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Abstract—A moderate radiation dose, in vivo lCT scanning
protocol was developed and validated for long-term moni-
toring of multiple skeletal sites (femur, tibia, vertebra) in
mice. A customized, 3D printed mouse holder was designed
and utilized to minimize error associated with animal
repositioning, resulting in good to excellent reproducibility
in most cortical and trabecular bone microarchitecture and
density parameters except for connectivity density. Repeated
in vivo lCT scans of mice were performed at the right distal
femur and the 4th lumbar vertebra every 3 weeks until
euthanized at 9 weeks after the baseline scan. Comparing to
the non-radiated counterparts, no radiation effect was found
on trabecular bone volume fraction, osteoblast and osteo-
blast number/surface, or bone formation rate at any skeletal
site. However, trabecular number, thickness, and separation,
and structure model index were sensitive to ionizing radiation
associated with the lCT scans, resulting in subtle but
significant changes over multiple scans. Although the extent
of radiation damage on most trabecular bone microarchitec-
ture measures are comparable or far less than the age-related
changes during the monitoring period, additional consider-
ations need to be taken to minimize the confounding
radiation factors when designing experiments using in vivo
lCT imaging for long-term monitoring of mouse bone.

Keywords—In vivo lCT, Bone microarchitecture, Mouse

bone, Ionizing radiation.

INTRODUCTION

Micro computed tomography (lCT) has been
widely used to study 3-dimensional (3D) microstruc-
ture of bone specimens. In the recent decade, in vivo
lCT scanners have also become available to longitu-
dinally monitor skeletal changes in various rodent
species.2,4–6,17,31 Current in vivo lCT scanners can
produce images with an isotropic voxel size on the
order of 10 lm, the resolution of which is high enough
for assessment of the 3D cortical and trabecular bone
microstructure of small rodents. For accurate mea-
surements of bone microstructure over time, it is critical
to understand the reproducibility of these measure-
ments in different scan protocols. Although the repro-
ducibility of in vivo lCT measurements have been
reported in rats and mice, the scanning site of these
in vivo studies have been limited to the proximal tibia,
tibial midshaft, and caudal vertebra.2,3,10,18,23,28 In
addition to the tibia and caudal vertebra, the femur and
lumbar vertebra have also been widely used in skeletal
research. However, the influence of animal reposition-
ing and motion artifacts associated with in vivo scans at
these important skeletal sites have not been studied.

Despite the many benefits from longitudinal, in vivo
lCT measurements, there are concerns regarding the
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exposure of tested animals to ionizing radiation. Pre-
clinical studies have suggested that focal ionizing radi-
ation damages bone formation by reducing osteoblast
number, altering osteoblast differentiation ability, and
increasing osteoblast and osteocyte apoptosis.11,12,22,30

The effects of radiation on osteoclasts are dose depen-
dent. While 2 Gy whole body radiation increases
osteoclast activity,16,32 focal radiation with higher dose
(2.5–20 Gy) leads to inhibited osteoclast activity.7,8,24

Therefore, it is important to understand the radiation
effects associated with in vivo lCT when designing an
appropriate imaging protocol for the long-term moni-
toring ofmultiple skeletal sites (femur, tibia, vertebra) in
mice. However, to date, only a limited number of studies
have addressed this in mice. Laperre et al. tested radia-
tion effects of lCT protocols with a range of radiation
exposures (166–776 mGy) and image voxel sizes on
mouse tibiae after 3 repeated scans, with each scan
separated by a 2-week interval. While the scanning
protocol using a high radiation dose led to significant
bone loss in the irradiated tibia, the protocol using a low
radiation dose resulted in poor image quality. In con-
trast, an optimized scanning protocol of moderate
exposure to radiation (434 mGy) and 9 lm nominal
voxel size resulted in minor radiation effects and good
image quality.19 Another study by Klinck et al. tested
radiation effects of a weekly scanning protocol for 3–
5 weeks on multiple mouse strains and showed a sig-
nificant decrease in bone volume fraction (BV/TV) in the
irradiated tibiae at 10.5 lm nominal voxel size.14 Fur-
thermore, Willie et al. reported significantly lower BV/
TV in the tibiae of 10-week-old mice after exposure to 4
repeated scans (5-day interval) at 10.5 lmnominal voxel
size when compared to those only exposed to a single
scan.33 In contrast, no radiation effect was found in 26-
week-old mice based on the same experiment protocol.
Additionally, it was reported by Schulte et al. that no
radiation effect was observed on the 6th caudal vertebra
of mouse after 5 weekly scans at 10.5 lm nominal voxel
size.27

All of these studies suggest that different scan set-
tings, such as image voxel size and scan frequency, may
have differing effects on bone. Moreover, skeletal sites
and animal age may also affect the response to the
radiation exposure associated with in vivo lCT scans.
The previous studies focused on the radiation effect
over a relative short monitoring period (4–5 weeks). In
order to enable longer monitoring for mouse bone
changes, we designed an imaging strategy to monitor
the mouse femur at 10.5 lm and lumbar vertebra at
15 lm nominal voxel size every 3 weeks for a 9-week
period. Taking into account these important findings
from previous investigations, the purpose of this study
was to establish a moderate-dose, in vivo lCT scanning
protocol and measurement regimen that yields the

necessary precision to monitor changes in adult mouse
vertebrae and long bones and to investigate the radi-
ation effects of this protocol on bone quality and bone
cell activities.

