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Abstract

Recently established techniques for performing in vivo micro-computed tomography (micro-CT) provide the capability of monitoring bone
changes in a living animal at various points in time. However, radiation exposure from repeated micro-CT scans may have an effect on skeletal
growth in normal or disease-model animals. The purpose of this study is to test a high resolution (~10 pwm) in vivo micro-CT protocol on
mice and rats used for bone research to understand the impact of micro-CT radiation exposure on bone architecture.

Ovariectomy (OVX) or sham-OVX surgery was performed on groups (n = 6-8/group) of 12-week-old C3H/HeJ, C57BL/6J, and BALB/cByJ
mice, and one strain of rat (Wistar, retired breeders). The right proximal tibiae were scanned at weekly intervals while the contralateral left
limbs were not scanned until the endpoint of the protocol. Trabecular and cortical bone morphology was compared between radiated and
non-radiated limbs at the endpoint to quantify the radiation effect.

No effects of radiation were observed in OV X or sham rats. L.ower trabecular bone volume was observed in the radiated limbs (—8 to —20%
relative to non-radiated limb) of all mice groups except sham BALB/cByJ mice and normal control C57BL/6J mice, however, the observed
effects were much less than the observed effects of ovariectomy (~40-50% total bone volume reduction, depending on mouse strain), and
no interactions between radiation and OVX treatment were observed (p >0.2). Using an internal non-radiated control within each animal is
a potential method to elucidate the effect of radiation exposure for any in vivo protocol. Thus, although in vivo micro-CT is a valuable tool
for bone-related research, the impact of radiation in skeletally immature mice should be considered, particularly for strains with low bone

volume at the measured site.
© 2008 Published by Elsevier Ltd on behalf of [IPEM.
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1. Introduction

An approach to quantifying three-dimensional (3D) bone
structure is the use of micro-computed tomography (micro-
CT) which is ideally suited for measuring rat and mouse bone
micro-architecture at isotropic resolutions on the order of
10 wm [1,2]. Recently, in vivo methods for performing micro-
CT have become available through the development of new
micro-CT scanners (EVS Corp., Canada; Scanco Medical,
Switzerland; SkyScan, Belgium). The significant advantage
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of performing in vivo measurements is the ability to track
changes in bone mass and microstructure over time within
the same living subject. Each subject can also act as its
own control. This is an improvement over traditional cross-
sectional methods, where much time-based information can
be obscured by the variability within subject groups at each
separate time point.

In vivo micro-CT holds potential for improving our under-
standing of the complex mechanisms involved in diseases
such as osteoporosis [3—6], where deterioration of bone tissue
micro-architecture increases fracture risk [7,8]. Tremendous
costs and significant impacts on morbidity and mortality are
associated with such fractures [9—11]. The ovariectomized
(OVX) rat is the most common model for osteoporosis
research and has been extensively used for observing bone
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loss and testing treatments for the disease [12—15]. OVX
mouse models are also of significant interest [16—19], owing
to the mouse genome being completely mapped and the large
availability of different inbred strains with substantial vari-
ations in bone biomechanical properties and microstructure
[20,21]. However, an important consideration when utilizing
in vivo micro-CT for such studies is the potential effect of
radiation on skeletal changes in the tested animals. In humans,
ionizing radiation doses on the order of 3-5 Gy can induce
swelling and fragmentation in growing long bones [22]. Simi-
lar doses applied to osteoblast cell cultures in vitro can inhibit
cell proliferation and induce cell death, which could lead to
impaired bone growth [23-25]. The specific effect of micro-
CT induced radiation in small animals is unclear. Recent
studies observed no radiation effects from in vivo micro-CT
scanning in healthy rats and disuse mouse models of bone
loss, yet there remains a lack of published data pertaining
to radiation effects in ovariectomized animals and different
genetic strains of mice [26,27]. There are many measurement
protocols available that deliver different radiation doses, and
the effects may be genetic strain, age, and site specific, thus
testing all combinations would be prohibitive [21,28,29].
The purpose of this study is to test a high-resolution in
vivo micro-CT protocol on mice and rats commonly used for
bone research to understand the impact of micro-CT radiation
exposure on bone, and possible interactions with ovariec-
tomy (OVX). The methodology used is applicable to many
variations of in vivo micro-CT protocols and will provide
important baseline data for effectively designing such studies.

