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Abstract

Axial loading in rodents provides a controlled setting for mechanical loading, because load and subsequent strain,
frequency, number of cycles and rest insertion between cycles, are precisely defined. These methodological aspects as
well as factors, such as ovariectomy, aging, and disuse may affect the outcome of the loading test, including bone mass,
structure, and bone mineral density. This review aims to overview methodological aspects and modifying factors in axial
loading on bone outcomes. A systematic literature search was performed in bibliographic databases until December
2021, which resulted in 2183 articles. A total of 144 articles were selected for this review: 23 rat studies, 74 mouse
studies, and 47 knock out (KO) mouse studies. Results indicated that peak load, frequency, and number of loading cycles
mainly affected the outcomes of bone mass, structure, and density in both rat and mouse studies. It is crucial to consider
methodological parameters and modifying factors such as age, sex-steroid deficiency, and disuse in loading protocols for

the prediction of loading-related bone outcomes.
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Introduction

Bone tissue adapts to mechanical forces endured during

growth, locomotion, and physical activities'. High impact
loading activities such as weightlifting, tennis, squash or
badminton are more osteogenic than swimming, cycling
or running?, because bone cells respond better to high
strain changes at fast rates with an unusual distribution.
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This can be explained by the mechanostat-theory proposed
by Frost*®, who postulated that several mechanical
thresholds determine whether old bone is resorbed or new
bone is formed*. Mechano-adaptation is considered as an
important function of bone and is therefore used as an
outcome in several studies. Several invasive’, in vitro®, and
non-invasive in vivo” mechanical loading models have been
reported previously to investigate mechano-adaptation.
Non-invasive loading is preferred because it reduces
surgical artifact’”. These non-invasive models include
axial compression of the ulna or tibia, four-point bending
of the tibia®, and the cantilever bending of the tibia'®. Of
the different models, axial compression of rodent long
bones best simulates locomotor bone loading patterns,
engenders physiologically relevant strains during short
bouts of loading, and allows assessment of the loading-
related response throughout the whole bone'"'2. Moreover,
it enables the study of mechanical loading in a controlled
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Figure 1. Prisma flow diagram for systematic review search of in vivo axial loading and bone outcomes in rat, mouse and knock out

mouse studies.
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setting because load, frequency, duration of the loading,
and rest period can be defined.

Each laboratory designs its own protocol, with reference
to the choice of species, preparation of custom-designed
molds for holding the bone in the load cell, the appropriate
peak load, frequency, number of cycles, rest insertion
between cycles, and the duration of the loading sessions.
All these methodological aspects of loading protocols can
influence outcomes of bone mass, structure, and density and
thereby potentially determine the conclusion on mechano-
adaptation. Axial loading has been widely used in studies with
knock out mouse models. This makes the impact of different
aspects of a loading regime on bone outcome indices highly
relevant. There are several overviews of non-invasive loading
models and their implications on aging, mechanosensitivity
and subsequent bone adaptation. However, these have not
taken the different methodological aspects of loading into
account with respect to bone outcomes”!'"13,

The main objective of this systematic review was to study
the effects of methodological aspects of non-invasive in vivo
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axial compression loading in rat, mouse and knock out mouse
studies on bone mass, structure, and density. In addition, we
aimed to examine the influence of modifying factors like age,
sex-steroid deficiency and disuse.

Methods
Search strategy

This systematic review used the Preferred Reporting
Items for Systematic reviews and Meta-Analysis (PRISMA)
checklist'. The literature search was performed in the
bibliographic databases PubMed, Embase, and SPORTdiscus
(via EBSCO) from the start of these databases to Dec 31,
2021. The following keyword search was used: “mechanical
loading” AND “ulna” or “tibia” AND *“rats” or “mice” AND
“bone density.” Search terms included controlled terms
(e.g. MeSH in PubMed) as well as free text terms for all six
concepts. Only non-invasive in vivo axial loading studies in
rats and mice and knock-out mouse models that studied
bone outcomes (bone mass, structure, and density) were
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represent upper and lower custom-made cups.
N

Figure 2. Rat ulna held in custom-made cups (arrows) during an in vivo axial loading experiment on the Instron device. The two arrows

included. The flow chart for the selection steps of the articles
is presented in Figure 1.

Study selection

Two authors (N.B. and H.E.) independently selected
relevant titles from the electronic databases. The
discrepancies that arose from the two independent authors
were resolved by consensus after reading the abstracts and
full text of selected titles. The following inclusion criteria
were used: (a) intervention: in vivo axial mechanical loading,
(b) outcome measurements: bone mass, bone volume, bone
mineral density, and (c) rats or mice (d) tibia or ulna.

Experimental animals

The search regarded axial loading studies in the following
rat species: Sprague Dawley, Wistar, Fischer, and mouse
species: C57BL/6, BALB/c, DBA/2, C3H/He, CD1. Knock-
out mouse model studies selected in this review were
used to examine the effect of axial loading on genetically
modified mice.

Loading protocols

We searched papers on the axial loading of ulna or tibia.
Although most investigators used in house developed
methods, in general, load was applied using a dynamic
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loading device: Instron (Instron, Norwood, MA USA), MTS
(MTS, Eden Prairie, MN USA), Electroforce (TA Instruments,
New Castle, DE USA) or Zwick testing device (ZwickRoell LP,
Kennesaw, GA USA), connected to a computer in which the
loading cycles are electronically recorded. Custom-made
cups are adapted to hold ulna or tibia on the loading device
for in vivo loading experiments. An example of rat ulna loaded
in custom made cups on the Instron device is presented in
Figure 2. A single loading cycle is the duration required for
the load to ascend, reach its peak, and slowly descend to its
initial level. A single loading bout consists of several loading
cycles. In a typical axial loading experiment, rats or mice are
anesthetized, ulna or tibia are held in custom loading cups,
peak load is applied at a certain frequency, number of cycles
in a single bout or multiple loading sessions. The variables
used in the in vivo axial loading experiment include the peak
load, strain rate, loading waveforms, frequency, number of
loading cycles, rest period between cycles, and the duration
of loading sessions. Loading protocols are designed by
customizing the parameters to deliver the desired loading
regimen, which differs according to the study rationale. The
animals are anesthetized just before the loading experiment,
and remain sedated until completion. Both inhalation-based
anesthesia, such as 1-2% isoflurane or 1.5-3% halothane,
and injectable anesthesia: a combination of ketamine 60-150
mg/kg body weight and a-2 adrenoreceptor agonists such as
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Figure 3. An example of axial loading protocol in rat ulna with 14 N peak load and 10s rest periods between cycles for 40 cycles.
S J

xylazine 7.5-20 mg/kg body weight or medetomidine 0.4-1
mg/kg body weight can be used in mouse or rat studies'.
The latter is commonly used because inhalation-based
anesthesia requires specialized equipment and training. For
quick recovery from sedation after the loading experiment,
a-2-adrenocortical antagonist atipamezole (1 mg/kq) is
injected's. After applying sedation, first the tibia or ulna of
the rodent is placed in the custom-made cup to stabilize it
with a 0.5 N-1 N preload. This is recommended for proper
stabilization of the bone in the loading apparatus™'®. The
peak load corresponding to the peak compressive strain can
be calculated by ex vivo load-strain calibration in cadaveric
bones. The load is applied between the flexed carpus and
olecranon joints in the ulna, and between the knee and ankle
joints in the tibia. The peak load results in peak compressive
strain, and can be applied cyclically to ensure maximum
bone formation. For optimum bone formation, the peak
compressive strain should not exceed the yield point at which
damage occurs to the bone, and should be lower than the
fatigue load which causes microdamage to the bone™''3,
Strain rate is the change in strain per unit time'”. Strain varies
at different bone locations in both rat and mouse tibia and
ulna'®2°, Site-specific measurement of strain in proximal,
medial, and lateral sites of the tibia using in vivo micro CT
and finite element models, and digital image correlations
has been performed'®2'. These methods have shown to be
more reproducible than using strain gauges and eliminates
the sacrifice of animals for this measurement. The axial load
is applied for a specific duration which consists of multiple
loading cycles on the same day??23, or it is repeated for three
to five days a week for two to six weeks'¢-2425, Multiple loading
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waveforms are used, such as sinusoidal or haversine, and non-
sinusoidal: trapezoid, triangular, or sawtooth waveformze,
The loading frequency usually corresponds to the normal
stride frequency during locomotion, also represented as
the number of cycles per unit time'”. A rest period between
loading cycles can be applied in loading protocols. Dynamic
load is mostly applied in a sinusoidal manner on the tibia or
the ulna, while the contralateral bone is kept as control. Static
loading applied at low compressive strain suppresses bone
formation, and is therefore not often used?’. An example of
the rat ulna axial loading experiment with 14 N peak load and
10s rest periods between cycles for 40 cycles is presented
in Figure 3.

Bone outcomes

This review restricted the outcome parameters to bone
histomorphometry and micro CT, DXA, or peripheral
quantitative computed tomography (pQCT).

Modifying factors

In this review, papers that possibly describe factors that
might affect load induced bone formation are included.
Several of these factors were investigated as potential
modifying factors which include: age, sex steroids,
osteoporosis treatment, and prior disuse. The effect of sex
steroids was studied by ovariectomy (OVX) or orchiectomy
(ORX), with or without treatment with sex-steroid hormones.
Tamoxifen an estrogen receptor modulator that couples
agonistic effects on bone with antagonistic effects on other
organs was also tested for affecting mechano-adaptation?®.
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Table 1. Summary of rat axial loading studies.

