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Microdamage in bone contributes to bone fragility in postmen-
opausal women. Therefore, it is important to find a noninvasive
method to detect microdamage in living bone. PET with 18F-
fluoride has been used for skeletal imaging in clinical studies.
However, few studies are undertaken to investigate bone micro-
damage associated with osteoporosis in vivo using noninvasive
means. The aim of our study was to analyze the impact of
osteoporosis due to estrogen deficiency on the occurrence of
microdamage by observing the change in the uptake of 18F-
fluoride in the tibiae of ovariectomized rats after fatigue loading
with small-animal PET/CT. We also explored the feasibility of
noninvasive detection of bone microdamage in vivo using a
small-animal PET/CT scanner specially designed for rodent
study. Methods: Rats were randomized into 2 groups: ovariec-
tomy and sham surgery. These rats were imaged using a dedi-
cated small-animal PET scanner with 18F-fluoride after the
left tibiae were loaded cyclically under the axial compression.
The fluoride uptake values were quantified in the tibial mid
shafts, and the tibia was obtained for histomorphometric mea-
surements of bone microdamage and osteocyte density.
Bone mineral density at the fourth lumbar vertebra and right
femur were measured using dual-energy x-ray absorptiometry.
Results: PET image intensity was significantly increased (P ,
0.05) in the loaded tibia of the ovariectomy group, compared
with that of the sham group. Histomorphometry showed that
both crack density and crack length in the loaded tibia were
significantly higher (P , 0.05) in ovariectomized rats than in
sham rats. The PET image intensity in the loaded tibia was
significantly positively correlated with crack length and crack
density (which show in histomorphometric measurement) (P ,
0.05). Conclusion: Both small-animal PET/CT and histomor-
phometric measurement provided evidence that bone micro-
damage is significantly increased after estrogen depletion.
The strong correlation between these 2 measurements sug-
gests that small-animal PET/CT is a useful noninvasive means
to detect bone microdamage in vivo.
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As often defined by the decrease in bone strength and
bone fractures subsequent to bone mass loss, osteoporosis
has been more frequently linked with the deterioration of
bone quality. Bone quality—more important than solely
bone mass (1,2)—is now a widely embraced concept cover-
ing multiple aspects such as material composition and prop-
erty, geometry, cellularity, bone turnover, mineralization,
microarchitecture, and microdamage. Obviously, for screen-
ing and treating osteoporosis—and furthermore preventing
and diagnosing osteoporotic fractures—more effective and
precise imaging techniques are required because bone den-
sity, which is currently the most widely applied surrogate
marker of bone strength and fracture risk, cannot in isolation
fully explain bone strength.

Microdamage—closely related to the reconstruction pro-
cess of the bone tissue—is microscopically detectable dam-
age to the bone matrix. Cyclic mechanical loading may cause
microdamage through the fatigue process, thereby impairing
the mechanical integrity of bone by microdamage accumu-
lation and even leading to a fracture (3–5). The repair of bone
microdamage needs adaptive modeling and remodeling of
bone to compensate for abnormalities through certain feed-
back mechanisms (6–8). The repair capacity may be impaired
by age- and menopause-related abnormalities in bone remod-
eling (9–11). However, the relationship between osteoporosis
and bone microdamage has not been fully addressed.

Recently, 18F-fluoride with PET has been used for skeletal
imaging in clinical studies (12–15). Because the increase of
fluoride uptake is highly correlated with the increase of bone
microdamage, it is possible to quantitatively and qualita-
tively evaluate bone microdamage noninvasively in vivo as
the response to fatigue mechanical loading. The aim of our
study was to analyze the impact of osteoporosis due to estro-
gen deficiency on the occurrence of microdamage by observ-
ing the change in 18F-fluoride uptake in the tibia of
ovariectomized rats after fatigue loading with small-animal
PET/CT. We also explored the feasibility of noninvasive
detection of bone microdamage in vivo using a small-animal
PET/CT scanner specially designed for rodent study.