In the current study, the first objective was to
examine the short-term reproducibility of mouse tra-
becular bone microstructure measurements at the dis-
tal femur and lumbar vertebra and cortical
measurements at the tibial midshaft when utilizing
customized scan holders. The second objective was to
test whether a 3D image registration technique can
reduce the precision error caused by repositioning of
the animals. Lastly, the third objective of this study
was to examine the radiation effect at both the tissue
and cellular level when using this newly developed
in vivo lCT scanning protocol. We hypothesized that a
well-designed in vivo lCT scan and analysis protocol
can maximize the reproducibility in mouse vertebral
and long bone microstructural measurements between
multiple scans with minimized radiation effects.

MATERIALS AND METHODS

Animal Protocol

All animal procedures were reviewed and approved
by the University of Pennsylvania’s Institutional Ani-
mal Care and Use Committee. Twenty-five female
C57BL/6J (BL6) mice were purchased (age 11–
12 weeks old) from The Jackson Laboratory (Bar
Harbor, ME). Ten mice were used to assess the
reproducibility of the in vivo lCT scanning protocol.
These mice underwent multiple scans within a 24-h
period and were euthanized following the last scan. To
assess radiation effects of in vivo lCT scans, eight mice
were subjected to in vivo scans every 3 weeks and
euthanized 9 weeks after the first scan to evaluate the
radiation effect incurred. Additionally, 7 mice under-
went in vivo scans at the age of 12 and 21 weeks to
assess age-related changes in bone.

In Vivo lCT Scans to Assess Imaging Reproducibility

A total of 4 sets of scans were performed for each
mouse. Each set consists of scans of the 4th lumbar
vertebra (L4), right distal femur, and right tibial mid-
shaft, for a total of 30 min. Between each set of scans,
the mouse was removed from the holder and allowed
to recover from anesthesia, with ample heat to regulate
body temperature and full access to food and water for
at least 2 h. The 4 sets of scans were completed within
a 24-hour period.

Mice were anesthetized in an induction chamber
using isoflurane (4%) dissolved in oxygen and then
transferred to a nose cone and placed on the scanning
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bed. The anesthesia was maintained (2.25% delivery
rate) for the duration of the scanning period. All mice
were scanned by an in vivo lCT system (Scanco vi-
vaCT40, Scanco Medical AG, Brüttisellen, Switzer-
land). An animal holder fixture was custom-designed
using SolidWorks software (Dassault Systèmes, Vélizy-
Villacoublay, France) and fabricated using a 3D
printer (Makerbot Replicator 2X, Stratasys Ltd, Eden
Prairie, MN). The design principle, fabrication, and
operation protocol for the mouse holder fixture is
provided in the Supplemental Material with an input
file (in.stl format) for 3D printing to download. The
customized animal holder fixture served to minimize
motion artifact and ensure that scan sites were posi-
tioned in a similar 3D orientation between scans. The
animal holder fixture consists of three major parts.
Two disks were designed to connect to the scanner-
provided long bed and also prevent the soft tissue from
crossing the border of the focus region of the x-ray
tube. The bed between the two disks maintained the
mice within the focusing region for the vertebra scan.
A small u-shaped component further immobilized the
femur (Fig. 1). Before each scan, the mouse body was
stretched out and laid in a supine position on the
holder, and carefully restrained using Coban self-ad-
herent wrap (3M, St. Paul, MN) to minimize motion
without blocking blood flow and hindering breathing.
A 2D scout view image (Fig. 1) was used to determine
the region of interest. The highest achievable scan
resolution is inversely associated with the smallest
diameter of the cross-sectional field of view (FOV) that
the scanned object can fit within. Based on the average
dimensions of the mouse hind limb and abdominal
region, highest nominal voxel size for scans of the
distal femur and lumbar vertebra was determined to be
10.5 lm and 15 lm, respectively. For the distal femur,
a 2.2 mm region consisting of 208 slices immediately
proximal to the growth plate were scanned at 10.5 lm
nominal voxel size. For the L4, a 3.1 mm region con-
sisting of 209 slices at the center of the vertebral body
were scanned at 15 lm nominal voxel size. For the
tibial midshaft, a 2.2 mm region consisting of 208 slices
at the center of the tibia were scanned at 10.5 lm
nominal voxel size. The scanner was operated at 55
kVp energy, 145 lA intensity, and 200 ms integration
time, and the average time for scan at each skeletal site
was approximately 10 min.

