from 3/wk to 1/wk interventions
without loss of the respective osteogenic benefit of each protocol. Cyclic loading induced a
significant main effect for p.MS, p.MAR, and p.BFR compared to contralateral tibiae (Fig
2a). While the main effect of protocol was not significant for any parameter, there was a
significant interaction between loading and protocol. Follow up tests indicated that 3/wk of
cyclic loading significantly enhanced p.MS, p.MAR, and p.BFR compared to contralateral
tibiae, whereas the 1/wk intervention did not.

In a parallel experiment, rest-inserted loading induced a significant main effect for p.MS,
p.MAR, p.BFR, that was independent of loading protocol (Fig 2b). That is, neither protocol
main effect nor interactions between loading and protocol were significant. As a result
reducing rest-inserted loading from 3 bouts/wk to 1 bout/wk did not diminished osteogenic
efficacy.

Experiment 2

Here we sought to determine whether the osteogenic response to three total bouts of rest-
inserted loading was robust to the timing of when the loading events were implemented (i.e.
3x in week one or 1x per week for 3 weeks). A significant loading main effect was observed
for p.MAR, p.MS, and p.BFR (Fig 3). The absence of a protocol main effect or interaction
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between loading and protocol indicated that osteogenic effect of rest-inserted loading was
not altered by the studied permutations in bout timing.

Experiment 3

We then used a point mutation strategy to determine whether each of the 1/wk rest-inserted
loading bouts were required to induce an osteogenic response to mechanical loading during
a 3 wk intervention. Both p.MAR and p.BFR demonstrated main effects due to loading, but
protocol main effects or interaction between loading and protocol were not observed (Fig
4a). To further clarify protocol efficacy, we then pooled all of the 2 loading bout groups,
pooled all the three loading bout groups and contrasted those data with those generated by
3/wk loading. We observed significant loading and protocol main effects and loading and
protocol interactions for p.MAR, p.MS, and p.BFR (Fig 4b). Post hoc analysis indicated that
2, 3 and 9 bouts of loading significantly enhanced p.MAR and p.BFR compared to
contralateral tibiae, while 3 and 9 bouts of loading were required to significantly enhance
p.MS. Finally, while 3 and 9 bouts of loading generated greater p.MAR, p.MS, and p.BFR
compared to 2 bouts of loading, 3 and 9 bouts of loading did not induce differential
responses in any parameter.

Experiment 4

In the final experiment, we explored whether osteoblast activity induced during a 3 wk
intervention extended past the cessation of exogenous loading and, if so, whether altering
the timing of loading bouts during the 3 wk intervention influenced this response. Loading
related main effects were significant for p.MAR, p.MS, and p.BFR (Fig 5). However,
neither protocol main effects nor loading and protocol interactions were observed.

Discussion

We assessed the potential of rest-inserted loading to enable reduction in the number of
loading bouts required to elevate periosteal osteoblast function during a 3 wk loading
intervention. We observed that rest-inserted loading retained osteogenic efficacy when the
frequency of loading bouts was reduced from 3/wk to 1/wk. The anabolic response to rest-
inserted loading was robust to varying the timing of the bouts, but was mitigated if fewer
than 3 loading bouts were implemented during the 3 wk period. Finally, we found that
reducing the number of loading bouts from 9 to 3 (either compressed within the first week or
once weekly) did not impair periosteal bone formation induced by rest-inserted loading in
the period following the 3 wk loading intervention.

These experiments were not designed to contrast the osteogenic effectiveness of rest-
inserted and cyclic loading. However, data from our group and others have clearly
demonstrated that rest-inserted loading induces a significantly enhanced osteogenic response
compared to equivalent magnitude and cyclic number interventions or a similar magnitude
osteogenic response with lesser magnitude and/or cyclic number interventions (11,32,33,36).
The results of Experiment 1 add to the potential applications of rest-inserted loading.