MATERIALS AND METHODS

Animals
Twenty-four female virgin Sprague–Dawley rats (age, 6 mo;

weight, 290–310 g) were studied. These rats were randomized into
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2 groups (n 5 12 in each group): ovariectomy and sham surgery.
After being intraperitoneally anesthetized with pentobarbital (40
mg/kg), the rats in the ovariectomy group were bilaterally ovar-
iectomized via back incisions, and fat tissue of the same weight as
the excised ovaries was removed in the sham group. The animals
were housed in individual cages in a temperature-controlled room
at 22�C with a 12-h light–dark cycle and free access to food and
distilled water. Body weight was measured once a week. The
protocol of our study was approved by the Institutional Animal
Care and Use Committee of Shanghai Jiaotong University, in
accordance with the Guide for the Care and Use of Laboratory
Animals (16).

Experimental Design
Twelve rats (6 rats in each group) were randomly allocated to

receive fatigue loading in the left hind limbs 3 mo postoperatively.
After loading for 10 d, the rats were sent for small-animal PET/CT
evaluation and then sacrificed with exsanguinations from the
abdominal aorta. Their fourth lumbar vertebrae and right femora
and bilateral tibiae were harvested for further bone mineral density
(BMD) and microdamage evaluation, respectively. In contrast to
the left hind limbs, which were loaded cyclically under axial
compression, the unloaded right hind limbs were used as the
controls. The remaining 12 rats (6 rats in each group) did not
undergo fatigue loading. The rats in this group were killed 3 mo
after ovariectomy or sham surgery. Calcein was intraperitoneally
injected 13 and 3 d before sacrifice, respectively. After the
sacrifice, the right tibial shafts were harvested for histomorpho-
metric measurement. The rats’ uteri were also removed and
weighed.

In Vivo External Mechanical Loading
Rats were anesthetized intraperitoneally with pentobarbital

(40 mg/kg). Then they were placed prone on the loading platens
of a mechanical testing machine (Instron 8874; Instron Limited)
with the left knees flexed and the flexed knee and ankle joints
placed in concaved cups, as described previously (15–18).
Briefly, the upper and lower cups were attached to the actuator
of the machine and the load cell, respectively. The position of the
platens was adjusted to apply dynamic compressive loads axially
to the tibia. With a preload of 0.5 N, dynamic compressive loads
(peak loads of 48–52 N, 4 Hz, sinusoidal wave) were applied
axially to the tibia. According to the results of our preliminary
study, a peak load of 50 N engendered approximately 5,300 me
and was sufficient to induce microdamage in the loaded tibia.
After fatigue loading, intramuscular buprenorphine hydrochlo-
ride (0.05 mg/kg) was administered for pain relief (19). The load
was applied 1,200 times per day for 5 d before a break of 2 d, and
then continued for 5 d.

BMD Measurement
Because both previous study (20) and our preliminary experi-

ment showed poor precision in BMD measurement of the tibia, the
femur and spine were chosen as BMD measurement sites to facil-
itate experiments. BMD at the fourth lumbar vertebrae and right
femora were determined in both groups by dual-energy x-ray
absorptiometry on a Discovery-A (Hologic) system, using high-
resolution BMD test software for small animals (Regional High
Resolution, version 4076; Hologic). A region of interest was
drawn, and the BMD of this region was calculated. The variation
coefficient of inter- and intraanalyzer variations for BMD mea-
surement was less than 2.0% in our laboratory.

