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In vivo micro-computed tomography (micro-CT) will offer unique information on the time-related changes in
bone mass and structure of living mice, provided that radiation-induced side effects are prevented. Lowering
the radiation dose, however, inevitably decreases the image quality. In this study we developed and validated
a protocol for in vivo micro-CT imaging of mouse bone architecture that retains high quality images but avoids
radiation-induced side effects on bone structure and hematological parameters.

The left hindlimb of male C57BI/6 mice was scanned in vivo at 3 consecutive time points, separated each time
by a 2-week interval. Two protocols for in vivo micro-CT imaging were evaluated, with pixel sizes of 9 and
18 um and administered radiation doses of 434 mGy and 166 mGy per scan, respectively. These radiation
doses were found not to influence trabecular or cortical bone architecture in pre-pubertal or adult mice. In
addition, there was no evidence for hematological side effects as peripheral blood cell counts and the colony-

forming capacity of hematopoietic progenitor cells from bone marrow and spleen were not altered. Although :
the images obtained with these in vivo micro-CT protocols were more blurred than those obtained with :

high resolution (5pm) ex vivo CT imaging, longitudinal follow-up of trabecular bone architecture in an
orchidectomy model proved to be feasible using the 9 pm pixel size protocol in combination with a suitable
bone segmentation technique (i.e. local thresholding). The image quality of the 18 um pixel size protocol was
too degraded for accurate bone segmentation and the use of this protocol is therefore restricted to monitor
marked changes in bone structure such as bone metastatic lesions or fracture healing.
In conclusion, we developed two micro-CT protocols which are appropriate for detailed as well as global
longitudinal studies of mouse bone architecture and lack noticeable radiation-induced side effects.

© 2011 Published by Elsevier Inc.

Introduction

Radiation can cause cell death, most likely as a consequence of
irreparable DNA damage [4,5]. But also low radiation doses can result

In vivo micro-computed tomography (micro-CT) has been sug-
gested as a valuable tool to monitor local changes in bone structure
in living mice [1]. This technology can offer unique high resolution
information on the temporal responses of specific bone regions to
pathological or therapeutic stimuli, stipulated that the micro-CT
imaging process itself has no influence on the skeletal system. Indeed,
frequent or excessive exposure of the skeletal system to X-rays leads to
side effects which are closely related to the radiation dose and include
growth retardation, skeletal deformities, bone loss and hematological
abnormalities [2,3].
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in non-lethal DNA damage, which will initiate DNA repair processes
and ultimately lead to a decrease in cell proliferation [6]. It is therefore
generally accepted that proliferating cells are more radiosensitive
than non-proliferating cells and that less differentiated cells are more
prone to radiation damage than highly differentiated cells [7]. This
radiation-induced cytotoxicity has resulted in the use of radiation as a
local therapy for numerous malignancies in humans.

Radiation will also harm non-malignant cells and several studies
have investigated the effects of high-dose radiation on bone cells in
vitro and in vivo. X-ray radiation in the range of 2.5 to 8 Gy inhibits the
proliferation and activity of osteoblasts [8-11] and osteoclasts [12],
while radiation doses lower than 2 Gy have a stimulatory effect on
osteoclast proliferation and activity [13]. Growth plate chondrocytes
and bone marrow cells are the most radiation sensitive cells because
of their high proliferation rate, and radiation damage to these types of
cells inhibits their proliferation and thus results in growth retardation
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and myeloid depletion, respectively [2,14]. On the other hand, the
exposure of the total mouse body to a low dose radiation of 75 mGy
was found to stimulate the proliferation of bone marrow hematopoi-
etic progenitor cells as well as their mobilization into the peripheral
blood [15].

In contrast to the radiation doses used in radiation therapy, the
doses associated with imaging are substantially lower. To investigate
the temporal changes in bone structure during a longitudinal follow-
up study, multiple successive micro-CT scans are, however, required.
Frequent in vivo micro-CT imaging, even with relatively low radiation
doses per scan, can still affect bone architecture. Discrepant results
have been reported concerning the effects of micro-CT-induced
radiation on the bone micro-architecture and especially the hemato-
poietic system in rodents. In rats, 8 weekly in vivo scans of 939 mGy
each did not alter the structural bone parameters nor the viability of
the bone marrow cells [16]. In mice, however, micro-CT-induced
radiation decreased trabecular bone volume of the tibiae of 8 to 10-
week old mice after 4 weekly scans with 846 mGy [17], while 4
weekly scans with 1255 mGy did not exacerbate disuse-related bone
loss in the femurs of 17-week old mice [18]. It is still unclear whether
this inconsistency should be attributed to differences in the radiation
dose, frequency and number of in vivo scans or a combination of these.
In addition, young, growing animals may be particularly susceptible
to radiation exposure [19]. Certainly in humans, this age-related
radiation sensitivity has already been thoroughly described [3].

