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Abstract

Aims: The present study employed both static and dynamic imaging modalities to study both intra- and extravascular events attributing to steroid-
associated osteonecrosis (ON) using an experimental protocol with a single low-dose lipopolysaccharide (LPS) injection and subsequently three
injections of high-dose methylprednisolone (MPS).
Methods: Fourteen 28-week-old male New Zealand white rabbits received one intravenous injection of LPS (10 μg/kg). 24 h later, three injections
of 20 mg/kg of MPS were given intramuscularly at a time interval of 24 h. Additional 6 rabbits were used as controls. Dynamic MRI was
performed on bilateral femora for local intraosseous perfusion before and after LPS injection. Blood samples were collected for hematological
examinations before and after LPS injection. Bilateral femora were dissected and decalcified for microCT-based microangiography. ON lesion,
intravascular thrombus and extravascular marrow fat cell size were examined histopathologically.
Results: Intravascular thrombus was observed in all ON rabbits. Extravascular marrow fat cell size was significantly increased in ON rabbits than
that of the controls (Pb0.05). Compared to baseline, a significant decrease in ratio of tissue-type plasminogen activator/plasminogen activator
inhibitor 1, activated partial thromboplatin time and a significant increase in ratio of low-density lipoprotein/high-density lipoprotein were only
found in ON rabbits (Pb0.05). Dynamic MRI showed a significant decrease in the perfusion index ‘maximum enhancement’ in the ON rabbits
(Pb0.05), and microCT-based microangiography showed blocked stem vessels in ON samples. Overall, 93% of the rabbits (13/14) developed ON,
and no rabbits died throughout the experiment period.
Conclusion: Both intra- and extravascular events were found attributing to the steroid-associated ON based on our experimental protocol with a
single low-dose LPS injection and subsequent three injections of high-dose MPS. Both high ON incidence and no mortality in rabbits treated with
this inductive protocol suggested its effectiveness for future studies on evaluation of therapeutic efficacy of interventions developed for prevention
of steroid-associated ON.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Up to now, pulsed steroids are frequently prescribed as life-
saving agent for serious infectious diseases such as Severe
Acute Respiratory Syndrome (SARS) and Acquired Immure
Deficiency Syndrome (AIDS) [1,2]. Inevitably, it has been
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reported that steroid-associated osteonecrosis (ON) occurs in
those recovered patients from SARS-CoV infection and
stabilized patients with AIDS-HIV infection [3,4].

ON refers to death of bone due to ischemia. The pathogenesis
of steroid-associated ON might relate to intravascular thrombus
occlusion and extravascular marrow lipid deposition, leading to
an impaired structure–function of intraosseous blood supply
system. In turn, the impaired intraosseous blood supply system
might serve the pathophysiologic pathway and induced local
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Fig. 1. A T1-weighted coronal MRI image of rabbit proximal femur (TR/
TE=425/13) after Gd-DTPA administration. The region of interest (ROI) in the
central part of femoral head with a size of 8–10 pixels (64–80 mm2) was defined
for analysis of local intraosseous perfusion.
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ischemia, necrotic lesion and eventually subchondral bone
collapse [5,6]. As surgical prognosis is always problematic for
prevention of subchondral bone collapse [7], it is highly desirable
to develop intervention strategies for steroid-associated ON. It is
therefore highly desirable to establish an appropriate animal
model and valid evaluation methods not only related to the ‘end-
point’, i.e. the pathological ON andmore importantly themethods
for dynamic monitoring of the ON development in studying
potential underlying pathophysiologic mechanisms.

There were two classical inductive protocols commonly used
for establishing ON rabbits relevant to steroid. One was to use a
single injection of high-dose methylprednisolone (MPS) (H-
MPS×1), which showed however rather low incidence of ON
(43%) [8]. The other was to use two injections of high-dose
lipopolysaccharide (LPS) combined with subsequent three
injections of high-dose MPS (H-LPS×2+H-MPS×3), which
induced higher ON incidence (85%) but accompanied with high
mortality of experimental animals (50%) [9]. In testing
intervention strategies for steroid-associated ON, there is a need
to develop inductive protocols for establishing ON lesions with a
high ON incidence yet low or even no mortality.