Image Registration and Microstructural Analysis
of Trabecular Bone

To register the baseline (I1) and three follow-up
scans (I2, I3, and I4), we used a landmark-initialized,
mutual information based image registration software

(National Library of Medicine Insight Segmentation
and Registration Toolkit).9,25 Detailed information
regarding the registration approach can be found in
the ITK Software Guide 25,26 and in our previous
studies.1,18

For trabecular bone analysis, the strategy entailed
identifying the common volume of interest (VOI)
within trabecular bone compartments of the baseline
and follow-up scans without rotating the scanned
images to avoid interpolation error, as illustrated in
Fig. 2.1,18 Briefly, for each mouse, the last follow-up
scan (I4) was registered to each of the previous scans
(I1, I2, and I3), resulting in a set of transformation
matrices that represent the rigid-body transformations,
including 3D rotations and translations, between
image coordinates of the three scan pairs. To obtain a
common VOI of trabecular bone in all four scans, the
trabecular bone compartment of I4 was semi-auto-
matically contoured and saved as a VOI mask (gobj
file, V4). For the distal femur, the VOI included a
1.0 mm segment of trabecular bone, beginning 0.1 mm
to 1.1 mm proximal to the growth plate. For the L4,
VOI included a 1.8 mm segment in the center of the
vertebra. Then, the transformation matrices between I4
and each of the I1, I2, and I3 were applied to rotate and
translate the VOI mask V4 to new VOI masks (V1, V2,
and V3). The new VOI masks (V1, V2, and V3, gobj
files) identified the VOIs in the scans I1, I2, and I3 that
corresponded to the same VOI of the scan I4. A

FIGURE 1. (a) Customized jig for holding the mouse tibia to
ensure minimal motion artifacts and similar positions over
longitudinal scans. (b) In vivo lCT scan of a mouse under
anesthesia with the right tibia held by customized jig. (c, d)
Scout view of (c) tibia and femur and (d) lumbar spine for
selection of the region of interest for scans. The regions for
scans are highlighted in yellow.
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manual check was performed to ensure that the regis-
tered VOIs were within the scanned region in all scans
(I1–I4). Subsequently, the registered, thresholded tra-
becular VOIs in all scans were subjected to
microstructural analysis.

All trabecular bone images were smoothed using a
Gaussian filter (sigma = 0.6, support = 1), followed
by a segmentation threshold corresponding to
450.7 mgHA/cm3. Bone volume fraction (BV/TV),
trabecular number (Tb.N), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), connectivity
density (Conn.D), structure model index (SMI), volu-
metric bone mineral density (Tb.vBMD), and tissue
mineral density (Tb.TMD) were calculated by 3D
standard microstructural analysis software provided
by the manufacturer.

For the unregistered images, a 1.0 mm region of
femoral trabecular bone, beginning 0.1–1.1 mm prox-
imal to the growth plate and a 1.8 mm region at the
center of the vertebra were contoured and analyzed for
the baseline and follow-up bone scans.

Image Registration and Microstructural Analysis
of Cortical Bone

The strategy used in trabecular bone analysis, i.e.,
identification of the common VOIs of cortical bone,
would not allow assessment of variability in cortical
morphology between different scans, as the VOI is
defined as the precise cortical geometry for an image,
which may not translate to the cortical geometry at
other time points. Therefore, a different image trans-
formation approach was used to assess the cortical
bone structure of the registered lCT images of the
tibial midshaft. Briefly, each of the follow-up scans (I2,
I3, and I4) was registered to the baseline scan I1. The
resulting transformation matrices were applied to ro-
tate and translate the greyscale image of each of the I2,
I3, and I4 so that the coordinates of the transformed
images (I2¢, I3¢, and I4¢) aligned with those of I1. Then,
a 0.8 mm segment of cortical bone, corresponding to
80 slices located at the center of the tibia, was semi-
automatically contoured for I1. Subsequently, the
cortical bone of the transformed follow-up images I2¢,
I3¢, and I4¢were semi-automatically contoured for 80
slices, corresponding to the same location of I1.

All cortical bone images were smoothed by appli-
cation of a Gaussian filter (sigma = 1.2, support = 2)
and a global threshold corresponding to 628.6 mgHA/
cm3. Cortical bone parameters, including cortical area
(Ct.Area), cortical thickness (Ct.Th), polar moment of
inertia (pMOI), tissue mineral density (TMD), and
cortical porosity (Ct.Po) were measured.

For the unregistered images of tibial midshaft, 80
slices located at the center of the tibia were contoured
and analyzed for the baseline and follow-up bone
scans.

