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Abstract 

There is no consensus on how to establish models of osteonecrosis of the femoral head (ONFH) 
in large mammals. The aim of this study was to investigate the effectiveness of a novel canine model 
of ONFH, induced by a navigated injection of absolute ethanol. Using three-dimensional recon-
struction and rapid prototyping manufacturing techniques, a new template was designed and 
processed to navigate the ethanol injection. The femoral heads of 18 adult dogs were injected with 
ethanol. Macroscopic, X-ray and histological examinations were performed at 3, 6, and 9 weeks 
after the operation. Further, computed tomography (CT), magnetic resonance imaging (MRI), and 
radionuclide scans were performed 6 weeks postoperatively. Three weeks after the operation, the 
femoral heads showed evidence of osteonecrosis including increasing numbers of empty lacunae, 
decreased hematopoietic cells, and destroyed adipose tissue in the medullary cavity, which in-
creased in severity at the subsequent follow-up evaluations at 6 and 9 weeks. Fractured trabeculae 
and fibrous tissue were noted 9 weeks postoperatively. Image analysis also revealed evidence of 
osteonecrosis, such as several osteopenic areas with sclerotic rims on the X-ray, several areas of 
low bone mineral density with sclerosis on the CT scan, increased uptake of the nuclide species in 
MRI, and an inhomogeneous long T2 signal on the radioisotopic images. Ethanol injection navigated 
by our novel template was successful in establishing a canine model of ONFH. This model can be 
used to test new treatment modalities for human ONFH. 
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INTRODUCTION 
Osteonecrosis of the femoral head (ONFH) is a 

debilitating disease, which typically affects adults 
between the ages of 20 and 50 years [1]. It is estimated 
that between 10,000 and 20,000 new cases occur each 
year in the United States, accounting for 5% to 12% of 
patients that undergo total tip arthroplasty (THA) [2]. 

When treated conservatively, most affected hips 
(greater than 80%) progress to femoral collapse and 
arthritis within 4 years of initial diagnosis, often ne-
cessitating THA [3]. However, the young age of pa-
tients with ONFH means that THA is unlikely to last 
the patient’s lifetime. Thus, effective treatment mo-
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dalities are being actively sought that prevent collapse 
of affected femoral heads or prolong the interval be-
tween initial diagnosis and THA [1]. Current treat-
ments for ONFH may be either pharmacotherapeutic 
or surgical, with no consensus on which treatment 
method is optimal. Surgical interventions include core 
decompression, vascularized or non-vascularized 
bone grafting, and osteotomy [1]. 

To develop new treatment modalities for ONFH, 
a variety of small animal models have been described, 
usually involving rats or rabbits. The majority of 
models induce ONFH by systematic insult, including 
steroid administration [4-7] or steroid combined with 
another adjunct agent [8-10]. However, to improve the 
relevance of ONFH animal models to the human 
condition and enable novel treatments to be evaluat-
ed, large mammal ONFH models are necessary. 

Monggold et al. introduced a sheep model of 
ONFH induced by injection of ethanol [11]. Whilst 
this approach has been adopted and replicated 
[12-14], there are no reports on this application in ca-
nines. Both sheep and canines are usually used ani-
mals, which are especially suitable for testing proce-
dures. Contrasting with sheep, canines are easily kept 
and somewhat not predisposed to fall sick in hot 
summer. Therefore, the aim of this study was to in-
vestigate the effectiveness of a novel canine model of 
ONFH induced by injection of absolute ethanol. In 
our preliminary experiment, we found that a single 
pass of the guide-wire is essential during the process 
of absolute ethanol injection, otherwise the ethanol 
leaks back out of the other tracks. Thus, an ani-
mal-specific template was adopted in this study to 
navigate the guide-wire instead of using X-ray guid-
ance. 

METHODS AND MATERIALS 
Animals and experimental design 

This study was approved by the Institutional 
Animal Care and Use Committee of the Fourth Mili-
tary Medical University. Eighteen adult dogs with a 
mean weight of 13.9 kg (range, 12.2–15.1 kg) and a 
mean age of 21.6 months (range, 17.7–24.1 months) 
were used. Each animal was raised in separate kennel 
of 3.24 m2, which allowed it to move freely.  