Recently, a steroid-independent ON model was successfully
established with a single injection of low-dose LPS (L-LPS×1).
This model showed a higher incidence of ON lesion (77%) and
lower mortality (11%) in rabbits as compared with the previously
published protocol (H-LPS×2+H-MPS×3) due to the avoidance
of severe LPS-induced shock by lowering the given LPS dose
[10]. Furthermore, the steroid-independent inductive protocol
(L-LPS×1) served as basis for modifying the steroid-associated
inductive protocol (H-LPS×2+H-MPS×3). Accordingly, we
hypothesized that a single injection of low-dose LPS combined
with subsequent three injections of high-dose MPS (L-LPS×1+
H-MPS×3) might induce a high incidence of ON but low or even
no mortality in rabbits.

For confirming the effectiveness of above purposed inductive
protocol for establishment of a steroid-associated ON animal
model, the present study was designed to use both conventional
and advanced static and dynamic bioimaging methods to
investigate the pathogenic events, pathophysiologic pathways
and end-points related to ON incidence and mortality in a rabbit
model. For pathogenic events, intravascular thrombus and
extravascular marrow fat cell size were examined histologically,
and coagulation-fibrinolysis and lipid transport were assayed
hematologically. For studying pathophysiologic pathways, both
function and structure of intraosseous blood supply system were
examined by dynamic MRI and microCT-based microangiogra-
phy. ON incidence and animal mortality were examined by bone
histopathology and experimental documentation, respectively.

Materials and methods

Animals, grouping, and treatment

Twenty 28-week-old male New-Zealand white rabbits with body weight of
4–5 kg were housed at the Experimental Animal Center of the investigators'
hospital and received a standard laboratory diet and water ad libitum. The
experimental protocol was approved by the Animal Experiment Ethics
Committee of the Chinese University of Hong Kong (Ref No. 04/038/MIS).
Fourteen rabbits assigned into the treatment group were intravenously injected
with 10 μg/kg body weight of LPS (Escherichia coli 0111:B4, Sigma-Aldrich,
Inc. USA). Twenty four hours later, three injections of 20 mg/kg body weight of
MPS (Pharmacia and Upjohn, USA) were given intramuscularly at a time
interval of 24 h. Six rabbits were used for control group and injected with 0.9%
normal saline. It was reported that ON gradually developed and repair process of
the necrotic bone also observed 6 weeks after injection of MPS [8], which was
similar to stage II of ON clinically (Ficart and Arlet classification system) [11].
The rabbits in both groups were euthanized 6 weeks after the last MPS injection.
Mortality of rabbits if any was documented throughout the entire experimental
period.

Pre-euthanasia evaluation

Hematological examination
Five milliliters of blood sample was collected in a fasting state from each

rabbit through the auricular arteries immediately before injection of LPS, and
before the first MPS injection and at 24 h after the last MPS injection. Plasma
was obtained by transferring the blood sample into a tube containing 0.5 ml of
3.8% sodium citrate anticoagulant for centrifugation at 3000 rpm for 10 min at
4°C. Half of the plasma was then stored at −70°C for evaluating pre-thrombotic
status, including t-PA/PAI-I (ratio of tissue type plasminogen activator to
plasminogen activator inhibitor) by enzyme-linked immunosorbent assay
technique using corresponding mouse monoclonal anti-human antibodies
(Manufacturer's Datasheet, XITANG Biotechnology, Shanghai, China) and
APTT (activated partial thromboplatin time) by an automatic blood coagulation
analysis device (SysmexCA-50, Japan). The other half was stored at −70°C for
evaluating lipid transportation, including LDL/HDL (ratio of low-density
lipoprotein cholesterol to high-density lipoprotein cholesterol) [12,13].

