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Abstract

The purpose of the study was to investigate the adaptation process
of hindlimb cortical bone subjected to free-fall landing training.
Female Wistar rats (7 weeks old) were randomly assigned to four
landing (L) groups and four age-matched control (C) groups (n =
12 per group): L1, L2, L4 L8, C1, C2, C4 and C8. Animals in the
L1, L2, L4 and L8 groups were respectively subjected to 1, 2, 4
and 8 weeks of free-fall-landing training (40 cm height, 30
times/day and 5 days/week) while the C1, C2, C4 and C8 groups
served as age-matched control groups. The tibiae of the L8 group
were higher in cortical bone mineral content (BMC) than those in
the C8 group (p <0.05). Except for the higher bone mineralization
over bone surface ratio (MS/BS, %) shown in the tibiae of the L1
group (p < 0.05), dynamic histomorphometry in the tibial and
femoral cortical bone showed no difference between landing
groups and their age-matched control groups. In the femora, the
L1 group was lower than the C1 group in cortical bone area
(Ct.Ar) and cortical thickness (Ct.Th) (p < 0.05); however, the L4
group was higher than the C4 group in Ct.Ar and Ct.Th (p <0 .05).
In the tibiae, the moment of inertia about the antero-posterior axis
(lap), Ct.Ar and Ct.Th was significantly higher in the L8 group
than in the C8 group (p < 0.05). In biomechanical testing, fracture
load (FL) of femora was lower in the L1 group than in the C1
group (p < 0.05). Conversely, yield load (YL), FL and yield load
energy (YE) of femora, as well as FL of tibiac were all signifi-
cantly higher in the L8 group than in the C8 group (p < 0.05).
Free-fall landing training may initially compromise bone mate-
rial. However, over time, the current free-fall landing training in-
duced improvements in biomechanical properties and/or the
structure of growing bones.

Key words: Mechanical loading, exercise, bone strength, animal
model.

Introduction

Mechanical loading has a profound influence on the re-
modeling of cortical bone. Loss of loading (e.g. bed rest or
spaceflight) results in an acceleration of bone turnover, in
which bone resorption is uncoupled from bone formation
and causes a rapid loss of bone mass (Bikle and Halloran,
1999). Conversely, mechanical loading caused by physical
activity can generate micro-damages to bone tissue, stimu-
lating bone turnover (Burr et al., 1985). If damage is accu-
mulated faster than tissue can be repaired, more and larger
micro-damages may develop and propagate to form frac-
tures (Burr et al., 1985).

Along this unloading-to-overloading spectrum, it is

known that high-impact exercise-induced mechanical load-
ing generates positive changes in bone remodeling, struc-
ture and strength (Turner, 2006). However, the adaptive
process undergone by cortical bone in response to this me-
chanical loading is unknown. According to Frost’s mini-
mum effective strain (MES) proposal, a specific threshold
of mechanotransduction is needed to evoke subsequent re-
modeling and adaptation (Frost, 2003). This bone remod-
eling cycle is initiated by bone resorption, which is a pre-
requisite for the following bone formation (Hattner et al.,
1965). Hence, a period of compromise in bone material can
be existent and detectable if the extra-mechanical loading
is significant enough.

In animal studies, a variety of physical activity mi-
metic rodent models have been designed to explore the re-
lationship between mechanical loading and cortical bone
development, including endurance running (Chen et al.,
1994; Huang et al., 2003), climbing-linked resistance train-
ing (Notomi et al., 2001; 2002) and jumping related move-
ments (e.g. takeoff or landing) (Lin et al., 2011; 2013;
Umemura et al., 1997; Umemura et al., 2008; Welch et al.,
2004). Among those research models, high-impact jump-
ing produces a relatively larger anabolic response due to
the correspondingly higher mechanical impact. Further-
more, during a complete jumping movement, the landing
phase is known to induce a larger ground reaction force
(GRF) on limbs than the take-off phase (Kato et al., 2006),
and previous study has indicated that bone tissue would be
subjected to a higher strain rate with a larger GRF
(Edwards et al., 2009). Therefore, the mechanical loading
caused by landing would play a determinant role in bone’s
adaptive process.

Prior animal studies investigating the effects of me-
chanical loading on cortical bone using free-fall landing
models with rats have included only a single time point
(e.g. 8 weeks or 1 week) (Lin et al., 2011; Lin et al., 2013;
Welch et al., 2008; Welch et al., 2004). As a result, infor-
mation regarding the process by which bone adapts to this
type of intervention is not available. Thus, it would be val-
uable to design a time-course study to scrutinize the effects
of free-fall landings on cortical bone development over the
course of the intervention. Previous study has indicated
that an 8-week free-fall landing program enhanced cortical
bone strength and changed geometry in ulnae and radii, but
not femora or tibiae (Welch et al., 2004; 2008). Moreover,
a 1-week landing training program enhanced mineral ap-
position rate (MAR) and bone strength in ulnae (Lin et al.,
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2011), but compromised extrinsic mechanical properties
and size-related measurements in femora (Lin et al., 2013);
this suggests a site-specific adaptation rate in bone material
and a latency period in rat femora in response to a landing-
generated mechanical stimulus (Lin et al., 2013).