Author/
Year

Animals/ age/
bone type

Interventions

Peak load
("))

Strain (pe)

loading
cycles
(per day)

Frequency
(Hz)/

waveform

Rest periods
(seconds)

Duration of loading
experiment (days
or week)

Outcomes parameters

Female Sprague .
Chen 2000 and DEXA: BMD, histomorphometry: MS/BS,
20087 Dawley rats, 12 N/A N/A 3000 N/A 5,10and 15 N/A 2 weeks MAR. BFR/BS
weeks, left ulna
Feher Female Sprague oVvX, . .
2010% Dawley rats bisphosphonates 15 3000 360 2 N/A 1 week Histomorphometry: MS/BS, MAR, BFR/BS
. Female Sprague 6.5, 10.5,
H5|er;° Dawley rats, 28-32 N/A 14.5, 18.5, 1343, 2284 360 2, haversine N/A 2 weeks Histomorphometry: MS/BS, MAR, BFR/BS
2001 B and 3074
weeks, right ulna 22.5
Hsich Female Sprague
20013 Dawley rats, 28-32 N/A 4.3-18 360-4680 360 1,5and 10 N/A 2 weeks Histomorphometry: MS/BS, MAR, BFR/BS
weeks, right ulna
Female Sprague
Ko 201243 | Dawley, 12 weeks, OVX & SHAM N/A 2000 1500 2 N/A 2 weeks Micro CT: trabecular bone; BV/TV
right tibia
Female Sprague | Vehicle and oral . .
Li2002% | Dawleyrats, 28 | indomethacin or 17 3600 360 2 N/A N/A Histomorphometry: MS/BS,
. MAR and BFR/BS
weeks, right ulna NS-398
Female Sprague Vehicle treated,
Li 20034° | Dawley, 28 weeks, | verapamil and 16.5 3600 360 2, haversine N/A N/A histomorphometry: MS/BS, MAR, BFR/BS
right ulna PTH
Female Sprague Pregnancy, In vivo micro CT: trabecular bone; BV/TV,
Li 20213 Dawley rats, 26 Iact.atlon, 45 1500 N/A > N/A 5times aweek for | Tb.N, Tb.Th, Tb.Sp, Conn.D, SMI, co.rtlca.l
weeks. left tibia weaning and 2 weeks bone; Ct.Ar, Ct.Th, polar moment of inertia,
’ virgin histomorphometry: MS/BS, MAR, BFR/BS
Mosle Male Sprague
1998‘\; Dawley, 6 weeks, N/A 1-20 4000 1200 | 2, trapezoidal N/A 2 weeks Histomorphometry: MS/BS, MAR, BFR/BS
left ulna
Male Sprague In vivo micro CT: trabecular bone; BMD, BV/
Mustafy 450, 850, and 2, haversine 5 days/week for TV, Tb.Th, Tb.N, Tb.Sp, cortical bone; TMD,
2020° Daw'e‘:;;'awee"s’ N/A N/A 1250 1200 1 \vaveform 010 8 weeks T.Ar, Ct.Ar, CtTh, Ma.Ar, Ps.Pm, Ec.Pm,
mean eccentricity, polar moment of inertia
Noble Sprague Dawley 1-5and 8-12 days | ,,. . .
2003% rats, left ulna N/A N/A 4000 1200 2 N/A inclusive Histomorphometry: calcein labelled surface
Perry Female Wistar, left 4000 and - .
2009 ulna Ultrasound 7 4500 40 10 10 two weeks Histomorphometry: MS/BS, MAR, BFR/BS
Robling Male Sprague N/A 17 3500 1200 2 N/A 1-5and8-12.days | ;0 mornhometry: MS/BS, MAR, BFR/BS
2001 Dawley, right ulna inclusive
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Table 1. (Cont. from previous page).

Author/ Animals/ age/ . Peak load . loading | Frequency Rest periods Duratl?n of loading
Interventions Strain (pe) cycles (Hz)/ experiment (days Outcomes parameters
Year bone type (()) (seconds)
(per day) | waveform or week)
Roblin Female Sprague DEXA: BA, BMC, aBMD, pQCT: cortical
9 prag N/A 17 3600 360 | 2. haversine N/A 16 weeks bone; CSA, Cortical vBMD, minimum and
2002 Dawley X . .
maximum moment of inertia
Saxon Female Sprague Histomorphometry: MS/BS, MAR, BFR/BS
20053 Dawley, 12 weeks, N/A 15 3288 360 2, haversine N/A 15 weeks pQCT: Ct.Ar, T.Ar, Cortical vBMD, second
right ulna moment of inertia (Imin and Imax)
Histomorphometry: MS/BS, MAR, BFR/
Saxon Male Sprague BS, pQCT: vBMD, second moment of
2006% | Dawlev. 8 weeks, N/A 17 4094,4277 | N/A N/A N/A 5 weeks inertia (Imin), BMC, Ct.Ar, periosteal and
right ulna . .
endocortical circumference
Schriefer Female Sprague 90.11.3 pQCT: BMC, T.Ar, second moment of inertia
09 Dawley rats, right N/A A N/A 360 2, haversine N/A 5 weeks (Imin and Imax), histomorphometry: BFR/
2005 and 13.5
ulna BS
. Male Fischer, af3 targetted .
Tomlinson ) . _ . Histomorphometry: MS/BS, MAR, BFR/BS,
>014%° 13-14 weeks, right nano particleand| 15o0r 18 N/A 100 0.1 N/A N/A micro CT: BV/TV. BMD
ulna vehicle treatment
1828
(proximal
medial), 1700
Torrance Male Sprague (proximal ondays 5, 6, 8 11, Histomorphometry: periosteal new bone
1994° | Dawley, left ulna N/A 150120 | | teral), 3750 | 1200 100r20 N/A 12,13, 14and 15 formation
(mid shaft
medial), 3125 (
medial lateral)
Warden Female Sprague 3 days/week for DXA: BMC, aBMD, pQCT: BMC, vBMD and
- Dawley, 18-20 N/A 17 3600 360 2, haversine N/A 4 micro CT: Ct.Ar, second moment of inertial
2005 - 5 weeks .
weeks, right ulna (Imin and Imax)
Female Sprague . )
Warde4r11 Dawley, 5 weeks, N/A 85 3500 360 2. haversine N/A 3 days/week for DXA: aBMD, B.MC, pQCT.. Ct.Ar, second
2007 . 7 weeks moment of inertia (Imin and Imax)
right ulna,
pQCT: vBMD, Ct.Ar, BMC, second moment
Vzvggi:' vawz'ej‘p;fi‘l’:a OVX, sham 8.5 3500 360 2 N/A 3 dags"x:;sk for 1" ot inertia (imin and Imax), micro CT: Ct.Ar,
¥.ro Tt.Ar, Me.Ar, Ct.Th, Imin
Hindlimb Micro CT: trabecular bone; BV/TV, Tb.Sp,
Yang Sprague Dawley . 5 days/week for Tb.Th, Tb.N, bone volume surface ration
2018% | rats, 20 weeks | |Meadingand 20 800 600 ! N/A 4 weeks (BSV/BV) cortical bone; Ct.Th, DEXA: BMD
controls and BMC
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Osteoporotic bone loss was often treated with a bone sparing
medication. Bisphosphonates??, and intermittent parathyroid
hormone (iPTH) were included to test the effect on load
induced bone formation®°. Ultrasound exposure improves
fracture healing by affecting cellular mechanisms such as
inflammatory responses involved in the fracture healing
process. Therefore, ultrasound exposure was also included
as a potential modifying factor®'. Disuse was induced by
sciatic neurectomy, causing paralysis and immobilization of
the limb32,

Results

The systematic search resulted in 2183 potentially eligible
articles. The search included 905 articles from Pubmed,
1207 from Embase, and 71 from SPORTdiscus (via EBSCO).
After duplicates were removed, 1471 articles remained.
Among the search results, 1222 articles were excluded by
both reviewers, since they did not meet the inclusion criteria
resulting in 249 articles. Since consensus on 59 articles was
missing, the abstract and the full texts were read for 249
articles, resulting in another exclusion of 116 articles and the
inclusion of 133 articles (Figure 1). Reference tracking led to
the inclusion of 11 additional articles, resulting in a total of
144 articles for final analysis. The agreement between the
two reviewers was good (Cohen’s Kappa=0.76). Of the 144
articles selected for the review, 23 articles concerned rat
studies, 74 concerned mouse studies, and 47 concerned KO
mouse studies (Figure 1).

Mechanical loading protocols and modifying factors affecting
bone outcomes in rats

Twenty-three articles concerning rat studies are
summarized in Table 1. In rat ulna axial loading studies, peak
load ranged from 4.3 to 22.5 N and strain ranged from 360
pe to 4680 pe. One rat study applied a peak load on the
tibia of 45 N, corresponding to a strain of 1500 pe33. In all
rat studies, load-strain was calibrated using a strain gauge
to calculate the strain. Frequencies and number of cycles
ranged from 1.5 Hz to 15 Hz and 40 to 1500 cycles per day.
A loading session that was repeated three times a week for
two to five weeks was reported frequently?°.2531:3437 byt two
studies performed a single duration loading experiment38-3°,
A rest period of 10s between loading cycles was applied in
one rat axial study?®'. One study compared rats of 3 groups,
i) loaded 1% session of 5 weeks followed by 10 week rest
(1x5), ii) loaded 1%t and 3™ sessions of 5 weeks each with 5
weeks recovery period (2x5), and iii) loaded all 3 sessions of
5 weeks each (3x5) without recovery period with two control
groups: one age-matched control group reeived no loading or
anesthesia, and one control group sacrificed at baseline. This
study reported an increase in bone formation parameters:
mineralizing surface (MS/BS), bone formation rate (BFR/BS)
and mineral apposition rate (MAR) for all three groups in the
first five weeks as compared to controls®. However, only the
2x5 group showed improved bone formation as compared to
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controls after 15 weeks*5. Two studies tested axial loading
with increasing peak loads of 6.5-18.5 N2° and 4.3-18.0 N34
and showed that with increasing peak loads periosteal bone
formation occurred in a dose-dependent manner?°34, The
compressive strain varied with the diaphyseal location, which
increased from proximal to distal region in the tibia, and
periosteal bone formation also increased distally*4. However,
a clear dose-response was not observed on the endocortical
surface®4. The strain threshold, when peak strain magnitude
attained during the loading session exceeds that of habitual
activity and subsequently bone formation occurs, is also
referred as the minimal effective strain (MES)#. Dynamic
load, like a cyclic load improved bone outcomes, more than
a static load, or constant load. This is true especially for
the histomorphometric bone formation parameters BFR/
BS, MS/BS and MAR, which, compared to controls, were
suppressed or unaffected in periosteal and endocortical
surfaces after static load but increased after dynamic load in
both periosteal and endocortical surfaces?’. The frequency of
axial loading was shown to be an important determinant, for
bone mineral density (BMD). A frequency of 10 Hz and 15 Hz
showed a mechanical loading-related increase in ulnar BMD
after two weeks while 5 Hz did not*”. However, their study
did not compare BMD in frequencies above 10 Hz and 15 Hz,
so it could not be concluded whether frequencies above 10-
15 Hz affected BMD. A rat axial loading study that used 1, 5
and 10 Hz frequency at peak loads of 4-18 N showed that
increased loading frequency increased the slopes of peak
strain versus rBFR/BS and rMS/BS curves, indicating that
the increase in loading frequency enhanced loading-induced
bone formation34,

Although the choice of rat species, mostly female Sprague
Dawley (SD) rats?0.2425:34.35.37.4043 " yaried with the design
of in vivo axial loading, it did not seem to affect the bone
outcomes. One study reported that load induced bone
formation was not different in six-month old rats as compared
to ten-month old rats after two weeks of axial loading®>. Axial
loading related bone formation response was not different
in bisphosphonate-treated OVX rats, as compared to OVX
alone*?, Another OVX rat axial loading study reported that
load-related skeletal maintenance was not affected by OVX,
and no significant interactions were observed between OVX
and loading*4. Axial loading was also studied during disuse,
using a hind-limb unloading model, where axial loading did
not affect BMD as compared to age-matched controls after
21 days and 28 days“*. Drug treatment with verapamil or
prednisolone inhibited bone formation“®4¢, whereas, PTH
supplementation“® and ultrasound exposure® increased
bone formation. The different characteristics and protocols
of studies with rat axial loading are summarized in Table 1.