Taken together, it is critical to delineate the settings for in vivo
micro-CT imaging of the bone architecture of mice in order to avoid
side effects on bone and hematopoietic cells that could result in
altered bone structure and hematological defects. However, lowering
the radiation dose to avoid radiation effects may increase noise in
the images and decrease the signal-to-noise ratio, or reduce image
sharpness and lower the resolution [20]. Hence, image quality needs
to be weighed against the radiation risks [21]. This trade-off between
dose and image quality has not been investigated thoroughly in
relation to in vivo micro-CT imaging of mouse bone architecture. In
this study, we designed 2 protocols for longitudinal micro-CT studies
of the skeletal system in young pre-pubertal and adult mice that are
devoid of radiation-induced side effects and maintain adequate image
quality.

Materials and methods
Animals and experimental design

Male C57BI/6 mice (Janvier) were housed under standard con-
ditions in our animal facility (Proefdierencentrum Leuven, Belgium).
All procedures were approved by the Ethical Committee of the
Katholieke Universiteit Leuven.

Three types of experiments were performed: a pilot experiment,
an optimisation experiment and a validation experiment. In each
experiment, the left hindlimb of male C57BI/6 mice, anesthetized
with isoflurane, was scanned in vivo with micro-CT at 3 consecutive
time points, separated each time by a 2-week interval. This follow-
up period of 4 weeks was chosen because it corresponds with the
evaluation period used in several murine bone pathology models
such as ovariectomy, castration, tail suspension and fracture repair.
The right hindlimb was positioned out of the field of view of the
micro-CT and served as the non-irradiated control, as the total X-ray
exposure of this hindlimb was negligible (data not shown). Following
the last in vivo scan, mice were sacrificed by cervical dislocation and,
depending on the experiment, blood was collected and the spleen,
tibia and femur were isolated.

In the pilot experiment, we investigated the radiation effect of
the recommended micro-CT parameters on 10-week old male C57Bl/6
mice (n=15), an age often used as starting point in bone pathology
models. The in vivo micro-CT parameters were 9 um pixel size, 50 kV,

120 uA, 0.5 mm Al filter, angular rotation step 0.9°, 220 projections
and an exposure time of 4.7 s with a total scan duration of 19 min.
After sacrifice, dissected tibiae were imaged by ex vivo micro-CT after
overnight fixation in 2% paraformaldehyde, and then processed for
histological analysis.

In the optimization experiment, 4 and 16-week old male C57BI/6
mice were analyzed, as age is known to change the susceptibility to
radiation effects (n=4 per age group). For each age, an additional
group of mice was included, referred to as ‘reference’ group, and
these mice were anesthetized at each time point but did not receive
any in vivo radiation (n=4 per age group). Two in vivo micro-CT
parameters were used: (i) a pixel size of 9 um (50 kV, 100 uA, 1 mm Al
filter, angular rotation step 1°, 199 projections, exposure time 3.3 s,
scan duration 12 min); (ii) a pixel size of 18 um (50 kV, 100 uA, 1 mm
Al filter, angular rotation step 0.8°, 248 projections, exposure time 1 s,
scan duration 5 min). After sacrifice, the bone architecture was
analyzed by ex vivo micro-CT and histology. Peripheral blood cell
counts were determined and the in vitro colony forming capacity of
hematopoietic progenitor cells of the bone marrow and spleen was
analyzed. The in vitro osteogenic potential of bone marrow stromal
cells and the differentiation of bone marrow hematopoietic cells into
osteoclasts were assessed.

In the validation experiment, 10-week old male C57BI/6 mice were
either sham-operated or orchidectomized the day before the first
in vivo micro-CT scan was taken (n=>5 per group). They were anes-
thetized with pentobarbitone sodium (Nembutal, 50 mg/kg body
weight, CEVA Santé Animale) and received buprenorfine hydrochlo-
ride as postoperative analgesic (Temgesic, 0.05 mg/kg body weight,
Schering-Plough). The in vivo micro-CT parameters were the 9 um
pixel size parameters used in the optimization experiment, and
trabecular bone architecture was analyzed and compared between
orchidectomized and sham-operated mice over time.