Because rodents’ hindlimbs have been found to re-
ceive greater impact during landing and to show material
compromise after a 5-day free-fall landing training (Lin et
al., 2013), the effects of free-fall landing on the cortical
bone development of the hindlimbs are worthy of investi-
gation. We hypothesized that landing training would ini-
tially cause a temporary compromise in cortical bone me-
chanical and geometric properties, such as bone strength
and size. Further, we expected this initial change to be fol-
lowed by a recovery and then an improvement in cortical
bone mechanical and geometrical properties. The purpose
of the current study is to investigate the adaptive processes
of hindlimb cortical bone through a multiple time-point
study. An 8-week free-fall landing protocol was designed
for growing female Wistar rats and methods of biomechan-
ical measurements, geometry, dynamic histomorphometry
and densitometry were included in order to expose the de-
tails of this adaptive process.

Methods

Animals

Ninety-six female Wistar rats (4-week-old) were pur-
chased and housed in National Cheng Kung University An-
imal Center under controlled conditions, including a room
temperature of 22 + 1°C with a 12:12 h light-dark cycle,
and fed with standard Purina Rodent Chow 5001 (Lab-
diet®, Richmond, IN, USA) and tap water ad libitum. All
procedures of the animal experiment followed the APS’s
““‘Guiding Principles in the Care and Use of Animals’’ and
were approved by the Committee of Animal Study at Na-
tional Cheng Kung University (Document Serial No.
101166).

Experimental design and treatment

Animals were randomly assigned to four landing groups
(L1, L2, L4 and L8 groups) and four time-matched control
groups (C1, C2, C4 and C8 groups), which were subjected
to landing training or a sedentary life for 1, 2, 4, 8 weeks,
respectively. For all animals, free-fall landing training was
started at the age of 7 weeks. Since rats reach puberty at an
average age of 50 days after birth (Sengupta, 2013), the an-
imals were in early adolescence at the beginning of the cur-
rent study. For landing training groups, female rats were
subjected to free-fall landing 30 times per day, 5 days per
week. In our previous studies (Lin et al., 2011; 2013), pro-
tocols of 10 and 30 landings per day have been used. In the
current study, the 30-landing protocol was chosen to mimic
daily amount of work for high-impact exercise or sport
(e.g. basketball or volleyball). Briefly, the rats were gently
held and released from a height of 40 cm and landed with
four-feet simultaneously on a dry and flat surface. A 10-
15-second interval was arranged between each landing, ac-
cording to a previous study (Welch et al., 2004). The CON
rats were held and similarly raised thirty times per day
without free-fall landing. Rats were sacrificed after the 1,

2, 4 or 8-week experimental periods. According to our pre-
vious protocol for investigating dynamic bone turnover, in-
traperitoneal (i.p.) injections of calcein (15mg/kg b.w.) and
alizarin (30 mg/kg b.w.) were given to all rats one day be-
fore and one day after their final 5-day landing training pe-
riods (Lin et al., 2013). Thus, the two fluorescent label in-
jections were 6 days apart. Three days after the last fluo-
rescent injection, animals were humanely euthanized by
decapitation under deep anesthesia with an i.p. injection of
Zoletil 50 (Virbac Taiwan Co., Ltd, Taiwan) at a dose of
50mg/kg b.w.. Before decapitation, animals were laid in a
prone position and body length was measured from the tip
of nose to the sacrum.

GRF measurement

Time serial GRF data were collected from animals of the
L8 group (n=12) on the Ist and 5th days of each free-fall
training week. A force plate (30cmx30cm), used in the cur-
rent and our previous studies (Lin et al., 2011; Lin et al.,
2013), was designed by our laboratory. It includes four
load cells (10 lbs., MDB-10, Transducer Techniques®,
Temecula, USA), an amplifier (InstruNet-100, GW Instru-
ments, Inc., Somerville, USA) and a data acquisition card
(InstruNet-230, GW Instruments, Inc., Somerville, USA)
connected to a personal computer with a sampling rate at
100 Hz. Original landing data (unit: N) of the thirty free-
fall landings for each rat were obtained from four load cells
under the force platform. Average free-fall landing GRF
data of bilateral hindlimbs were presented as folds of stand-
ing force (unit: N*N™) (Figure 1A) and calculated based
on the concept of force equilibrium for a force plate, which
has been described in our previous study (Lin et al., 2013)
and in Welch’s force platform design for concurrently
measuring forefeet and hindfeet GRF in young female rats
(Welch et al., 2009).

Bone sample preparation

Immediately after animals were euthanized, femora and
tibiae of each rat were dissected and freed of soft tissue,
and the length of each femur and tibia was measured with
a precision caliper (0.05 mm) as described by (Weinreb et
al., 1991). Briefly, femur length was measured from the
most superior point on the head of the femur to the most
inferior point on the distal condyle. The distance from the
lateral condyles to the tip of the medial malleolus was
measured as tibia length. The long bones of left limbs were
fixed in 70% ethanol for further micro-computed tomogra-
phy (CT) scanning and analysis. Right femora and tibiae
were wrapped in normal saline-soaked gauze and alumi-
num foil and stored at —20°C for future biomechanical and
geometric measurements.