Mechanical loading protocols and modifying factors affecting
loading related bone outcomes in mouse and knock-out
mouse models

Seventy-four articles which concerned mouse studies and
47 articles which concerned knock out mouse studies are
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Table 2. Summary of mouse axial loading studies.

Author/Year

Animals/age/ loaded

Interventions

Peak loads (N)

Strain (pe)

loading
cycles

Frequency

Rest
periods

Duration of loading
experiment (days

Outcomes

bone (per day) /ALY (seconds) or week)
. pQCT: trabecular bone: Tb.vBMD, cortical bone;
Bergstrom Fgmale C57BL/6J Prednisolone Trapezoid 3 days/week for | cortical thickness, Ct.BMC, periosteal perimeter,
G mice, 12 weeks old, treatment and 13 3091 40 10 ) - - .
2018 . L X waveform 2 weeks endocortical perimeter, moment of inertia,
right tibiae vehicle P
moment of resistance
Female C57BL/6 Micro CT: trabecular bone;BV/TV, Tb.Th, Tb.N,
Berman | e, 12 weeks, right N/A 8.8, 10.60r 12.4 | 1700:2050and | 55, N/A N/A 2 weeks Tb.Sp, SMI, cortical bone: Ct.Ar, Ct.Th, Ma.Ar,
2015 L 2400 . .
tibiae Ec.Pm.moment of inertia
. Micro CT: trabecular bone; BV/TV, BMD, Tb.Th,
Berman M.‘?Iri\grf:tzzl;/lg‘,r?“rfte' N/A 19 N/A 220 4 1 3 weeks Tb.N, Tb.Sp, cortical bone; T.Ar, Ct.Ar, Ma.Ar,
201900 ns old, rig . Ct.Ar/Tt.Ar, TMD Ct.Th, Ps.Pm, Ec.Pm, principal
tibiae . .
moment of inertia, TMD
Histomorphometry: MS/BS, MAR, BFR/BS,
Bouchard ;?:;alleoc‘fe?j:;/zj N/A 1.0 1200 216 4 N/A 5 days per week for | micro CT: cortical bone; Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar,
20217 ,Ieft tibiae ’ ’ 2 weeks Ct.Th, Ct.vTMD, trabecular bone: BV/TV, Tb.Th,
Tb.N, Tb.Sp, Tb.vTMD
Cheon Female C57BL6/J 3 days/ per week
g mice, 14 weeks, ovX 12 N/A 40 N/A N/A s/ p Micro CT: BV, BMC, BV/TV, BMD
2021 . - for 3 weeks
right tibiae
Female C57BL6/J .
Cheong ; . ~ Trapezoid 3 days/ per week . )
2020102 mice, lz:i\ll)v;iks, right ovX 2-12 1500 40 waveform 10 for 3 weeks Micro CT: BMC , BMD
Female C57BL6/J .
Cheong mice, 13 weeks, OVX, PTH 2-12 1500-2000 40 Trapezoid 10 3 days/ per week Micro CT: BV, BV/TV, BMC, BMD
2021 . e waveform for 3 weeks
right tibiae
Micro CT: trabecular bone: TV, BV/TV, TbN,
DelLong Male C57BL/6J mice, 4 days/ week for Tb.Th, Tb.Sp, Conn.D, SMI, and BMD, cortical
202004 16 weeks, right tibiae N/A o N/A 1200 4 N/A 21 weeks bone: TV, total BV, CtBV/TV, Ct.Th, Ma.Ar, Ct.Po,
TMD
Fioravanti C57BL/6J mice, right | Gambogic amide . .
2021105 tibia or VEH 3 N/A 100 2 N/A N/A Histomorphometry: MS/BS, MAR, BFR/BS
Fritton 0.1 (every Histomorphometry: MS/BS, MAR, BFR/BS,
2005¢ Male C57BL/J N/A 3 800 1200 N/A dcycles) | 2Weekstobweeks | i o CT. BMC, BV, TV, BV/TV, Tb.Th, Tb.Sp
Female and male Micro CT: trabecular bone: BV/TV, Tb.Th, Tb.N,
C57BL/6J mice, 19 Aging, sciatic Trapezoid 3 alternate days Tb.Sp, Tb.Pf, SMI cortical bone: T.Ar, Ct.Ar,
78
CAER D weeks and 19 month, neurectomy 14.5 2270 40 waveform 10 for 2 weeks B.Ar/T.Ar, Ma.Ar, Cs.Th, Ct.Po, polar moment of
right tibia inertia
Gohin Male C57BL/6 mice, 3 days/ week for micro CT: trabecular bone: BV/TV, Tb.Th, Tb.Sp,
P 10-12 weeks, right N/A 12 N/A 40 2 10 4 Tb.N, Tb.Pf, SMI, cortical bone: Tt.Ar, Tt.Pm,
2020 L 2 weeks X .
tibia Ct.Ar, Ct.Th, polar moment of inertia
WashU: WashU:10s
. Female C57BL/6, 60, Cornell/ In vivo micro CT: cortical bone; BV, Tt.Ar, Ma.Ar,
POt | BALB/C, 16 weeks, N/A 10 zggggc(:ngéjg M| cornell/ N/A Hss:0.1s | 3 dagsv{:"::sk for | ¢t.Th, andTMD), trabecular bone: BV/TV, Th.Th,
right tibiae ’ HSS: O.1srest Tb.N, and vBMD
1200 insertion,
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Animals/age/ loaded loading Frequenc Rest Duration of loading
Author/Year 9 Interventions Peak loads (N) Strain (pe) cycles q \ periods experiment (days Outcomes
bone (Hz)/waveform
(per day) (seconds) or week)
Male C57BL/6, . . . )
Ko 2016107 BALB/c. 26 weeks, NA 9 800 1200 4 N/A 3 times per week Micro CT: trabecular bone: BV/TV, Tb.Th, and
L for 2 weeks Tb.Sp
left tibia
Female C57BL/6[B6], 1.5(DBA
Kuruvilla DBA/2[D2] and C3H/ ' ! 3 days/week for . .
2008"° HelC31, 16 weeks, left N/A 2(C57BL/6J and 2000 99 2 N/A 3 weeks Histomorphometry: MS/BS, MAR, BFR/BS
L C3H/HeJ)
tibiae
. . Micro CT trabecular bone: BV/TV, Th.N, Tb.Th,
;(;;‘g‘fs ":;'iviiz Br'i‘/ h‘:?igi'acz' Unloading 9 1400 1200 4&23&?&“ N/A 4 t;?reg a‘;;‘l"":ek Tb.Sp, Conn.D, BMD, Cortical bone: Ct.TV, Ct.BV,
-9 Ct.BV/TV, Ct.Th, Ct.Po, Ct.BMD
Lee Female CD1 mice, 17 5 days/week for . .
2002'° weeks. left ulnae NA 3and4 2000 and 3000 NA 4 N/A > weeks Histomorphometry: MS/BS, MAR, BFR/BS
Histomorphometry: MS/BS, MAR and BFR/
Lionikaite mﬁir:il; \(/:vEe’ZEsL/r?Nht Vitamin A and N/A N/A 40 N/A 10 3 times per week BS, micro CT: trabecular bone; BV/TV, Tb.Th,
2019'"° ’ tibiae -9 vehicle for 2 weeks Tb.N, Th.Sp, cortical bone; Ct.Ar, Ct.Th, Ma.Ar
periosteal and endocortical perimeter
Male & Female i i
. 5 times per week Histomorphometry: MS/BS, MAR and BFR/BS,
111
NI C57B1/6 mice, 9 NA 1.5 1300 NA 4 NA for 2 weeks micro CT: BV/TV, Th.Th, and tBMD, ThSp
weeks, left tibia,
. . Micro CT: trabecular bone: BV/TV, cnTMD, Tb.Th,
Lynch 201112 | Female C57B1/6 mice, N/A 11.5and59 | 2100and 1200 | 1200 4 N/A 5 times per week Tb.Sp, cortical bone: ct TMD, Ct.Ar, Ma.Ar,
26 weeks, left tibiae for 2 weeks L : K
principal moment of inertia
et Male and female 3 times per week Micro CT: trabecular bone: BV/TV, Tb.Th, Tb.Sp,
P C57BL/6, 16 weeks, NA 13.3 2200 40 N/A 10 p Tb.N, cortical bone: Ct.Ar, T.Ar, Ma.Ar, Ct.Ar/T.
2013 N g for 2 weeks X .
right tibiae Ar, Ct.Th, polar moment of inertia
Miller 2021"'3 Fe.male.C57I.3L./6 neurectomy 6 N/A 40 N/A 10 2 weeks Micro CT: cortical bone, Ct.Th
mice, right tibiae
Histomorphometry: MS/BS, MAR, BFR/BS,
Moustaza Female C$7BL./6.' 19 NA 13.5 1800 40 N/A 10 3 days/week for micro CT: trabecular bone: Tb.BV/TV, cortical
2012 weeks, right tibiae 2 weeks
bone: Ct.BV
500, 1750,
EENEg Female C57BL/G, 16 NA 0.5.1.4,20,26. | >500, 3250, 60 2 Na | Sdays/weekfor2 | orphometry: MS/BS, MAR, BFR/BS
2015 weeks, right ulna 3.1 weeks
4000
. - . . Histomorphometry: MS/BS, MAR, BFR/BS,
Park 2019m¢ | Female CS7BL/6J | Vehicle, aspirin, 3 3000 100 2. sinusoidal N/A 2 weeks trabecular bone: BV, BMD, cortical bone: Ct.Th,
mice, right tibiae naproxen waveform
T.Ar, Ct.Ar, Ma.Ar
. . Micro CT: trabecular bone: Tb. BV/TV, Tb.Th,
Roberts Female C57BL/6 OVX, PTH 12 N/A 40 Trapezoid 10 3timesperweek | p) o 1y, N, cortical bone: T.Ar, Ct.Ar, Ct.Ar/T.
2020 mice, 13 weeks waveform for 2 weeks X . -
Ar, Ct.Th, moment of inertia and eccentricity
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Author/Year

Animals/age/ loaded
bone

Interventions

Peak loads (N)

Strain (pe)

loading
cycles

Frequency
(Hz)/waveform

Rest
periods

Duration of loading
experiment (days

Outcomes

C3H/He (2.20,

(per day)