The animals were randomly divided into three 
groups of six to be sacrificed at 3, 6, and 9 weeks, re-
spectively. One of the femoral heads of each dog was 
randomly selected as ‘experimental’, in which the 
ethanol injection procedures were performed, and the 
contralateral femoral head was designated as the 
‘control’, in which physiological saline was injected.  

Postoperatively, the general condition of each 
animal was observed and documented, including 

eating and drinking habits, lameness, and mental 
state. X-ray examination was performed on each an-
imal at 3, 6, and 9 weeks postoperatively, depending 
on the animal’s group assignment. Animals in the 
second group (sacrificed at 6 weeks postoperatively) 
additionally underwent computed tomography (CT), 
radionuclide scanning, and magnetic resonance im-
aging (MRI). Following these investigations, each 
group of animals was sacrificed and the femoral 
heads were harvested. The femoral heads were then 
subjected to macroscopic and histological examina-
tion. In histological examination, the empty lacunae 
were counted and the extent of fibrosis was evaluated. 
Differences between groups were then statistically 
compared. 

The novel drilling template  
To navigate the drilling of the K-wire used to 

create the needle track for injecting the ethanol, a 
template was designed and manufactured. Firstly, a 
virtual three-dimensional (3D) reconstruction of the 
femoral head was produced (Figure 1A) using 
MIMICS 10.01 (Materialise’s Interactive Medical Im-
age Control System). Next, a shell of the 3D model 
was created and a virtual channel was placed in the 
optimal position and direction using Geomagic Studio 
12[15] (Figure 1B, 1C and 1D). The template was then 
printed using a rapid prototyping manufacturing 
technique. In vitro and in vivo trials showed excellent 
agreement between the virtual and actual femoral 
heads (Figure 2A and 2B). Radiography confirmed 
that the K-wire navigated by the template was in the 
correct optimal position and the tip of the wire was at 
the center of the femoral head (Figure 2C). 

 

 
Figure 1. A: three-dimensional (3D) reconstruction of the femoral head; 
B: a cannula was placed along the trajectory of guide-wire; C: the cannula 
was united with a shell created using Geomagic Studio 12 and the cannula 
coinciding with the femoral head was removed; D: anteroposterior view of 
the jig and femoral head. 
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Figure 2. Drilling of the K-wire. A: the template was designed to guide the 
drilling of the K-wire; B: the template was well matched with the femur; C: 
X-ray image of the K-wire and the femoral head. 

 

Operative procedures 
After 12 hours fasting, xylazine hydrochloride (2 

mg/kg) was administered intramuscularly for general 
anesthesia, which was maintained by intramuscular 
injections of sodium pentobarbital (5 mg/kg·h). The 
experimental hip of the animal was approached 
through a posterolateral incision under aseptic condi-
tions. The biceps femoris muscle was reflected cau-
dally, and the gluteal muscle group was detached 
from the major trochanter. 

Using the navigating template, a 1.5 mm diame-
ter K-wire was drilled into the center of the femoral 
head from the basal zone of the major trochanter. The 
length of K-wire drilled into the femur was congruent 
with pre-measured length in 3D reconstruction, en-
suring that the distance between the tip of the K-wire 
and the articular surface was approximately 5 mm 
(Figure 3A). The K-wire was withdrawn and replaced 
with a 1.6 mm diameter cannulated needle. Four mil-
liliters of absolute ethanol (> 99%) was slowly injected 
into the femoral head with a pressure injector (Figure 
3B, produced by Shanghai Kinetic Medical Corpora-
tion Limited) over a period of 20 minutes (0.2 
ml/min).  

The control femoral head was injected with 
physiological saline following the same procedures. 

The surrounding soft tissue was protected with 
sponge pads. After the injection, the cortical hole in-
duced by the K-wire was closed with bone wax, and 
the soft tissue around the trochanter region was irri-
gated with saline solution. The wound was closed in 
layers. The animal was then returned to the kennel 
and was allowed to roam freely in the kennel during 
the postoperative period. 