Microcomputed tomography (nCT)

Distal femora and proximal tibiae were subjected to 3D
scanning using a pCT scanner (Skyscan 1176, SKYSCAN,
Kontich, Belgium) under x-ray conditions of 65 kV and
350pA with 1 mm aluminum filter per picture with 1100ms
exposure time and 8.88 um/pixel resolution. Reconstruc-
tion of sections was carried out with GPU-based scanner
software (NRecon, Version, 1.6.5.0, SKYSCAN, Kontich,
Belgium). Cortical bone measurements, including volu-
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metric bone mineral density (vBMD) and bone mineral
content (BMC) were conducted on diaphysis. Specifically,
quantification of vBMD and BMC was performed in a de-
fined cortical bone area located 6~7 mm below the growth
plate of the proximal end of tibiae and distal end of femora
using a CT-Analyzer (version 1.11.4.2, SKYSCAN, Kon-
tich, Belgium).

Dynamic histomorphometry

After uCT scanning, bone samples from the left limbs were
subjected to methylmethacrylate (MMA) embedding. A
cross-sectional cut was made at the mid-shaft of each fem-
oral and tibial sample using a diamond blade low-speed
cutter (S150, PlusOver Co.Ltd., Kaohsiung, Taiwan). All
sections were ground to a thickness of 100 + 5 (um) and
photographed with a digital camera (COOLPIX 4500, Ni-
kon, Japan) under a fluorescent light microscope (x25).
Three dynamic histomorphometric parameters, bone min-
eralization over bone surface (MS/BS, %), mineral apposi-
tion rate (MAR, pm/day), and bone formation rate per bone
surface (BFR/BS, um*/um?/day), were measured in perios-
teal surfaces and endocortical surfaces according to Par-
fitt’s methods (Parfitt et al., 1987). All measurements were
done by a histological expert who was blind to the original
sample number.

Biomechanical three-point bending testing and geome-
try measurements

Three-point bending tests were conducted in the antero-
posterior direction (posterior surface in tension) for femora
and lateral-medial direction (medial surface in tension) for
tibiae using a material testing system (MTS-858, MTS Sys-
tem, Minneapolis, MN, USA). Each right tibia and femur
was subjected to loading to failure with a 20mm span of
two support points and a deformation speed of 1 mm per
second. Loading-deformation data were collected at a fre-
quency of 200Hz, transported to a personal computer and
acquired by the software Team490 (Version 4.10, Nicolet
Instrument Technologies Inc., Madison, WI, USA). Load-
deformation data were used for further calculating indices
of extrinsic biomechanical properties, including yield load
(YL), fracture load (FL), yield energy (YE), post-yield en-
ergy (PYE), fracture energy (FE) and stiffness. The failure
sites of all specimens were photographed under x25 mag-
nification by a digital camera (COOLPIX 4500, Nikon, Ja-
pan) according to the methods in our previous study
(Huang et al., 2003). Cross-sectional moments of inertia
about the mediolateral axis (Im) for femora and the antero-
posterior axis for tibiae (lap) were measured from the pho-
tographs using the software Image-Pro Plus 6.1 for Win-
dows (Media Cybernetics, Silver Spring, MD, USA). Ini
and I, of failure sites were measured according to a tutorial
for irregular cross sections set up by Turner and Burr
(Turner and Burr, 1993), which is based on the assumption
that a bone cross section is made up of numerous rectangu-
lar elements (pixels), using the following equation:

Lt OF lop = = (Wh¥/12 +whd?), (1)
i=1

where |y is cross-sectional moments of inertia

about the mediolateral axis for femora, l4, is cross-sectional
moments of inertia about the antero-posterior axis for tib-
iae, n is the number of pixels, w and h are the height and
width of each pixel, and d; is the distance from the center
of the element of the area to a given axis on the cross sec-
tion. At the same region where |y or |, was measured, cor-
tical bone area (Ct.Ar), total cross-sectional area inside the
periosteal envelope (Tt.Ar), and average cortical thickness
(Ct.Th) were also measured using the software Image-Pro
Plus 6.1. Load-deformation data were then converted to
stress-strain data using the following equations:

o = FLc/4l, (2)
e =12¢cd/L2, (3)
E=F/d - L48l, (4)

where o is stress, | is Iy or Iy, € i strain, C is the
maximal distance from pixels located on the posterior sur-
face of the femur and medial surface of the tibia to the line
crossing the center of mass, F is the applied load (N), E is
elastic modulus, d is the deformation (mm) and L is the
span between the two support points of the bending fixture
(mm). Because elastic beam theory is only valid for pre-
yield investigation, a stress-strain curve was used to calcu-
late yield stress (YS), yield toughness (YT) and elastic
modulus (EM) as parameters of intrinsic biomechanical
(tissue-level) properties. YL and YS were determined with
the 0.2% offset method described previously (Turner and
Burr, 1993).

Statistical analysis

Student’s t-test was performed to compare statistical dif-
ferences between each landing group and its age-matched
control group. One-way analysis of variance (ANOVA)
was used to compare GRF values among 16 time points.
Percentage differences between landing groups and their
age-matched control groups were calculated for indices of
geometry and biomechanical properties using the formula:

[(Li = Cmean)/Cmean]* 100%, where L; is data from each

landing rat, and Cmean is the average of the age-matched
group. Also, one-way ANOVA was used to compare per-
centage differences among different time points, including
a baseline (0 week) time point, which was assumed zero in
percentage difference. P < 0.05 was considered significant,
and Fisher’s LSD method was used for post hoc compari-
son. A statistical analysis software (SPSS 14.0 version,
SPSS, Chicago, IL) was adopted to process statistical anal-
yses.