Bone Histomorphometric Measurement
The right tibia was dehydrated in ethanol, embedded in

polymethylmethacrylate, and sectioned with a Leica/Jung 2065
microtome without decalcification. The 50-mm-thick longitudinal
sections from the proximal tibia were prepared for analysis of the
geometric structure of the cancellous bone, and horizontal sections
from the tibial mid shafts were prepared for analysis of histo-
morphometry of the cortical bone. Parameters for the geometric
structure of the cortical bone included total tissue area (mm2),
cortical area (mm2), percentage cortical area, medullary area
(mm2), and percentage medullary area, and variables for the can-
cellous bone included bone volume fraction (%), trabecular thick-
ness (mm), trabecular number (#/mm2), and trabecular separation
(mm). Parameters for bone formation included mineralizing sur-
face (%), mineral apposition rate (mm/d), and bone formation rate
(mm3/mm2/d). Measurement was made with the light microscope
and fluorescence microscope (Axioplan 2 imaging; Carl Zeiss),
using image analysis software KS400 (version 3.0 for Windows
[Microsoft]; Zeiss). Nomenclature and units according to the rec-
ommendations of the Nomenclature Committee of the American
Society for Bone and Mineral Research were adopted for all
parameters for bone structure and bone formation in the study (21).

Small-Animal PET/CT Analysis
Rats in both groups were assessed by small-animal PET/CT on

the day after fatigue loading using a small-animal PET/CT scanner
(Inveon; Siemens Medical Solutions USA), with a 9.0-cm trans-
verse field of view, a 5.8-cm axial field of view, and a spatial
resolution of 2.58 mm. After 6 h of fasting, all of the rats were

TABLE 1
Bone Histomorphometric Parameters in Tibiae

Parameter Sham Ovariectomy

Geometric parameters
Total tissue area (mm2) 6.28 6 0.95 6.32 6 0.73

Cortical area (mm2) 4.66 6 0.36 4.59 6 0.47
Percentage

cortical area (%)

74.93 6 7.10 72.83 6 5.55

Medullary area (mm2) 1.62 6 0.70 1.73 6 0.48

Percentage
medullary area (%)

25.07 6 7.10 27.17 6 5.55

Microarchitectural

parameters
Bone volume

fraction (%)

28.75 6 5.64 19.25 6 2.80*

Trabecular

thickness (mm)

58.70 6 5.15 47.91 6 4.55*

Trabecular

number (#/mm2)

4.42 6 0.36 3.35 6 0.26*

Trabecular

separation (mm)

258.94 6 45.22 369.32 6 52.31*

Dynamic parameters
Mineralizing

surface (%)

6.12 6 1.22 7.97 6 1.25*

Mineral apposition
rate (mm/d)

0.63 6 0.07 0.89 6 0.14*

Bone formation rate

(mm3/mm2/d)

0.039 6 0.010 0.070 6 0.005*

Data are expressed as mean 6 SD.

*P , 0.05 vs. sham.
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anesthetized with 2% isoflurane and injected with 44.4–62.9 MBq
(1.2–1.7 mCi) of 18F-NaF through the tail vein. Ten-minute CT
scans were obtained with an x-ray tube voltage of 80 kV and a
current of 500 mA to acquire the skeletal images at 48-mm reso-
lution. Then, the skeleton was 3-dimensionally reconstructed using
the acquired CT data in a real-time CT reconstruction system
(COBRA_Exxim, version V3.0; Exxim Computing Corp.). PET
was started at 1 h after injection of the radionuclide to acquire data
regarding the uptake of 18F-NaF. The data were acquired for 1 h.
PET and CT images were fused automatically using the manufac-
turer’s software (Inveon Acquisition Workplace 1.4; Siemens Med-
ical Solutions USA, Inc.). Data regarding 18F uptake were also
recorded. With regions of interest drawn over the hind limbs, the
normalized PET image intensity in the tibial mid shafts was defined
as the ratio of PET image intensity of 18F-fluoride in regions of
interest of the hind limbs to intensity of muscles (22,23).

Microdamage Histomorphology Analysis
For the observation of microdamage, the tibia was bulk-stained

with 1% basic fuchsin, as described previously (24,25). Briefly,
after being stained in a graded series of ethanol (80%, 90%, and
100%), the isolated tibia was embedded in polymethylmethacry-
late. Longitudinal 50-mm-thick sections without decalcification
were made from the tibial shafts and examined for morphometric
analysis of bone microdamage. The sections were first observed

using a fluorescence microscope (LSM510; Carl Zeiss). When
microdamage, defined as a linear microcrack within the cortex,
was detected, the areas containing microdamage were selectively
examined using 2-photon confocal laser scanning microscopy
(LSM510; Carl Zeiss). The measured histomorphometric variables
included mean microcrack length (Cr.Le, mm), microcrack density
(Cr.Dn, #/mm2), microcrack surface density (Cr.S.Dn, mm/mm2),
and osteocyte lacunar density (Ot.Dn, #/mm2).