In Vivo and Ex Vivo lCT Scans to Evaluate Radiation
Effect

Eight mice received a baseline scan at the right distal
femur and the L4, follow-up scans every 3 weeks and
were killed at 9 weeks after the initial baseline scan.
The in vivo lCT scans followed the same protocol
described in the Sect. 2.2 with a 10.5 lm nominal voxel
size at the right distal femur and 15 lm nominal voxel
size at the L4. Radiation dose was calculated using an
ionizing chamber (DCT10-RS, IBA Dosimetry GmbH,
Schwarzenbruck, Germany) that was attached to a
measurement unit (Solidose 400, RTI Group, Möln-
dal, Sweden) in the center of a 35 mm polymethyl
methacrylate (PMMA) tube. This scanning protocol
induced a radiation dose of 639 mGy for scans of the
femur and 310 mGy for scans of the vertebra. Anti-
scatter collimators were placed by the manufacturer in
front of detectors to minimize stray radiation outside

FIGURE 2. Schematics of the image registration for
trabecular bone analysis: (a) Image registration was
performed on greyscale images to obtain the translation
matrix T. (b) Image thresholding was performed to distinguish
bone matrix from bone marrow and background. (c) A
trabecular VOI mask was generated based on the
thresholded follow-up scan to separate trabecular from
cortical compartment. Then the transformation matrix T was
applied to transform the VOI mask of the follow-up scan to the
corresponding VOI of the baseline scan. (d) Trabecular
microstructural analysis was then performed on the
trabecular bone within the corresponding VOIs (highlighted
red region) of both baseline and follow-up scans.
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the scanned area. Outside the FOV, direct radiation
may affect up to 150 lm in the axial direction. Further
away, the amount of stray radiation is primarily due to
scattering from the animal tissue within the FOV, and
thus is negligible compared to that inside the FOV.
Therefore, the unscanned left femur and L3 vertebra
(~ 0.5 mm from the L4) were used as non-radiated
controls.

Following euthanasia of the mice, the left and right
femurs, and L3 and L4 vertebrae were harvested and
underwent ex vivo scans at a 6 lm nominal voxel size
using a lCT scanner (MicroCT35, Scanco Medical
AG, Brüttisellen, Switzerland). For the distal femur, a
0.9 mm segment in the secondary spongiosa right
below the growth plate, corresponding to 150 image
slices, was subjected to analysis. For the L3 and L4, a
1.4 mm segment in the center of the vertebra, corre-
sponding to 227 image slices, was subjected to the
same analysis protocol previously described in
Sect. 2.3.

Static and Dynamic Histomorphometry

All mice received subcutaneous injections of calcein
(15 mg/kg, Sigma-Aldrich, St. Louis, MO) at 9 and
2 days prior to euthanasia, and the left and right fe-
murs, and L3, and L4 vertebrae were processed for
undecalcified histology after ex vivo lCT scans. Spec-
imens were embedded in methyl methacrylate (MMA),
sectioned using a Polycut-S motorized microtome
(Reichert, Heidelberg, Germany), and then subjected
to static and dynamic bone histomorphometric analy-
sis. For static bone histomorphometry, 5 lm-thick
sections were cut (Polycut-S motorized microtome,
Reichert) and subsequently stained with Goldner’s
trichrome, and osteoblast number (Ob.N/BS), osteo-
clast number (Oc.N/BS), osteoblast surface (Ob.S/BS)
and osteoclast surface (Oc.S/BS) were measured in the
region scanned by in vivo lCT. For dynamic bone
histomorphometry, 8 lm-thick sections were cut
(Polycut-S motorized microtome, Reichert). Based on
the calcein labeling, measurements of bone formation
rate (BFR/BS), mineral apposition rate (MAR), and
mineralizing surfaces (MS/BS) were quantified at the
same location where static bone histomorphometry

was performed. All static and dynamic histomor-
phometry measurements were made using Bioquant

Osteo Software (Bioquant Image Analysis, Nashville,
TN).

Evaluation of Age-Related Changes in Bone

Seven mice underwent in vivo lCT scans at the right
distal femur and the L4 at the age of 12 and 21 weeks
to assess age-related changes in bone. The in vivo lCT
scans, image processing, and bone microstructure
analysis followed the same protocols as previously
described in Sects. 2.2 and 2.3. Percent changes of
bone microstructure parameters over 9 weeks of aging
were also calculated.

Statistical Analysis

All results are presented as mean ± standard devi-
ation (SD). To evaluate the reproducibility of each
measurement, the individual coefficient of variance
(CV) was calculated, and the root mean square average
of the %CV (RMSCV) was derived for both the
unregistered and registered image pairs.

For each image pair i; i ¼ 1; 2; . . . ; N; ðN ¼ 10Þ

%CVi ¼
SDi

Meani
� 100%

RMS%CV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i¼1 %CV2

i

.

N

r

RMSSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i¼1 SD

2
i

.

N

r

Intraclass correlation coefficient (ICC), as previ-
ously described in 29 and,15 is defined as the ratio of the
variance due to differences amongst samples to the
total population variance. The total variability
encompasses inherent differences amongst samples as
well as the differences caused by the measurement
technique used during the repetitive measurements.
ICC varies between 0 and 1, where an ICC close to 1
indicates good test–retest repeatability. ICCs were
calculated based on the mean squares determined
through a two-way ANOVA, as follows 15,29:

where MSbetween is between-samples mean square,
MSwithin is within-samples mean square (i.e., between-

ICC ¼ MSbetween �MSE
MSbetween þ ðNmeasures � 1Þ �MSE þNmeasures � MSwithin �MSEð Þ=Nsamples
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measurements mean square), MSE is error mean
square, Nmeasures is number of repeated measures = 4,
Nsamples is number of samples = 10.