Dynamic MRI
Dynamic MRI was performed for bilateral proximal and distal femora before

LPS injection and 6 weeks after the last injection of MPS, using a 1.5 T
superconducting system (ACS-NT Intera; Philips, the Netherlands). Under
sedation with Katamin (0.25 ml/kg, i.m.), the rabbits were placed in supine with
the lower limb flexed and fixed by adhesive tape. An extremity coil (transmit–
receive surface coil) was used on the target site. Preliminary sagittal and oblique
axial images were obtained to define the femoral longitudinal axis. T1-weighted
MRI images (T1W, repetition time [TR] / echo time [TE]=425/13 ms) were used
for analysis of the target side. Imaging parameters were as follows: a section
thickness of 3 mm, intersection gap of 1 mm, field of view of 120 mm and
imaging matrix of 256×128. A receive-only surface coil was used to cover the
target site during MRI acquisition. The contrast-enhanced dynamic MRI pulse
sequence used ultrafast T1-weighted gradient-echo sequences (turbo-field echo;
Philips) with TR=2.2 ms, TE=0.92 ms, pre-pulse inversion time=400 ms, flip
angle=15°, scan percentage=40% and acquisition matrix=128×128. A total of
200 dynamic images were obtained in 90 s. A bolus of dimeglumin
gadopentetate (Magnevist; Schering, Berlin, Germany) (0.8 mmol/kg/body



Fig. 2. Positioning of rabbit proximal femur for microCTscanning (radiograph used for illustration) and region of interest (ROI) defined for studying local vasculature.
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weight) was rapidly administered manually via a previously placed 21-gauge
intravenous catheter in the right ear vein, immediately followed by a 6 ml saline
flush at the same injection rate. The dynamic scan started as soon as the injection
of the contrast medium commenced. Signal intensity (SI) was then measured in
operator-defined ellipse-like regions of interest (ROIs) over the target site
beneath the joint space in the mid-coronal T1-weighted images using a cursor
and graphic display device (Fig. 1). The SI values derived from the ROIs were
plotted against time as time–intensity curve (TIC) using the built-in Gyroview
software system. The baseline value (SIbase) of the SI in a TIC was calculated as
the mean SI value in the first three images. The maximum SI (SImax) was defined
as the peak enhancement value at a given time interval of 90 s after contrast
injection during the early phase of the first pass. Perfusion index ‘maximum
enhancement’ was calculated as [14]:

Maximum enhancement ¼ SImax−SIbase
SIbase

� 100%

The mean of the ‘maximum enhancement’ values measured at bilateral
proximal femur or distal femur was used as the one of each rabbit.

Posteuthanasia evaluations

Perfusion and decalcification
Under general anesthesia with 2.5% sodium pentobarbital (0.4 ml/kg), the

abdomen cavity of the animals was opened, and a scurf needle with 25 mm
syringe was inserted in the abdominal aorta distal to the heart with ligation of
that proximal to the heart. The vasculature was flushed with 50 U/ml heparinized
normal saline at 37°C and at a flow speed of 20 mm/min via an automatic pump
apparatus (PHD 22/2000, Harvard Apparatus, USA) linked to the syringe [15].
As soon as the outflow from an incision of the abdominal vein was limpidness,
10% neutral buffered formalin (37°C) was pumped into the vasculature to fix the
nourished skeletal specimen [16]. The formalin was then flushed from the
vasculature using the heparinized normal saline, and the vasculature was injected
with Microfil, a lead chromate-containing confected radiopaque silicone rubber
compound based on the manufacturer's protocol (Microfil MV-122, Flow Tech;
Carver, MA, USA). Animals were then euthanized with an overdose of sodium
Fig. 3. Imaging process for histomorphometry of bone marrow fat cell size. (A) Vi
femur. (B) Marrow fat cells are manually traced using image analysis system. (C) La
greatest distance between any two points along the boundary of a region of interest
pentobarbital and stored at 4°C for 1 h to ensure polymerization of the contrast
agent before microangiography. Bilateral femoral samples were then harvested
and fixed in paraformaldehyde (4%) for decalcified with ethylenediaminete-
traacetic acid (EDTA, 10%, pH 7.4). Success of decalcificationwas confirmed by
anteroposterior view radiographs taken using a cabinet X-ray system (Specimen
Radiography System, Faxitron 43855C, Fraxitron X-ray Corporation,Wheeling,
IL, USA) under an exposure condition of 40 kV/30 s. Then, both proximal 1/3
and distal 1/3 of bilateral femoral samples, i.e. four dissected parts for each rabbit,
were obtained for evaluations.

