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Abstract
Healing of bone wounds is sensitive to various environmental stimuli. Using knee loading, which
has been shown to stimulate bone formation in mouse femora and tibiae, we addressed a question:
Does knee loading accelerate a closure of open wounds in a femur neck? A surgical wound (0.5
mm in diameter) was generated at the femur neck in the left and right femora of C57/BL/6 female
mice, and knee loading was applied to the left knee for 3 min/day for 3 consecutive days. Surgical
holes at the femoral midshaft were used as control. Animals were sacrificed 1, 2, and 3 weeks after
surgery for analyses with µCT and pQCT as well as mechanical testing. The results showed load-
driven acceleration of the closure of surgical holes. Compared to a sham-loaded contralateral
control, knee loading reduced the size of surgical wounds in the femoral midshaft by 14% (p <
0.05), 21% (p < 0.01), and 32% (p < 0.001) in 1, 2, and 3 weeks, respectively. It also decreased the
wound size in the femur neck by 16% (p < 0.001; 1 week), 18% (p < 0.001; 2 weeks), and 21% (p
< 0.001; 3 weeks). Images with pQCT revealed that bone mineral density (BMD) was increased
from 571 ± 19 mg/cm3 (control) to 686 ± 19 mg/cm3 (loaded) (p < 0.01), and bone mineral
content (BMC) from 3.05 ± 0.12 mg/mm (control) to 3.42 ± 0.11 mg/mm (loaded) (p < 0.05).
Furthermore, mechanical testing showed that stiffness of the femur was increased by knee loading
(p < 0.05). This study demonstrates that knee loading is capable of accelerating healing of surgical
wounds throughout the femur including the femoral midshaft and neck.
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Introduction
Bone fracture occurs at multiple skeletal sites. Hip fractures are the third most frequent
fractures next to vertebral and wrist fractures in the U.S., and the cost linked to hip fractures
is the highest among all fracture types [1]. Although a total hip replacement is a well-
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established surgical treatment, a non-invasive loading modality that could strengthen a
femur and reduce a risk of hip fractures would be beneficial [2, 3]. In this study, we
investigated potential effects of knee loading on strengthening the proximal femur and
healing of bone wounds at the femur neck using a mouse model and examined a possibility
of using knee loading for the prevention and supplementary treatment of hip fractures.

Knee loading is one form of joint loading modalities, in which lateral loads are applied to
synovial joints such as the elbow [4], knee [5–7], and ankle [8]. Loads are compressive and
typically sinusoidal, and are given for 3 to 5 min per day. In knee loading, lateral loads are
given to the epiphyses of the femur and tibia in the mediolateral direction. In our previous
studies we showed that the anabolic responses were detected both in the femur and tibia in 2
– 3 weeks after loading for 3 – 5 consecutive days [9, 10].

Induction of bone formation with knee loading is considered to be mediated by a cyclic
change in intramedullary pressure in the femoral and tibial bone cavities. It is proposed that
the load-driven pressure gradient generates fluid flow in a lacunocanalicular network in
bone cortex and activates anabolic genes throughout the length of the femur and tibia [8,
11]. We have shown that knee loading stimulates bone formation by conducting bone
histomorphometry using the cross-sections at 25% (distal femur), 50% (midshaft), and 75%
(proximal femur) of the length of the femur, measured from the loading site at the knee [2,
3]. Our specific question herein was: Is knee loading able to induce bone formation and
accelerate wound healing at the femur neck that is the remotest location from the loading
site? Our hypothesis was that knee loading would enhance healing of surgical holes equally
well both in the femoral midshaft and the femur neck.

To test the hypothesis, surgical holes were generated in the left and right femora either at the
midshaft (50% site) or at the femur neck. The left femur received knee loading, while the
right, contralateral femur was treated as a sham-loading control. We chose the surgical hole
model, since it provided a reproducible experimental procedure with a well-defined
quantitative measure through µCT imaging [12–14]. We also evaluated effects of knee
loading on BMD and BMC using pQCT, and conducted mechanical testing for the
estimation of overall stiffness of the femur.