Statistical Analysis
Data are expressed as mean 6 SD. Comparison of results

between the ovariectomy and sham groups was made by independ-
ent-samples t test. The results in both ovariectomy and sham groups
are expressed as the difference (Δ) between the loaded and control
limbs. When results between hind limbs within the same rats were
compared, a paired t test was used. Pearson correlation was used to
test the relationship between variables regarding PET intensity,
BMD, and microdamage histomorphology. All statistical analyses
were performed using SPSS 10.0 software (SPSS Inc.). A value of
P less than 0.05 was considered statistically significant.

RESULTS

Validation of Model

Uterine and body weights at 3 mo after ovariectomy or
sham surgery were compared. As expected, after ovariectomy,

FIGURE 1. Small-animal PET/CT images of rat tibiae. (A) 18F-fluoride PET image showing focally increased tracer uptake in mid shaft of

loaded tibia. (B) Coregistered PET/CT coronal plane image. (C) Three-dimensionally reconstructed coregistered PET/CT image of rat tibia.

In PET images, 18F-fluoride is shown in proportion to color intensity. Increased intensity was observed in regions of trabecular bone (e.g.,
proximal tibia and vertebrae) because of bone surface area and higher bone turnover in these regions. Intensity was quantified in central

region of left tibia (red arrow), and bone in region was exclusively cortical. Increased intensity was attributed solely to bone microdamage. (B

and C) PET intensity in left tibia of ovariectomy group was higher than that of sham group. (D) PET intensity in loaded tibial mid shafts of

ovariectomy group was significantly higher than that of sham group (P , 0.05). Data were expressed as mean 6 SD (n 5 6 in each group).
CON 5 control; OVX 5 ovariectomy. *P , 0.05, ΔPET intensity in ovariectomy vs. ΔPET intensity in sham. †P , 0.05 vs. ovariectomy plus

control. ‡P , 0.05 vs. sham plus control.
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uterine wet weights were significantly reduced (0.162 6
0.013 vs. 0.803 6 0.077 g for ovariectomy vs. sham sur-
gery, respectively; P , 0.05) and body weights were sig-
nificantly increased (3536 6 vs. 3346 4 g for ovariectomy
vs. sham surgery, respectively; P , 0.05). The results of
bone histomorphometry are shown in Table 1. For the struc-
tural parameters of the cancellous bone, bone volume frac-
tion, trabecular thickness, and trabecular number were
significantly lower (P , 0.05) in the ovariectomy group
than in the sham group, whereas trabecular separation
was significantly higher (P , 0.05). With regard to
dynamic parameters of the cancellous bone, mineralizing
surface, mineral apposition rate, and bone formation rate in
the ovariectomy group, compared with the sham group,
were significantly increased (P , 0.05). However, there
was no significant difference (P. 0.05) in the cortical bone
parameters such as total tissue area, cortical area, percent-
age cortical area, medullary area, and percentage medullary
area between the 2 groups.

Bone Microdamage as Shown by Small-Animal
PET/CT

Significant increase in 18F-fluoride uptake was shown in
the central portion of the loaded hind limbs in both ovar-
iectomy and sham rats, whereas no enhancement of 18F-
fluoride accumulation was seen in the unloaded hind limbs
on small-animal PET/CT images (Figs. 1A–1C). The PET
image intensity in the loaded tibial mid shafts of the ovar-
iectomy group was significantly higher (P, 0.05) than that
in the same region of the sham group (Fig. 1D).