Microangiography
With the help of one experienced microCT application specialist, both

proximal and distal part of the bilateral femoral samples of each rabbit were
placed with proximal and distal end into a polymethylmethacrylat (PMMA)
sample tube, respectively. The femoral shaft was fixed in the tube with its long
axis perpendicular to the bottom of the tube for microCT scanning using μCT-40
(Scanco Medical, Bassersdorf, Switzerland). The scan was then perpendicular to
the shaft and initiated from a reference line 10 mm away from the bottom with an
entire scan length of 10 mm (Fig. 2). The scan was preformed at a resolution of
36 μm per voxel with 1024×1024 pixel image matrix. For segmentation of
blood vessels from background, noise was removed using a low pass Gaussian
filter (Sigma=1.2, Support=2) and blood vessels were then defined at a
threshold of 85. In order to reconstruct the three-dimensional (3-D) architecture
of vasculature in either the proximal femur or the distal femur, the blood vessels
filled with Microfil were included with semi-automatically drawn contour at
each two-dimensional (2-D) section by built-in “Contouring Program” for
automatic reconstruction of 3-D image of vasculature in the decalcified sample.
A histogram was subsequently generated to display the distribution of vessel
size, and a color-coded scale was mapped to the surface of the 3-D images to
produce a visual representation of the vessel size distribution [16].

Histopathology
After microangiography, all the decalcified samples were embedded in

paraffin, cut into 6-μm-thick sections along the coronal plane for the proximal parts
and the axial plane for the distal parts. Sections were stained with hematoxylin–
eosin (H&E) for evaluation of osteonecrosis and calculation of fat cell size.
sualization of bone marrow after digitalizing a histological section of proximal
beling of the traced marrow fat cells for calculating its Feret's diameter, i.e. the
.
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Phosphotungstic acid hematoxylin (PTAH) was the staining specifically employed
for examination of fibrin thrombus [17]. (1) Evaluation of ON: entire areas of each
dissected part of bilateral femoral samples, including epiphysis and metaphysis,
were examined for the presence of ON, which were judged blindly by two
pathologists basis on the characteristic histopathological features with diffuse
presence of empty lacunae or pyknotic nuclei of osteocytes in the trabeculae,
accompanied by surrounding necrotic bone marrow [8,9]. All rabbits that had at
least one osteonecrotic lesion in the examined sections were defined as ON+, while
those with no osteonecrotic lesions were ON−. (2) Calculation of extravascular
marrow fat cell size: the fat cell size of each rabbit was calculated as the average of
the Feret's diameter of all bone marrow fat cells with clearly defined profile in 4
randomly selected fields (up–down–left–right) of each dissected part of bilateral
femur samples (16 fields for 4 dissected parts from each rabbit). The histological
sections were digitized into a microscope imaging system (Zeiss Aixoplan with
Spot RT digital camera, Zeiss, Germany) for quantification using image analysis
software (ImageJ 1.32j, NIH, USA). Briefly, the fat cells were manually traced and
Fig. 4. Histological features of both normal and necrotic bone. (A) Normal bone tissu
lesion at epiphysis: lamellar trabeculae with numerous typical empty lacunae, which
(AC: articular cartilage) (hematoxylin and eosin, ×40). (C) Intravascular thrombosis i
to the ischemic bone marrow, which contains intravascular thrombi (right half, pointe
contains intravascular perfusion substance (Microfil) located in sinusoid (pointed
intravascular thrombi stained specifically with PTAH for intravascular thrombi (right
half) contains intravascular perfusion substance (Microfil) located in sinusoid (po
formation with lining cells (osteoblasts) (indicated with arrow) around the necrotic bo
(pointed by arrow) linked to necrotic bone resorption (hematoxylin and eosin, ×40)
labeled calculating the cell size interpreted by Feret's diameter (Fig. 3), which was
the greatest distance between any two points along the boundary of a region of
interest [18]. Fat cells that had undergone necrosis were excluded from imaging
analysis [10]. (3) Examination of intravascular thrombus: the entire area of each
dissected part of bilateral femoral samples was examined for identifying the
presence of intravascular thrombus in a blind fashion by two pathologists based on
diffuse presence of thrombus stained with PTAH within the marrow vessels. All
rabbits that had intravascular thrombus were regarded PTAH+, while those with no
intravascular thrombus were PTAH−.