Results

Body mass and linear growth

No difference in body mass (BM) was found between land-
ing groups and age-matched control groups during the four
training periods. Similarly, no differences were found be-
tween landing and control groups in body lengths or bone
lengths as indices of linear growth (Table 1).

GRF
On the first day of free-fall landing training, average peak
GREF generated on bilateral hindlimbs was 12.5-fold stand-
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ing forces, which was significantly higher than those meas-  Biomechanical properties
ured at subsequent time points (6~8-fold standing forces) In femora, whole bone strength was trending toward sig-

<0.05) (Figure 1B). nificance and significantly lower in YL (p = 0.092) and FL
p g g y p

(p = 0.049), respectively, in the L1 group than in the time-
nCT matched control group. Conversely, the L8 group had sig-

In cortical vBMD of tibiae and femora, no difference was pjficantly higher YL, FL and YE, and they are trending to-
found between landing groups and their time-matched con-  ward significance in YS (p = 0.067) and YT (p = 0.091)
trol groups. However, the L8 group had higher cortical  when compared to the C8 group (p < 0.05) (Table 5). Ad-
BMC in tibiae compared to the C8 group (p < 0.05) (Table ditionally, FL of tibia was higher in the L8 group than in
2). the C8 group (p < 0.05) (Table 5).

Geometry measurement

Cortical bone area and thickness of femoral cross-sections
were significantly lower in the L1 group and higher in the
L4 groups, respectively, compared to their age-matched
control groups (p < 0.05) (Table 3). Furthermore, l,p, Ct.Ar
and Ct.Th of tibiae were significantly higher in the L8
group than in the C8 group (p < 0.05) (Table 3).

Percentage differences between landing and control
groups in bone geometry and biomechanical properties
In order to further demonstrate the impact of free-fall land-
ing, percentage differences between the landing groups and
their age-matched control groups were calculated in geo-
metric and biomechanical indices and summarized in Fig-
ure 2. In femora, percentage difference in geometric and/or
Dynamic histomorphometry biomechanical properties. were comprehensively lower in
No significant difference was found in dynamic histomor- the 1? week, but higher in the 4% or 8™ weeks than at the
phometric analyses in regions of periosteal surfaces and en- baseline (p < 0.05) (Figure 2A, B, D, E). In tibiae, percent-
docortical surfaces of femora and tibiae, except for in the  28€ dlfferencc.as n five geometrlg and biomechanical indi-
Llgroup, which showed a significantly higher MS/BS in €S Were all s1gn1ﬁcaqtly higher in the 8" week than at the
the tibial periosteum than the C1 group (Table 4). baseline (p < 0.05) (Figure 2F, G, H, I J).

Table 1. Body mass (BM), body length and bone lengths. Values are means (x SEM, n=12 for all groups).
1-Week 2-Week 4-Week 8-Week
L1 C1 L2 C2 L4 C4 L8 C8
Pre-training BM (g) 202.6 (2.6) 202.8(3.3) 207.6(4.3) 205.3(4.0) 208.0(2.4) 2079 (2.7) 210.3(2.8) 207.8(2.1)
Post-training BM (g)  223.0 (2.9) 222.6 (4.5) 243.8(4.5) 244.7(5.3) 257.7(3.6) 260.0(4.0) 290.3(4.2) 285.8(7.2)

Body length (cm) 20.3 (.1) 20.2 (.1) 20.2 (.1) 20.2 (.1) 21.1(.1) 21.1(.1) 22.0(.1) 21.8 (.1)

Femur length (mm) 32.6 (.1) 32.5(.1) 33.3(.2) 33.2(.2) 34.6 (.1) 344 (.1) 35.6 (.1) 354 (.1)

Tibia length (mm) 36.6 (.2) 36.5 (1) 37.2 (.3) 37.2 (.3) 38.3 (1) 38.5(.1) 39.4 (.1) 39.2 (.1)
A B
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Figure 1. Free-fall landing and related measurements. An example of single ground reaction force (GRF) data acquired from one load cell
A); average GRF on bilateral hindfeet during 8 weeks of free-fall landing training B). Values are means = SEM. *, significantly higher than the other
time points, p < 0.05. GRF, ground reaction force, which was presented as folds of standing force (unit: N*N).

Table 2. Bone mineral measurements from pCT in femora and tibiae. Values are means (+ SEM).

1-Week 2-Week 4-Week 8-Week
L1 C1 L2 C2 L4 C4 L8 C8

Femur n=12 n=12 n=12 n=12 n=12 n=12 n=11 n=12
Ct. vBMD (g/cm’) 1.173 (.003) 1.178 (.004) 1.200 (.006) 1.213 (.010) 1.264 (.004) 1.262 (.006) 1.298 (.004) 1.298 (.005)
Ct. BMC (mg) 5.2 (.1) 4.9 (.3) 5.8 (.1) 59 (1) 3.5.(3) 4.1(.6) 7.5(.1) 74 (1)
Tibia n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12

Ct. vBMD (g/cm?) 1.137 (.005) 1.147 (.005) 1.174 (.007) 1.178 (.005) 1.220 (.004) 1.210 (.003) 1.265 (.004) 1.268 (.006)
Ct. BMC (mg) 3.5(.1) 3.7 (.1) 4.0 (.1) 4.0 (.1) 4.7 (.2) 4.5(.1) 5.3 (.1) 5.0(1)*

*_significant difference between landing group and age-matched control group, p < 0.05. Ct., cortical; vBMD (g/cm?), volumetric bone mineral density;
BMC, bone mineral content (mg).