2. Methods and materials

Female mice from three commonly utilized inbred strains
(C3H/HeJ {C3H}, C57BL/6J {BL6}, BALB/cByJ {BAL})
were subjected to OVX (n=7-8 per strain) or sham-OVX
(n="7-8 per strain) surgery at 12 weeks of age. An in vivo
micro-CT scanner (vivaCT 40, Scanco Medical AG, Brue-
tisellen, Switzerland) was used to perform measurements at
the proximal tibia. Animals were under anesthesia (1.75%
(v/v) isoflurane) and secured in the scanner with a custom
leg holder (Scanco Medical AG, Bruetisellen, Switzerland)
which allowed scanning tomographic slices in the transverse
plane of the tibia. The first measurement was performed after
5 days recovery from surgery (week 0), and further mea-
surements were performed at 1, 2, 3, and 5 weeks after
the initial baseline scan. Study duration was chosen to be
consistent with previous mouse OVX studies where signif-
icant effects were observed within 1 month post-surgery
[28,30,31]. Groups of healthy control mice (n =7 per strain)
between 8 and 10 weeks of age were scanned at weeks 0,
1, 2, and 3 (measurement of controls at week 5 was not
possible due to practical limitations). The right tibiae of all
mice were scanned at all time points while the contralateral
left limbs were used as non-radiated internal controls and
were scanned only at the end of the protocol (week 5 for

OVX/sham groups, week 3 for healthy controls). Scanning
parameters for the mouse measurements were as follows:
10.5 pmisotropic voxel size, 55 keV voltage, 109 A current,
200 ms integration time, 2000 projections.

The grayscale CT images were segmented using a con-
strained Gaussian filter (sigma= 1.2, support =2) to remove
noise, and a fixed threshold (25.5% of maximal grayscale
value) was used to extract the mineralized tissue structure.

Morphological measurements, including bone volume
density (BV/TV), trabecular thickness/separation/number
(Tb.Th, Tb.Sp, Tb.N), and cortical thickness, cortical area,
and marrow area (Ct.Th, Ct.A, Ma.A) were calculated from
the resulting 3D micro-CT data for each mouse at each time
point (Image Processing Language, v5.00c, Scanco Medical
AG). The region of interest for analysis was the proximal tibia
metaphysis. User-defined contours were outlined on every
10th slice of a 150 slice region extending 1.575 mm distally
from the growth plate, starting at the point where growth plate
tissue was no longer visible in the grayscale CT slice. A semi-
automatic computer morphing algorithm was applied to the
slices in between. The full 150 slice region was used when
analyzing the trabecular bone, and the most distal 100 slices
were used when analyzing the cortical bone.

A similar procedure was conducted for the rats. Female
Wistar rats (retired breeders) were subject to OVX (n=10)
or sham—OVX (n=10) surgery at approximately 8 months
of age. In vivo micro-CT measurements of the right prox-
imal tibia were taken after 2 days recovery from surgery
(week 0) and at 2, 4, 6, 8, and 12 weeks after the baseline
measurement. The contralateral limb was scanned at week
12. Study duration was chosen to be consistent with pre-
vious rat OVX studies [6,32,13]. Scanning parameters for
the rat measurements were as follows: 12.5 um isotropic
voxel size, 55keV voltage, 109 wA current, 200 ms inte-
gration time, 2000 projections. The images were Gaussian
filtered (sigma=1.2, support=2) and thresholded (27% of
maximal grayscale value). The X-ray preview image of the
rat loaded in the scanner was used to identify the distal end of
the tibial growth plate. User-defined contours were outlined
on every 15th slice of a 211 slice region beginning at 1 mm
distal from the growth plate and extending 2.45 mm distally.
The 3D rat data was analyzed for the same morphological
parameters as the mouse data. All scans for mice and rats
were analyzed in random order with a blinded operator.

Reproducibility of the techniques used here was previ-
ously investigated by scanning and analyzing groups of 10
animals in vivo 4 times each within a 48 h period. The animals
were awakened and repositioned after each scan. Repro-
ducibility was high, with precision errors less than 3% in
mice and less than 6% in rats for BV/TV, Tb.Th, Tb.Sp, and
Tb.N (unpublished data).