Micro-computed tomography

The bone micro-architecture of the tibiae was assessed ex vivo and
in vivo using a SkyScan 1172 and a SkyScan 1076 micro-CT system,
respectively, and related software (SkyScan). In vivo micro-CT images
were segmented using an adaptive thresholding algorithm provided
by the SkyScan CTan software because the reduced image quality
precluded to use global thresholding [22]. The local threshold was
calculated in a circular region of radius 8 pixels around each pixel.
When indicated, registration software based on mutual information
was applied to align these images [23].

The scanning parameters for ex vivo micro-CT imaging were 5 pm
pixel size, 50 kV, 200 uA, 321 projections, 0.5 mm Al filter. After
reconstruction, the ex vivo micro-CT images were segmented using a
global threshold. The global threshold was visually determined to
optimally separate the bimodal histogram into bone and soft tissue.
Trabecular and cortical volumes of interest were selected manually
and histomorphometric parameters were calculated according to the
‘Guidelines for the assessment of bone microstructure in rodents
using micro-CT" [19].

Image quality

Image quality can be quantified by severable factors such as
resolution and signal-to-noise ratio. Resolution describes the ability to
resolve small details in the image and can be quantified as the full-
width-at-half-maximum of the system point spread function [24]. The
signal-to-noise ratio in micro-CT images of the different protocols
is measured as the ratio of the mean intensity over the standard
deviation of the intensity in a region of interest in images of a
homogeneous water phantom. More details about image quality and
its relationship to radiation dose can be found in Ref. [21].

radiation side effects, Bone (2011), doi:10.1016/j.bone.2011.06.031
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Histological analysis

Tibiae were fixed in 2% paraformaldehyde, decalcified in 0.5 M EDTA
(pH 7.4)/PBS prior to dehydration, embedded in paraffin, and sectioned
at 5 um. Hematoxylin-eosin (H&E) staining and staining for tartrate-
resistant acid phosphatase (TRAP) activity were performed as previ-
ously described [25,26] and were used to quantify osteoblast surface
and osteoclast surface per bone surface, respectively. When indicated,
bones were fixed in Burckhardt's solution, embedded undecalcified in
methyl-metacrylate, sectioned at 4 pm and stained according to Von
Kossa to visualize the mineralized bone matrix. Histomorphometric
analysis was performed using a Zeiss Axiovert microscope and related
Axiovision software (v6.1.0). Histomorphometric data were expressed
according to the American Society for Bone and Mineral Research
standardized histomorphometry nomenclature [27].

Radiation dose

The radiation dose was estimated by measuring the air kerma with
a 0.6 cm® thimble ionization chamber that has a calibration factor
traceable to a standard dosimetry lab (PTB, Braunschweig). The
ionization chamber (type FC-65-G, IBA Dosimetry) was placed in air at
the center of rotation of the scanner, resulting in an estimate of the
radiation dose by means of the air kerma value.

In vitro assays

The colony forming capacity of hematopoietic progenitor cells was
analyzed on bone marrow cells, flushed from the femur, and on spleen
cells which were isolated by gently pressing the spleen through a
70 um nylon mesh cell strainer (Becton Dickinson). The Methocult
assay (StemCell Technologies) was performed as described before
[28]. Bone marrow stromal cells isolated from tibiae and femora were
cultured according to the method described previously. Osteogenic
differentiation was analyzed after 2 and 3 weeks of culture by alkaline
phosphatase or alizarin red staining [29]. Osteoclast formation was
performed as described previously, using macrophage colony-stimu-
lating facor (M-CSF) and receptor activator of nuclear factor kappa-B
ligand (RANKL) treatment [30] and the number of TRAP-positive cells
with more than three nuclei were counted as osteoclasts [31]. Cell
counts (white and red blood cells and blood platelets) in peripheral
blood were quantified using an Abbott Cell-Dyn 3500 hematology
analyzer.

Statistics

Results are expressed as mean+ SEM, unless stated otherwise.
Data were analyzed by one-way ANOVA and paired t-test using NCSS
software (NCSS). Post hoc comparisons were performed using Fisher's
least significant difference test. Differences were considered signifi-
cant at p<0.05.

Results
In vivo micro-CT radiation doses of 776 mGy induce trabecular bone loss

To investigate whether repetitive exposure to in vivo micro-CT
imaging, using recommended scanning parameters, might have an
effect on bone architecture, we compared in a pilot experiment
the bone architecture of the in vivo irradiated left tibia to the non-
irradiated right tibia that served as control. The used scanning
parameters resulted in a total radiation dose of 776 mGy per scan.

