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Objectives
This study aims to evaluate if micro-CT can work as a method for the 3D assessment and
analysis of cancellous bone by comparing micro-CT with undecalcified histological sections
in OVX rats.

Methods

The mandible and tibia of sham, ovariectomised (OVX) and zoledronate-injected ovariect-
omised (OVX-ZOL) rats were assessed morphometrically. Specimens were scanned by micro-
CT. Undecalcified histological sections were manufactured from the specimen scanned by
micro-CT and stained with haematoxylin and eosin. Bivariate linear regressions and one-way
analysis of variance were undertaken for statistics using SPSS 16.0.1 software.

Results

There were highly significant correlations between undecalcified histological sections and
micro-CT for all parameters (bone volume density (BV/TV), bone surface density (BS/BV),
trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp))
in the mandible and tibia. Bone histomorphometric parameters analysed by both methods
exhibited significant differences among sham, OVX, and OVX-ZOL groups. There were sig-
nificant correlations between mandible and tibia in BV/TV, BS/BV, and Tb.Sp.

Conclusions

Micro-CT is a complementary tool to histological sections in basic research that could
improve our understanding of bone histomorphometry. The mandible can be used as an
effective site to assess bone morphometry of OVX or metabolic bone disease rat models.
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Article focus
To compare bone micro-architectural
analysis of bone disease between unde-
calcified histological sections and micro-
CT using rodent models.

Strengths and limitations
This is the first study, using rodent models, to
compare bone micro-architectural analysis
of bone disease between undecalcified
histological sections and micro-CT.
However, relatively few undecalcified his-

Key messages tological sections were made from indi-

There were highly significant correlations
between the results of micro-architectural
analysis of undecalcified histological sec-

vidual specimens. This partially explained
the different results obtained from unde-
calcified histological sections and micro-
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tions and micro-CT of the mandible and
tibia for all parameters.

The mandible could be used as an alterna-
tive site with which to evaluate the bone
morphometry of metabolic bone diseases

CT, particulalry for the tibia.

Introduction
Quantitative bone histomorphometry is a
method that assesses the structural properties
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of trabeculae in basic or clinical research.2 Quantitative
bone histomorphometry is an important index of bone
micro-architecture in research on bone disease such as
metabolic bone diseases and bone defects.3-> Traditionally,
bone micro-architectural analysis has been assessed by his-
tological sections (2D measurements), where the structural
parameters are either inspected visually or measured from
sections, and the third dimension is added based on stere-
ology.%” However, histological sectioning is a tedious and
time-consuming method. Moreover, these descriptors of
the trabecular network are derived from measurements
from the trabecular area and trabecular perimeter, and pro-
vide only a limited description of the architecture in 2D
measurements. The destructive character of the procedure
is particularly limiting. Once sectioned, the bone speci-
mens are no longer available for other static or dynamic
histomorphometric analyses.®'° Therefore, it is important
to design a non-destructive method of bone micro-archi-
tectural analyses.

Micro-computed tomography (micro-CT) is a miniatur-
ised version of computerised axial tomography, and the
system has a resolution in the order of a few micrometres.
Micro-CT has great advantageous characteristics compared
with histological sections such as being non-destructive,
fast, and easy to operate.’1> Although micro-CT was
established to a large extent for bone analytical purposes,
the procedures and applications utilised to assess and ana-
lyse the trabecular bone structure quantitatively are not yet
fully standardised, especially for the jaw.16.17

Recently, post-menopausal osteoporosis has been
shown to have an increased rapid morbidity among the
elderly and has become a research focus worldwide.8-20
Hence, ovariectomised (OVX) rats, as the most com-
monly used animal model of post-menopausal osteo-
porosis, were chosen in this study to assess the skeletal
micro-architecture of metabolic bone disorders.?" It is
well known that the mandible is both morphologically
and functionally different from other bones of the axial or
peripheral skeleton.22 Hence, the mandibular alveolar
bone may be used as an alternative site to evaluate the
bone morphometry in OVX rats, which ensures that the
comparison between undecalcified histological sections
and micro-CT is more comprehensive.

This study aims to evaluate if micro-CT can work as a
method for the 3D assessment and analysis of cancellous
bone by comparing micro-CT with conventional bone
histomorphometry in OVX rats, and to determine whether
the mandible can be used as an effective site to evaluate
the bone morphometry of OVX rats, or other models of
metabolic bone disease.

Materials and Methods

Animals and administration procedure. All animal experi-
ments were approved by the Animal Care and Use
Committee of Peking University Health Science Center
(Approval number: LA2014233, Beijing, China). Female