Materials and methods
Animal preparation

Sixty-two C57BL/6 female mice (14 weeks of age) were obtained from Harlan Sprague-
Dawley (Indianapolis, IN). Four to five mice were housed together in a cage, and mouse
chow and water were given ad libitum. All procedures performed in this study were in
accordance with the Indiana University Animal Care and Use Committee guidelines and
were in compliance with the guiding principles in the care and use of animals endorsed by
the American Physiological Society. Mice were allowed to acclimatize for 2 weeks before
the experiment.

Surgical procedure
Animals received a surgical hole both in the left and right femora in the femoral diaphysis
(midshaft; 25 mice) or the femur neck (37 mice). The animal was anesthetized with 2%
isoflurane, and the hindlimb was shaved and sterilized with 10% providoneiodine solution.
For the surgical wound in the femoral diaphysis, a 5-mm longitudinal skin incision was
made over the anterior side of the hindlimb. A round surgical wound (0.5 mm in diameter),
penetrating the anterior and posterior surfaces, was generated at a site ~ 7 mm proximal to
the distal femoral end (50% along the length of the femur) (Fig. 1A & 1B) [14]. For the
surgical wound in the femur neck, 5-mm longitudinal skin incision was made over the back
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of the hindlimb (Fig. 1C). A hole of 0.5 mm in diameter was generated at the middle of the
femur neck on the posterior cortex and the anterior cortex. A plunge router attachment was
used to maintain stability and consistency of the operation. The muscles and skin were
sutured and closed, and antibiotic prophylaxis (Enrofloxacin, 5 µg/g body mass) and
analgesia (Morphine, 5 µg/g body mass) were administered for the first two postoperative
days. Following the operation mice were allowed full unrestricted cage activity.

Mechanical loading
On days 4, 5 and 6 after surgery, knee loading was conducted to the left knee [2]. In brief,
the mouse was anesthetized in an anesthetic induction chamber and then mask-anesthetized
with 2% isoflurane. Using the custom-made piezoelectric loader, loads were applied in the
lateral-medial direction for 3 minutes/day for 3 consecutive days at 15 Hz with a peak-to-
peak force of 0.5 N (Fig. 1D). These loading conditions were chosen based on our previous
mouse studies [2, 3]. The lateral and medial epicondyles of the femur together with the
lateral and medial condyles of the tibia were in contact to the loader and the stator,
respectively. The diameter of the loader and the stator was 5 mm, and they did not touch the
surgical site. The right hindlimb was used as sham-loaded control, in which the right knee
was placed under the loading rod in the same procedure without applying a voltage signal to
the loader. Sham loading to the right limb was conducted immediately following the loading
on the left limb.

Sample harvest
Animals were sacrificed for µCT and pQCT. The sample numbers were 10, 16, 17 and 19 in
0, 1, 2 and 3 weeks after surgery, respectively. Soft tissues were removed from the isolated
femora, and the distal and proximal ends were cleaved to allow infiltration of the fixatives
containing 10% neutral buffered formalin. After 48 h in the fixatives bones were transferred
to 70% ethanol for storage.

Micro-computed tomography
Micro CT was performed using a desktop µCT-20 (Scanco Medical AG, Auenring,
Switzerland). The harvested femur was placed in a plastic tube filled with 70% ethanol and
centered in the gantry of the imaging device. A series of cross-sectional images were
captured at 30-µm resolution using a medium resolution and bitmap images with 512 X 512
pixels were collected using 600 X-ray projections. The transverse and the axial sizes were
estimated from 3D reconstructed images [14].