Analysis of the bone volume by ex vivo micro-CT imaging of the
dissected tibiae showed that the in vivo micro-CT-induced radiation
decreased trabecular bone volume by 30% in the irradiated tibia com-
pared to the non-irradiated control tibia (Figs. 1A,B). This reduction

was caused by a decrease in trabecular number (Figs. 1A,C), whereas
trabecular thickness was not altered by the frequent CT scanning
(Figs. 1A,D). Cortical bone mass and structure were not affected by the
micro-CT-induced radiation as the total cross-sectional area (Fig. 1E),
the cortical bone area (Fig. 1F) and cortical thickness (Fig. 1G) were
normal.

An imbalance between osteoblast-mediated bone formation and
osteoclast-mediated bone resorption is generally the cause of a
decreased bone mass. Histomorphometric analysis showed that the
decrease in trabecular bone volume was associated with increased
bone resorption as TRAP staining revealed an increase in the
osteoclast surface per bone surface in the irradiated tibiae compared
to control tibiae (Fig. 1H). Bone formation, on the other hand, seemed
unaltered as the osteoblast surface per bone surface, quantified on
H&E stained sections, remained unchanged after in vivo irradiation
(Fig. 11).

These data indicate that administration of three in vivo micro-CT
radiation doses of 776 mGy, given with a two week time interval,
negatively affects bone mass in young adult mice.

Lowering the micro-CT radiation dose reduces image quality

Because the suggested scanning parameters induced radiation-
related changes in bone architecture, we performed an optimization
experiment in which the scanning settings were adapted in order to
deliver the lowest possible radiation dose while maintaining accept-
able image quality. To reduce scan duration, the angular rotation step
was increased and the exposure time decreased. The current of the
X-ray source was lowered and a thicker filter was used to reduce the
radiation dose per unit of time. The adapted parameter set resulted in a
radiation dose of 434 mGy per scan for a 9 um pixel size scan. Further
lowering of the radiation dose was achieved by combining 4 detector
camera pixels to obtain an image pixel size of 18 um, resulting in a
radiation dose of 166 mGy per scan.

We first evaluated the effect of lowering the radiation dose on
the quality of the obtained images. Ex vivo micro-CT images were
taken as a reference, because the image quality achieved with this
method is comparable to the one obtained in stained histological
sections. Indeed, comparison between a registered ex vivo micro-CT
image (Fig. 2A) and a von Kossa-stained histological section (Fig. 2B)
revealed that the bone structures, as visualized by each of these
techniques, were matching closely.

As anticipated, the quality of the in vivo micro-CT images was
reduced when the radiation dose was decreased. Scanning with a dose

of 434 mGy and a pixel size of 9 um resulted in more blurred images :

compared to the ex vivo micro-CT scan, as demonstrated by the
registration of the ex vivo and in vivo micro-CT images of the same
tibia (Figs. 2C,D). Image quality was degraded even more when the
bone was scanned using the protocol with a pixel size of 18 um and

a radiation dose of 166 mGy (Fig. 2E). The signal-to-noise ratio of :
1.78 for the 9 um protocol increased to 2.79 for the 18 um pixel size :

protocol, while the resolution of 36 pm deteriorated to 57 pm. The
slightly improved noise characteristics of the 18 pm pixel size protocol
indicate that the observed quality difference can mainly be attributed
to the lower resolution due to the increased pixel size. This quality
difference was also reflected in the quantification of the trabecular

and cortical bone parameters. In vivo micro-CT imaging with 18 um, :

and to a lesser extent 9 um pixel size, overestimated trabecular bone
volume (Fig. 2F) and trabecular thickness (Fig. 2H) compared to
ex vivo micro-CT imaging, but underestimated the number of tra-

beculae (Fig. 2G). The quantification of the cortical parameters was :
less influenced by the in vivo scanning protocols: the total cross- :
sectional area (Fig. 2I) and the cortical bone area (Fig. 2]) quantified :

from the 9 and 18 pm pixel size in vivo scans did not differ significantly
from those quantified from the ex vivo scans. Similar to the trabecular

radiation side effects, Bone (2011), doi:10.1016/j.bone.2011.06.031
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Fig. 1. Trabecular bone mass is reduced by 3 two-weekly in vivo micro-CT scans with a radiation dose of 776 mGy. (A) Representative 3D micro-CT images of metaphyseal bone
structure of the non-irradiated right (control) and irradiated left tibia of the same mouse. (B-G) Quantification of trabecular bone volume relative to tissue volume (B; BV/TV),
trabecular number (C; Th.N), trabecular thickness (D; Tb.Th), total cross-sectional area (E; Tt.Ar), cortical bone area (F; Ct.Ar) and cortical thickness (G; Ct.Th) of the non-irradiated
(control) and irradiated tibiae. (H-I) Quantification of the osteoclast surface per bone surface (H; Oc.S/BS) and osteoblast surface per bone surface (I; Ob.S/BS) on histological
sections of non-irradiated (control) and irradiated tibiae after TRAP or H&E-staining, respectively. ** p<0.01; *** p<0.001 (t-test, vs control; n=>5).

thickness, cortical thickness (Fig. 2K) was overestimated by the in vivo
scanning protocols.