192

Free-fall landing and cortical bone

Table 3. Geometry measurement in cross-section of cortical bone. Values are means (zSEM).

1-Week 2-Week 4-Week 8-Week
L1 C1 L2 C2 L4 C4 L8 C8
Femur n=12 n=12 n=12 n=12 n=12 n=11 n=12 n=12
Imi (mm*) 6.67 (30) 6.96 (.31) 6.46 (.36) 6.70 (.37) 8.40 (.45) 7.41 (.37) 8.79 (.51) 8.18 (.35)
Ct.Ar (mm?) 6.24 (.15) 6.78 (.12) 6.43 (.26) 6.45 (.13) 7.25(.09) 6.81(.10)** 7.80(.10) 7.59 (.14)
Tt.Ar (mm?) 10.77 (21) 10.85(.31) 10.67 (.28) 10.76 (.27) 11.67(.23) 11.00(.27) 11.92(.26) 11.74(.18)
Ct.Th (mm) .63 (.01) .69 (0)*** .66 (.02) .66 (.01) .72 (.01) .69 (.01)* .78 (.01) .75 (.01)
Tibia n=10 n=12 n=10 n=9 n=12 n=12 n=12 n=12
Ct. vBMD (g/cm?®) 3.50 (.22) 3.50(.29) 2.91 (.19) 3.17 ((24) 3.56 (.20) 340(16) 3.87+0.10 3.41(.16)*
Ct. BMC (mg) 4.50 (.13) 4.32(.15) 4.23 (.21) 4.59 (.19) 5.13(.11) 507 (11) 5.43+0.07 5.09 (.10)**
Ct. vBMD (g/cm?®) 7.51(22) 7.40(.35) 6.86 (.31) 6.87 (.33) 7.44 (.20) 7.31(16) 7.58+0.12 7.33(.17)
Ct. BMC (mg) .55 (.02) .52 (.02) .54 (.03) .59 (.01) .65 (.01) .65 (.01) 0.70£0.02 .65 (.01)**

* ¥% and *** denote p < 0.05, 0.01 and 0.001, respectively, between landing group to the time-matched sedentary control group. Iy, moment of inertia
about the mediolateral axis for femora; 5, moment of inertia about the antero-posterior axis for tibiae; Ct.Ar, cortical bone area; Tt.Ar, total cross-
sectional area inside the periosteal envelope; Ct.Th, average cortical thickness.

Table 4. Dynamic histomorphometry of cortical bone in growing rats. Values are means (£SEM).

1-Week 2-Week 4-Week 8-Week
L1 C1 L2 C2 L4 C4 L8 C8
Femur n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12

Periostium

MS/BS 36.6 (3.6) 32.6 (2.6) 41.2 (4.7) 39.9 4.5) 43.2 (4.9) 34.0 (4.8) 33.0 (4.7) 36.2 (2.8)

MAR 1.8 (.79) 3.0 (.73) 2.9 (.94) 2.3 (.6) 1.7 (.40) 2.3 (.44) 1.5 (43) 1.8 (47)

BFR/BS .83 (.38) 1.07 (.25) 1.42 (.46) 1.07 (.34) .87 (.22) .90 (.19) 57 (L18) 75 (.21)
Endosteum

MS/BS 37.3(3.9) 41.5(5.4) 39.3 (3.0) 35.2(3.5) 38.4 (5.9) 36.9 (4.8) 27.5 (6.6) 21.7 (4.2)

MAR 1.3 (.57) 3.4(.93) 1.3 .64) 1.6 (.54) 1.4 (.32) 1.6 (.32) 1.7 (.33) 1.9 (.68)

BFR/BS .64 (31) 1.70 (.45) .62 (.35) .74 (.28) 70 (.17) .72 (.16) .55 (.15) .50 (.15)

Tibia n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12

Periostium

MS/BS 40.3 (2.0) 30.2(3.3)* 40.1(3.8) 37.9 (3.6) 35.4 (2.6) 28.3(3.2) 21.5(3.9) 29.0 (2.7)

MAR 1.0 (.41) .6 (.32) 1.2 (.53) 1.0 (.38) .8 (.34) .5(.29) .7 (.40) 7(.35)

BFR/BS 42 (.18) 23 (.13) .61 (.27) A48 (.19) 35 (.16) 19 (L11) 27 (.15) 19 (.11)
Endosteum

MS/BS 37.8(5.4) 28.1(3.4) 35.0 (3.8) 39.2 (3.5) 37.6 (4.2) 38.4(3.9) 27.5(4.7) 32.5(3.3)

MAR 1.7 (.62) 1.1 (.45) 1.5 (.70) 1.3 (.39) 1.7 .(43) 1.7 (.52) 1.0 (.45) 1.2 (.36)

BFR/BS .84 (.32) 43 (.20) .69 (.33) 57 (.19) .73 (.20) .72 (.22) .38 (.24) 45 (.14)

* significant difference was shown between landing group to the time-matched sedentary control group, p < 0.05. BFR/BS, bone formation rate per
bone surface, pm*/um?/day; MAR, mineral apposition rate, pm/day. MS/BS, bone mineralization over bone surface, %.