(seconds)

or week)

weeks, left tibia

Roblin Female C3/He, Czszgl:g}:(?g)s C3H/He:2392, Histomorphometry: MS/BS, MAR, BFR/BS,
7?, C57BL/6 and DBA/2, NA o C57BL/6:1769, 60 2 N/A 3 days fluorochrome histomorphometry: T.Ar, Ct.Ar,
2002 20 weeks, right ulna 230, 2.75), DBA/2:1860 maximum second moment of inertia
"9 DBA/2(1.55, :
1.90, 2.25)
Sugiyama Female C57BL/6, 19 . .
20103 weeks, right tibiae NA 11.5 1400 40 N/A 10 2 weeks Micro CT: Ct.BV, BV/TV, Tb.N, and Tb.Th
Warden, Female C57BL/6, 1,5,10, 20 Histomorphometry: MS/BS, MAR, BFR/BS, and
200457 8-12 weeks, right ulna NA 1.50r2 1750 0r 2566 120 and 30 N/A 3 days micro CT: Ct.Ar, moment of inertia (I__,1 )
3 days/week for Histomorphometry: MS/BS, MAR, BFR/BS,
Wezact)r:gmolt Fivrre‘::échi?l?tLti/t?is:f NA 7 and 9 1833 360 2 N/A 4 consecutive invivo pQCT: cortical bone: BMC, T.Ar, Ct.Ar.,
-9 weeks Ma.Ar, micro CT: BV/TV, Th.N, Tb.Th and Th.Sp
Histomorphometry: MS/BS, newly mineralized
Birkhold Female C57BI/6J, 26 5 days/week for bone volume (MV/BV), mineralization thickness
2016° weeks, left tibiae NA n 1200 216 4 N/A 2 weeks (M.Th), micro CT: cortical bone; Ct.BV, Ct.Th,
Ct.Ar
1-17 (low),
. 18-34 .
Zhao 201423 Male CS?BL/G, right NA 7 N/A 200 (medium), N/A N/A Histomorphometry: MS/BS, MAR, BFR/BS, and
tibiae K micro CT
35-51 (high
frequency)
5 times or 3 times
Female C57BL/6, 12 4.2,-5.5,-7 1000, 1,400 60, 300 .
52 ’ ’ ’ v ’ ’ .
Sun 2018 weeks, right tibiae NA and -8 1,800 and 2.200 | or 1200 4 N/A pe; vv\\llztzi:or Histomorphometry: MS/BS, MAR, BFR/BS
Castillo Female C57BL/6, 12 3 times/week for ) )
2006'"7 weeks, right ulna NA 2 N/A 60 2 N/A 4 weeks Histomorphometry: MS/BS, MAR, BFR/BS
36,216 10
Yang 2017¢° C57BL/6, left tibia NA 9 N/A 1'200 ’ NA (between Micro CT: Ct.Ar, Ct.Th, TMD
4 cycles)
Female C57B/6J, 17- . 3 times a week for .
64 ’ .
Galea 2015 19 weeks, right tibia OVX, aging 13.5 1250 40 N/A N/A 2 weeks Micro CT: Ct.Ar, Ct.Th and Tt.Ar
Li 201322 Female K!VI mice, 8 OVX and SHAM N/A 1000-3000 N/A 15 N/A 3 times a weeks for | Micro CT: B.Ar/T.Ar, Tb.Th, Tb.Sp, Tb.N, Tb.Th,
weeks, right tibia 4 weeks Tb.Sp
Histomorphometry: MS/BS, MAR, BFR/BS,
Warden Female C57BL/6J, 16 | OVX & SHAM, 9 1833 360 2 N/A 3 times a weeks for | micro CT: cortical bone; BMC, Ct.Ar and Ct.Th,
2014°2 weeks, right tibia aging 4 weeks trabecular bone;BV/TV, Tb.Th, and Tb.N and
Tb.Sp
Fritton Male C57BL/6J, 10 0.1 every Histomorphometry: MS/BS, MAR, BFR/BS.
2008°5 months, left tibia ORX, SHAM 46 1200 N/A N/A 4 cycles N/A micro CT BV/T, To.Th , Tb.Sp, Tb.N and BMC
Female C57BI/6J 5 days/week for
Aido 20157" | mice, 10,26 and 78 Aging 9or 11 1200 216 4 N/A Zweeks Histomorphometry: MS/BS, MAR, BFR/BS
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Animals/age/ loaded loading Frequenc Rest Duration of loading
Author/Year bo?we Interventions Peak loads (N) Strain (pe) cycles (Hz)/\:avefcyrm periods experiment (days Outcomes
(per day) (seconds) or week)
. Female C57BL/6 :
Birkhold . . 5days/week for Histomorphometry: MS/BS, MAR, BFR/BS.
2014% mice, 10, 26 and 78 Aging o 1200 216 4 N/A 4 weeks. micro CT: Ct.BV
weeks, left tibia
Male BALB/c mice, 900. 1290 or Histomorphometry: MS/BS, MAR, BFR/BS,
ro or 84 weeks, rig ging , 100or ays micro CT: trabecular bone, , Tb.N, Tb.Th,
Brodt 2010''® | 28 or 84 ks, right Agi 8,100r 12 ,1670 60 N/A N/A 5d icro CT: trabecular b BV/TV, Tb.N, Tb.Th
tibiae vBMD, cortical bone: M.Ar, B.Ar, Ct.Wi
Female C57B1/6J, 5 days/week for
Checa 2015™ | 10 and 26 weeks, left Aging 11 1200 216 4 N/A gweeks histomorphometry: MS/BS, MAR, BFR/BS
tibia
Histomorphometry: endosteal inter-label area,
De Souza F??a;%?eﬁt/}ﬁ? Agin 2-13 500-3000 40 2 10 3 times/ week periosteal inter-label area, total inter-label area,
2005¢¢ ’ tibia 19 9ing 2 weeks. micro CT: trabecular bone, BV/TV, Tb.N, Tb.Th,
Tb.Sp and SMI
. Female C57BL/6J .
gg'f:;’) mice, 20, 48 and 88 Aging N/A 2000-3000 1200 4 0.1 s dagsv{:":lfsk for H'St°m°rph°"}§t;;’v'oM%/fiéngR and BFR/BS,
weeks, right tibia i
Female C57BI/6 mice, ; .
Main 2014 | 6, 10 and 16 weeks, Aging 8.8 0r 9.1 1200 1200 4 NA 5 days/week for Micro CT: trabecular bonein. BV/TV, Tb.Th,
left tibia 2 weeks cnTMD, and Tb.Sp, cortical bone, Ct.Ar
A Male and Female B )
Meakin : } ) 3 days/week for 2 | Micro CT: trabecular bone, Tb.Th, cortical bone,
201458 C57BL/6: 16 a'nq 19 Aging 5-17 500-2500 40 N/A 10 weeks CtAr, T.Ar. CtTh
weeks, right tibiae
Female BALB/cBY, .
Silva 2012'° | 8, 16, 28, 48 weeks, Aging 7.5-11 1300 or 2350 60 N/A 10 3 days perweek, | Histomorphometry, MS/BS, MAR, BFR/BS.
. Iy for 6 weeks micro CT, Ct.BV, BV/TV
right tibiae
Female C57BL/6J, ) )
Willie 201372 | 10 and 26 weeks, left Aging 10. 26 1200 516 N/A 5 (every 4 | 5 days per week for H|stomorph9metry. MS/BS, MAR, BFR/BS,
tibiae cycles) 2 weeks. micro CT: BV/TV, Tb.Th
Female C57BL/J6, 10 ] -~
DeSouza | "\ 20 weeks, right | A~9in9: sciatic 12 2000 40 2 N/A 3 days/week for Histomorphometry: MS/BS, MAR, BFR/BS
2005 tibiae neurectomy 2 weeks
. Female C57BL/6 aging, sciatic . . . .
;/Ieakg\1 mice. 17 and 76 neurectomy. 130r 13.3N 500-2500 40 N/A 10 8 loading sessions Hlstomorphometry. MS/BS, MAR, BFR/BS,
015 . L on alternate days micro CT: Tt.Ar, Ct.Ar, Ma.Ar
weeks, right tibiae sham
De Souza | Female C57BL/J6, 8, ﬁz':fé ;f)'ﬁf'c cixalternate davs | Histomorphometry: MS/BS, MAR, BFR/BS,
201777 14, 20 and 72 weeks, (5 days and lyOO 2-13 2000 40 2 10 for 2 weeks ¥ micro CT: T.Ar, Ct.Ar, trabecular bone, BV/TV,
right tibiae dayys period) Tb.N, Tb.Th, Tb.Sp and SMI
Total body Histomorphometry: MS/BS, MAR, BFR/BS,
Shirazi-Fard | Male C57BL/6J mice, | irradiation with 9 N/A 60 N/A 975 3 day/week for micro CT: trabecular bone, BV/TV, Tb.Th,
201522 16 weeks, right tibiae high LET iron ’ 4 weeks Conn.D, TMD, cortical bone: Ct.Th, CSA and
ions Ct.BV
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Author/Year Animals/age/ loaded