Radiation dose was calculated using an ionizing cham-
ber probe (Radcal 10X5-3CT) inside a thin-walled (0.75 mm
thick) polyetherimide (PEI) tube. The PEI tube is representa-
tive of the small amount of soft tissue that shields the proximal
tibia from radiation. Dose was also calculated using the same
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Fig. 1. Bone volume ratio for non-radiated limbs (white columns) and radiated limbs (gray columns) from all groups of C3H/HeJ, C57BL/6J, BALB/cByJ mice,
and Wistar rat. OVX and sham groups compared after 5 weeks of scanning; control groups compared after 3 weeks. Asterisk indicates significant difference

between irradiated and non-irradiated limbs within a group (p <0.05).

(—11.1% = 8.5%) mice for the C3H strain, as well as in nor-
mal BL6 controls (—9.2% £ 9.1%) and in all groups of BAL
mice (—14.2% £ 8.1% for OVX, —9.5% + 10.8% for sham,
—15.8% =+ 5.4% for normal controls).

No significant differences in Tb.Th were observed
between radiated and non-radiated limbs for any groups of
C3H or BL6 mice, with moderate increases in the radiated
limb noted only within the OVX (8.9% £ 2.4%) and sham
(3.9% £ 2.0%) groups of BAL mice.

Ct.Th was not significantly different between radiated and
non-radiated limbs for OVX or sham animals from the C3H
or BL6 strains. There was, however, significantly increased
Ct.Th observed in the radiated limbs relative to non-radiated
for both OVX and sham groups of BAL mice (7.4% + 3.3%
for OVX, 4.7% 4 2.9% for sham). Ct.A was unaffected for
all mouse groups except B6 shams, which displayed signifi-
cant increases in the radiated limb relative to non-radiated
(5.7% £3.3%). Ma.A was significantly decreased in the
radiated limbs of all OVX mouse groups (—3.4% =+ 3.8%
for C3H, —4.8% +4.1% for B6, —5.7% +3.2% for BAL)
and also for B6 shams (—3.6% +2.9%). Cortical data was
unavailable for normal control mice due to computer error.

No significant interactions between radiation and surgical
treatment were observed for C3H (p >0.3), BL6 (p>0.4), or
BAL (p>0.2) mice for any morphological parameters mea-
sured. OVX was not verified by measuring uterine weight
in the mice, but clear consistent patterns of bone loss were
observed longitudinally within the OVX groups for each
mouse strain, supporting successfulness of the procedure.

3.2.2. Rats

There were no significant differences between radiated
and non-radiated limbs in either the OVX or sham rat groups
for any trabecular or cortical bone morphological parame-
ters measured (Fig. 1 and Table 1). No interaction effect
between radiation and surgical treatment was observed in the
rats for any parameter (p >0.2). Successfulness of the OVX
procedure in rats was confirmed visually by observing lack
of ovarian tissue post mortem.

3.3. Longitudinal data

To put the observed effects of radiation in perspective,
longitudinal morphological data for all groups is presented.
Baseline values are presented along with the relative percent
changes observed in the scanned and unscanned limbs at the
endpoint measurement (Table 2).

The non-radiated limb of all mouse control groups showed
higher BV/TV at the endpoint measurement compared to
baseline, and this was significant for C3H (21.0% + 14.1%)
and BAL (10.0% % 12.6%), but not BL6 (5.9% =+ 18.7%).
The radiated limbs of these BAL and BL6 mice had
decreased BV/TYV relative to baseline (—12.1% 4 11.2% for
BAL, —9.9% +£10.1% for BL6) while radiated limbs for
C3H only increased 11.1% % 14.9% from baseline, which
is significantly less growth compared to the non-radiated
limbs.

All OVX groups had significantly lower BV/TV at end-
point than at baseline, and more pronounced losses in
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the radiated limb. BAL mice lost —18.3% +13.6% of
their BV/TV in the non-radiated limb but —24.9% + 17.7%
in the radiated limb. BL6 mice lost —22.4% +28.9%
in the non-radiated limb while the radiated limb lost
—40.0% £ 19.1%. C3H mice lost —39.1% 4 19.8% in the
non-radiated limb and —51.4% =+ 16.3% in the radiated limb.
Wistar rats lost —31.5% % 9.5% in the non-radiated limb and
—36.3% £ 12.5% in the radiated limb.