Statistics

The incidence of ON was defined as the number of ON+ rabbits divided by
total number of rabbits in each group. The fat cell size of each group was
expressed as mean±SD, and comparison between ON+ rabbits and control
rabbits was performed using Student's t test. The follow-up data on both
e with intact structural and cellar events (hematoxylin and eosin, ×40). (B) ON
are surrounded by large-adipocyte-rich marrow containing amorphism substance
n ON bone: the necrotic lamellar trabecular bone with empty lacunae found next
d with thin arrows), while the region with relative intact bone marrow (left half)
with thick arrows) (hematoxylin and eosin, ×20). (D) Ischemic marrow with
half pointed with thin arrow) and the region with relative intact bone marrow (left
inted with thick arrows) (PTAH, ×20). (E) Limited repair: appositional bone
ne (hematoxylin and eosin, ×40). (F) Destructive repair: granulation tissue creep
.



Fig. 5. Time-course changes in the ratio of plasma LDL/HDL (A), APTT (B) and the ratio of plasma t-PA/PAI-I (C) using repeated ANOVA test. *Pb0.05, compared
with 0 h, control rabbits and 24 h, respectively (data in mean and SD). 0 h: immediately before LPS injection; 24 h: 24 h after LPS injection and immediately before the
first MPS injection; 96 h: 24 h after the last MPS injection or 96 h after LPS injection.
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hematological indicators and dynamic MRI perfusion parameter from each
group were analyzed using GLM (General Linear Model)-based repeated
measure multivariate analysis of variance (MANOVA). Statistical significance
was set at Pb0.05. All statistical analysis was performed using SPSS 10.0
(SPSS Inc., Chicago, IL, USA).
Results

End-point evaluations

Mortality and ON incidence
Rabbits treated with LPS–MPS were generally found

physically less active as compared with control rabbits. No
rabbits died of the inductive protocol throughout the experiment
period. 93% of the rabbits (13/14) in the treatment group
developed ON 6 weeks after last injection of MPS, while no ON
lesion was found in control rabbits. In a location-specific
histopathological examination for the proximal femora, 86%
(24/28) were found having developed ON in the metaphysis
while 29% (8/28) developed ON in the proximal epiphysis. As
for the distal femora, 93% (26/28) developed ON in the
metaphysis and 36% (10/28) developed ON in the epiphysis.
ON lesions with typical features were found at either
metaphysis or epiphysis in ON+ rabbits. Destructive repair
characterized with either limited repair with appositional bone
formation around necrotic bone or granulation tissue creep
linked to the resorbing necrotic bone was observed in several
ON+ samples. No subchondral bone collapse was found in all
bone samples of ON+ rabbits. There were no histopathological
findings observed in all the control bone samples (Figs. 4A–F).

Intravascular/extravascular pathogenic events

Histopathological findings
(1) Intravascular thrombotic occlusion: thrombi stained with

PTAH were only found in small marrow vessels around necrotic
bone in all ON+ rabbits (Fig. 4D). There was no thrombosis
found in either the ON− rabbit or control rabbits. (2) Increased
extravascular marrow fat cell size: the Feret's diameter of fat cell
in ON+ rabbits (65.71±6.31 μm) was significantly larger
(Pb0.05) than that of the control rabbits (42.17±2.54 μm) and
one ON− rabbit (46.43 μm). In the control rabbits, considerable
space was preserved for marrow hematopoietic cells and vessels,
while obvious less space was available for marrow elements due
to the enlarged fat cell size in the ON+ rabbits (Figs. 4B and D).