Peripheral quantitative computed tomography
The harvested femurs from seven mice (third postoperative weeks) were used for pQCT
(XCT Research SA Plus, software 5.40; Norland-Stratec Medizintechnik GmbH, Birkenfel,
Germany) [14]. The surgical wounds were scanned for five consecutive cross-sections with
a sectional distance of 0.4 mm, where each section was 260 µm in thickness with a voxel
size of 7 µm. For each slice, total volumetric bone mineral density (vBMDt; mg/cm3) and
cortical bone mineral density (vBMDc; mg/cm3) were determined together with total bone
area (At; mm2) and cortical area (Ac; mm2). From those data, total bone content (vBMCt =
vBMDt × At; mg/mm), and cortical bone content (BMCc = BMDc × Ac; mg/mm) were
derived. Prior to scanning soft tissues were removed and samples were scanned in air.

Mechanical testing
The harvested femurs from seven mice (third postoperative weeks) were used for
mechanical testing. These were the same samples used for pQCT imaging. The bones were
loaded to failure by four-point bending [15–19]. Prior to testing samples were rehydrated
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overnight in 0.9% NaCl at room temperature. Testing was performed on a miniature
materials testing machine (Vitrodyne V1000; Liveco, Inc., Burlington, VT, USA), which has
a force resolution of 0.05 N. The crosshead speed during testing was 0.2 mm/s, and force-
displacement data was collected every 0.01 s. From the data, a force-versus-displacement
graph was generated and the ultimate force and displacement, stiffness, and energy to
ultimate force were calculated.

Statistical analysis
The data were expressed as mean ± SEM. Statistical significance among groups was
examined using one-way ANOVA. For pair-wise comparisons a post-hoc test was
conducted using Fisher’s protected least-significant-difference tests. A paired t-test was
employed to evaluate statistical significance between the loaded samples and sham-loaded
controls. All comparisons were two-tailed and statistical significance was assumed for p <
0.05. The single, double and triple asterisks in figures indicate p < 0.05, p < 0.01 and p <
0.001, respectively.

Results
No infections were detected at the surgical site during the 3-week course of experiments. We
did not observe any abnormal behavior, weight loss, or diminished food intake.

Accelerated closure of surgical holes in the femoral diaphysis with knee loading
Micro CT images displayed an accelerated closure of the surgical hole in the femoral
midshaft with knee loading (Fig. 2). We evaluated a wound closure by measuring the axial
and lateral sizes of the anterior and posterior holes. During a 3-week period, the overall
improvement of bone wound closure by knee loading was 14% (1 week, p < 0.05), 21% (2
weeks, p < 0.01), and 32% (3 weeks, p < 0.001), based on an average wound size of anterior
and posterior holes.

The size of the wounds on the anterior cortex was decreased from 0.47 ± 0.01 mm (control)
to 0.41 ± 0.01 mm (loaded; p < 0.05) in the first week, while the wounds on the posterior
cortex were also reduced from 0.44 ± 0.02 mm (control) to 0.37 ± 0.01 mm (loaded; p
<0.05) (Fig. 3). In the second and third weeks, the wound size was further decreased and the
decrease was statistically significant both on the anterior and posterior surfaces.

Interestingly, the wounds did not heal uniformly in the axial and transverse directions (Fig.
4). Three weeks after surgery, for instance, the wound size was 0.41 ± 0.01 mm (control)
and 0.28 ± 0.01 mm (loaded, p < 0.001) in the axial direction, while 0.18 ± 0.01 mm
(control) and 0.12 ± 0.01 mm (loaded, p < 0.001) in the transverse direction. Note that the
wound size was defined as the mean values independently measured along the axial and
transverse directions.

