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Prolonged immobilization in hospitalized children can lead to fragility fractures and muscle contractures
and atrophy. The purpose of this study was to develop a lower-extremity disuse rabbit model with
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musculoskeletal changes similar to those observed in children subjected to prolonged immobilization.
Six-week-old rabbits were randomly assigned to control (CTRL, n¼4) or bilateral sciatic and femoral
neurectomy (bSFN, n¼4) groups. Trans-axial helical CT scans of each rabbit's hind limbs were acquired
after eight weeks. The rabbits were then euthanized and the tibiae and calcanea were harvested from
each rabbit. μCT imaging was performed on the tibiae and calcanea mid-diaphysis. Four-point bending,
gas pycnometry, and ashing were then performed on each tibia. All comparisons reflect the differences
between the bSFN and CTRL rabbits. Significant decreases in tibiae bone mineral density (Z9.41%,
pr0.006), axial rigidity (Z50.47%, pr0.02), and soft tissue mass (55.25%, p¼0.006) were observed
from the trans-axial helical CT scans. The μCT results indicated significant detriments in tibia and cal-
caneus cortical thickness and bone volume fraction (pr0.011). Significant changes in stiffness, yield load,
ultimate load, and ultimate displacement (Z30.05%, pr0.025) were observed from mechanical testing.
These data indicate that limb disuse at a time of rapid musculoskeletal growth severely impairs muscle
and bone development, reflecting the musculoskeletal complications observed in children with chronic
medical conditions causing immobilization. Interventions to reduce these musculoskeletal complications
in children are urgently needed. This disuse rabbit model will be useful in pre-clinical studies evaluating
novel interventions for improving pediatric musculoskeletal health.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Medical treatments and disease pathophysiology can result in
prolonged immobilization that places hospitalized and chronically
ill infants and children at risk for serious secondary complications
including fragility fractures (Huh and Gordon, 2013), muscle con-
tractures and atrophy (Boonyarom and Inui, 2006). This is due to
immobilization-induced bone loss and impairment of muscle
function secondary to reduced levels of activity or limb disuse
(Boonyarom and Inui, 2006; Ward et al., 2004). Pediatric patients
at the highest risk for inpatient fracture include premature infants
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(Huh and Gordon, 2013; Moyer-Mileur et al., 2000) and children
with cerebral palsy (Caulton et al., 2004; Mergler et al., 2009),
spinal cord injury (Munns and Cowell, 2005; Ward et al., 2004),
neuromuscular disorders such as Duchenne Muscular Dystrophy
(Ward et al., 2004) or Spinal Muscular Atrophy (Rudnik-
Schöneborn et al., 2008), prolonged post-operative immobiliza-
tion such as esophageal atresia (Bairdain et al., 2014; Huh and
Gordon, 2013), and prolonged dependence on parenteral nutrition
(Diamanti et al., 2010). Despite the institution of fracture precau-
tions, optimization of parenteral nutrition and vitamin D intake,
and regular physical therapy, these patients continue to suffer
from high rates of fracture during hospitalization (Bairdain et al.,
2014; Huh and Gordon, 2013; Moyer-Mileur et al., 2000). There-
fore, other approaches must be pursued to optimize musculoske-
letal health and reduce fracture rates in hospitalized infants.

Muscle atrophy, osteoporosis, and fragility fractures have long
been a major concern in the elderly (Johnell and Kanis, 2006), and
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several animal models have been developed to portray disuse
atrophy, osteopenia, and fragility fractures in adults (Egermann et
al., 2005). However, there are no pediatric models available that
incorporate immature and developing large animals (e.g., rabbits).
A large animal model is required to specifically test interventions
to address musculoskeletal complications arising from disuse and
lack of weight bearing seen in a variety of pediatric inpatients
(Huh and Gordon, 2013). Neurectomy is a promising technique
that has been used in the past to model musculoskeletal disuse
(Komori, 2015). However, these studies have typically focused on a
single nerve ligation that leaves substantial hindlimb musculature
intact. Additionally, these studies have been limited to fully-grown
small animals, such as mice and rats (Brouwers et al., 2009; Feng
et al., 2016; Komori, 2015; Sugiyama et al., 2012). Therefore, the
purpose of this study was to develop a pediatric lower-extremity
disuse rabbit model. We hypothesize that bilateral sciatic and
femoral neurectomies in six-week-old rabbits will affect bone and
muscle development in the lower extremity similar to the mus-
culoskeletal changes observed in children who are sedated and/or
muscle relaxed with paralytics such as vecuronium during their
hospitalization.
2. Methods

2.1. Animals

The Beth Israel Deaconess Medical Center Institutional Animal Care and Use
Committee approved all experimental procedures used for this study. Female New
Zealand white rabbits were chosen, due to their docile and non-aggressive nature,
making them easy to handle and observe. Furthermore, the rabbit's skeletal size
and bone density is similar to human infants, and skeletal growth is completed by
28 weeks. This allows research to be conducted during the growth phase in a
reasonable time period.