It is clear that the magnitude of the exogenous loading protocol (whether cyclic or rest-
inserted) affects the number of bouts required to reach a saturated response. The magnitude
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of the loading protocols implemented in these experiments was at the upper end of induced
peak normal strains previously implemented with our cantilever bending device (32). While
naive control mice were not included in the study, the absence of altered contralateral
osteoblast function across protocols suggests that the induced response was confined to the
externally loaded tibiae. In contrast to other mouse bone loading models (such as tibial
compression; (39)) the induced strain distribution in this model is characterized by
equivalent peak normal strains spanning a 2.5 mm segment about the mid-shaft. The loading
induced periosteal response within this region is constant and lamellar (33,35). Due to the
mechanical advantage of the device, only small cantilever loads were required to induce a
repeatable osteogenic response (5 to 10% of loads used in other models; 0.56 N). The mean
induced normal strain magnitude of this study was within the range of current in vivo models
using non-high frequency loading (1400 to 3500 pe), was greater than normal strains during
locomotion in the murine bone (~1600 pe), but was similar to those mid-shaft strains
induced in murine and human long bones during vigorous activities (19,24). While it is
likely to prove challenging to implement activities of this magnitude in the elderly, rest-
inserted loading has also demonstrated osteogenic efficacy at strain levels associated with
modest activity (33).

Our series of experiments did not explore all possible permutations of the timing and
number of loading bouts that might occur during a 3 wk intervention, but instead attempted
to design experiments that would identify osteogenic rest intervals while minimizing animal
use. For example, the point mutation approach of Experiment 3 and analysis of consolidated
data suggested that while 2 bouts of rest-inserted loading can induce biosynthetic activity,
the response is significantly less osteogenic than that induced by 3- bouts of loading.
However, while it is possible that 2 bouts of loading might retain osteogenic potential if
more strategically timed relative to the dynamic labeling period, in vivo exploration of each
possible permutation is experimentally prohibitive. Therefore, we envision exploiting our
data sets to assess the entire space of loading bout timing (and other variables such as
magnitude and cycle number per bout) via in silico approaches such as agent based
modeling (34). Such a protocol optimization strategy could utilize dynamic
histomorphometry as an initial outcome measure, then transition to longer-term studies in
which enhanced bone morphology will become the primary outcome to be optimized. Even
if the optimized protocols vary with the duration of intervention and/or outcome measure,
this computational strategy would enable rapid exploration of osteogenic regimens over a
vast solution space that would be otherwise unapproachable via traditional experimental
paradigms.

One challenge in interpreting this series of experiments arises with our use of a fixed
interval of osteoblast function quantification (i.e., d 10 and 19) in the first three experiments.
This experimental constant resulted in loading bouts occurring at varied intervals respective
to the time during which osteoblast activity was assessed. However, comparison of varied
timing of labeling and loading bouts is common across in vivo mechanical loading studies
(26,33,39). Further, Experiment 4, in which loading did not occur during osteoblast activity
assessment, was designed, in part, to mitigate this potential limitation.
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Despite the lack of clarity regarding how mechanical loading of bone is transduced into
bone cell function, the potential of rest-inserted loading as a means to augment bone mass
runs counter to exercise interventions reported in the literature, which have primarily
exploited the long held premise that activities generating the greatest loads and loading rates
will precipitate the greatest anabolic response. As such, interventions such as vigorous
jumping have been assessed for their potential to enhance bone mass in children (21). These
high impact activities are clearly more stimulatory for osteoblast function than casual
activities such as walking (which has no apparent anabolic effect in humans; (3)). However,
vigorous activities also have the narrowest potential for implementation in the elderly. Our
findings with rest-inserted loading suggest that it may be possible to identify exercise
interventions that are osteogenic, do not require impact loading, and are effective without
daily repetition.