Accelerated closure of surgical holes in the femur neck with knee loading
Micro CT images also displayed an accelerated closure of the surgical hole in the femur
neck by knee loading (Fig. 5). Knee loading reduced the size of surgical wounds by 16%
from 0.41 ± 0.01 mm (control) to 0.34 ± 0.01 mm (loaded, p < 0.001) in the first
postoperative week. The wound size was decreased by 18% in the second week from 0.39 ±
0.01 mm (control) to 0.32 ± 0.01 mm (loaded, p < 0.001), and by 21% in the third week
from 0.37 ± 0.01 mm (control) to 0.29 ± 0.01 mm (loaded, p < 0.001).
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Elevated BMD and BMC in the femoral midshaft with knee loading
Evaluation of bone quality with pQCT revealed that knee loading increased BMD and BMC
at the wound site (Fig. 6). Total BMD was elevated by 20% from 571 ± 19 mg/cm3 (control)
to 686 ± 19 mg/cm3 (loaded, p < 0.01), while cortical BMD was elevated by 6% form 1057
± 19 mg/cm3 (control) to 1136 ± 10 mg/cm3 (loaded, p < 0.01). Furthermore, total BMC was
12% higher (3.05 ± 0.12 mg/mm in control samples and 3.42 ± 0.11 mg/mm in loaded
samples; p < 0.05). An increase of 21% in cortical BMC was detected from 2.25 ± 0.11 mg/
mm (control) to 2.73 ± 0.11 mg/mm (loaded, p < 0.01).

Increased stiffness with knee loading
Mechanical test showed that knee loading increased stiffness of the femur from 27.8 ± 1.9
N/mm (control) to 38.6 ± 4.4 N/mm (loaded) (p < 0.05) (Table 1). In concert with an
increase in stiffness, ultimate force was higher and displacement at ultimate force was lower
in the loaded femora than control samples although no statistical significance was obtained
(p = 0.23 – 0.30).

Discussion
We demonstrate that laterally applied mechanical loads at the distal end of the femur are
able to enhance bone formation and wound healing not only in the femoral midshaft but also
at the femur neck. Micro CT images clearly reveal that knee loading accelerates a closure of
the surgical hole in the femoral midshaft and neck. The knee-loaded holes in the femur neck
were smaller than the contralateral holes by 16%, 18%, and 21% in the first, second, and
third postoperative weeks, respectively. The results with pQCT and mechanical test show
that knee loading increases BMD and BMC at the wound site and elevates overall stiffness
of the femur. Thus, knee loading is apparently capable of activating anabolic responses
throughout the femur.

For the surgical holes in the femoral midshaft and neck, knee loading is equally effective.
Compared to the contralateral control, the reduction in the wound size by knee loading in the
first operative week is 14% in the midshaft and 16% in the femur neck. Interestingly,
loading effects are more predominant in the later operative weeks and this trend is observed
both in the femoral midshaft and neck. For instance, the surgical holes in the femoral
midshaft were smaller in the knee-loaded limb than the contralateral limb by 14%, 21%, and
32% in the first, second, and third operative weeks, respectively. The accelerated closure is
detected in the anterior and posterior wounds, but the closure is quicker in the transverse
direction than the axial direction. Knee loading also increases an overall stiffness of the
femur in the third operative week, in good agreement with the elevation in BMD and BMC.

Knee loading is shown to be effective in inducing bone formation throughout the femur and
tibia regardless of distance from the loading site in the knee. Loads of 0.5 N to the mouse
knee, employed in this study, generates dynamic strain of 10 – 20 µstrain in the midshaft of
the femur, and strain in the femur neck is expected to be at the same level [2]. To induce
bone formation in the mouse tibia, a tibia axial (bending) modality typically requires ~ 12 N
or more, while knee loading needs 0.5 N or less [20–22]. The measurements with a FRAP
(fluorescence recovery after photo bleaching) technique indicate that knee loading
stimulates molecular transport in the diaphyseal cortical bone of the mouse femur. Further,
load-driven alteration of intramedullary pressure in the absence of surgical holes was
detected using a fiber optic pressure sensor [23]. The observed pressure amplitude (half of
peak-to-peak) in the femoral bone cavity ranged from 3 to 130 Pa depending on the loading
conditions (0.5 to 4 N at 0.5 to 50 Hz), and the alteration was synchronous to loads applied
with knee loading [11].
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Although the current study is consistent with anabolic responses mediated by knee loading
[2, 3], the presence of surgical holes herein presents a unique biophysical environment. We
reported previously using an ex vivo mouse femur model that knee loading stimulated
oscillatory movements of microparticles in a glass tube connected to a surgical hole [11].
Further, we showed that in response to knee loading a surgical hole in the tibia reduced load-
driven bone formation in the tibia [6]. Taken together, the hole would act as a pressure sink
and our working hypothesis is that load-driven intramedullary flow would stimulate
transport of fluid in a bone cavity consisting of bone-marrow derived stem cells at the injury
site. To evaluate this potential mechanism, it is necessary to determine a pattern of cell
migration and characterize the type of tissues formed during the healing process at the injury
site.