Paired Student’s t-tests were performed to compare
the %CV of repeated scans before and after image
registration and to compare the radiated and non-ra-
diated microstructure and cellular activities in bone.
Two-sided p-values less than 0.05 were considered
significant.

RESULTS

Reproducibility of In Vivo lCT Measurements
of Femoral Trabecular Bone

Prior to image registration, the precision errors
(RMS%CV) associated with BV/TV, Tb.N, Tb.Th,
Tb.Sp, SMI, Tb.BMD, and Tb.TMD of the distal fe-
mur ranged between 0.605% and 5.80% (Table 1). The
precision error was particularly high for Conn.D
(13.4%). After image registration, on average, preci-

sion errors of all measurements but Conn.D decreased
to levels below 2%, ranging between 0.502 and 1.97%.
A trend of improvement in Conn.D was achieved by
image registration (p = 0.09), resulting in a moderate
reproducibility for Conn.D at 8.17%. Moreover,
improvement in precisions of BV/TV, Tb.N, Tb.Th,
Tb.Sp, SMI, and Tb.BMD reached statistical signifi-
cance (Table 1). Prior to registration, ICCs ranged
from 0.789 to 0.939. After registration, ICCs for
microstructure parameters (BV/TV, Tb.N, Tb.Th,
Tb.Sp, SMI, and Conn.D) ranged from 0.952 to 0.986
and for density measurements were 0.981 (Tb.BMD)
and 0.882 (Tb.TMD).

Reproducibility of In Vivo lCT Measurements
of Vertebral Trabecular Bone

Similar results were found for vertebral bone. Prior
to image registration, most parameters can be repro-
duced with less than 5% precision errors with excep-
tions for Conn.D (8.94%) and SMI (6.09%, Table 2).

TABLE 1. Reproducibility parameters for the femur: mean, standard deviation (SD), and coefficient of variance (CV = SD/mean) of
baseline measures, root mean square of standard deviation (RMSSD), and root mean square of percent coefficient of variance

(RMS%CV) of repeated trabecular bone measurements of the distal femur based on registered and unregistered scans.

Distal Femur BV/TV Tb.N(1/mm) Tb.Th(mm) Tb.Sp(mm) Conn.D(1/mm3) SMI Tb.TMD(mg Hg/cm3)

Bone measurements

Mean ± SD 0.103 ± 0.018 4.88 ± 0.46 0.0396 ± 0.0014 0.206 ± 0.018 138 ± 51 2.63 ± 0.22 857 ± 10

CV 0.174 0.095 0.036 0.089 0.369 0.083 0.012

Reproducibility based on unregistered scans

RMSSD 0.00665 0.117 0.000476 0.00466 19.6 0.0717 5.20

RMS%CV 5.80% 2.36% 1.20% 2.29% 13.4% 2.94% 0.605%

ICC 0.876 0.939 0.895 0.937 0.867 0.900 0.789

Reproducibility based on registered scans

RMSSD 0.00228* 0.0557* 0.000287* 0.00247* 9.10 0.0271* 4.31

RMS%CV 1.97%* 1.13%* 0.730%* 1.20%* 8.17% 1.10%* 0.502%

ICC 0.984 0.983 0.952 0.980 0.970 0.986 0.882

Significant improvement in SD and %CV from the unregistered comparison was indicated by *p < 0.05.

TABLE 2. Reproducibility parameters for the L4: mean, standard deviation (SD), and coefficient of variance (CV = SD/Mean) of
baseline measures, root mean square of standard deviation (RMSSD), and root mean square of percent coefficient of variance

(RMS%CV) of repeated trabecular bone measurements of the L4 based on registered and unregistered scans.

L4 BV/TV Tb.N(1/mm) Tb.Th(mm) Tb.Sp(mm) Conn.D(1/mm3) SMI Tb.TMD(mg Hg/cm3)

Bone measurements

Mean ± SD 0.189 ± 0.037 4.97 ± 0.61 0.048 ± 0.003 0.206 ± 0.025 237 ± 54 1.96 ± 0.44 755 ± 18

CV 0.195 0.123 0.068 0.121 0.228 0.224 0.023

Reproducibility based on unregistered scans

RMSSD 0.00753 0.0759 0.000730 0.00354 18.9 0.129 10.4

RMS%CV 4.68% 1.64% 1.48% 1.56% 8.94% 6.09% 1.41%

ICC 0.960 0.985 0.953 0.980 0.888 0.919 0.728

Reproducibility based on registered scans

RMSSD 0.00487* 0.0551 0.000753 0.002819 14.1 0.089* 8.55

RMS%CV 2.98%* 1.18% 1.58% 1.28% 7.14% 4.16%* 1.15%

ICC 0.983 0.991 0.954 0.986 0.923 0.964 0.753

Significant improvement in SD and %CV from the unregistered comparison was indicated by *p < 0.05.
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After image registration, precision errors of BV/TV,
Tb.N, Tb.Th, Tb.Sp, Tb.BMD, and Tb.TMD were
reduced to levels below 3% and below 4.16% for SMI.
Particularly, precisions of BV/TV and SMI were sig-
nificantly improved. However, only a moderate
reproducibility was achieved for Conn.D after image
registration (7.14%). Prior to registration, ICCs ran-
ged from 0.728 to 0.985. After registration, ICCs for
microstructure parameters (BV/TV, Tb.N, Tb.Th,
Tb.Sp, SMI, and Conn.D) ranged from 0.923 to 0.991
and for density measurements were 0.979 (Tb.BMD)
and 0.753 (Tb.TMD).