Sham BAL and C3H mice incurred BV/TV losses of
—10.4% £ 14.7% and —5.5% =+ 4.7%, respectively, relative
to baseline in the non-radiated limb. These effects were more
pronounced in the radiated limb (—18.9% 4 6.2% for BAL
and —15.5% £7.9% for C3H), although only significantly
different for C3H. Sham BL6 mice increased BV/TV from
baseline to endpoint in the non-radiated limb (3.6% =+ 9.9%)
but lost BV/TV in the radiated limb (—11.4% =+ 12.4%).
Sham-operated Wistar rats increased BV/TV from baseline to
endpoint in both non-radiated (7.3% =+ 17.2%) and radiated
limbs (6.4% 4+ 12.2%).

Groups that displayed significant reductions in BV/TV
between baseline and endpoint showed reductions in Tb.N
between 12% and 43%, and increases in Tb.Sp between 17%
and 84%. Longitudinal changes in Tb.Th were less than 10%
for all groups except control C3H mice, and control and sham
BL6 mice.

Changes relative to baseline were not as significant
and more inconsistent for cortical bone, but general trends
of increased Ct.Th and Ct.A were observed with greater
increases in the radiated limbs. Ma.A was increasing non-
significantly in the non-radiated limbs for all OVX mouse
groups, while lesser increases or slight decreases were
observed in the radiated limbs.

4. Discussion

In this study, we examined the effect of repeated in vivo
micro-CT induced radiation exposure on bone architecture in
healthy and ovariectomized groups of common inbred mice
and rats. Examining the radiation effect in different species
and different strains as well as its interactions with surgical
treatment provides useful information for designing future in
vivo studies where repeated radiation exposure may impact
results.

There was no statistically significant interaction between
radiation effect and surgical treatment within any group,
which implies that the ovariectomy and sham-ovariectomy
procedures do not render the bone more or less susceptible to
radiation effects. In fact, for all three inbred mouse strains,
the relative amounts of bone loss between OVX and sham
groups are highly consistent with data previously observed
in a cross-sectional study [28], where radiation effects are not
a concern. Although the mice in the previous cross-sectional
study were older (OVX at 16 weeks) than those used here, the
consistency serves to illustrate the lack of interaction between
radiation effect and surgical group.

From baseline to endpoint, the OVX groups had the great-
est reductions in BV/TYV, as well as the greatest increases
in Tb.Sp and decreases in Tb.N. Tb.Th and cortical bone
morphology was relatively unaffected. These patterns were
the same for the sham groups, only with lower magnitudes.
The relative bone loss between radiated and non-radiated
limbs in each group is also a result of decreased BV/TV in
the radiated limb accompanied by lower Tb.N and higher
Tb.Sp, with little or no change in Tb.Th. Even for the control
mouse groups, where BV/TV increases over time in the non-
radiated limbs, growth was suppressed in the radiated limbs
via increased Tb.Sp and lower Tb.N. This seems to indicate
that both surgery-induced and radiation-induced bone loss is
manifested through decreased connectivity and loss of thin
trabecular elements, as opposed to gradual thinning of the
entire structure.

It should be emphasized that the effects of OVX are not
overshadowed by radiation effects for mouse strains with
moderate to high bone volume densities. Ovariectomized
C3H mice lost 50% of their BV/TV by week 5, while BL6 and
BAL incurred 40% losses at week 5 and week 2, respectively
(data not presented). The additional 10-20% relative losses
between radiated and non-radiated limbs do not obscure these
overall bone loss trends for the higher bone mass strains
(BAL and C3H). The sham and control groups maintain much
higher BV/TV levels than the OVX groups despite radia-
tion effects (Fig. 1). This distinction is less clear for a lower
bone mass strain like BL6. Since the baseline BV/TV at the
proximal tibia is so low in this strain (less than 10%), the
radiation effects on the sham animals reduce the BV/TV to
levels very near those of the OVX group. Thus, it appears
radiation should be more carefully considered for animals
with low bone mass in the scanned region.

The precise mechanisms of radiation-induced bone loss
are unclear. Just one of many possibilities is that damage
to bone remodeling cells occurs, but we cannot distin-
guish here if the radiation effects are a result of decreased
osteoblast activity or increased osteoclast activity. Radiation-
induced effects on in vitro cultures of both cell types have
been observed in the past at higher dose levels (2-10 Gy)
[24,25,33,34], although no effects on cell viability were
observed by Brouwers et al. when examining rats in vivo
[26]. Further studies addressing this issue could make use of
techniques like histology, histomorphometry, or cell viabil-
ity staining to more closely examine whether osteoclast and
osteoblast activity levels are affected by micro-CT radiation.