In conclusion, the two developed protocols for in vivo micro-CT
imaging resulted in a low radiation dose, but inevitably also reduced
the image quality and rendered the quantification of the bone
parameters more difficult.

Bone structure is not significantly altered by repeated in vivo micro-CT
imaging at a radiation dose of 434 mGy

Next, we investigated whether these adapted protocols for in vivo
micro-CT imaging had less or even no toxic effects on trabecular and
cortical bone volume. Young pre-pubertal mice (4 weeks of age) and
adult mice (16 weeks of age) were subjected 3 times to one of the 2
protocols. We included the group of growing mice, since it is known
that, at least in humans, young individuals are more sensitive to
radiation than older persons [3]. As before, the effect of radiation on
bone mass and structure was analyzed by quantifying the bone
parameters in the left irradiated and right non-irradiated tibia with
ex vivo micro-CT imaging. To avoid that interindividual variations in
bone architecture between the left and right tibia masked the effect of
radiation, the difference in bone parameters between the left and
right tibia was calculated for each mouse and compared between the
radiated group and the non-irradiated group that served as reference.

Repeated in vivo micro-CT imaging at 9 or 18 um pixel size had no
significant effect on the trabecular (Figs. 3A-C) or cortical (Figs. 3D-F)
bone parameters, irrespective of the age of the mice, as the data were
comparable to the results obtained in the non-scanned reference

group. Some minor side effects of in vivo micro-CT radiation doses
of 434 mGy (9 um) were however detected in pre-pubertal as well
as adult mice (Fig. 3A). The difference in trabecular bone volume
between the left irradiated and right non-irradiated tibia was negative
in every mouse, indicating that trabecular mass tended to decrease in
the in vivo scanned tibia, although not significantly. This decrease was
mainly due to a reduction in trabecular number (Fig. 3B) without an
effect on trabecular thickness (Fig. 3C).

To ascertain that the effects of the 434 mGy micro-CT radiation :
dose on bone mass were minimal or even negligible, we analyzed :
osteoblast-mediated bone formation and osteoclast-mediated bone :
resorption. To this end, we performed histomorphometry of the 35¢
irradiated and non-irradiated control tibia of pre-pubertal mice that :

were in vivo scanned at 9 pm pixel size. We reasoned that a possible
negative effect of radiation would be most marked in the youngest

group receiving the highest radiation dose. No significant changes :

were, however, observed in the osteoblast surface (Figs. 4A,B) or

osteoclast surface (Figs. 4C,D) which were quantified on HE- or TRAP- :

stained sections, respectively. These in vivo findings were confirmed

by in vitro analyses. No differences were observed in the number :
and size of the osteogenic colonies formed by bone marrow stromal :
cells derived from pre-pubertal reference mice or mice that were :
in vivo scanned at 9 um pixel size (Fig. 5A). Furthermore, bone mar- :
row hematopoietic cells, treated with M-CSF and RANKL, differenti- :

ated equally well to osteoclasts in vitro (Fig. 5B).

In summary, repeated in vivo exposure to micro-CT radiation doses
of 434 mGy did not significantly affect bone formation or resorption,
and trabecular and cortical bone parameters were thus not altered.

radiation side effects, Bone (2011), doi:10.1016/j.bone.2011.06.031
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Fig. 2. Lowering the radiation dose reduces image quality. (A-B) Registered images of a tibia scanned ex vivo at 5 um pixel size (A) and a Von Kossa-stained section after histological
processing (B). (C-E) Registered images of the tibial metaphysis scanned ex vivo at 5 um pixel size (C), in vivo at 9 um pixel size (D) or in vivo at 18 um pixel size (E) showing a
decrease in image quality with reduced radiation dose. (F-K) Quantification of trabecular bone volume relative to tissue volume (F; BV/TV), trabecular number (G; Tbh.N), trabecular
thickness (H; Tb.Th), total cross-sectional area (I; Tt.Ar), cortical bone area (J; Ct.Ar) and cortical thickness (K; Ct.Th) of tibiae scanned ex vivo at 5 um pixel size (black) and in vivo at9
(light gray) or 18 (dark gray) micrometer pixel size. * p<0.05; ** p<0.01; *** p<0.001 (ANOVA, vs 5 um ex vivo scan; n=4).