Reproducibility of In Vivo lCT Measurements
of the Tibial Midshaft

Precision errors associated with cortical bone
parameters at the tibial midshaft ranged from 0.529 to
3.59% prior to image registration, and from 0.502 to
1.88% after image registration (Table 3). Repro-
ducibility of Ct.Area and pMOI were significantly
improved by image registration. In contrast, the aver-
age precision error of Ct.Po increased from 1.45 to
2.07% after image registration. Image registration
resulted in higher values of ICCs for Ct.Area, Ct.Th,
pMOI, and Ct.TMD, ranging from 0.915 to 0.989.
However, ICC for Ct.Po decreased from 0.913 to 0.828
after image registration.

Radiation Effect on the Distal Femur

Comparisons between non-radiated left femur and
radiated right femur showed no difference in BV/TV,
Conn.D, and TMD. However, the radiated right femur
had 5.5% lower Tb.N and 13.8%, 14.7%, and 7.0%
greater SMI, Tb.Th, and Tb.Sp, respectively, than the
non-radiated left femur (Fig. 3). No difference was
found in any measurement of bone cell numbers, sur-

faces, or formation activities between the non-radiated
and radiated femurs (Fig. 3).

Radiation Effect on the Lumbar Vertebra

Comparisons between non-radiated L3 and radiated
L4 suggested no difference in most of trabecular bone
microstructure parameters with the exception of Tb.N
and Tb.Sp. Radiated L3 had 9.6% lower Tb.N and
12.1% greater Tb.Sp than non-radiated L4 (Fig. 4).
No difference was found in any measurement of bone
cell numbers, surfaces, or formation activities between
the non-radiated and radiated femurs (Fig. 4).

Age-Related Changes of the Distal Femur and Lumbar
Vertebra

Comparisons between the baseline and endpoint
scans suggested a 55% loss in BV/TV in the distal fe-
mur from the age of 12 to 21 weeks, which was asso-
ciated with a 31% and 71% reduction in Tb.N and
Conn.D, and 47% increase in Tb.Sp, respectively
(Table 4). No reduction in BV/TV was found for the
L4 over the course of 9 weeks. However, Tb.N
decreased by 11% and Tb.Sp increased by 14%.

DISCUSSION

In this study, we developed and validated a mod-
erate-dose, in vivo lCT scan protocol which can be
applied to scan multiple skeletal sites (femur, tibia,
vertebra) in mice. By utilizing a custom-designed
holder and well-established image registration tech-
niques, excellent reproducibility was achieved for all
skeletal sites. At the highest in vivo lCT image reso-
lution (nominal image voxel size of 10.5 lm and 15 lm
for the femur and vertebra, respectively), radiation

TABLE 3. Reproducibility parameters for the tibial midshaft: mean, standard deviation (SD), and coefficient of variance (CV = SD/
Mean) of baseline measures, root mean square of standard deviation (RMSSD), and root mean square of percent coefficient of
variance (RMS%CV) of repeated cortical bone measurements of the tibial midshaft based on registered and unregistered scans.

Tibia midshaft Ct.Area (mm2) Ct.Th (mm) pMOI (mm4) Ct.Po (%) Ct.TMD(mg Hg/cm3)

Bone measurements

Mean ± SD 0.483 ± 0.030 0.165 ± 0.008 0.102 ± 0.013 0.115 ± 0.005 1133 ± 19

CV 0.063 0.048 0.129 0.048 0.017

Reproducibility based on unregistered scans

RMSSD 0.00642 0.00186 0.00363 0.00166 5.95

RMS%CV 1.37% 1.11% 3.59% 1.45% 0.529%

ICC 0.957 0.948 0.928 0.913 0.910

Reproducibility based on registered scans

RMSSD 0.00337* 0.00114 0.00169* 0.00246 5.66

RMS%CV 0.689%* 0.686% 1.88%* 2.07% 0.502%

ICC 0.989 0.984 0.987 0.828 0.915

Significant improvement in %CV from the unregistered comparison was indicated by *p < 0.05.

BIOMEDICAL
ENGINEERING 
SOCIETY

Precision and Radiation Effect of lCT of Mouse Bone 163



exposure due to repeated, in vivo lCT scans resulted in
small but significant changes in some of the bone
microstructure parameters while bone volume fraction,
number, and surface of osteoblasts and osteoclasts
were not affected.