Relationship Between PET Image Intensity and BMD
or Microdamage Histomorphology

BMD at the fourth lumbar vertebrae and right femora
of the ovariectomy group was significantly lower than that
of the sham group (lumbar vertebrae, 0.235 6 0.016 vs.
0.212 6 0.018 g/cm2; femora, 0.261 6 0.019 vs. 0.240 6
0.013 g/cm2; P , 0.05) after being adjusted for the body
weight. The PET image intensity in the loaded tibia was
negatively correlated with BMD of either the femora or the
lumbar spine (P , 0.05) (Supplemental Figs. 1A and 1B;
supplemental materials are available online only at http://
jnm.snmjournals.org).
Linear microcracks were shown on microscopy in all

loaded tibiae of both ovariectomy and sham rats after axial
fatigue loading (Fig. 2) but were not noted in any of the
controlled tibiae of these rats. The Cr.Le, Cr.Dn, and Cr.S.
Dn of the microcracks were significantly higher (Table 2)
(P , 0.05) and Ot.Dn was significantly lower (P , 0.05) in
the loaded tibia of the ovariectomy group than in the loaded
tibia of the sham group (Supplemental Fig. 2). The PET
image intensity in the loaded tibia was significantly posi-
tively (P, 0.05) correlated with Cr.Le, Cr.Dn, and Cr.S.Dn
of the microcracks (Supplemental Figs. 1C–1E) and nega-
tively (P , 0.05) correlated with Ot.Dn (Supplemental
Fig. 1F).

Relationship Between Microdamage
Histomorphology and BMD

Variables (Cr.Le, Cr.Dn, Cr.S.Dn, and Ot.Dn) correlated
significantly (P , 0.05) with BMD at all measurement sites
except between Cr.Le and lumbar BMD (P. 0.05) (Fig. 3).

DISCUSSION

It is generally believed that osteoporosis is associated
with an increased risk of fracture. However, the relationship
between osteoporosis and bone microdamage has not been
fully addressed. Our current study showed that ovariectomy
has led to more microdamage accumulation in bones loaded
cyclically when evaluated by both in vivo and in vitro
measurement. The magnitude of bone microdamage as
shown by small-animal PET/CT and bone histology was
negatively correlated with BMD. Until now, few studies
have documented the impact of estrogen depletion or
postmenopausal osteoporosis on bone microdamage accu-
mulation. Dai et al. (26) found that more microdamage was
noted in ovariectomized rats than in rats undergoing sham
surgery and that microdamage accumulation was associated
with a decrease of bone mass and biomechanical properties.
They suggested that microdamage be used for bone-quality
assessment in osteoporosis study. In a cross-sectional study

FIGURE 2. Longitudinal calcified section of fatigued rat tibial dia-

physis, showing microcracks (magnification, ·100). (A) Fluorescent
microscopy of microcracks bulk-stained with fuchsin (arrow). (B)

Laser confocal microscopy of microcracks bulk-stained with fuch-
sin (arrow). Scale bar 5 200 mm.

TABLE 2
Microdamage Histomorphologic Results in Tibiae

Parameters Sham plus loaded

Ovariectomy

plus loaded

Cr.Le (mm) 638.68 6 413.10 898.82 6 491.47*
Cr.Dn (number/mm2) 1.20 6 0.62 1.99 6 0.51*

Cr.S.Dn (mm/mm2) 748.82 6 391.35 1,703.41 6 702.12*

Data are expressed as mean 6 SD.

*P , 0.05 vs. sham plus loaded.
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of a clinically relevant patient population with osteoporosis,
Stepan et al. (27) found that microdamage accumulation
correlated with low BMD and increased age, although these
correlations were more apparent when compared with
patients treated with bisphosphonates. However, further
studies are required to delineate the clinical implication
of bone microdamage evaluation in osteoporosis diagnosis
and treatment.
There are some clinical studies in which osteoporotic

patients were evaluated for bone metabolism changes in
response to treatment by small-animal PET (28,29). To the

best of our knowledge, however, this is the first report of the
use of small-animal PET/CT for skeletal microdamage
evaluation in osteoporosis study. Our study showed that
small-animal PET/CT can not only detect the microdamage
in the tibial mid shafts caused by fatigue loading in rats but
also locate microdamage in the skeleton of small animals
accurately. Microdamage was noted in the tibial mid shafts
after fatigue loading in rats of both groups, as shown
by increased uptake of 18F-fluoride in the loaded tibial
mid shafts on small-animal PET images, whereas no sig-
nificant uptake was demonstrated in the control hind

FIGURE 3. Correlation between BMD and

microdamage histomorphology (Cr.Le, Cr.