In vivo micro-CT radiation doses of 434 mGy are not deleterious to number (and type) of circulating blood cells [32]. Colony forming
hematopoietic bone marrow cells assay of hematopoietic cells revealed that in vivo micro-CT imaging
with 9 or 18 pm pixel size (434 or 166 mGy respectively) did not alter

In vivo micro-CT imaging of the long bones inevitably results in the number of granulocyte, macrophage or granulocyte-macrophage
radiation exposure of the bone marrow harboring the hematopoietic colony forming units in the bone marrow isolated from irradiated
(stem and progenitor) cells. In vivo micro-CT imaging may thus femora (Table 1) or in the spleen from irradiated mice (data not
indirectly influence the number of progenitors in the spleen and the shown), irrespective of the age of the mice. These data are in line with
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Fig. 3. Bone structure is not altered by multiple in vivo radiation doses of 434 mGy. The left tibia of young (8 weeks) or adult (20 weeks) mice was repetitively scanned in vivo at 9 or
18 um pixel size, or not scanned (reference). The difference in trabecular and cortical bone parameters between the left and right tibia was calculated for each mouse and represented
in a dot plot: difference in trabecular bone volume relative to tissue volume (A; A BV/TV), trabecular number (B; A Tb.N), trabecular thickness (C; A Tb.th), total cross-sectional area
(D; A Tt.Ar), cortical bone area (E; A Ct.Ar) and cortical thickness (F; A Ct.Th) (ANOVA, vs reference; n=4).

a previous report showing that in vivo exposure of neonatal or adult
mice with a single dose of 500 mGy did not induce long-term im-
pairment of haematopoiesis [33]. Furthermore, the number of white
blood cells, red blood cells and blood platelets in peripheral blood was
unaffected by the in vivo micro-CT radiation (Table 2).

Taken together, repetitive in vivo exposure to micro-CT radiation
doses of up to 434 mGy did not affect hematopoietic progenitor
activity.

The in vivo micro-CT imaging protocol of 434 mGy enables longitudinal
follow-up of trabecular bone loss after orchidectomy

Since the developed micro-CT imaging protocols had not mani-
fested radiation effects, we next investigated whether they were
suitable to monitor changes in bone architecture during longitudinal
follow-up studies (validation experiment). We therefore analyzed
bone loss over time after orchidectomy, a male osteoporosis model,
via in vivo micro-CT scanning using the 434 mGy protocol. Orchi-
dectomy (Orx) is known to decrease trabecular bone volume, while
trabecular thickness remains unchanged [34,35].

The 3D micro-CT images of the tibiae of sham-operated mice,
obtained at 3 consecutive time points, showed the normal age-related
decrease in trabecular bone mass (Fig. 6A). In contrast, trabecular
bone volume manifestly decreased over time in orchidectomized mice
(Fig. 5A). Quantification showed a 50% decrease of trabecular bone
volume (Fig. 6B) and trabecular number (Fig. 6C) 2 weeks after

orchidectomy and a 70% decrease of both parameters after 4 weeks.
Trabecular thickness did not vary over time after orchidectomy
(Fig. 6D).

In conclusion, the proposed 434 mGy micro-CT imaging protocol
yields images that are of sufficient quality to quantitatively monitor
changes in trabecular bone architecture over time in vivo.

Discussion

In vivo imaging of animals has multiple advantages, but the
radiation exposure is a cause of major concern in any longitudinal
in vivo micro-CT imaging study of the long bones of mice. Indeed, we
could confirm that an ill-considered choice of micro-CT imaging
parameters decreased trabecular bone mass manifestly. We therefore
developed and validated two in vivo micro-CT imaging protocols,
which are devoid of manifested radiation-induced side effects, and
enabled us to quantitatively follow-up trabecular and cortical bone
architecture over a 4-week period in mice.

The benefits of in vivo micro-CT scanning of bone architecture in
mice compared to ex vivo imaging are patently obvious [19]. In vivo
micro-CT imaging allows the follow-up of time-dependent changes in
three-dimensional bone structure within the same animal. Registra-
tion of the sequential 3D images provides unique information on the
precise sites of bone formation or bone resorption [36-38]. In addition,
longitudinal studies inherently reduce the number of animals to be
used. Moreover, each animal can be used as its own control, which
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Fig. 4. Bone formation and resorption are not altered by multiple in vivo radiation doses of 434 mGy. (A-B) H&E staining on histological sections of the non-irradiated (control) or
in vivo scanned tibiae (9 pm) of pre-pubertal mice (A, overview in top panel, higher magnification of boxed area in lower panel). Quantification of osteoblast surface per bone surface
(B; Ob.S/BS). (C-D) TRAP-staining on histological sections of non-irradiated (control) or in vivo scanned tibiae (9 pm) of pre-pubertal mice (C, overview in top panel, higher
magnification of boxed area in lower panel). Quantification of osteoclast surface per bone surface (D; Oc.S/BS). Bar =500 pm. (t-test, vs control (co); n=4).