In support of this view, we observed that p.BFR was not significantly enhanced when rest-
inserted loading was increased from 3 to 9 bouts, but also could not be reduced to 2 bouts
within a 3 wk intervention without attenuating osteogenic efficacy. Such a response is
consistent with a saturated system (i.e., one in which further exposure to the stimulus
confers little additional benefit), although addition protocols with greater number of loading
bouts per week (e.g., 5 or 7) may prove useful to better define the extent of induced
saturation. However, previous studies have observed that bone formation as an adaptive
response to mechanical loading ultimately diminishes to near baseline levels despite the
persistence of exogenous loading (31). As well, we observed a lack of differential
osteoblastic response between d 19 and d 28 for osteogenic regimens that ceased loading
interventions on either d 5 or d 19 consistent with the thesis that once exogenous loading is
‘coded’ into activation of periosteal osteoblasts, the cellular response is largely
predetermined with additional loading events conferring minimal additional benefit.

The phenomenon of response saturation, or desensitization, has been observed in a variety of
cells and contexts and is typical of homeostatic systems (4,6,20,40). Often, this goal is
achieved via end-point or negative feedback mechanisms (i.e., finite Ca2* stores or synthesis
of autoregulatory proteins such as RCAN1; (12,37)). With respect to bone, saturation
responses have been observed at a cellular level (22), within individual loading bouts (i.e.,
when load cycles are increased, the response of bone rapidly plateaus; (30)), and across
loading bouts (e.g., a similar benefit is obtained even when the bouts per week or the weeks
of loading are reduced (28,31)).

Interestingly, we have previously found that insertion of no load rest intervals between each
load cycle serves to delay the saturation of periosteal osteoblast activity observed when
cycle numbers are increased within each loading bout (33). In contrast to this seconds/
minutes time scale effect, our current data suggest that over a longer time period (i.e., days/
weeks), the beneficial response to rest-inserted loading rapidly saturates (i.e., increasing
from 3 to 9 bouts within 3 wk conferred negligible additional benefit). Together, these data
suggest that the mechanisms underlying saturation of periosteal osteoblast activity varies
across time scales. As a result, we believe that effective strategies to optimize exercise
regimens must capitalize on these time dependent phenomena.
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Acutely (i.e., within and immediately after a bout of loading), rest-intervals appear to alter/
augment of the earliest aspects of mechanotransduction. In this context, in vitro fluid flow
systems have revealed that no flow rest-intervals enhance Ca?* spiking and lead to
differential gene expression in MC3T3-E1 osteoblasts compared to continuous flow
conditions (2,41). Over a broader time frame (e.g., across loading bouts over days), our data
are consistent with the current literature demonstrating that repeated activation of signaling
pathways leads to post-transcriptional synthesis of autoregulatory feedback proteins that
inhibit ability to subsequently activate the same pathways. If such feedback mechanisms
were present during subsequent mechanotransduction events, the saturation of osteoblast
function (and ultimately, decline to baseline levels) would not be unexpected. In this
context, our preliminary in vitro studies have suggested the emergence of autoregulatory
components downstream of MAPK and NFAT pathway activation in bone cells subjected to
repeated bouts of fluid flow (41). In a simplified sense, if saturation to an exercise
intervention is achieved via negative feedback, not only would loading implemented after
that threshold is reached have limited benefit, it may actually have a negative influence (e.g.,
should upregulation of negative feedback persist through future loading events). We
therefore believe that understanding autoregulatory mechanisms (which may also be critical
to bone cell homeostasis) will be essential to overcoming the ‘premature’ saturation of
bone’s response to repeated bouts of loading and to thereby optimize mechanical loading to
augment bone morphology.

In conclusion, we found that rest-inserted loading has potential for substantially minimizing
the number of loading bouts required to enhance periosteal osteoblast function and that there
was flexibility in the timing of the bout intervals without diminishment of de novo bone
formation. These pre-clinical data suggest that it may be possible to design rest-inserted
exercise interventions in humans that require substantially reduced time and effort compared
with repetitive cyclic exercise while maintaining, or potentially augmenting, the osteogenic
benefit derived from the intervention.
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Figure 1. Loading intervention schematic for Experiments 1 (d1-19; d1,8,15), 2 (d1,3,5; d1,8,15;
d1-19,) and 3 (d1,8; d1,15; d8,15)