Hematological findings
In ON+ rabbits, a significant decrease in the ratio of t-PA/PAI-I

before the first MPS injection was found from baseline (Pb0.05)
as a result of LPS induction. Twenty four hours after the last MPS
injection, the decreasing tendency of APTTmaintained, whereas a
rapid decreasing tendency of the ratio of t-PA/PAI-I presented. The
ratio of LDL/HDL did not increase significantly from baseline
until 24 h after the last MPS injection. No detectable changes
(PN0.05) were found in the hematological examinations for the
control rabbits during the entire study period. There was a
significant difference in both the ratio of t-PA/PAI-I and the ratio of
LDL/HDL between the ON+ rabbits and the control rabbits
(Pb0.05) (Figs. 5A–C). Only moderate changes in the above-
mentioned hematological examination were presented in one ON−

rabbit, the only one in the treatment group (1/14) in this study.

Pathophysiologic pathway for intraosseous blood supply

MicroCT-based evaluation of vascular network
Blood vessel size distribution of both the ON+ samples and the

control samples was reconstructed in 3-D for presentation based
on mapping color-coded scales. The control samples showed
normal vascular network, whereas the ON+ samples showed a
blocked stem vessel surrounded by small disconnected vessels
and disseminated leakage substance (Microfil) (Fig. 6A).
Quantitatively, histograms were compiled to show the blood
vessel size frequency distribution in both ON+ samples and the
controls. As compared to the control samples, the necrotic ones
showed an increase in small, collateral-sized vessels (200–
400 μm) (based on vessel size relative to that of the control



Fig. 6. (A) Representative images of microCT reconstructed 3-D microangiography of proximal femur from a necrotic (upper) and control rabbit (down), which were
evaluated from the region of interest (ROI) within the white frame, respectively (refer to Fig. 2 for the definition of ROI). As compared with control specimen, the
necrotic one demonstrated blocked stem vessels with numerous disconnected small vessels and disseminated formless radiopaque substances by leaking in downriver
region. Note: the left two images were generated from its corresponding left ones after removing the disconnected small blood vessels by removing the vessels with
diameter smaller than 252 μm for better visualization of the blocked stem vessels in necrotic specimen. (B) Representative histogram with distribution of blood vessel
sizes in both control and necrotic sample. Relative to the control sample, the necrotic sample has more small, collateral-sized vessels (200–400 μm) (based on vessel
size relative to that of the control specimen), reduced perfusion to conduit vessels (400–600 μm) and dilated vessels (800–1000 μm).
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Fig. 7. (A) Representative dynamic MRI time–intensity curves of a rabbit with
osteonecrotic proximal femur. Significant decrease in the perfusion index
‘maximum contrast enhancement’ found at the end of the experiment as
compared with its baseline. (B) Time-course changes in perfusion index
‘maximum contrast enhancement’ of proximal femur analyzed using the
repeated ANOVA. Similar to B, significantly decreased perfusion index
‘maximum contrast enhancement’ found at proximal femur of the necrotic
rabbits as compared with that of controls. *Pb0.05, compared with baseline and
control rabbits, respectively (data in mean and SD).
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specimen), reduced perfusion to conduit vessels (400–600 μm)
and dilated vessels (800–1000 μm) (Fig. 6B).

Dynamic MRI-based perfusion function
A significant decrease (Pb0.05) in the ‘Maximum enhance-

ment’ of both proximal and distal femur was found in the ON+

rabbits as compared with baseline, whereas no significant
change (PN0.05) was found in the control rabbits (Figs. 7A–B).
A moderate decrease in the perfusion index ‘maximum
enhancement’ at both sides was found in the ON− rabbit as
compared with baseline.