The radiation effects observed in the mice contrasts the
lack of effect in the rats. This absence is consistent with
previous findings in healthy rats [26], although a radiation
effect may have been observed if the rats were examined
over a longer time period and were subjected to additional
scans (i.e., increased dosage). The more pronounced effect
in mice compared to rats could be due to a number of factors.
The mice used in this study were young (~12 weeks), and
would have higher rates of bone formation than older animals
[21,35]. These high bone formation rates, possibly coupled
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with cellular changes mentioned previously, could play arole
in the observed effects. Additionally, due to the higher res-
olution of the mouse scans, the radiation dose is over 40%
higher for the mice than for the rats. Atlower doses, mice may
not incur such effects. It is also possible that rats as a species
simply have a higher tolerance against radiation damage in
bone than mice.

The effect of positioning the animal’s limb in the scanner
was not considered during this study. It is possible that this
fixation could have an impact on the bone in the scanned limb,
potentially confounding the radiation results. The authors do
not expect this to be the case, as the leg is fixed for only
a short time (~12 min) without excessive stretching. To be
sure, it would be prudent in future studies to account for this
potential effect by fixing the contralateral limb in a similar
position for an equal amount of time during each scanning
interval.

The age of the control mice groups varied between 8 and 10
weeks of age, and studies have indicated that rapid changes in
structure and density occur in mice near this age [21,36]. This
would lead to some variation in skeletal behavior among the
control group animals. However, since the observed radiation
effect was similar for groups that lost and gained bone to var-
ious degrees, some slight variation within the control groups
is likely acceptable without impacting the overall results.

The quantification of radiation effect as the relative dif-
ference between radiated and non-radiated limbs within the
same animal at the end of a scanning protocol depends on
the assumption that both limbs are not significantly differ-
ent at the outset. In our preliminary work, groups of healthy
BL6 and C3H mice did not significantly differ in baseline
morphology at the proximal tibia metaphysis, supporting the
assumption that handedness in mice is not a concern (data
not published). Similar findings have been shown between
left and right distal femurs in mice [37].

The radiation dose for this study was calculated using
a thin-walled PEI tube surrounding an ionizing chamber
probe. This differs from the calculations used in other micro-
CT radiation studies [37,38] where the dose is calculated
using a probe inside a 35 mm solid polymethyl methacrylate
(PMMA) tube, which tends to result in a 50% dose reduc-
tion compared to the value measured in air. The method of
using a solid PMMA tube extends from dose calculations in
clinical CT measurements where large phantoms are used to
represent the human body core. For micro-CT, particularly at
the tibia, we do not have such a large volume of soft tissue
surrounding the bone. Therefore the thin PEI we use is more
representative of the dissipation of X-ray energy due to the
skin at the mouse/rat tibia. Accordingly, the doses we report
are slightly higher than those reported by previous studies,
but are likely more representative of the true delivered dose.

In conclusion, this study indicates that the radiation dose
administered during high-resolution in vivo micro-CT scan-
ning has no effect on the bone structure of rats at the proximal
tibia. Small, statistically significant effects on trabecular
BV/TV (lower), Tb.Sp (higher), and Tb.N (lower) were con-

sistently observed for skeletally immature C3H, BL6, and
BAL mice. These effects are less than the observed effects
due to mouse ovariectomy (e.g., 40-50% bone loss from
baseline, depending on mouse strain), but should be care-
fully considered for strains with low bone volume at the
measured site such as BL6. Radiation suppressed growth
and induced losses in mice that were otherwise gaining bone
mass, and further intensified losses in mice that were already
losing bone. While it is not entirely clear whether the radi-
ation effects in mice are due to increased bone resorption
or suppressed bone formation, the practical end result is the
same: repeatedly radiated limbs have lower net bone volume
and a more sparsely connected trabecular network than their
unscanned contralateral counterparts. Fortunately, the effect
of the 712.4 mGy dose used on mice in this specific protocol
does not overshadow bone loss effects due to ovariectomy
in mice with sufficient bone mass at the measured site, and
the radiation effects are not exacerbated by OVX or sham
treatment. Comparison via paired #-test with an internal non-
radiated control is a potential method to elucidate the effect
of radiation exposure for any in vivo protocol. Radiation from
in vivo micro-CT can have a small effect on trabecular bone
in mice that are skeletally immature, and no detectable effect
on aged rats. Thus, in vivo micro-CT remains poised to play
an important role in bone-related research.
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