Discussion

Long-term strengthening and temporary compromise

The present study verified that an 8-week free-fall landing
training from a height of 40 cm would improve cortical
bone strength and bone size for the hindlimbs of growing
female rats. Previous animal and human studies have had
similar findings. Welch and colleagues demonstrated that
an 8-week free-fall landing training from a height of 30 cm
and 60 cm increased cortical bone strength (e.g. ultimate
force, stiffness, work to failure) in the forelimbs of growing
Fischer 344 female rats (Welch et al., 2004). Additionally,
an 8-week 45 cm jumping training increased strength in the
tibial cortical bone of growing Wistar female rats
(Umemura et al., 2008) and femora of growing Sprague
Dawley male rats (Notomi et al., 2000). In human studies,
a 12-week drop-jump training protocol (25 repetitions/day,
5 days/week) from a height of 45 cm increased leg BMC
of girls (3-18 year-old) (Johannsen et al., 2003), while a 7-
month landing training program (61lcm, 100 repeti-
tions/day, 3 days/week) increased areal BMD and/or BMC
in hip and lumbar of children (5.9-9.8 year-old) (Fuchs et
al., 2001). In addition, a jumping exercise program (10-50
cm, 50-100 repetitions, 3 times per week for 7 months)

improved areal BMD, BMC and bone structural indices for
early-pubertal girls (Petit et al., 2002). In general, the find-
ings agree that high-impact loading on bones generates
positive effects, though the details of these benefits were
inconsistent, possibly due to differences in age, species,
gender, and anatomy etc.

In addition to verifying the positive effects of an 8-
week landing training protocol, the current time-course
study demonstrated a compromise in bone structure (e.g.
Ct.Th, Ct.Ar) and strength (e.g. FL) in femora after 1-week
of landing training, which was similar to, but not exactly
the same as, the results of our previous short-term landing
study, which showed a reduction in Tt.Ar, Ct.Th, Ct.Ar,
PYE and FE after 1 week (Lin et al., 2013). In addition,
similar phenomena have been found in other experimental
models. For example, mechanical environmental changes
caused by extracting right maxillary molars induced a wave
of remodeling activity initiated by osteoclastogenesis on
the periosteal surface of the alveolar bone (Tran Van et al.,
1982). Furthermore, using apparatus-generated axial com-
pressive loading (Hsieh and Silva, 2002) reduced whole
bone strength indices (e.g. ultimate force and stiffness) of
ulnae immediately and 6 days after a single bout of cyclic
fatigue loading. Ultimate force and stiffness returned to
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normal levels and eventually showed a 20% increase on the
12th and 18th days, respectively, after loading (Hsieh and
Silva, 2002). These data are in agreement with the exist-

ence of a latency period in the adaptation of bone mechan-
ical properties to changes caused by compressive loading
or free-fall landing.

Table 5. Mechanical properties in femora and tibiae. Values are means (:SEM).

1-Week 2-Week 4-Week 8-Week
L1 C1 L2 C2 L4 C4 L8 C8
Femur n=12 n=12 n=12 n=11 n=12 n=12 n=12 n=12
YL (N) 82.4 (1.2) 86.2 (1.8) 95.2 (4.2) 87.1(5.6) 101.5(2.7) 101.4(6.9) 117.8(4.4) 99.1 (3.5)**
FL (N) 67.1(34) 768 (3.2)* 86.6(1.9) 86.8 (4.4) 1154(3.0) 119.3(3.5) 126.7(4.1) 111.9 (3.2)**
YE (mJ) 39.8 (1.6) 41.0 (4.6) 40.7 (2.8) 35.9(2.8) 25.5(2.5) 28.4(3.2) 36.4(24) 27.72.7)*
FE (mJ) 79.6 (4.4) 75.3 (4.1) 75.2(7.7) 66.7 (6.7) 50.4 (3.3) 54.8 (3.1) 48.5 (3.0) 42.1 (2.6)
PYE (mlJ) 39.8 (4.6) 343 (4.2) 34.5(6.2) 30.8 (6.3) 24.8 (3.7) 25.8(3.3) 12.1 (2.0) 14.4 (2.9)
Stiffness (N/mm) 107.1 (4.2) 104.2(5.2) 1549 (12.1) 141.3 (15.7) 315.2 (18.7) 265.0 (22.6) 267.0 (18.7) 271.5(21.5)
YS (MPa) 1189 (4.5) 117.3(5.4) 138.2(7.7) 126.0(9.3) 120.3(5.3) 130.1(9.0) 131.2(5.7) 116.0(5.5)
YT (mJ/mm?) 3.27 ((22) 3.38 (.32) 3.26 (.25) 2.90 (.24) 1.74 (.15) 2.03 (.22) 2.32 (.15) 1.87 (.21)
EM (Gpa) 2.73 (.16) 2.51 (.10) 4.10 (.37) 3.74 (.47) 6.41 (.50) 6.34 (.49) 5.31 (.58) 5.58 (.46)
Tibia n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12
YL (N) 56.7 (2.2) 60.5 (3.0) 68.6 (3.4) 70.3 (2.4) 81.2 (2.5) 79.4(2.5) 90.0(2.53) 85.1(3.7)
FL (N) 67.6 (3.4) 66.6 (2.6) 70.4 (4.8) 71.8 (3.4) 86.4 (3.3) 82.2(3.6) 98.6(2.49) 88.9(2.4)**
YE (mJ) 18.3 (1.1) 21.4 (1.8) 27.0(2.3) 27.2 (1.8) 26.1(2.2) 25.6(1.5) 28.4(198) 30.2(3.4)
FE (mJ) 53.9(5.7) 58.2 (4.1) 60.6 (5.9) 76.3(9.9) 752 (12.1) 683(5.5) 655439 61.1(7.1)
PYE (mlJ) 36.1 (6.8) 36.8 (3.2) 358(6.9) 499 (11.5) 49.1(11.1) 42.8(4.6) 37.1(3.83) 31.0(4.8)
Stiffness (N/mm) 109.0 (5.0) 107.7(5.7) 115.6(19.2) 106.1(9.3) 171.2(11.7) 156.5(9.3) 183.2(9.3) 162.9(12.1)
YS (MPa) 139.1(5.5) 155.0(11.1) 179.6(7.9) 173.1(9.5) 1755(7.2) 173.4(4.1) 183.1(5.1) 187.4(3.7)
YT (mJ/mm?) 2.28 (.15) 2.74 (.21) 3.18 (.29) 3.06 (.25) 2.53 (.22) 2.46 (.15) 2.72 (.20) 2.94 (.28)
EM (Gpa) 5.35 (.31) 5.50 (.52) 6.55 (.68) 6.07 (.50) 8.46 (.90) 7.77 (47) 8.00 (.52) 8.17 (.63)