 

 
Figure 3 A: an illustration showing drilling of the K-wire; B: the pressure 
injector.  

 
 

The histological examination 
For histological examination, each animal was 

administered with excessive xylazine hydrochloride 
(6 mg/kg) intravenously and the femoral heads were 
harvested, then the femoral heads were cut into 3 
mm-thick slices parallel to the femoral shaft. All 
specimens were fixed in 10% formalin solution for 72 
hours, and then decalcified in EDTA solution for 2 to 3 
weeks. The slices were divided into four parts, des-
ignated I, II, III and IV (Figure 4A), and then each part 
was embedded into paraffin and cut into 5 µm thick 
slices. The slices were stained with hematoxylin-eosin 
(H-E) and examined under a light microscope. The 
amounts of hematopoietic cells and fractured trabec-
ulae, neogenic vessels as well as the grade of fibrosis 
were evaluated and documented by an experienced 
pathologist who was blinded to the experiment (level 
rank grade: none -, mild+, moderate ++, much +++). 

Statistic analysis 
The high power images (200×) of an area of 3 

mm × 3 mm (Figure 4B) in the center of each part were 
spliced and transformed into gray scale images. The 
empty lacunae were counted and the percentage of 
empty lacunae was calculated. The differences in the 
percentage of empty lacunae between each group 
were analyzed statistically using SPSS 16.0. The dif-
ference was considered to be significant when P < 
0.05. 

 
 

 
Figure 4 A: the slices were divided into four parts; B: the areas used to 
count empty lacunae. 
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RESULTS 
General condition  

On postoperative days 1 and 2, the animals took 
a decreased amount of food and water, and the dogs 
preferred to lie rather than to stand. These conditions 
improved over time. The animals displayed signs of 
being crippled, with avoidance of weight bearing on 
the operated hips. One animal in the second group 
(sacrificed 6 weeks postoperatively) suffered a femo-
ral neck fracture.  

X-ray examination 
Three weeks after the operation, six animals 

underwent X-ray examination. All of the operated 
femoral heads showed a different extent of inhomo-
geneous changes, and four of them showed several 
osteopenic areas (Figure 5B, blue arrows), which were 
accompanied with sclerotic rims (Figure 5B, white 
arrows). But, all of these changes were not obvious. At 
6 weeks, two of the six operated femoral heads 
demonstrated mild segmental flattening (Figure 6B, 
black arrows). One animal developed a femoral head 
fracture (Figure 6C) on the experimental side. At 9 
weeks, two of the operated femoral heads showed 
joint space narrowing with secondary osteoarthritis.  

CT, radionuclide and MRI imaging 
Six weeks after the operation, five animals in 

group 2 underwent CT and radionuclide imaging. In 
CT, there were several areas of low bone mineral 
density below the articular surface in the experi-
mental femoral heads (Figure 7A, white arrow), which 
were accompanied with substantial sclerosis. Radioi-
sotope imaging revealed an increased uptake of the 
nuclide species in the experimental femoral heads 
(figure 7B, white arrow). MRI examination showed an 

inhomogeneous long T2 signal in the experimental 
femoral heads, indicative of osteonecrosis (figure 7C 
and 7D, white arrow). 

Macroscopic examination 
The contour of the experimental femoral heads 

remained intact postoperatively, and osteonecrosis 
was indicated by heterogeneous color shades. Three 
weeks after the operation, the needle track still re-
mained (Figure 8B, white arrow), and the color shade 
of the operated femoral heads became heterogeneous. 
Some regions of the section became lighter, but the 
majority of the section remained dark. At week 6, the 
lighter color predominated and the needle track was 
invisible. However, at 9 weeks postoperatively, the 
color of the specimen became darker than at 6 weeks. 

 

 
Figure 5. General changes seen in radiographic images. A: the antero-
posterior X-ray examination of the hip; B: the experimental femoral head 
(blue arrows: osteopenic areas; white arrows: sclerotic rims); C: the 
control femoral head. 