Discussion

The present study employed both conventional and advanced
static and dynamic bioimaging methods to investigate the effect
of the purposed inductive protocol on pathogenic events,
pathophysiologic pathways and end-point measures of ON in
terms of its incidence and animal mortality.

Intravascular events in pathogenesis of steroid-induced ON

In the present study, the time-course changes in ON+ rabbits
showed a significant decrease in both APTT and ratio of t-PA/
PAI-I 24 h after LPS injection as compared with the baseline.
Twenty four hours after the last MPS injection, the decreasing
tendency for APTT maintained, whereas a rapid decreasing
tendency in ratio of t-PA/PAI-I presented. This suggested that
LPS induced both hypercoagulable and hypofibrinolytic state.
In vitro study of others supported the mechanism that LPS was
able to induce hypercoagulable and/or hypofibrinolytic state
partially through reduction of endothelia expression of
thrombomodulin (TM) [19]. In fact, endothelial TM was an
important intermediary substance, which directly or indirectly
participated in both inhibition of coagulation and promotion of
fibrinolysis, while APTT indicated coagulation function and the
ratio of t-PA/PAI-I reflected balance between anti-fibrinolysis
and pro-fibrinolysis [20].

Our study also showed that hypofibrinolysis was enhanced
by subsequent MPS injections, which in turn resulted in
intravascular thrombosis as evidenced histopathologically. The
formation or presence of intravascular thrombosis was well
demonstrated by microCT-based microangiography, where the
thrombi blocked the perfusion as visualized by disconnected
vasculatures of the necrotic lesions in decalcified 3-D microCT
intraosseous vascular network. In a pilot study, the investiga-
tors also explored if the clinical angiography using radiopaque
substance barium sulfate would be a more appreciated
approach to monitor the steroid-associated emboli formed in
intraosseous vascular network. However, due to its larger
particle size with rather lower solubility in solution, only blood
vessels larger than 250 μm were visualized perfused radio-
graphically. Microfil (lead chromate) is a radiopaque solution
with a smaller particle size, which was recently used for
quantitative microCT analysis of collateral vessel development
after ischemic injury [16] and successfully adopted into the
present microCT angiographic study. Based on the scan
resolution selected, intraosseous vessels in both proximal and
distal femur larger than 36 μm were demonstrated and
quantified for comparison. As the microCT available for this
study is an in vitro model and the lead chromate is a toxic
substance not for in vivo application, we employed dynamic
MRI into the current study to monitor the local perfusion
disturbance of corresponding skeletal sides.

Extravascular marrow events in pathogenesis of steroid-
induced ON

Abnormal lipid metabolism is frequently observed in
animals treated with LPS [10,21], although the exact mecha-
nism remains unclear. In the present study, the time-course
changes in plasma ratio of LDL/HDL in ON+ rabbits showed a
significantly increased ratio from the baseline 24 h later after
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LPS injection; and the tendency was further significantly
enhanced 24 h later after the last MPS injection. A higher LDL/
HDL ratio was regarded reflecting the prominent lipid transport
to the peripheral tissues [22–25]. This might imply that there
was a synergetic effect of LPS and MPS on lipid transport to
bone marrow. The lipid transport resulting form the higher
LDL/HDL ratio might have induced intraosseous hyperlipi-
demic state, which eventually lead to extravascular marrow
compression from lipid deposit. This was evidenced in our
histopathological findings, which demonstrated increased fat
cell size in the necrotic marrow and accompanied with
substantially reduced marrow space for maintaining important
functional marrow elements.