2.2. Surgical procedures

Six-week-old rabbits were randomly assigned to either control (CTRL, n¼4) or
bilateral sciatic and femoral neurectomy (bSFN, n¼4) groups. The rabbits in the
CTRL group did not undergo any intervention. Rabbits undergoing surgical bSFN
were anesthetized with intramuscular doses of Ketamine (35 mg/kg) and Xylazine
(2.5 mg/kg) and then maintained on 1–2% isoflurane delivered through a mask. The
fur was shaved and skin wiped with betadine and alcohol.

After administering anesthesia, each bSFN rabbit was placed in the prone
position with the posterior limbs mildly rotated externally with semiflexion of the
knees. An oblique incision distal the posterior superior iliac spine was deepened to
A1 A2 A3
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Fig. 1. Top row: healthy control rabbit tibia. Bottom row: bilateral sciatic and femoral ne
right. Note how the bone is smaller, with spurs, and shape deformities. Note the visible
expose the Gluteus Maximus muscle, which was split by blunt dissection, and the
sciatic nerve was identified on top of the piriformis muscle exiting the sciatic notch.
Before the nerve was sharply bisected, a small amount (approximately 1–2 ml) of
phenol was applied directly onto the nerve to cause chemical demyelination to
prevent nerve regeneration and reduce the incidence of autotomy. The notch was
then over-sewn with a nylon suture, and the operative incision was closed in a
hidden subcuticular pattern with absorbable sutures. These procedures were per-
formed for the left and right sciatic nerves following established techniques
(Bradley et al., 1998; Jiang et al., 2006; Sames and Benes, 1997; Sung, 2004).

Each bSFN rabbit was then placed in the supine position to perform bilateral
femoral neurectomy. Through an incision just distal to the inguinal ligament, the
femoral nerve was identified and mobilized in the femoral triangle medial to the
Sartorius muscle. The femoral artery and vein were carefully retracted. Neurectomy
was performed by chemical neurolysis using phenol prior to bisecting it with
electrocautery. These procedures were performed for the left and right sciatic
nerves following established techniques (Hanashi et al., 2002; O'Connor et al., 1992;
Sung, 2004). The combined bSFN procedure resulted in hind limb disuse, while
allowing the rabbit to move independently using its forelimbs and to eat, void, and
defecate spontaneously.

2.3. Study Procedures

Both CTRL and bSFN groups were housed with their lactating mothers for eight
weeks after the surgical procedures. The surgical procedures resulted in the bSFN
rabbits having limited activity and reduced mobility. The rabbits were moved,
cleaned, and bedding was changed regularly to avoid pressure sores and urine
scald. Additionally, monitoring the rabbit's hind limbs daily and bandaging when
appropriate mitigated digit autotomy. The rabbits gained weight as expected on a
standard rabbit chow diet supplemented with DietGel Criticare (ClearH2O, Port-
land, ME, USA) as needed. After eight weeks, the rabbits were anesthetized through
intramuscular doses of Ketamine and Xylazine and euthanized by a fatal dose of
Fatal-Plus (0.22 ml/kg).

2.3.1. Clinical CT scans
Trans-axial helical CT scans (0.2 mm3 voxel size, 120 kVp tube voltage, 300 mA

tube current) of each rabbit's hind limbs were acquired (Aquilon 64, Toshiba,
Tustin, CA, USA) eight weeks post-surgery. Three hydroxyapatite phantoms of
known mineral density (0, 500, and 1000 mgHA/cm3) were used to convert
Hounsfield units (HU) to volumetric bone mineral density (vBMD). Segmented CT
images of the left tibia were re-formatted (Mimics v16; Materialise, Ann Arbor, MI,
USA) to generate transaxial images perpendicular to the anatomical axis. Axial
rigidity was derived for every cross-section using CT-based Rigidity Analysis (CTRA)
to calculate the integral of the modulus weighted pixels distributed in space over
the cross-sectional profile of bone (Gordon et al., 2011; Villa-Camacho et al., 2014;
Whealan et al., 2000). The vBMD and axial rigidity were then extracted from the
five axial slices surrounding the 4%, 38%, and 66% of the total length measured from
the distal end (Fig. 1). These sites were chosen because they represent standard
clinical peripheral quantitative CT sites used in children and adolescents (Adams
et al., 2014). The soft tissue mass, normalized by body weight, was also calculated
from the volume and density of the five axial slices surrounding the 38% total tibia
length site. This location was chosen because the gastrocnemius muscle diameter
A1 A2 A3
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urectomy rabbit tibia. The 6%, 38%, and 66% total length sites are shown from left to
thickness differences in the cortical bone.
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in healthy control rabbits was the greatest at this site. Each rabbit's hind limbs were
harvested after the clinical CT scan, and the tibiae and calcanea were dissected and
stripped of soft tissue. Each bone was wrapped in gauze soaked in 0.9% saline and
stored at �20 °C.