loading Frequenc Rest Duration of loading
Interventions Peak loads (N) Strain (ug) cycles 9 M periods experiment (days Outcomes
bone (Hz)/waveform
(per day) (seconds) or week)
Sugiyama, Female C67BL/6, 17 Right sciatic on alternate days . .
2012'# weeks, right tibiae neurectomy 14 5000 40 N/A 10 for 2 weeks Micro CT: BV/TV
Mesenchymal . R
C57BL/6J, 18 weeks, 5 times a week for Histomorphometry: MS/BS, MAR, BFR/BS,
124
REPp A right ulna stem cell or 15 N/A N/A 2 N/A 2 weeks micro CT: Ct.BV
vehicle
Leucht | C37BL/6 mice, SRXG (cx/égz? f;g?ator
20135 mice, 16uv:/:aeks, right antagonist) & 2.8 3550 120 2 N/A N/A Histomorphometry: MS/BS, MAR, BFR/BS
vehicle
Marenzana ml-i‘e::‘a;ewiizslﬁéht B;?::;egizgt'c 125 1500 40 N/A 10 3 alternate days per | Micro CT: trabecular bone;Tb.BV/TV and Tb.Th,
2007'%® » 2 weeks, rig 9 ’ week for 2 weeks cortical thickness: Ct.Th, B.Ar, T.Ar and Ma.Ar
tibia (Propranolol) &
Female C57BL/6J Low dose PTH .
McAteer . X R ' ) Histomorphometry: MS/BS, MAR, BFR/BS, DXA:
2010126 mice, 10 weeks, right | high dose PTH, 1950r 2.25 1800-2200 N/A 2 N/A 3 days aBMD and BMC
ulna vehicle
Female C57BL/6 .
Moustafa . . . . 3 alternate days per Histomorphometry: MS/BS, MAR, BFR/BS,
2009127 mice, l‘?ti\giztzks. right | iPTH & vehicle 13.5 1400 N/A N/A N/A week for 2 weeks micro CT: Ct.BV
. Female C57BL/6,7 | humaniPTH low, - Histomorphometry: MS/BS, MAR, BFR/BS,
S;‘(’)'éag'?oa' weeks, right tibiae | medium or high 213 ((t‘::ﬂ:; 1@,’%%((2?;2))‘ 40 N/A 10 3 dag f‘N /e ";iik for micro CT: trabecular bone, BV/TV, Tb.N and
and ulna dose & vehicle ! Tb.Th, cortical bone, Ct.BV
. COX-2 inhibitor .
Sugiyama, Female C57BL/6, 19 (NS-398) & 135 1800 40 N/A 10 3 days /week for Micro CT: trabecular bone; BV/TV, Tb.Th, Th.N,
201385 weeks, right tibiae vehicle ’ 2 weeks cortical bone; Ct.BV
Bisphosphonate 1800 at postero-
Stadelmann Male C57BL/6, 17 (zoledronate) tibial crest 1940 onday 1,3,5,8 Lo )
2011128 weeks, left tibiae treatment & 8 at anterodistal N/A 2 N/A and 10 In vivo micro CT: B.Pm, B.Ar, CL.Th
saline tibia
OVX & SHAM,
Sugiyama, Female C57BL/6, 17 tamoxifen low, 10 1200 40 N/A 10 3 days/week for | Micro CT: trabecular bone; BV/TV, Tb.Th, cortical
2010%® weeks, right tibiae medium, high & 2 weeks bone; Ct. BV
vehicle
Bisphosphonate
Sugiyama, Female C57BL/6, 17 (residronate) s 1200 40 N/A 10 3 days/week for Micro CT: trabecular bone BV/TV, Tb.Th and
2011%° weeks, right tibia treatment & ’ 2 weeks cortical bone: Ct.BV
vehicle
Female C57BL/6, 10 Suv't;':]':n':t’e g 3 times ver week Histomorphometry: MS/BS, MAR, BFR/BS,
Borg 2018'2° | and 18 weeks, left | >-PPlement 10.5 N/A 40 N/A 10 p micro CT: trabecular bone: TV, BV, BV/TV,
e diet or vitamin D for 2 weeks X
tibiae free diet cortical bone; Ct.Th, Ct.Po
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Animals/age/ loaded loading Frequenc Rest Duration of loading
Author/Year 9 Interventions Peak loads (N) Strain (pg) cycles q M periods experiment (days Outcomes
bone (Hz)/waveform
(per day) (seconds) or week)
Total body
irradiation Micro CT: trabecular bone; BV/TV, Th.Th, ConnD,
Govey | Female C57BL/6J. 16 | (47 5 coy/min), 10 N/A 1200 4 N/A | O daysperweekior | oo ol bone; Ma.Ar, Ct.Ar/T.Ar, Ct.Th, Ct.BMD,
2016 weeks, right tibiae 3 weeks
bone marrow TMD
transplantation
. . . Histomorphometry: MS/BS, MAR, BFR/BS,
Meak:g Female C5.7BL./6.' 6 Aging, PTH 12.6 N/A 40 N/A N/A 3timesperweek | ;o CT: trabecular bone: BV/TV, cortical bone:
2017 weeks, right tibiae treatment for 6 weeks
Ct.Arand T.Ar, Ct.Th
Heffner Neonatal 5 days/week for Histomorphometry: MS/BS, MAR, BFR/BS
2017132 Female C57BL/6 capsaicin and 3and7 N/A 1200 N/A N/A 2 weeks micro CT: cortical bone, T.Ar, BMC
vehicle treatment
Female ICR mice, 8 OVX-icarine 3 times per week Micro CT: trabecular bone, BV/TV, BMD, Tb.Th,
133 ’ ’ ’
UETY OIS weeks, vehicle, N/A 2500 N/A 15 N/A for 4 weeks Tb.N, Th.Sp, Tb.Pf
5 davs per week for Trabecular bone:Tb.BV/TV, Th.Th, Tb.Sp,
Wang 2021'34 | Female C57BL/6J N/A 4.50r8 N/A 300 4 N/A V4F\)Neeks Tb.BMD, Th.TMD. cortical bone:Ct.BMD, Ct.TMD,
polar moment of inertia
Female C57BL/6 694. 1034 or 3 days or 10days | Cortical bone: Ct.Ar, T.Ar, Ma.Ar, Ct.Th, moment
Yang 2021'3 | mice, 15 weeks, left N/A 3.5,5.20r75 ,1389 216 4 5 session over 2 of inertia, trabecular bone: BV/TV, Tb.Th, Tb.Sp,
tibia weeks histomorphometry: MS/BS, MAR, BFR/BS
C57BL6/J mice, 8 and Trapezoid 3 times per week Trabecular bone: BV.TV, Tb.N, Tb.Sp, Tb.Th,
136
il 16 weeks, N/A 10.5 N/A 40 waveform N/A for 2 weeks cortical bone: Ct.Th, Ma.Ar
Cortical bone: Ct.Ar, Ct.At/T.Ar, Ct.Th, Ct.vTMD,
. BALB/c mice, 10 5 (every 4 | 5 days per week for | PoV, Ct. Po, trabecular bone: BV/TV, Tb.Th, Th.N,
137
AL 20T weeks, right tibia N/A 10 2000 216 4 cycles) 3 weeks Tb.Sp, Tb.vTMD, histomorphometry: MS/BS,
MAR, BFR/BS
Javaheri Female C57BL/J6 3 days per week for Cortical bone: cross-sectional area, cortical
ZOZ20ES mice, 12 weeks, N/A 12 N/A 40 2 10 2 weeks thickness, histomorphometry: MAR

summarized in Tables 2 and 3. Peak load ranged from 1.5 to 3.5 N in mouse ulna
and from 1 to 17 N in mouse tibia studies. In most mice studies, strain gauge was
used to calculate strain magnitudes. Strain magnitudes ranged from 500 to 4000
pe in mouse ulna studies, and 500 to 5081 pe in mouse tibia studies. Two studies
used micro CT derived simulated strain measurement at the mid-shaft?"2?; this
technique allows the estimation of strain in proximal, medial, and distal sites of the
tibia, without the need for strain gauge attachment at the bone sites and eliminates
the sacrifice of the animals for this process?'?2. The computational method of strain
determination provides a suitable alternative to strain gauge, as it provides more
accurate measurement of peak strain and eliminates the large variability of strain due
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to placement of strain gauge in small curved mouse bones?'. Frequency and number
of cycles in mouse ulna studies ranged from 2 to 15 Hz and 40 to 9000 cycles per
day, while in mouse tibia studies it ranged from 1 to 51 Hz and from 40 to 1200
cycles per day. Mouse axial loading studies generally used loading sessions that were
repeated five times a week for one week up to six weeks'®'%474°, and only two mouse
studies reported a single loading session>°>'. One mouse axial loading study reported
that a loading session of five days per week for two weeks showed a better response
in bone formation as compared to a three alternate days per week loading for two
weeks®2, The loading session of five consecutive days showed a larger increase in MS/
BS (+38%) as compared to a three days per week loading session, which showed only
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15% increase in periosteal MS/BS®2. Moreover, there was no
difference in bone formation between the loading session of
five days per week for one week or five days per week for two
weeks. The periosteal MS/BS increased 42.2% in one week
and 38.1% is two weeks®2. In the same study, no differences
in MS/BS were observed in between three loading cycles of
60, 300 and 1200 when a 1800 e strain was applied®2.

Mechanical loading increased BV/TV, Tb.Th, tissue
mineral density (TMD) in trabecular bone, cortical area, and
cortical thickness in cortical bone. These effects became
more pronounced with an increase in strain levels of 1700
pe (low), 2050 pe (medium) and 2400 pe (high)*®. While
loading at a strain level of 2050 pe (compressive force
10.6 N) caused a strong formation response, a lower strain
of 1700 pe (compressive force 8.8 N) had a smaller effect,
and a higher strain of 2400 pe (compressive force 12.4 N)
caused rapid bone formation, but led to the formation of
woven bone in half of the animals. This suggests that the
effective strain window for bone formation may be rather
small“®, Mechanical loading significantly increased the bone
formation parameters, increasing newly mineralized volume
by 134% and mineralizing surface by 50%. It decreased
the bone resorption parameters (resorbed bone volume
and eroded surface) at the metaphyseal periosteal region
of bone, while diaphyseal remodeling was more pronounced
at the endosteal surface. Setpoints and slopes for strain-
mediated responses were different for the endosteal and
periosteal surfaces in the metaphyseal and diaphyseal
regions, suggesting that the bone formation response is
site and region specific®®. In KO mouse models, separate
measurements of strain were performed with a strain gauge
in both KO mice and controls®4>¢, In Connexin 43 deficient
mice, peak loads of 3.1 N and 3.5 N increased MAR, MS/
BS, and BFR/BS, but 2.8 N did not®>. A mouse study that
applied 1.6 N at different frequencies of 1, 5, 10, 20, or 30
Hz, reported significant influence of loading frequency in
cortical bone geometry. Loading at 5 Hz frequency showed
significantly greater changes in cortical area (Ct.Ar) as
compared with either 1 or 20 Hz, loading at 30 Hz resulted in
significantly greater Ct.Ar than 1 Hz, but no other statistical
differences were reported among the frequencies®’. In their
short term loading experiment for 3 consecutive days, a
load of 2.0 N increased rMAR, rMS/BS and rBFR/BS with a
frequency of 10 Hz as compared to frequencies of 1, 2,and 5
Hz, but there were no differences in rBFR/BS between 10 and
30 Hz, as the cortical bone adaptation plateaued out above
frequencies of 10 Hz%". Similarly, their long-term loading
experiment for 4 weeks with a peak load of 1.6 N showed
that cortical bone adaptation increased with loading of 5-10
Hz and plateaued out beyond frequencies of 10 Hz%".

Rest periods between loading cycles were used in thirty-
five mouse studies!'®-2847495458-68 Kyt none of them were
compared with a non-rest period control'®28474° |n one of
these studies, aloading protocol of peak load 10N, 60 loading
cycles, 2 Hz frequency, and 10s rest period, 3 days a week
for 6 weeks, was compared with a loading protocol of peak
load 10 N, 1200 loading cycles, 6.7 Hz frequency and O.1s
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rest period, which could be considered no rest, 3 days a week
for 6 weeks*°. The loading protocol with O.1s rest actually
showed a more rapid and greater response in bone formation
than the protocol with 10s rest after the first three weeks
of loading. However, after six weeks, similar bone formation
was reported in the two loading protocols*®. Another study
compared 10s restinserted after 4 cycles each for 216 cycles
compared with 216 continuous cycles with no rest period
using 9.0 N peak load and 4 Hz frequency in both groups and
found similar increases in cortical bone parameters (cortical
area (Ct.Ar), cortical thickness (Ct.Th), Total cross-sectional
area (Tt.Ar), marrow area (MaAr) and maximum moment of
inertia (Imax)) and metaphyseal cancellous bone parameters
(BV/TV, Tv.Th and tissue mineral density (TMD))°. Addition of
a rest period between cycles was not beneficial in improving
bone outcomes in their study as compared to a continuous
loading session with no rest period®®.