Interestingly, the present study also demonstrated more
disconnected small vessels associated with angiogenesis and
vasculogenesis and more disseminated formless radiopaque
substance leaked into the downriver regions of the necrotic
bone. This might imply that the neo-vasculature formed in the
repair process in this rabbit model was both structurally and
functionally abnormal. It has been the consensus that any
tissue growth or repair relies on functional mature vasculature.
The abnormal neo-vasculature found in this study might be
used as a measure to investigate potential intervention
strategies developed for treatment of steroid-associated ON
by evaluating its role in facilitating the restoration of vascular
network from the abnormal neo-vasculature in repair of ON
lesion. Collectively, both intravascular and extravascular
events contributed to the impaired perfusion function of
intraosseous blood supply system, as this was evidenced by
the significantly decreased ‘maximum enhancement’, an index
of local blood perfusion measured by dynamic MRI in ON+

rabbits in the present study. Similar findings were also reported
in an early MRI study on ischemic femoral head in pig model
[26].

Confirmation of the proposed effective steroid-associated ON
inductive protocol with higher incidence but no mortality

The end-point evaluations in the present study demonstrated
that the proposed treatment protocol induced a high incidence of
ON of 93%, which was two-fold higher than that of 43% reported
by others using a single injection of high-dose MPS (H-MPS×1)
[8]. Also as demonstrated, our inductive protocol resulted in no
animal death (zero mortality) as compared with an up to 50%
mortality reported using a protocol of two injections of high-dose
LPS combined with subsequent three injections of high-dose
MPS (H-LPS×2+H-MPS×3) [9]. According to the etiology of
steroid-associated ON, the lower ON incidence by the protocol
(H-MPS×1)was due to lack of LPS-induced pre-thrombosis state
before steroid treatment [18]. On the other hand, the higher
mortality by the protocol (H-LPS×2+H-MPS×3) was due to
high-dose-LPS-induced severe endotoxin shock [9]. Since a
single low-dose injection of LPS could induce a high incidence of
ON with low mortality [10], the present study developed a
protocol by modifying the reported protocol (H-LPS×2+H-
MPS×3) by replacing the two high-dose LPS injection with a
single low-dose LPS injection. The high incidence and even no
mortality using this protocol might attribute to both combined
administration of LPS–MPS and a single low-dose LPS. The
significance of the protocol with high ON incidence but low or no
mortality was obvious, at least including both reduction of
number of experimental animals required for intervention studies
and increase in validity of the evaluation results.

A model for testing medications developed for prevention of
steroid-induced ON

To date, no subchondral bone collapse has been demon-
strated in ON experimental models irrespective of animal
species, steroid dosage and exposure duration and local
structural and mechanical condition (bipeds vs. tetrapeds)
[8,9,27]. However, this does not imply that ON animal models,
such as the current rabbit model, are not suitable for studying
pathogenesis, testing the efficacy of agents and intervention
strategies developed for prevention of steroid-associated ON. In
the present study, we demonstrated many histopathological and
pathogenetic features of steroid-induced ON in rabbits similar
to those observed in human ON prior to subchondral bone
collapse [28]. Histopathologically, ON lesions were presented
in multi-focal regions, including locations at both proximal and
distal femur. In addition, reparative appositional bone formation
also presented around the necrotic bone and reparative fibrous
granulation tissues were found next to the necrotic bone
resorption. Pathogenically, both intravascular thrombosis and
extravascular marrow lipid deposit were found in the model.
These evidences strongly supported that the steroid-induced
rabbit ON model as the one developed using a unique inductive
protocol would be effective to test efficacy of medications
developed for prevention of steroid-associated ON for clinical
application and confirmation of their long-term effects in
prevention of subchondral bone collapse at hip. In fact, this is
similar to OVX rat model, which has become a gold standard
for preclinical efficacy studies of medications developed for
prevention and treatment of osteoporosis, although without
being able to result in spontaneous fractures frequently occurred
in osteoporotic patients [29].

Conclusion

The present experimental study showed that our experimental
protocol with a single injection of low-dose LPS and subsequent
pulsed high-dose MPS injections was an effective one to induce
ON in rabbits with high incidence and even no mortality. The
static and dynamic biomaging modalities, including both
conventional histomorphometry and advanced dynamic MRI
and microCT-based angiography, were a unique and advanced
combination to reveal the pathogenesis–pathophysiology of
steroid-associated ON.
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