decreases the variability and thus increases the statistical power.
Possible applications are numerous and include changes in bone
architecture, linked to a gene defect or caused by therapeutic
intervention, besides many others. The significance and added value
of these in vivo follow-up experiments, however, depend on the micro-
CT scanning protocol that should be devoid of radiation-induced side
effects. Ideally, the actual radiation dose delivered to the bone tissue
should be known, but this parameter is hard to determine because
it requires that the tissues surrounding the bone are simulated by
a phantom. In this study, we therefore used the radiation doses
measured in air (air kerma values), omitting the need for a phantom.
The advantage of this approach is that these measurements are easily
reproducible, which facilitates comparisons with other studies,
including those referred to in this study [16,17].

We developed a 9 and 18 um pixel size in vivo micro-CT imaging
protocol resulting in a radiation dose of 434 mGy and 166 mGy per
scan, respectively. We showed that these two protocols had no
significant radiation-induced side effects on trabecular and cortical
bone architecture or on the analyzed hematological parameters. The
higher radiation dose tended to decrease the trabecular bone volume,
but no manifested changes in bone formation or bone resorption
were detected by histomorphometry, indicating that the radiation-
induced effects were minimal. These in vivo findings were confirmed
by in vitro analyses showing that the osteogenic differentiation of
bone marrow osteoprogenitors as well as osteoclast formation from
bone marrow osteoclast precursors was not reduced by the in vivo
micro-CT scanning protocol. These findings, nevertheless, suggest that
a micro-CT radiation dose of 434 mGy is close to the limit of safely
using in vivo imaging. Indeed, repeated in vivo micro-CT imaging with
a higher radiation dose (776 mGy in this study, 846 mGy in Ref. [17])
decreased trabecular bone volume significantly, most likely due to
increased bone resorption as shown by an increase in the osteoclast

abundance. It should also be noted that this limit is likely species- 469
specific because radiation-induced toxicity was not observed in rats 470
even with higher radiation doses. Indeed, eight in vivo scans with a 471
radiation dose of 939 mGy per scan and a 1-week interval [16] or five 472
in vivo scans with a radiation dose of 597 mGy and a 2-week interval 473
[17] did not cause any changes in the bone architecture of rats. 474

The drawback of a reduced radiation dose is that the image quality 475
is correspondingly decreased. As the signal-to-noise ratio obtained 476
with the 9 um pixel size protocol is slightly lower than that of the 477
18 um pixel size protocol, the larger pixel size in the 18 um protocol 478
compensates for the increased noise, which is expected by the dose 479
reduction. The apparent reduced image quality of the in vivo protocols 480
can mainly be attributed to the lower resolution of the images and is 481
manifested by blurring and intensity inhomogeneity. These effects 482
should be taken into account by the bone segmentation process in 483
order to minimize errors in estimates of structural bone parameters. 484
Selecting a global threshold value to segment the bone ignores these 485
image distortions and should be avoided as segmentation method for 486
low-dose images. Local thresholding approaches attempt to account 487
for intensity inhomogeneities by computing a local threshold value 4s8
for every pixel, and can model blurring by adapting the thresholds 489
in blurred regions [39]. Local thresholding methods are relatively fast 490
and readily available, but can only handle limited image degradation. 491
In the presence of large image degradation, such as in the images 492
obtained with the 18 um pixel size protocol, the local thresholding 493
method used in this study tended to consider thin trabeculae as 494
bone marrow because of their low intensity and the segmentation of 495
thin trabeculae might thus fail. As a result, the number of trabeculae 496
is likely to be underscored and the mean thickness of the trabeculae is 497
likely to be overrated in these images. However, such segmentation 498
errors can be considered to occur systematically within a study and 499
therefore do not need to preclude correct relative comparisons 500
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Fig. 5. Multiple in vivo radiation doses of 434 mGy do not affect colony forming capacity of bone marrow cells or osteoclast differentiation. (A) Representative images of methylene
blue, alkaline phosphatase and alizarin red staining of bone marrow stromal cell cultures derived from non-irradiated (reference) or in vivo scanned tibiae (9 pm) of pre-pubertal
mice after 14 or 21 days of culture with quantification of the number of osteogenic colonies per well and the average area per colony (t-test, vs reference group; n=3).
(B) Representative images of TRAP-stained osteoclasts differentiated from hematopoietic bone marrow cells derived from non-irradiated (reference) or in vivo scanned (9 um) tibiae
of pre-pubertal mice formed after 1 week of culture with quantification of the number of osteoclasts formed per well (t-test, vs reference group; n=3).