Axial loading was mostly carried out in female C57BL/6
mice'?21:284749 though strain specific responses in bone
formation were observed for C3H/He, C57BL/6 and DBA/2
mice™. Aged mice were less responsive to load-induced
periostealboneformation,measuredasMS/BS,MARandBFR/
BS7'"™, as compared to young mice, and aged mice showed
diminished microstructural changes in both trabecular’"3
and cortical regions®>547375 of bone, as compared to young
mice. OVX mice showed deteriorated B.Ar/T.Ar, Tb.Th and
increased Tb.Sp as compared to SHAM but loading increased
B.Ar/T.Ar and Tb.Th, but decreased Th.Sp in loaded OVX
mice as compared to non-loaded OVX mice?2. Tamoxifen
treatment in the loaded OVX mice increased BV/TV, Tb.Th,
Ct.BV, and periosteally-enclosed volume, as compared to
vehicle-receiving sham and OVX groups, indicating a positive
effect of tamoxifen in loading-related gain in both trabecular
and cortical bone mass?®. In orchiectomized mice (ORX),
mechanical loading did not prevent cancellous bone loss
associated with ORX®®. Disuse induced by sciatic neurectomy
resulted cortical bone loss in mice®2. Axial loading increased
cortical bone formation restoring the bone loss in mice
immobilized by sciatic neurectomy for 476, 53277 or 100
days™. Similarly, loading significantly increased cortical bone
formation in mice immobilized by neurectomy for 5 days
as compared to SHAM controls in both growing and adult
mice. One study in 19 months old mice reported that prior
and concurrent sciatic neurectomy significantly enlarged
loading-induced increases in cortical bone total cross-
sectional area (T.Ar) and trabecular bone thickness (Tb.Th),
and structural model index (SMI). Mechanical loading after
prior and current disuse resulted in site-specific rescue of
age-related loss of mechanoresponsiveness. This occurred
mainly in the 20% of cortical bone sites where there was
greatest age-related decline in responsiveness’®. One recent
study in mice reported that the time of day at which loading
was administered influenced the bone formation in a site-
specific manner™. Mice loaded at 8:00 pm showed more
cortical bone formation response: newly mineralized volume
fraction (MV/BV), mineralizing bone surface (MS/BS), and
mineralizing thickness (MTh) at the endocortical surface
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Table 3. Summary of knock out mouse axial loading studies.

loading Frequenc Rest Duration of loading
Author/Year Mice studies Interventions Peak load (N) cycles 9 M periods experiment (days Loading induced outcomes in bone
(Hz)/waveform
(per day) (seconds) or week)
D+ /- i .
Alam 20053 Female COX 2. ,COX-27, 16 NA 2.1 2580 120 2 N/A 2 days Hlstomorphometry_. MS/BS, MAR, BFR/BS,
weeks, right ulna micro CT
2.3,2.5and 2.8
- Female CX43%t, CX43"" (CX43"" mice) A
55 ’ ’ ’ .
Bivi 2013 17 weeks, right ulnae NA 2.8.3.1and3.5 N/A 120 N/A N/A 3 days Histomorphometry: MS/BS, MAR, BFR/BS
(CX43%°t mice)
Bonnet Postn 7, Postn**, and Post*", NA 12 1500 40 o1 10 3 days/week for Micro CT: BV/TV, Tb.N, Tb.Th, TV, Ct. BV, Ct.Th,
20098 14 weeks, left tibiae . 2 weeks Histomorphometry: MS/BS, MAR, BFR/BS
Male AR-ERa KO, ERa KO, AR KO, ~
Callewaert | " WT, and female WT, ERa KO, NA 25 1560 40 N/A 149 | 3alternatedaysfor | .o orphometry: MS/BS, MAR, BFR/BS
2010 1740 2 weeks
20-22 weeks, left ulnae
. : Histomorphometry: MS/BS, MAR, BFR/BS,
S | Maeandremale PAKRKO and WT, NA ;fé:‘;:?s') 3500 60 2 N/A 3 days micro CT: trabecular bone, BV/TV, Tb.N, Tb.Th,
+M9 : Tb.Sp, ConnD, SMI, cortical bone, Ct.Ar, Ct.Th
Grimston WT and cKO (DM1Cre;Gi2!flox/2), Histomorphometry: MS/BS, MAR, BFR/BS,
201254 8 weeks, right tibia NA 8 1200 60 N/A 10 > days micro CT: Ct.BV, M.Ar, T.Ar
. Histomorphometry: MS/BS, MAR, BFR/BS,
Javaheri | Male and female HET cKO & WT, NA 18-24 2500 100 2 N/A 3 days/weekfor | Lo CT: trabecular bone: BV/TV, Tb.Th, BMD,
2014 18-24 weeks, right ulna 3 weeks X
cortical bone: Ct.BMD, Ct.Th
Kesavan Female IGF-1 KO and WT, 6 weeks, NA 6-12 (female), 745 and 40 N/A 10 3 days/week for Micro CT: trabecular bone; Tb.BV/TV, Tb.BMD ,
2011¢° right tibiae 6.5-12 (male) 780 2 weeks cortical bone; Ct.TV, TMD, and Ct.Th
ERa”" & ERB”- and ERa** and 3 alternate days B )
Lee 200422 ERB"* mice, 20-24 weeks, NA 3.4 2800 40 N/A 149 each week for Histomorphometry: MS/BS., MAR, BFR/BS.
micro CT:Ct.Ar
left ulnae 2 weeks
. i i . Histomorphometry: MS/BS, MAR, BFR/BS,
Ll Mdk-deficient mice and WT, NA 2.5 1825 120 2 N/A | Dconsecutivedays |\ o et cortical bone, Ct.Th, T.Ar, Ma.Ar, CL.A,
2011 51-52 weeks, right ulnae 1920 for 2 weeks . . :
moment of inertial Imin and Imax
Histomorphometry: MS/BS, MAR, and BFR/BS,
. in vivo micro CT: trabecular bone, BV/TV, Th.N,
QUSRS Female Colllal) cKO and WT, NA 3 3000 120 2 N/A | 3 consecutive days Tb.Sp, Tb.Th, ConnD, cortical bone,
2009 16 weeks, right ulna . X . .
T.Ar, minimum and maximum moment of inertia
a_.andl )
Melville MaI:nadnfitfte:::;tz%gjf;I?ECT'CE NA 9.0 1200 1200 4 N/A 5 days per week for | Histomorphometry: MS/BS, MAR, and BFR/BS,
20158! - ’ ’ 2 weeks micro CT: BV/TV, Tb.Th, Ct.Ar
10 weeks, left tibiae
Morse Female Sost 7~ and WT, 10 weeks, 5 days/week for 2 | Histomorphometry: MS/BS, MAR, and BFR/BS,
201414 left tibia NA goriz.5 1200 | 1200 N/A N/A weeks micro CT: BV/TV, DXA: BMD
Niziolek Male LRP5 (G171V & A214V) and 3 bouts at alternate . )
2012145 WT, 18 weeks, right tibia NA 9,9.8and 14.4 2120 120 2 N/A days Histomorphometry: MS/BS, MAR, and BFR/BS
- Male and female heterozygous 2.7 N Akita .
Parajuli i Akita - . Histomorphometry: MS/BS, MAR, and BFR/BS,
2015% C57BL/6-Ins2 ' /J (Akita), NA fema.\les, 2.2N 3500 N/A 2 N/A 5 consecutive days micro CT: CtT.Ar. Ct.B.Ar and Ct.Th
28 weeks, right ulna Akita males
Pierroz Adrb17, Adrb2”- and WT, 3 days/week for 2 | Histomorphometry: MS/BS, MAR, and BFR/BS,
201246 16 weeks, left tibiae NA 12 1500 40 01 N/A weeks micro CT: Tb.BV/TV and Ct.BV, Ct.Th, DXA: BMD
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Table 3. (Cont. from previous page).

Author/Year

Mice studies

Interventions

Peak load (N)

Strain
((TT3)

loading
cycles
(per day)

Frequency
(Hz)/waveform

Rest
periods
(seconds)

Duration of loading
experiment (days
or week)