*and ** denote p < 0.05 and 0.01, respectively, between landing group to the time-matched sedentary control group. EM, elastic modulus; FE, fracture
load energy; FL, fracture load; PYE, post-yield energy; YE, yield energy; YL, yield load; Y, yield stress; YT, yield stress.
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Figure 2. Percentage differences in various geometric and biomechanical properties. Percentage differences between landing groups
and their age-matched control groups were calculated for indices of geometry and biomechanical properties in femora (A-E) and tibiae (F-J). Values
are means + SEM. *, significantly different from 0 week. Ct.Ar, cortical bone area; Ct.Th, cortical bone thickness; Iy, moment of inertia about the
mediolateral axis for femora; l,,, moment of inertia about the antero-posterior axis for tibiae; FL, fracture load; YL, yield load.

In summary, temporary compromises in bone mate-
rial were found in structural and mechanical indices after
one week of landing training, which were then followed by
a recovery and an improvement after a longer period of
similar training.

Possible mechanisms of the temporary compromise in
bone material

Subsequent to accumulated damages caused by mechanical
loading, bone material is capable of self-repair through
bone resorption activity initiated with a simultaneous com-
promise in structural and biomechanical properties, fol-

lowed by bone formation activity (Clarke, 2008; Robling
et al., 2006; Tran Van et al., 1982). Though molecular and
cellular analyses were unavailable in the current study,
changes in the mechanical environment will affect molec-
ular signals produced by osteocytes in cortical bone. Evi-
dence from previous studies verified that osteocytes are ca-
pable of sensing and responding to mechanical strain via
changes in the release of nitric oxide, prostaglandin, and
sclerostin, as well as nuclear factor kappa-B ligand
(RANKL) (Forwood, 1996; Klein-Nulend et al., 2014;
Robling et al., 2008; Xiong and O'Brien, 2012), which
would subsequently induce osteoclastogenesis as well as
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bone remodeling near the loading site (Verborgt et al.,
2000). The development of high-resolution computed to-
mography (e.g. nCT or nano-CT) has led to research capa-
ble of measuring bone remodeling in-vivo at multiple time
points (Schulte et al., 2013). Future study using high-reso-
lution CT technology to investigate the distribution and
shifting of the bone remodeling area throughout a free-fall
landing regimen will be valuable.

Differences in adaptive responses
In the current study, the biomechanical properties of tibiae
and femora adapted differently to free-fall landing training.
In tibiae, no change was shown in geometric or mechanical
properties in the initial phase, but an upgrade in bone min-
eral accumulation (Table 2), geometry (Table 3 and Figure
2) and mechanical strength (Table 5 and Figure 2) was
found after 8 weeks of landing training. This implies site-
specific differences in the ways in which bones adapt to
mechanical loading. Moreover, forelimb bone showed an
even faster adaptive response. After 5 days of free-fall
landing, the ulnae of young female rats had no losses in
extrinsic strength and even had increases in post-yield
bending energy (Lin et al., 2011). One plausible explana-
tion for the adaptive timing difference between forelimbs
and hindlimbs could be differences in gravitational loading
(e.g. GRF). The GRF received by forelimbs (4-5-fold
standing force) (Lin et al., 2011), was relatively higher than
the GRF received by hindlimbs (~12-fold standing force)
during the initial phase. This relatively higher GRF on
hindlimbs was the opposite of the results in previous stud-
ies using growing female F-344 rats, which had higher
GRF on the forefeet (12.04~16.74-fold standing force)
than on the hindfeet (4.46~7.7-fold standing force) (Welch
et al., 2009). It could be that a relatively higher hindlimb
GRF temporarily compromises bone mechanical proper-
ties. In addition, though the psychological stress and land-
ing skill were not evaluated at the beginning of the training
protocol in the current study, mental fear and inappropriate
skill (e.g. incoordinate muscle contractions) in the 40-cm
free-fall landing may lead to a greater impact force and
short-term compromises in bone material. Although there
have been arguments about whether bone’s response to me-
chanical signals can be dominated by gravitational loading
(Judex and Carlson, 2009) or muscle forces (Robling,
2009), both are factors in adaptation. From a more macro-
scopic view, terrestrial mammal skeletons adapt to in-
creased external loading by increasing the effective me-
chanical advantage of limbs to decrease mass-specific
forces (Biewener, 1991). This allows them to maintain a
similar mechanical stress distribution and safety for a spe-
cific region of bone (Biewener, 1991). Bone size (e.g.,
cross-sectional area and moment of inertia) (Biewener and
Bertram, 1994; Rubin and Lanyon, 1985) has been identi-
fied as one of the most important mechanical advantages.
Therefore, the femur, as the largest limb bone, is assumed
to receive a higher integrated mechanical loading during a
given free-fall landing movement, which could then lead to
a temporary, but detectable, compromise in bone dimen-
sions and strength measurements.