 
 

 
Figure 6. Specific changes seen in radiographic images. A: the control femoral head of control lateral; B: mild flattening of the articular cartilage (black 
arrows); C: a fractured femoral head (black arrows). 
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Figure 7. A: CT scan showed osteonecrosis in the right femoral head 
(white arrow); B: a “warm” change in radioisotope image (white arrow); C 
and D: inhomogeneous long T2 change in MRI examination (white arrow). 

 
Figure 8. Macroscopic examination. A: the control femoral head section. 
B, C and D: sections of necrotic femoral heads at week 3, 6, and 9, re-
spectively. 

 
 

Histological analysis 
Histological analysis of the control femoral 

heads showed that the trabeculae were intact and the 
the lacunae were filled with osteocytes (Figure 9A, 
black arrow). Hematopoietic cells (Figure 9A, red 
arrow) and adipose tissue (Figure 9A, green arrow) 
were abundant in the medullary canal. The structure 
of adiopose tissue was often intact. Three weeks after 
the operation, most of the lacunae in the experimental 
femoral heads showed little or no trabeculae in the 
necrotic area (Figure 9B, black arrow). Hematopoietic 
cells and adipose tissue in the medullary canal 
decreased, and the structure of adipose tissue broke 
down (Figure 9B, green arrow).  At week 6, in some 
parts of the necrotic areas, fibroblast cells began to 
proliferate (Figure 9C,  blue arrow) and the trabeculae 
began to resorb with occasional fractures (Figure 9C, 
green arrow). At week 6, the aforementioned changes 
were not dominant and empty lacunae were common. 
By 9 weeks, the marrow cavity was filled with 

proliferated fibroblast cells and the osteoclast cells 
were distributed along the margin of the trabeculae 
(Figure 9D, black arrow). Neogenic vessels filled with 
erythrocytes began to appear (Figure 9D, blue arrow). 
The amount of hematopoietic cells, neogenic vessels, 
and fractured trabeculae were evaluated and are 
documented in Table 1.  

Statistical analysis 
The percentage of empty lacunae in each group 

is shown as median (range) in Table 1. Nonparametric 
ranking tests showed that the percentage of empty 
lacunae in each operated group was higher than the 
corresponding control groups. The percentage of 
empty lacunae increased after the operation. Howev-
er, 6 weeks after the operation, the percentage of 
empty lacunae did not increase. Statistical significance 
between two groups was set at 2 × 0.05/4 ×
(4-1)=0.0083. 

 

Table 1. The percentage of empty lacunae and histological changes (level rank grade: none -, mild+, moderate ++, much +++) of the four 
groups. 

Time 
Median (range) of 
empty lacunae per-
centage 

Difference between 
control group and ex-
perimental groups(p) 

Hematopoie-tic 
cells 

Fractured tra-
beculae 

Grade of fi-
brosis 

Neogenic 
vessels 

Week 0 6.43 (2.43)  +++ - - - 
Week 3 41.94 (20.11) 0.002 + - - - 
Week 6 61.23 (8.96) 0.004 - + ++ - 
Week 9 62.12 (7.08) 0.004 - ++ +++ + 
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Figure 9. Histological microscopic pictures. A: control femoral heads (hematoxylin and eosin stain; black arrow: osteocyte in lacunae, green arrow: 
adipose tissue, red arrow: hematopoietic cell). B: experimental femoral heads at week 3 (black arrow: empty lacunae, green arrow: adipose tissue, red 
arrow: hematopoietic cell). C: 6 weeks after the operation (black arrow: empty lacunae, green arrow: fractured trabeculae, red arrow: hematopoietic cell, 
blue arrow: fibroblast cell). D: 6 weeks after the operation (black arrow: osteoclast cell, blue arrow: neogenic vessel). 