To examine efficacy of knee loading at the femur neck, we employed a surgical wound
model. No single small animal model is adequate to fully evaluate efficacy and safety of
knee loading and the current study is the first step to develop a clinically relevant strategy.
Although this model did not represent a clinically relevant bone fracture, it provided a
reproducible assay system to evaluate a proof of concept of the application of knee loading
[14]. The model is well-established for studies on bone defect repair in normal and
transgenic animals [12, 13, 24, 25]. The surgical wounds can be generated bilaterally (two
wounds in a single femur) and allow us the comparison of a healing process in two femoral
surfaces.

There are other forms of mechanical loading such as joint rotation [26, 27], and whole-body
and local vibrations [28, 29]. To our knowledge, however, no loading modality has been
clinically applied for treatment of a femur neck or head. By developing a loading device for
human use, knee loading might potentially be used as a preventive procedure to reduce a
risk of hip fracture and a supplementary treatment to enhance fracture healing. It is
important to evaluate proper loading conditions for human use, and these conditions may
depend on types of fractures such as closed and non-union fractures. In summary, knee
loading is capable of inducing bone formation and accelerating wound healing throughout
the femur including surgical holes in the femur neck.

Highlights

• Knee loading is reported to stimulate bone formation in the femur and tibia.

• Here, knee loading is shown to accelerate a closure of open wounds in a femoral
midshaft and neck.

• Images with pQCT reveal that bone mineral density is elevated.

• Mechanical testing shows that stiffness of the femur is increased.
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Figure 1.
The surgical and loading procedure. (A) A drill bit on the middle of femur. Bar = 2 mm. (B)
Femoral diaphysis with a surgical hole. Bar = 2 mm. (C) Left femur neck with a surgical
hole. Bar = 2 mm. (D) Left knee on a loading table for knee loading on the fourth
postoperative day. Bar = 4 mm.
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Figure 2.
Surgical wounds in the femoral midshaft. (A) Micro CT images of the surgical holes in the
control and loaded femora in 1, 2, and 3 weeks after surgery. (B) Changes in wound size in
the femoral midshaft (mm).
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Figure 3.
Alterations in anterior and posterior wound size in the femoral midshaft. (A) Wound size on
the anterior surface (mm). (B) Wound size on the posterior surface (mm).
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Figure 4.
Alterations in wound size in the femoral midshaft along the axial and transverse directions.
(A) Wound size along the axial direction (mm). (B) Wound size along the lateral direction
(mm).
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Figure 5.
Surgical wounds in the femur neck. (A) Micro CT images of the surgical holes of the control
femora in the femur necks in 1, 2, and 3 weeks after surgery. (B) Micro CT images of the
surgical holes of the loaded femora in the femur necks in 1, 2, and 3 weeks after surgery.
Bar = 1 mm. (C) Changes in wound size in the femur neck (mm).
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Figure 6.
Alteration in bone mineral density and bone mineral content in the third postoperative week.
(A) Total BMD and cortical BMD (mg/cm3). (B) Total BMC and cortical BMC (mg/mm).
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Table 1

Summary of mechanical testing

items unit control loaded P value

stiffness N/mm 27.83 ± 1.90 38.55 ± 4.37 0.03

ultimate force N 11.37 ± 0.91 11.97 ± 0.58 0.30

pre-ult. force displacement mm 0.71 ± 0.04 0.65 ± 0.06 0.23

energy to ultimate force mJ 5.37 ± 0.71 5.25 ± 0.62 0.45
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