In addition to the initial differences in adaptive re-
sponses, femora also had a distinctive adaptation process

in bone material properties throughout the training course.
Despite a significant improvement in whole bone strength
indices after 8 weeks of training, femora of landing groups
did not maintain the relative improvement in bone geome-
try shown after 4 weeks of training. There are several ex-
planations for the difference in adaptation between femora
and tibiae. First, the loading intensity of the 40-cm landing
could become relatively lower for femora in the later train-
ing phase. In a study by Welch and colleagues, growing
Fisher 344 female rats showed no adaptive response to an
8-week free-fall landing course (Welch et al., 2004). A pro-
gressive increase in landing height would probably be help-
ful for maintaining adaptive gains shown at 4 weeks. Sec-
ond, bone matrix organization (e.g. collagen orientation,
levels of cross-link or mineral to matrix ratio) can play a
role in bone mechanical properties (Garnero et al., 2006;
Takata et al., 2011). Though related measurements were
not available in the current study, femoral tissue could
eventually adapt to this long-term 40-cm free-fall landing
through an optimized integration between collagen and
cross-link rather than through size-related development.

Though there was a short period of compromise in
bone material, neither linear growth (e.g. bone lengths) nor
bone mineralization status (e.g. dynamic histomorphome-
try and vBMD) were negatively impacted by the free-fall
landing protocol. Similar findings in previous short-term
(Lin etal., 2013) and long-term (Welch et al., 2004) studies
suggest that the current landing regimen may lead growing
bone to go through a short-term geometric development la-
tency but eventually generate an improvement in bone ma-
terial.

Study conditions, clinical applications and possible lim-
itations

Compared to previous apparatus-generated mechanical
loading (e.g. axial compression on ulnae) (Hsieh and Silva,
2002) or surgery-induced mechanical environment
changes (Tran Van et al., 1982), the current free-fall land-
ing-induced impact on bone is a relatively practical and
easy-to-handle experimental model. The hindlimbs of ro-
dents perform a knee-bending movement, similar to that of
humans, to cushion the impact of landing. Furthermore,
during the landing training period, animals are free from
excessively invasive procedures, such as anesthesia, sur-
gery or loading by apparatus. Finally, landing-caused me-
chanical loading can be measured by an economical and
easily-assembled force plate.

In terms of clinical applicability, the current study
and previous jumping-related studies adopted mechanical
loading protocols simulating general physical activity in-
terventions rather than damage- or fracture-causing exper-
imental models. Although most previous findings corrobo-
rate the positive effects of various jumping interventions
on bone (Boudreaux et al., 2014; Honda et al., 2001; Ju et
al., 2008; Lin et al., 2011; Umemura et al., 1997; Welch et
al., 2004), the current study duplicated a short period of
femoral compromise found in our previous study (Lin et
al.,2013). This compromise has not been seen in other long
bones (e.g.tibiae or ulnae), suggesting that femora undergo
a relatively vigorous adaptation process at the beginning of
being subjected to a free-fall landing regimen. Further
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studies would be valuable in clinic practice to investigate
whether increasing the height or repetitions in the initial
phase would elevate the material compromise found in
week one of this study to the level of stress fractures.

Conclusion

The current study demonstrated changes in the structure
and biomechanical properties of cortical bone in rats sub-
jected to a period of free-fall landing training. Results of
biomechanical assays suggest that, in the initial phase of
landing training, a temporary compromise in dimension
and bending strength of long bone diaphysis is existent.
However, after a longer period of training, the free-fall
landing protocol eventually generated positive effects for
growing long bones, as shown by improvements in bone
mechanical properties and/or increased bone size-related
measurements.
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Key points

e An 8-week landing training from a height of 40 cm
improved cortical bone structure and strength in the
hindlimbs of growing Wistar female rats.

o Tibiae and femora showed different patterns of adap-
tive responses to the 8-week free-fall landing training.

e Free-fall landing training may cause a slight and tem-
porary compromise in bone material properties, but
eventually induces an improvement in biomechanical
properties and structures of growing bones.
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