The reproducibility of bone density and
microstructure measurement by in vivo lCT imaging
has previously only been evaluated for the mouse tib-
ia.20,21,23 The current protocol overcomes this limita-
tion by enabling multiple skeletal sites in mice to be
scanned. According to our results, reasonable preci-
sion (RMS%CV) can be achieved via use of our cus-
tomized holder along with the standard microCT scan
and analysis at all three skeletal sites for most
microstructure and density measurements with the
exception of Conn.D.

At the distal femur, 3D image registration resulted
in significant improvements in precision for most bone
microstructure parameters. This differs from results
reported by Nishiyama et al.23 where no difference was
observed between precision errors with and without
image registration for the mouse proximal tibia. This
may be due to a greater angle between femur alignment
and the axial direction of the holder as compared to

the tibia (Fig. 1), which may cause a greater reposi-
tioning error associated with femur scans. Neverthe-
less, the registered precision of most trabecular bone
measurements at the distal femur was within 2%, a
similar level compared to that reported at the proximal
tibia.23 At the L4, image registration only led to
improvement in the precision of BV/TV and SMI,
suggesting that minimal repositioning error was asso-
ciated with the scanning of the lumbar vertebra. For
both the femur and L4, the Conn.D measurement had
a higher precision error compared to other parameters
with and without image registration. The elevated
precision error in Conn.D has also been reported in
previous studies of rat and mouse,15,18,23 which sug-
gests that Conn.D measurements are more sensitive to
image quality and motion artifact compared to other
microstructure measurements. Furthermore, the
mouse strain used in the current study has a low tra-
becular bone phenotype with a particularly low
Conn.D, which also contributed to higher variance in
its measurement. Image registration also led to
increased ICC in all measurements at the femur and
L4. ICCs of most measurements except for Tb.TMD
were greater than 0.92, a level greater than those

FIGURE 3. Representative images of (a) 3D rendering of distal femoral bone, (b) calcein-labeled bone surfaces with yellow arrow
indicating double-labeled surfaces, and (c) bone histomorphometry with black arrow indicating osteoblasts and blue arrow
indicating osteoclasts on the bone surface in the (Top) non-radiated and (Bottom) radiated femur. (d–j) Comparisons in trabecular
bone microstructural and density parameters between the non-radiated and radiated femurs. (k–q) Comparisons in the static and
dynamic bone histomorphometry parameters between the non-radiated and radiated femurs.
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reported for the proximal tibia.23 The inherent varia-
tion among animals in Tb.TMD is much lower than
those of other measurements as reflected by 3-30 times
lower coefficient of variance of Tb.TMD than other
measurements at the femur and L4 (Table 1 and 2).
Therefore, the resulting ICC in Tb.TMD would be
lower than other measurements even with similar level
of variability among the repeated measurements.

Excellent precision was also found in cortical bone
measurements at the tibial midshaft by standard scan
and analysis protocol. Image registration further im-
proved precision for Ct.Area and pMOI measure-
ments. However, both precision and ICC decreased
after image registration for measurement of Ct.Po. The
image processing for registered trabecular bone and

cortical bone analysis are fundamentally different. The
trabecular bone analysis only involves identification of
the same VOI between baseline and follow-up scans
while the cortical bone analysis requires translation,
rotation, and image interpolation of the follow-scans
in order to match the baseline scan. Due to the partial
volume effect that is involved with image rotation and
interpolation, measurements such as Ct.Po would be
significantly affected, resulting in even lower repro-
ducibility after image registration. Therefore, it is rec-
ommended that evaluation of Ct.Po should follow a
standard scanning and analysis protocol, without
image registration.

Repeated radiation exposure to weekly in vivo lCT
scans has been reported to cause significant bone

FIGURE 4. Representative images of (a) 3D rendering of vertebral bone, (b) calcein-labeled bone surfaces with yellow arrow
indicating double-labeled surfaces, and (c) bone histomorphometry with black arrow indicating osteoblasts and blue arrow
indicating osteoclasts on the bone surface in the (Top) non-radiated and (Bottom) radiated lumbar vertebrae. (d–j) Comparisons in
trabecular bone microstructural and density parameters between the non-radiated and radiated vertebrae. (k–q) Comparisons in
the static and dynamic bone histomorphometry parameters between the non-radiated and radiated lumbar vertebrae.

TABLE 4. Percent change in trabecular bone microstructure at the distal femur and L4 from the age of 12 to 21 weeks.