 

DISCUSSION 
This study investigated the effectiveness of es-

tablishing a canine model of ONFH induced by eth-
anol injection navigated by a novel template. The 
X-ray examination showed layers of low bone density 
below the cartilage of the femoral head, accompanied 
with layers of high bone density. These changes are 
similar to those that are seen with human ONFH. Hip 
axial CT and radionuclide examination showed ob-
vious evidence of osteonecrosis in the experimental 
femoral heads, including substantial inhomogeneous 
sclerosis and increased uptake of the nuclide species. 
Further, histological examination revealed empty la-
cunae, fractured trabeculae, and abundant fibrocytes 
in the femoral heads injected with absolute ethanol. In 

the experimental femoral heads, the mean percentage 
of empty lacunae was higher than the 34% described 
by Gold EW [16], suggesting that our model was 
successful in inducing ONFH in the canine. 

To produce a uniform necrotic area with ana-
tomic proximity to the articular surface, as described 
by Malizos et al. [17], the tip of needle used for etha-
nol injection must be placed accurately in the upper 
medial femoral head (Figure 3A). Thus, we designed a 
template to navigate the drilling of the K-wire using a 
rapid prototyping manufacturing technique. X-ray 
examination confirmed that the tip of the K-wire was 
in ideal position (Figure 2C). Leakage of ethanol must 
be minimized during injection because leakage leads 
to a loss of accuracy in the prescribed dose and may 
also damage the surrounding soft tissue. Thus, we 
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ensured that there was minimal clearance between the 
K-wire (1.5 mm in diameter) and the cannulated nee-
dle (1.6 mm in diameter). We also confirmed that 
there was minimal leakage with this protocol. There 
were difficulties using a standard injector, possibly 
due to the resistance caused by higher bone mineral 
density. We thus used a pressure injector (Figure 3B), 
which was effective.  

Several large mammal models of ONFH have 
been proposed. These methods include cryogenic in-
sult by liquid nitrogen [17-20], ethanol injection 
[11-14], osteotomy [21-24]. Among these methods, 
cryogenic insult and ethanol injection have been most 
commonly used; however, there is no consensus on 
the best model that will mimic human ONFH. Liquid 
nitrogen cryogenic insult has been a traditional 
method of inducing femoral head osteonecrosis, 
whereby a trapdoor is created to contain liquid ni-
trogen or a cryogenic insult probe. The diameter of 
this trapdoor ranged from 3 mm to 4.5 mm in previ-
ous studies [19, 25], which causes a large bone defect. 
This bone defect is non-negligible in animals with 
small diameter (12 to 18 mm) femoral heads, such as 
dogs or rabbits. Further, this large bone defect is dif-
ferent from the pathology of human ONFH. There-
fore, we suggest that it is not appropriate to use the 
cryogenic insult model for canines or rabbits. 

Manggold et al. [11] introduced an ethanol injec-
tion animal model in Merino sheep for ONFH, which 
mimicked the early stage pathological changes of 
human ONFH. Zhu et al. [12] reproduced this model 
in Small Tail Han sheep, and some studies have 
adopted this method to test new treatment modalities 
of ONFH. However, until now, there have not been 
reports that test the suitability of this model in the 
canine. With the use of template navigating and 
pressure injecting, we were able to develop a sophis-
ticated canine model of ONFH.  

During the 9 week period of observation, femo-
ral head collapse was not observed, possibly because 
the mechanical environment of the canine hip is dif-
ferent from that of the human.  To mimic full stage 
pathological changes of human ONFH, Conzemius et 
al. [25-30] adopted the emu as an experimental animal 
for models of ONFH. However, the emu is a large, 
ostrich-like flightless bird that is hazardous to handle 
when awake. The emu is not a conventional experi-
mental animal and is only found in Australia, de-
creasing its suitability for routine use as an animal for 
modeling ONFH.   

A limitation of this study was the relatively 
small sample size, meaning that the follow-up obser-
vation period was limited. Additionally, one of the 
animals developed a femoral neck fracture 6 weeks 
after the operation (Figure 6C), which may have been 

caused by osteonecrosis of the femoral neck induced 
by inadequate ethanol infiltration. Further advances 
in the operative technique may avoid this complica-
tion.  

In conclusion, an ethanol injection navigated 
using a novel template was successful in establishing 
a canine model of ONFH. This model can be used to 
test new treatment modalities of human ONFH. 
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