2.3.2. μCT scans
Prior to imaging, the tibiae were thawed out at room temperature and re-

hydrated in 0.9% saline for 30 min. The proximal and distal epiphyses of each bone
were then cut using two parallel diamond wafering blades on a low-speed saw
(Isomet, Buehler Corporation, Lake Bluff, Illinois) under copious irrigation. Micro-
computed tomography (μCT) imaging (μCT 40, Scanco Medical AG, Brüttisellen,
Switzerland) was performed on tibial and calcaneal mid-diaphysis sections (100
slices, 30 μm isotropic voxel size, 250 ms integration time, 55 kV tube voltage,
145 mA tube current) to derive cortical thickness (Ct.Th) and bone area fraction
(BA/TA). Hydroxyapatite phantoms of known mineral density (0, 100, 200, 400, and
800 mgHA/cm3) were used to convert attenuation coefficients to vBMD.

2.3.3. Mechanical Testing
Four-point bending was performed on tibias using an Instron 8511 (Instron,

Norwood, MA, USA) load frame under displacement control with 50 mm support
and 20 mm loading spans (Fig. 2). Specimens were thawed out to room tempera-
ture and re-hydrated in 0.9% for 30 minutes prior to testing. The posterior surface
of the tibiae were placed facing upward on the support span and lightly secured
with elastic bands to avoid rolling during testing. The loading crosshead was
mounted on a pivot in order to ensure symmetrical loading of the irregularly
shaped rabbit tibiae at all four loading points. Each tibia was loaded to failure at a
Fig. 2. Illustration depicting four-poi
constant rate of 0.1 mm/s. Modulus of elasticity, yield load, ultimate load, ultimate
displacement, ultimate stress, and flexural modulus were calculated using standard
composite beam equations in MATLAB (MathWorks, Natick, MA, USA).

2.3.4. Helium pycnometry and ashing
Eight-millimeter long bone segments, adjacent to the fracture site, were excised

after mechanical testing, in order to assess the following true bone tissue parameters:
wet and dry bone densities, mineral and matrix densities, and mineral and matrix
content. Helium pycnometry is a useful technique to calculate the true density of a
solid material, with an unknown volume but a known weight. The pycnometer
allows helium to enter the chamber where the sample is placed, and calculates the
average volume of the sample as the space from which the gas is excluded.

Each bone segment was weighed three times using an Analytical Plus Elec-
tronic Balance (AP210s; Ohaus Corporation, Florham Park, NJ, USA), scale readings
were recorded, and mean values were calculated. The volume from each bone
segment was determined using a pycnometer (Accupyc 1330; Micromeritics, Nor-
cross, GA, USA). In order to guarantee reproducibility and fidelity to the results, the
gas pycnometer was working under a controlled temperature of 2671 °C. Wet
bone density was then calculated.

Specimens were then placed in a labeled container and dehydrated at 75 °C for 72
hours in a Thermolyne Furnace Type 48,000 (Barnstead International, Dubuque, Iowa,
USA) and weighed at 12-hour intervals until no changes in weight were recorded. The
final mass measurements after dehydration were used to calculate dry bone density.
Specimens were ashed at 600 °C for 12 additional hours and were allowed to cool for
one hour with the furnace door open. A final mass measurement was performed, and
mineral and matrix densities and content were calculated (Carter et al., 1981).
nt bending experimental set-up.
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2.4. Statistical analysis

The Kolmogorov–Smirnov goodness of fit test was used to assess distribution
normality. A one-tailed unpaired Student's t-test was used to test for differences
between the CTRL and bSFN groups for each of the outcome measures described. A
one-tailed test was chosen based on the a-priori hypothesis that bSFN would either
have no effect or degrade bone quality and soft tissue mass.
3. Results

Using clinical CT, significant decreases in the tibiae vBMD and
axial rigidity were observed eight weeks after the surgical proce-
dures. At the 4%, 38%, and 66% cross-sections, the average tibiae
cortical bone vBMD was 9.81% (p¼0.004), 10.18% (p¼0.004), 9.41%
(p¼0.006) lower for the bSFN group compared to the CTRL group.
At the same cross-sections, the corresponding tibiae axial rigidities
were 67.56% (p¼0.006), 50.92% (p ¼ 0.011), and 50.47% (p¼0.020)
less for the bSFN group compared to the CTRL group. The soft
tissue envelope surrounding the 38% cross-section was 55.28%
(p¼0.006) less for the bSFN group compared to the CTRL group.