% change over

9 weeks BV/TV Tb.N Tb.Th Tb.Sp Conn.D SMI Tb.TMD

Distal Femur 2 52.5 ± 23.9%* 2 29.5 ± 6.1%* 2 2.7 ± 9.2% 43.8 ± 12.7%* 2 70.4 ± 37.4%* 19.2 ± 22.7% 0.1 ± 3.2%

L4 2 5.7 ± 9.0% 2 10.7 ± 7.1%* 3.1 ± 4.3% 14.1 ± 7.9%* 0.6 ± 13.1% 0.7 ± 13.6 2 0.8 ± 2.8

*Indicates significant change (p < 0.05).
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deterioration in mice.14 To enable a long-term moni-
toring of bone changes, the interval between repeated
scans was adjusted to 3 weeks in our protocol and the
cumulative effect of multiple exposures to scan-in-
duced radiation in a span of 9 weeks was evaluated. At
the distal femur, despite no radiation effect on BV/TV,
the irradiated femur had reduced number and
increased thickness of trabeculae, increased separation
between trabeculae, and a more rod-like trabecular
network compared to the non-radiated contralateral
femur. At the lumbar vertebra, despite the 50% lower
radiation dose compared to the femur, radiated L4 had
significantly lower number and increased separation of
trabeculae than that of the non-radiated L3. The
radiation dose at L4 (310 mGy) is lower than that of
the protocol used for the proximal tibia (434 mGy) in a
previously published study by Laperre et al. 19 where
no radiation effect was reported for any of the tra-
becular bone microarchitecture parameters. It is pos-
sible that the lumbar vertebra is more sensitive to
radiation exposure than the proximal tibia. Further-
more, the sample size in the current study is twice than
that of the study by Laperre et al.19 thereby allowing
the detection of subtle but significant effects of radia-
tion exposure on bone parameters. Surprisingly, we did
not observe significant effects of radiation on osteo-
blast and osteoclast number, surface, nor on the bone
formation rate. It is likely that there was an acute
response elicited by the bone cells to the ionizing
radiation by in vivo lCT, which was not maintained
long-term.

Aging also plays a significant role in trabecular bone
loss. Results from our study are consistent with those
reported by Glatt et al., which showed that female mice
had significant bone loss in the distal femur and ver-
tebra from age of 3 to 5 months.13 For the distal fe-
mur, the extent of radiation damage of Tb.N, Tb.Sp,
and SMI (5.5–14.7%) over 9 weeks was far below the
mean of age-related bone changes (19.2–70.4%) over
the same period of time as well as below the standard
deviation (6.1–22.7%). Therefore, the ionizing radia-
tion associated with in vivo lCT exerted significant but
negligible effects on these trabecular parameters at the
distal femur. Nevertheless, radiation led to a significant
increase in Tb.Th while aging exerted no effect. For the
lumbar vertebra, aging only caused moderate changes
in number and separation of trabeculae without
affecting bone mass. Interestingly, exposure to the
radiation by in vivo lCT leads to a similar degree of
changes in the same trabecular bone microarchitecture
parameters without effect on others. Caution needs to
be taken when interpreting data acquired by in vivo
lCT regarding changes in trabecular microarchitec-
ture, especially for Tb.N and Tb.Sp at the lumbar
vertebra as well as Tb.Th at the distal femur. Overall,

the effect of in vivo lCT-associated radiation is rela-
tively subtle compared to aging effect, however one
should bear in mind that the confounding radiation
factors may be significantly greater compared to
intrinsic variation of other diseases or treatment
models. Therefore, it is recommended to always in-
clude a control group of animals that are subjected to
the same frequency and dosage of exposure to in vivo
lCT as other experimental groups.

To our knowledge, this is the first study examining
the reproducibility and radiation effects of a moderate
dose, high-resolution in vivo lCT imaging protocol for
both mouse vertebra and long bone. However, our
study was limited to female, healthy adult C57BL/6J
mice. Although we do not expect the sex, age, or strain
would cause significant changes to the precision error
associated with our scan protocol, it is possible that
mice of different sex, age, or strain are more or less
susceptible to radiation-induced changes in bone
quality and bone cell activities. To assess the conse-
quence of exposure to radiation, the contralateral fe-
mur and adjacent lumbar vertebra were used as non-
radiated counterparts to the radiated bone sites. The
limitations of this experiment design include intrinsic
differences between the radiated and non-radiated
counterparts and the exposure to stray radiation in
these counterparts. Nevertheless, selecting a counter-
part within the same test subject increases the statisti-
cal power and sensitivity to detect any radiation effect.
Moreover, the amount of stray radiation subjected to
the unscanned counterparts is negligible compared to
the scanned sites due to the built-in anti-scatter colli-
mator by the manufacturer.

In spite of the limitations listed above, this study
thoroughly evaluated an in vivo lCT imaging protocol
for long-term monitoring of skeletal changes in
response to diseases or therapies in a mouse model.
The assessment of imaging reproducibility was per-
formed in live animals and the precision error with and
without 3D image registration was investigated. A
customized, 3D printed mouse holder fixture was de-
signed to reduce precision error, thereby resulting in
good to excellent reproducibility in most cortical and
trabecular bone parameters, even without image reg-
istration. No radiation effects were found in trabecular
bone mass and bone cellular activities at both the
mouse long bone and lumbar vertebra after a 9-week
monitoring period with in vivo lCT scans every
3 weeks. However, it should be noted that trabecular
bone microarchitecture parameters are sensitive to the
lCT-induced radiation, resulting in subtle but signifi-
cant changes over multiple scans. Additional consid-
erations, such as including a control group, need to be
taken to minimize the confounding radiation factors
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when designing experiments using in vivo lCT imaging
to monitor changes in mouse bone.
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