between groups and over time, as has been shown in the Orx
experiment. Nevertheless, care should be taken to assure that bone
segmentation errors are as small as possible such that more subtle
changes can be correctly detected and quantified with statistical
significance. Hence, the remaining challenge for low-dose in vivo
micro-CT imaging of bone lies in developing more sophisticated
segmentation techniques to accurately extract the relevant informa-
tion from the images. One such approach that is currently under
investigation to overcome the limitations of traditional micro-CT
segmentation techniques is the combined reconstruction and seg-
mentation of the images [40]: rather than starting the segmentation
from the degraded reconstruction, these techniques directly include

Table 1
Colony forming capacity of bone marrow hematopoietic cells.

Age Colony type  Reference 9 um in vivo scan 18 pm in vivo scan
8 weeks CFU-G 175409 14.84+2.7 178417
CFU-M 185424 153427 15.040.7
CFU-GM 1354+125 123417 125+£1.5
Total CFU 49.0+4.38 423+54 453424
20 weeks  CFU-G 163434 180+19 213+£19
CFU-M 17.0+4.7 16.8+3.0 18.8+2.2
CFU-GM 143434 13.5+22 153+1.9
Total CFU 475+11.2 483452 553449

Number of granulocyte (G), macrophage (M) and granulocyte-macrophage (GM)
colony forming units (CFU) per 10* bone marrow cells isolated from femora of 8- or 20-
week-old mice that were not in vivo scanned (reference) or scanned at 9 or 18 um pixel
size. (ANOVA, vs reference; n=4).

the projection data in the segmentation process, allowing incorpora-
tion of the resolution properties of the scanner system and leading to
more accurate segmentations.

Bearing this limitation on bone segmentation accuracy in mind, we
are convinced that the image quality obtained with the proposed 9 pm
pixel size in vivo micro-CT imaging protocol suffices for longitudinal
follow-up of both trabecular and cortical bone mass and structure
in mice, as demonstrated by the Orx experiment. This protocol can
be applied to any experiment in which the trabecular structure of
murine bone needs to be evaluated. Extracting accurate quantitative
information on trabecular parameters from images acquired with the
proposed 18 um pixel size in vivo micro-CT imaging protocol is less
likely. Yet, the 18 um pixel size protocol has its merit in its much lower
radiation dose compared to the 9 um pixel size protocol and may
allow more frequent imaging. Hence, it might be more suited to

Table 2
Peripheral blood cell and platelet counts.
Age Colony type Reference 9 um in vivo scan 18 pum in vivo scan
8 weeks  WBC (x10%/ul) 24404 25+05 3.0+03
RBC (x10%/ul) 9.440.1 92+0.2 92403
BPL (x10%/ul)  1580+20.1 1530427.8 14714552
20 weeks WBC (x10%/ul)  2.6+05 27405 22+04
RBC (x10%/ul) 9.1+0.2 8.8+0.1 7.9+0.7
BPL (x10%/ul)  1516+922 14284993 961+ 190.9

Number of white blood cells (WBC), red blood cells (RBC) and blood platelets (BPL) in
peripheral blood isolated from 8- or 10-week-old mice that were not in vivo scanned
(reference) or scanned at 9 or 18 um pixel size. (ANOVA, vs reference; n=4).
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Fig. 6. The 9 pm in vivo micro-CT imaging protocol enables longitudinal follow-up of trabecular bone loss after orchidectomy. (A) 3D micro-CT models of the metaphysis of sham-
operated (Sham) or orchidectomized mice (Orx), analyzed by in vivo micro-CT imaging at the time of the operation (10 weeks of age) or 2 (12 weeks of age) and 4 weeks (14 weeks
of age) after the procedure. (B-D) Quantification of trabecular bone volume relative to tissue volume (B; BV/TV), trabecular number (C; Tb.N) and trabecular thickness (D; Tb.Th).

*** p<0.001 (t-test, vs Sham; n=4-5).

monitor manifested changes in bone mass and structure such as callus
formation during fracture repair or large bone lesions associated with
bone metastasis progression.

In conclusion, in vivo micro-CT is a useful tool for the in vivo follow-
up of bone mass and structure in mice. However, proper optimization
of the scan parameters and study set-up is necessary, as high radiation
doses can alter bone morphological parameters. We here provide
two study set-ups for the in vivo follow-up of both young and old
mice over a study period of 4 weeks without significant side effects of
in vivo X-ray exposure.
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