Loading bouts for each group are noted by a black bar with calcein labels noted by dashed
lines (L). For Experiment 4, d1-19, d1,8,15 and d1,3,5 loading interventions were

implemented, but calcein labels occurred on days 19 and 28, with sacrifice on d 31.
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Figure 2. Rest-inserted loading, but not cyclic loading, can be reduced from 3/wk to 1/wk loading
interventions without loss of osteogenic efficacy

The combination of significant loading main effect and loading and protocol interaction
indicated that 3/wk cyclic loading, but not 1/wk cyclic loading significantly elevated
p.MAR, p.MS, and p.BFR in loaded tibiae compared to contralateral tibiae (A). In contrast,
rest-inserted loading resulted in significantly elevated p.MAR, p.MS, and p.BFR in
experimentally loaded tibiae, but reducing the protocol from 3/wk to 1/wk did not influence
this response (B). *, p<0.05 vs contralateral tibiae.
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Figure 3. The osteogenic responseto rest-inserted loading was robust to the timing of 3 loading

boutsduring a 3 wk intervention

A significant loading main effect upon p.MAR, p.MS, and p.BFR was observed when 3

bouts of rest-inserted loading in the first week (d,1,3,5), or 1/wk (d,1,18,15) and 3/wk

(d1-19; 9 total bouts) interventions were contrasted. The absence of protocol main effect or
load and protocol interactions indicated that the compression all three rest-inserted loading
bouts into the first week did not alter the induced osteogenic response.
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Figure 4. Removing any single /wk rest-inserted loading bouts resultsin a modest osteogenic
response to mechanical loading

Two bouts of rest-inserted loading (d1,8, d1,15, d8,15) were sufficient to demonstrate
significant load main effects for p.MAR and p.BFR, but not p.MS (A). There was no
significant effect of protocol nor were there any treatment interactions. A comparison of
pooled 2, and 3 bouts of loading data compared to 9 bouts of loading demonstrated
significant loading and protocol main effects and interaction for p.MAR, p.MS, and p.BFR.
Post hoc analysis indicated that 2, 3 and 9 bouts of loading significantly enhanced p.MAR
and p.BFR compared to contralateral tibiae, while 3 and 9 bouts of loading were required to
significantly enhance p.MS compared to contralateral tibia (*, p<0.05). While 2 bouts of
loading generated significantly less p.MAR, p.MS, and p.BFR compared to 3 and 9 bouts of
loading (*, p<0.05), no differences were observed between 3 and 9 bouts of loading.
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Figure 5. The osteoblastic responseto rest-inserted loading extended past the cessation of loading
but was not altered by reducing the number of loading boutsfrom 9 to 3 nor thetiming of the 3

loading bouts

A significant load main effect was observed for p.MAR, p.MS, and p.BFR for each of the

three protocols. The absence of protocol main effect or load and protocol interactions
indicated that the timing of the loading bouts did not alter the duration of the induced

osteoblastic response.
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Mean (x S.E.) peak induced tibia mid-shaft normal strains for each experimental group. No significant

Table 1

differences were noted within or across experiments.

Experiment | Group | Mean | SE. |
1 Cyclic (d1-19) 2370 pe | 85pe
Cyclic (d1,8,15) | 2345pe | 40 pe
Rest (d1-19) 2410 pe | 65 pe
Rest (d1,8,15) 2290 pe | 50 pe
2 Rest (d1,3,5) 2440 pe | 80 pe
Rest (d1,8,15) 2290 pe | 50pe | (sameas Exp 1)
Rest (d1-19) 2410 pe | 65pe | (sameas Exp 1)
3 Rest (d1,8) 2470 e | 60 pe
Rest (d1,15) 2490 pe | 80 pe
Rest (d8,15) 2500 pe | 50 pe
4 Rest (d1,3,5) 2525 pe | 100 pe
Rest (d1,8,15) 2520 pe | 60 pe
Rest (d1-19) 2500 pe | 50 pe

Across Exp | 2440 pe |

25 pe

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 May 01.

Page 17