On μCT testing, cortical thickness and bone area fraction were
31.04% (p¼0.005) and 11.92% (p¼0.056) less for the bSFN rabbits
compared to the CTRL rabbits, respectively (Fig. 3). Calcaneal Ct.Th
and BA/TA were 53.20% (po0.001) and 1.61% (p¼0.011) less for
the bSFN rabbits compared to the CTRL rabbits, respectively
(Fig. 3).

Mechanical testing (Fig. 4) indicated significant reductions in
stiffness (52.25% lower, po0.001), yield load (41.82% lower,
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Fig. 3. Calcaneal and tibial bone area fraction and cortical thickness. T
po0.001), ultimate load (39.01% lower, p¼0.001), and an increase
in ultimate displacement (30.05% higher, p¼0.025).

Matrix density (p ¼ 0.042) was the only true bone tissue
outcome where the bSFN group had a significant decrease com-
pared to the CTRL group (Fig. 5).
4. Discussion

The goal of this study was to develop a disuse rabbit model by
performing bilateral sciatic and femoral neurectomies in six-week-
old rabbits with the hypothesis that it would result in marked
decreases in the bone and muscle development of the lower
extremity. Overall, the data indicate that limb disuse at a time of
rapid growth of the musculoskeletal system severely impairs both
muscle and bone development.

Structural and material property indices measured in-vivo from
helical CT images and ex-vivo by μCT and mechanical testing show
that bone andmuscle properties decrease, as reflected by a decrement
in the cross-sectional bone geometry and reduction in the bone tissue
material properties related to diminution in vBMD. The lack of dif-
ference in the true bone tissue outcomes between the groups, com-
bined with a decline in vBMD, implicates under mineralization of the
bone tissue, an observation further supported mechanically by the
increase in ultimate displacement. Importantly, the predicted changes
in bone structure and function calculated from the analysis of non-
invasive in-vivo helical CT images were confirmed by mechanical
testing and compositional analysis of post-mortem specimens.

Interventions to reduce the musculoskeletal complications of
limb disuse and/or immobilization in infants and children are
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Fig. 4. Tibial bone mechanical property results. The (*) denotes a significant difference between groups (po0.05).
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urgently needed. For example, episodes of musculoskeletal disuse
from sedation appear to be the most significant risk factor for
fractures in pediatric patients who underwent treatment for Long-
Gap Esophageal Atresia (Bairdain et al., 2015). Fracture rates of up to
40% were observed in these patients, and clinically they show evi-
dence of increased bone resorption and decreased bone formation
attributed to their prolonged immobilization. In general, disease
pathophysiology, medical treatments, nutritional status, and
immobilization are all considered risk factors for fragility fractures
in hospitalized children (Huh and Gordon, 2013). It is critical to
develop novel treatments to prevent morbidity associated with
fractures and to optimize immediate and future bone health in
these at-risk patients. This pediatric paralytic rabbit model will be
useful for understanding the role of normal muscle function and
fluid flow on modulating musculoskeletal growth. Additionally, this
model will permit pre-clinical tests of innovative treatments that
ameliorate bone resorption and muscle atrophy in afflicted children.
Moreover, the bone structural indices calculated from in-vivo helical
CT images were sensitive enough to effectively and non-invasively
quantify changes in bone function, allowing for in-vivo evaluations
of the rabbits as well as human clinical populations.

Limitations of this study include the small number of rabbits
studied; however, the observed striking differences in bone and
muscle outcomes suggest that the study was sufficiently powered.
Additionally, no sham surgeries were performed in the CTRL
group. Young rabbits are notoriously fragile and pain sensitive. We
sought to avoid subjecting additional rabbits to the risks of,
complications from, and pain associated with the surgical proce-
dures. Finally, due to the paucity of trabecular bone present in
rabbit tibiae and calcanei, specific changes in trabecular bone
could not be assessed. However, we can infer from the observed
cortical bone loss that significant trabecular loss also likely
occurred (Parfitt, 1983) based on studies evaluating disuse-
associated bone loss in other animal models (Jiang et al., 2007;
LeBlanc et al., 1985; Liu et al., 2008; Yarrow et al., 2014).

In conclusion, bSFN in young rabbits leads to reductions in
bone density, structure, and strength, and a decrease in muscle
mass that reflect the musculoskeletal complications observed in
infants and children with chronic medical conditions causing
immobilization. This disuse rabbit model will be useful in pre-
clinical studies evaluating interventions for improving muscu-
loskeletal health in immobilized pediatric patients.
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