Loading induced outcomes in bone

Male and female B6C3H-1T(1T),

ZRggI;?g B6.C3H-8T (8T), B6.C3GH-13B, NA N/A N/A 60 2 NA 3 consecutive days | Histomorphometry: MS/BS, MAR, and BFR/BS
C57BL/6J, 13 weeks, right ulna
Saxon Male and female, ER-B*", ER-B**, Daily for 3 Histomorphometry: MS/BS, MAR, and BFR/BS,
20077 ER-B7, 16 weeks, right ulna NA N/A 1400 N/A 2 NA consecutive days DXA: BMD, BMC, pQCT : BMC, B.Ar, vBMD
Sinnesael Male AR(ocy-ARKO), WT, 3 times a week for | Histomorphometry: MS/BS, MAR, and BFR/BS,
2012 18 weeks, right tibia NA 16.5 N/A 40 N/A 10 2 weeks micro CT, DEXA: BMD
T‘;’S'I'gfjin Fe"]’g'ezg"x:e}g ’:‘i';ﬁtam;’”' NA 35 N/A 100 2 N/A NA Histomorphometry: MS/BS, MAR, and BFR/BS
Female hemizygous Dmp1-Sost 1.90 (low), 2.20, | 2460,
Tu 2012%¢ transgenic mice and WT, 4, 8 and NA (medium) and 2850, 120 N/A N/A 3 consecutive days | Histomorphometry: MS/BS, MAR, and BFR/BS
16 weeks, right ulna 2.50 (high) 3240
. . Histomorphometry: MS/BS, MAR, and BFR/BS,
/
Wang 20134 |  P2Y,,R7andWT. 16 weeks, NA 14.5 5048 40 N/A 10 3timesaweekfor | i o CT: trabecular bone, BV/TV, To.Th, Th.N,
left tibia 2 weeks -
cortical bone, Ct.BV
Dmp1-Cre;Lrp”' (cKO) and WT, . Histomorphometry: MS/BS, MAR, BFR/BS,
150
Zhao 2013 13 weeks, right ulna NA 2.65 N/A 360 2 N/A 3 consecutive days. pQCT: BMC, vBMD , DXA: BMD
. 3500 .
Svensson IGF-1 KO mice and Controls, 3 times per week . .
2016'! 24 and 76 weeks, right tibiae NA 11and 13.5 Zasrgo 40 N/A 10 for 2 weeks Micro CT: BV/TV
i F592A i - i
T"Z’g'l";ss?” TrK?é.zo"JJZZkIhryiL,ﬁf.’n?'ce' NA 3 N/A 100 0.1 N/A 3 days Histomorphometry: MS/BS, MAR, and BFR/BS
DmpI -Cre;Pkd1“°‘/""BEi, pkd1f|ox/m|Bei 3 davs per week for
Xiao 2011'%2 | and Dmp1-Cre; Pd'lov* 16 weeks, NA 3 N/A 180 2 N/A y3F\)Neeks Histomorphometry: MS/BS, MAR, and BFR/BS
right ulna
- S
2%’8'7&‘,5;3 ﬂr;t:’veg:elgfqduﬂ' NA 4 N/A N/A 4 N/A 10 pQCT: Ct.BMC, Ct.BMD, Ct.Th
Mohan female IGF-1 KO or WT, 745 and 3 alternate days/ Micro CT: TV, BV/TV, Ct.Th, BMD, Tb.N, Th.Th,
201454 10 weeks, right tibiae OVX & SHAM 10 780 40 N/A 10 week for 2 weeks Tb.Sp
Windahl Female ERa”, ERaAF-1°, 3 alternate davs per Histomorphometry: MS/BS, MAR, and BFR/
201380 ERaAAF-2° and WT(sham ovx), OVX & SHAM 6-14 3050 40 N/A 10 week for 2 wZel?s BS, micro CT:Tb.BV/TV, BMD, Tb.N, Tb.Th, pQCT:
17 weeks, right tibiae BMD, Ct.Ar
. 1500.
Male and female Lrp57 mice, s ’
Saxon || osHeNmice and WT, 17 weeks, Sciatic N/A 2400 40 N/A 149 |3alternatedaysper| .. o 1. BY/TV, ThTh, Ct.Ar, T.Ar, Ma.Ar
2011 riaht tibia neurectomy and week for 2 weeks
9 3000
Male, BCat"!, Dmp1-CreERt2- or . .
Tamoxifen 2740- Histomorphometry: MS/BS, MAR or BFR/BS,
51
Kang 2016 CreERtZ;z(th\IIinLS weeks, or oil 2.85 2980 180 2 N/A DEXA: BMD
0.1
. (between
Pflanz Sost KO and LC mice, 10 and . 5 days/week for . .
2017156 26 weeks, left tibiae Aging N/A 900 216 N/A cycles), 5 > weeks Histomorphometry: MS/BS, MAR or BFR/BS
(every four
cycles)
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Table 3. (Cont. from previous page).

loading
cycles
(per day)

Rest
periods
(seconds)

Duration of loading
experiment (days
or week)

Strain
(ue)

Frequency

Author/Year (Hz)/waveform

Mice studies Interventions Peak load (N)

Loading induced outcomes in bone

Prx1CreER-GFP; ROSA26°™

Histomorphometry: MS/BS, MAR or BFR/BS,

Moore bTA Tamoxifen micro CT: BV/TV, BMD, Ct.Th, the polar moment
2018" mutant and ROSA.26 controls, treatment 3 120 120 2 N/A 3 days of inertia (J), and the minimum and maximum
16 weeks, right ulna . X
second moments of inertia (I _and|_ )
Robling Sost” mice, ECR5”" mice and Hind limb N/A 2;80%0& 180 > N/A 3 days/week for Histomorphometry: MS/BS, MAR or BFR/BS,
2016'%8 controls, 16 weeks, right ulna suspension 2800 2 weeks micro CT: BV/TV, Tb.Th, DXA: BMC
Histomorphometry (calcein): MS/BS, MAR or
Sawakami BFR/BS micro CT: cortical bone, Ct.Ar, polar
2006'5° Male and female Lrp5” PTH N/A N/A 60 2 N/A 3 days moment of inertia, trabecular bone: BV, BV/TV,
Tb.N, Tb.Th, Tb.Sp, Conn.D, pQCT: BMC, DEXA:
vBMD
Histomorphometry: MS/BS, MAR or BFR/BS,
. micro CT: cortical bone, T.Ar, Ct.Ar, Ct.Th, and
Lee 2014'¢° /-\1%6\;:22;(?'(;? i’:?jl\’:: PTH 3 N/A 10 2 N/A 3 days minimum and maximum second moments of
19 inertia (Imin and Imax), trabecular bone, BV/TV,
Conn D, Tb. N,Tb.Th, and Tb. Sp
Brachial
Sample CGRPa and CGRPB KO and WT, Plexus Histomorphometry: MS/BS, MAR or BFR/BS,
2014 19-21 weeks, right ulna Anesthesia 2.49 3500 800 2 N/A 3 days DEXA: BMD
(BPA)
0.1 (every
Albiol 4. triangular load cycle) 5 davs per week for Micro CT: Tb.BV/TV, Tb.Th, Tb.V TMD and bone
- Sost KO and LC, age, left tibia Sost KO N/A 900 216 § 9 and 5 ysp histomorphometry: Tb. MS/BS, Tb.MAR and Tb.
2020 waveform 2 weeks
(every four BFR/BS
cycles)
Osx-Cre;NT3 (NT3-Cre+) mice and Osx-Cre:NT3 4. trianqular
Davis 2019'¢* | Cre-negative Controls 16 weeks ’ 8.70r 10 2000 1200 ! 9 0.1 9 days Histomorphometry: MS/BS, MAR and BFR/BS
s (NT3-Cre+) waveform
old, right tibiae
Anti-sclerostin .
. I . . . Micro CT: trabecular bone: BV/TV, Th.N, Tb.Th,
Somaes | PeriostinKO mice and controls, f\'l‘)t)':’;‘l‘{r;sgt 12 0r16 1500 40 trapezoid 10 Tb.Sp. Conn.D and SMI, cortical bone: Ct.Th,
Ct.BV, Ct.TV, TND, Ct.Po, Ma.v
and VEH
Lawson OsxCreERT2; WIsF/F experimental . .
5021165 and WISF/F controls, 5 months old N/A 8ori12 2200 60 4 N/A 5 days Histomorphometry: MS/BS, MAR and BFR/BS
. Dmp1-Cre transgenic mice and R
Lewis B X ; _ 3 bouts of load on Histomorphometry: MS/BS, MAR, BFR/BS,
2020166 Cre negat{ve mice, 16 weeks, N/A 8.0-94 2250 180 2 N/A 5 days DEXA: BMD
right tibiae
Micro CT: trabecular bone volume: BV/TV, BMD,
P . cortical bone: Ct.Th, mean polar moment of
ZMO(;OBF‘(; Prx1Cl;enEdRRGoZ:ézg?raAié/B)'l'A( 74) N/A 3 N/A 120 2, sine wave N/A 3 days inertia, minimum and maximum second moment
of inertia, histomorphometry: MS/BS, MAR,
BFR/BS
Moore Prx1CreER-GFP; Kif3a""c and . .
2019 controls N/A 3 N/A 120 2 N/A 3 days Histomorphometry: MS/BS, MAR, BFR/BS
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loading

Strain
cycles

Author/Year (ue)

Mice studies Interventions Peak load (N)

Rest
periods

Duration of loading

LS experiment (days

(Hz)/waveform

Loading induced outcomes in bone

(per day) (seconds) or week)
Micro CT: trabecular bone: TV, BV/TV,
Morse Dkk1 KO mice, Wnt3* and wild 5 days per week for TMD, Tb.Th, Tb.N, Tb.Sp, cortical bone:
202018 type N/A roriz 1200 N/A N/A N/A 2 weeks Ct.BV, Ct.Th, TMD, polar moment of inertia,
histomorphometry: MS/BS, MAR and BFR/BS
. Micro CT: cortical bone: Ct.Ar, T.Ar, Ct.Ar/T.Ar,
Yang 202115 | S0stKOand WT, 10, 26 and N/A N/A 900 216 4.triangular | 5(every | 5daysperweekfor | o ry ot tmp histomorphometry: MS/BS, MAR,
52 weeks, left tibiae waveform | four cycles) 2 weeks BFR/BS
Zannit 3.6Collal-tk mice and controls, 5 800 and 4, triangle ’ .
2020169 month and 12 months, right tibiae N/A Torll 1400 1200 waveform 0.1 5 days Histomorphometry: MS/BS, MAR, BFR/BS
Male and female Osx-Cre-
Zannit ERT2+/-; Ai9** (i0sx-Ai9) and 4, triangle ] .
20191 i0sx-Ai9 controls, 5 and N/A 11or14 N/A 1200 waveform 0.1 5 days Histomorphometry: MS/BS, MAR, BFR/BS
12 months

than mice loaded at 8:00 am, but these changes were not observed in the periosteal
surface. Similarly, loading induced higher increases in cortical bone: Ct.Ar/T.Ar in
the mice loaded at 8:00 pm (11% increase as compared to control) as compared to
mice loaded at 8:00 am (8% increase). Similarly, Ct.Th was increased and Ma.Ar was
decreased in load versus control limbs in both morning and evening groups™.

From all publications on KO mice, four articles concerned ER-a KO mice>°€°82 two
articles concerned ER-B KO mice®*®4, and two articles concerned AR-KO mice>®¢',
These studies consistently indicated that ER-a KO mice showed reduced osteogenic
responses to loading with reduced cortical bone area®®®* and bone formation
ratess°8081.84 35 compared to wild type mice. Effects of drug treatment?®2°85 PTH3°,
and KO models®'838687 on mice axial loading-related bone outcomes are also outlined
in Table 4.

Discussion

This review examines the effect of methodological aspects such as peak load and
strain, frequency, number of cycles, duration of the loading sessions and rest periods
independently and in conjunction with modifying factors such as age, sex-steroid
deficiency and disuse in axial loading protocols, on bone outcomes. Method variations
in mentioned studies are large, and the rationale for the chosen methodology in
studies is not always clear. Peak load and consequently strain, frequency, number
of loading cycles per day and rest period mostly varied among the selected rat and

www.ismni.org

mouse axial loading studies, which was mainly due to variations in instrumental
setup, loading cups, and adjustment of these methodological aspects. The effective
window of strain magnitude that causes lamellar bone formation but not woven bone
formation was rather small. Site-wise differences in strain were reported in proximal,
medial, and lateral ulnar and tibial sites, which resulted in variation in strain at
different sites of bone after axial loading. Axial loading-induced bone formation was
affected by modifying factors such as age, ovariectomy and disuse. The variation in
these methodological aspects and modifying factors affected bone outcomes of mass,
structure, and bone mineral density.