Dn, and Cr.S.Dn) and Ot.Dn in loaded limbs.

(A) Correlation between femoral BMD and
Cr.Le (n 5 12, P , 0.05). (B) Correlation

between lumbar BMD and Cr.Le (n 5 12,

P . 0.05). (C) Correlation between femoral

BMD and Cr.Dn (n 5 12, P , 0.05). (D) Cor-
relation between lumbar BMD and Cr.Dn

(n 5 12, P , 0.05). (E) Correlation between

femoral BMD and Cr.S.Dn (n 5 12, P ,
0.05). (F) Correlation between lumbar BMD
and Cr.S.Dn (n 5 12, P , 0.05). (G) Corre-

lation between femoral BMD and Ot.Dn

(n 5 12, P , 0.05). (H) Correlation between
lumbar BMD and Ot.Dn (n 5 12, P , 0.05).
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limbs—consistent with the findings from microdamage his-
tomorphology analysis, both in location and in magnitude.
The reasons underlying the success in detection and

quantification of bone microdamage as shown by the
increase in 18F-fluoride uptake in the loaded bones might
be explained by microdamage formation and subsequent
increase in bone mineral surface (22,23,30,31), increased
blood supply or interstitial fluid flow to the area of micro-
damage (23,32,33), and high bone turnover due to micro-
damage repair (34–36). There have been only 2 small-animal
studies of PET of bone microdamage (22,23) confirming the
sensitivity and specificity of PET. Li et al. (22) detected the
newly created microdamage 1 d after fatigue loading, and
enhanced accumulation of tracer was seen only on the loaded
bones with microdamage. These authors suggested that PET
can distinguish the increased blood flow associated with no
microdamage from mechanically induced microdamage.
Silva et al. (23) found that fluoride uptake in the central
region of microdamage was increased in proportion to the
severity of damage as defined by the magnitude of fatigue
loading. Combined with our findings, high-resolution PET/
CT may provide an effective noninvasive means to image
bone microdamage in vivo.
The limitation to our study was that we did not assess the

time course of bone microdamage as shown by PET
intensity. We hope in further studies to observe the effect
of osteoporosis on the repair and reconstruction process of
microdamage at multiple time points, to demonstrate the
relationship between bone microdamage and the biome-
chanical behavior of the whole bones. As expected, the
cortical bone parameters did not differ significantly
between ovariectomy and sham rats in this study. The
pattern mechanism of load transmission along the bone
needs to be clarified. Silva et al. (27) suggested that intra-
cortical remodeling might be involved in the fluoride
uptake after fatigue loading. Recently, a study by Kidd et
al. (37) has provided evidence supporting the hypothesis
that stress fractures heal by direct remodelling along the
fracture line. Ex vivo autoradiography may be necessary to
accurately delineate the 18F-fluoride uptake and distribution
in bone. Also, the biologic response of bone to microdam-
age in healthy or osteoporotic bone needs to be studied by
demonstrating bone turnover change with regard to initia-
tion, propagation, and repair of bone microdamage.

CONCLUSION

The tibial mid shafts of the ovariectomized rats showed
more bone microdamage after fatigue loading than did
those of the sham rats. These results suggested that
osteoporosis due to estrogen deficiency may be associated
with impairment of bone strength and, in turn, with increase
in fracture risk. Small-animal PET/CT is a useful non-
invasive means to detect and quantify bone microdamage in
vivo. Moreover, it can also locate microdamage in the
animal skeleton accurately.
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