Mechanical loading protocols and modifying factors affecting bone outcomes in rats

This review revealed that axial loading-related bone outcomes were mainly affected
by load, strain, number of cycles, frequency, duration of loading sessions and possibly
rest period between cycles. The load applied is usually based on strain, or strain-rate,
required for bone formation. This was determined in each loading protocol using strain
gauges for load-strain calibration. However, non-invasive computational methods of
strain determination such as finite element analysis and digital image correlation have
been reported, which detect strain on different sites of bone. These methods have
shown similar or improved reproducibility in strain determination as compared to
strain gauges'®®8. Remarkably, a change in frequency or number of cycles increased
bone mineral density when peak loads were kept constant in rat studies®*”. Number
of cycles and frequency should be carefully adjusted in the loading protocols, as the
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Table 4. Frequently used parameters and suggestions for rats and mice axial loading protocols.

Frequently used

fa::)ta::;nai::zi/ng Frequently used in rat studies | Frequently used in mouse studies General suggestions for axial loading protocols
axial loading
Peak loads are determined with load- strain calibration using
a strain gage. However, strain gauges have some limitations,
13.5 N tibig#76485.127, as glueing of the strain gauge on small mouse ulna is likely
24,25,27,36,38
5615 R 17N ulna 2.5 N ulna'26 to alter the mechanical properties and measured strain.
Alternatively, micro CT derived finite element models can be
used to calculate strain.
. 1200 pe tibig28306571.93 Site-wise determination of strain may be performed using in
24,25,38,40
ST 3600 ulna 2000 pe ulna'®'2s vivo micro CT and finite element analysis.
ALY 17.24.25.27.38.40.41.43 2 Hz'®32116158 40 cycles per day in | Frequency and number of cycles per day should be adjusted
e e 2 HTmsem e tibig!6:28.32:47.64.85.121.125.139 with regard to strain/peak loads. Sine, trapezoid, triangular,
cycles/loading | 360 cycles/day?°-25:34.35:3841.42.44 . X 9 A ' : ! quiar.
waveforms 120 cycles per day in ulna®s:139.142 or haversine waveforms may be used.
Rest periods of 7-14s between loading cycles improved
Rest period 10s¥ 105'6:28:47:49.63.120,123.125 bone formation response. Optimal thresholds of rest periods
should be determined for both mouse and rats studies.
Single duration axial loading protocols were used to
study acute response such as gene expression and
Duration of Multiple!203437 Multiple!92447-50 histomorphometric changes. Multiple duration axial loading
loading P P protocols applied three times a week for two weeks allow
sufficient changes in bone mass and structure that can be
studied with high resolution techniques such as micro CT.
Aged mice were less mechanoresponsive than young mice, as
Age Young versus aged®® Young versus aged®”7!7274.118.156 loading-induced bone formation was lower in aged mice than
in young mice.
Axial loading did not prevent OVX induced bone loss in both
T rats and mice. Loading combined with tamoxifen treatment
©OVX) Y OVX versus sham“244 OVX versus sham?2:282 improved bone mass in mice studies. The effect of axial
loading should be studied in conditions of sex-steroid
treatment in OVX rats and mice.
Sciatic Disuse or sciatic neurectomy increased mechanosensitivity
Neurectomy (SN) NA SN versus controls3277 as compared to controls, suggesting bone mass improvement
v with loading in space flights or during long-term disuse.
Bisphosphonate treatment improved mechanoresponse in
both OVX rats and mice. Axial loading induced bone formation
was suppressed by COX-2 inhibitor indomethacin or NS398
Bisphosphonates“2, COX-2 Tamoxifen?®, CXCR4 antagonist treatment in rats. Ver‘apamll treatment sgppressed Ioaqmq-
- inhibitor NS3983, verapamil AMD3100%°. PTH26.127.131 induced bone formation. PTH treatment improved loading-
20 : N ’ ) 6 . ;. 105 | induced bone formation in both rats and mice. Axial loading-
PTH*°, ultrasound Prednisolone?®, Gambogic amide! < - ; .
induced bone formation was improved by ultrasound in rats.
CCRX4 agonist AMD3100 suppressed axial loading-induced
bone formation in mice. Gambogic amide was associated with
load-induced increase in periosteal bone formation rate.

change in these parameters in loading protocols affects bone
formation®3”. A frequency of 2 Hz, which was a common
frequency reportedin the articles from this review was shown
to be equivalent to a normal stride frequency observed during
locomotion'’, although a frequency of 5-10 Hz was shown to
have a larger effect on bone formation, but bone formation
plateaued above 10 Hz frequency®’. Strain must reach a
certain magnitude above MES for bone formation®®. The
difference between the MES and a strain causing negative
effects, such as woven bone formation, may be rather small
and should be noticed“®. Rest periods between loading cycles
were also thought to enhance bone formation®', but evidence
using controlled axial loading experiments is lacking.
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Other factors have been examined to determine the
influence on mechano-adaptation. Axial loading studies
commonly used Sprague Dawley rats. Species-related
differences in axial loading-related bone outcomes were not
reported, suggesting similarity in bone mass and structure
among the different rat species. Additionally, aging did not
seem to affect mechanoresponse to axial loading in one rat
study®s. Though, mechanoresponse decreased in aged rats
as compared to younger rats using a four-point bending
model®®. Age is therefore still considered an important
modifying factor that may influence the bone outcomes. The
relationship between age and mechanoresponsiveness can
likely be explained by the age-related decline in certain cell
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types—osteoblasts, osteocytes and lining cells—that sense
mechanical signals®°, thereby reducing the mechanosensing
ability of bone. Age related decline was reported in IGF-
1 and binding proteins®'. IGF-1 levels are associated with
bone formation response, as IGF-1 stimulates osteoblastic
activity®'. Sex-steroid deficient rat models (OVX, ORX) were
often used since they induce osteoporotic conditions and
axial loading was investigated for prevention of bone loss
or restoration of bone mass*?43. Although ovariectomized
rats did not show overall differences in bone mass increase
in response to loading as compared to controls*?°2, axial
loading may be beneficial for OVX-induced osteoporosis in
cases of low bone volume*3.

Mechanical loading protocols and modifying factors affecting
loading related bone outcomes in mouse and knock out
mouse models

In mouse studies, peak load, loading cycles, frequency, and
rest periods were the main methodological determinants of
bone outcomes. Load was mostly calculated on the basis of
induced strain, which was determined through load-strain
calibration using strain gauges or using a micro CT-derived
computational method to determine site-specific strain in
mouse tibia?'?2, Additionally, axial loading of a mouse tibia
or ulna also caused bending of the bone which is different on
lateral and medial or anterior and posterior sides, leading to
different strains on periosteal and endocortical surfaces*®.
Strain requirements for KO mice were always different
from control mice due to bone phenotype with altered
bone strength. Change in frequency or number of cycles
applied with the different peak loads influenced outcomes
of bone mass, structure, and density in the different loading
protocols®2%”. This indicates that from the methodological
aspects, both number of loading cycles and peak loads are
important parameters in the loading protocols that affect
bone outcomes. However, a minimal number of loading cycles
should be used, as a range of loading cycles from 60-1200
showed a similar bone formation response to loading®?, and
a large number of load cycles may unnecessarily prolong
loading experiments causing anesthesia related side-
effects®2. Arest period of ten seconds between loading cycles
was sometimes applied to improve bone outcomes in mice.
Evidence for a beneficial effect of including rest periods and
the optimal duration of a rest period is lacking, since none of
these studies were done with appropriate non-rest controls.

Aged mice showed reduced mechanoresponsiveness,
as compared  to young mice’'3, Although
mechanoresponsiveness is diminished in aged mice,
mechanical loading increased cortical bone volume in both
young mice, adult mice, and older mice®3. Thus, axial loading
in adult mice may be a suitable model to study whether
mechanical loading or exercise can prevent age-related bone
loss. OVX mice responded to loading similarly as controls,
whereas tamoxifen-treated OVX mice showed improved
bone formation after loading as compared to non-tamoxifen-
treated OVX mice. This agrees with previous studies in rodent

www.ismni.org

models®# and also in postmenopausal women®s, where bone
mineral density improved with a combination of exercise and
hormonal replacement. Tamoxifen is also used in conditional
gene inactivation, (based on the DNA recombinase Cre and
its recognition (loxP) sites), in mice to switch on or off the
gene of interest®. It is in these animal models important
to realize that tamoxifen might act as a confounder when
investigating bone mechanoresponse®®. Taken together, this
implies that both age and estrogen status are important
modifying factors in mice axial loading. Axial loading restored
the cortical bone loss induced by sciatic neurectomy by
increasing bone formation both in both short or long-term?32,
which implies that loading after a period of disuse is not only
useful to increase the effect size but may also be helpful to
investigate conditions of disuse osteoporosis3?777. Sciatic
neurectomy reduced bone mass by decreasing osteoblasts
activity through adrenergic receptors present in these cells®2.
However, the mechanism of disuse-related rejuvenation in
neurectomized aged rats is not clear. Neurectomy-related
muscle catabolism which activates growth factors such as
latent TGF-B may stimulate bone formation in aged-mice
and disuse may activate periosteal and endosteal osteoblast
function,

Since different studies have different objectives, avariety of
loading protocols, outcome parameters and modifying factors
will always be practiced. This review puts the methodological
aspects of loading parameters and factors that can influence
the different bone outcomes into perspective. This may help
the interpretation of the many papers that published data on
mechano-adaptation. The papers on methodological aspects
affecting mechanical loading-related bone outcomes outlined
in this study can also be helpful for future investigators when
designing their loading protocols. Therefore, in this review,
we summarized some general suggestions for rat and mouse
axial loading protocols in Table 4. Frequently reported values
of loading parameters including: peak load, strain, frequency,
number of cycles and rest periods in the selected rat ulna,
mice ulna and tibia studies, and effects of commonly used
modifying factors, such as age, sex-steroid deficiency, and
disuse are summarized in Table 4.

Conclusion

In conclusion, this review shows that peak load, loading
cycles, loading frequency are the major methodological
determinants of loading-induced outcomes of bone mass,
structure, and density in rat and mouse axial loading studies.
The effective window between MES and the strain that causes
side effects such as woven bone due to rapid bone formation
may be rather small. Therefore, the peak strain magnitude
should be chosen carefully to avoid negative effects such as
woven bone formation. Application of rest periods in loading
protocols should be further investigated by introducing
appropriate controls without rest insertion between
loading cycles. In addition, micro CT- derived computational
techniques have shown to accurately calculate optimal strain
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for bone formation at different sites in rat and mouse axial
loading studies. These techniques are preferred since they
reduce animal discomfort. In order to compare data on
mechanoresponse and predict effects on bone outcomes,
it is important to account for the methodological aspects
of loading including load, strain, frequency, and number of
cycles, especially in the context of modifying factors which
may alter bone formation, such as age, sex-steroid deficiency
and antecedent periods of disuse.
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