Sprague Dawley rats aged eight weeks (n = 15) were
purchased and a bilateral OVX or sham operation was
performed using standard methods. Four weeks after the
OVX or sham operation, rats were assigned randomly into
three groups of five: sham rats injected with vehicle (sham
group); OVX rats injected with vehicle (OVX group); and
OVX rats injected with zoledronate (100 pg/kg) subcuta-
neously at days 1 and 8 (OVX-ZOL group). Three months
later, the rats were killed and the mandible and the tibia
from each animal were thoroughly dissected free from
soft tissue and fixed in 10% neutral-buffered formalin, and
used for micro-CT and undecalcified histological sections.
Micro-CT analysis. The mandibles and tibias were stud-
ied using a compact fan-beam-type tomography system
(Inveon MM CT, Siemens AG, Munich, Germany). In
brief, the mandible or tibia was located and scanned in its
entirety, being rotated 360° in 360 equiangular steps.'3
Images were scanned at a resolution of 8.82 pm, tube
voltage of 80 kV, tube current of 500 pA and exposure
time of 1500 ms. The images consisted of 1536 slices with
avoxel size of 17.64 um in all three axes. Two-dimensional
images were used to generate 3D reconstructions using
multimodal 3D visualisation software (Inveon Research
Workplace, Siemens). In order to evaluate the influence of
scanning resolution on the results from micro-CT analy-
sis, the same specimen was scanned at resolutions of
8.82 um, 13.57 ym, 35.32 ym, 43.74 pm and 104.84um,
with all other parameters being kept the same.

For the mandible, the region of interest (ROI) was
obtained from all trabecular bone under the first molar
domains (Fig. 1) as previously described.'” For the tibia,
the ROl was drawn 2 mm from the nadir of the proximal
epiphysis. An appropriate threshold was adjusted exactly
to the mineralised bone phase. The threshold levels dis-
tinguishing trabecular bone from bone marrow for man-
dible and tibia in sham, OVX and OVX-ZOL groups are
shown in Table I. The parameters were calculated as fol-
lows: bone volume density (BV/TV), bone surface density
(BS/BV), trabecular thickness (Tb.Th), trabecular number
(Tb.N) and trabecular separation (Tb.Sp).23
Histological sectioning and staining. The mandible and
tibia were fixed and dehydrated in ethanol followed by
embedding in destabilised methyl methacrylate resin under
vacuum at room temperature. Next, the sections were
ground and polished to 20 ym to 30 ym by the EXAKT pre-
cision cutting and grinding system (EXAKT Apparatebau
GmbH & Co KG, Norderstedt, Germany) and stained with
haematoxylin and eosin (H&E)."> A similar ROI, as previ-
ously defined in the micro-CT measurement, was analysed
by means of a semi-automatic histomorphometric analysis
system (Bio-Quant Inc., San Diego, California). The unde-
calcified histological slices stained by H&E were automati-
cally photographed by Nikon inverted microscope and
the images were transferred to graphic workstation. Next,
the ROI of the undecalcified histological slices was drawn
using the BQ Imaging Toolkit (Bio-Quant Inc., San Diego,
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Table 1. The threshold levels of micro-CT for mandible and tibia in the sham, ovariectomised and zoledronate-injected ovariectomised groups

Threshold value”

ovX

OVX-ZOL

Sham
Mandible 2928.99 to 3010
Tibia 2409.31 to 2480

2386 to 2453.32
2340.39 to 2421.94

2926.81 to 2992.77
2711.79 to 2911.45

*When the histomorphometric parameters by micro-CT were analysed, a threshold value was set to distinguish trabecular bone from bone marrow. If the nu-
merical range was from the threshold value to the maximum value, the region of interest (ROI) showed the trabecular bone in the specimen; if the numerical
range was from the minimum value to the threshold value, the ROl showed the bone marrow in the specimen

OVX, ovariectomised rats; OVX-ZOL, zoledronate-injected ovariectomised rats

Fig. 1

This representative image from a micro-CT shows that the
region of interest (ROI) on the mandible in the axial plane
and on the tibia in the coronal plane (the yellow outline rep-
resents the ROl on mandible and tibia). Scale bar =1 mm.

California). After the threshold value was set, the histo-
morphometric parameters were automatically calculated
by BIOQUANT OSTEO Image Analysis Systems (Bio-Quant
Inc., San Diego, California). Of note, trabecular diameter
(Tb.Dm) in two-dimensional histology is instead of the Tb.
Th from 3D histomorphometric parameters of micro-CT.
Statistical analysis. Quantitative data for correlations of
the histomorphometric parameters on mandible or tibia
between micro-CT and histological sections are presented
as bivariate linear regressions using SPSS 16.0.1 software
(IBM, Armonk, New York). The coefficient of variation (CV)
was calculated as the standard deviation (SD) percentage
of the mean. Coefficients of correlation (r) and determi-
nation (r?) are given for the goodness of fit. Additionally,
one-way analysis of variance (ANOVA) was undertaken for
comparison within groups; p < 0.05 was considered stati-
cally significant. Quantitative data of the histomorphomet-
ric parameters are presented as mean and sD.

Results

Stereology-based comparison of histological and corre-
sponding micro-tomographical sections of mandible and
tibia. Compared with the images of histological sections
in the first row of Figure 2, the 3D reconstruction images

(second row) showed that there were still a slight reduction
of bone mass in trabecular boundaries, which might be cor-
related with the loss of low-density tissue induced by radio-
graph in micro-CT, such as new bone and osteoid (Fig. 2).
The evaluation of the accuracy of micro-CT analysis of man-
dibles and tibias at different scanning resolutions. The
radiographs of mandibles and tibias from the same rat
in the sham group became less clear as the scanning
resolution decreased. The boundary between trabecular
bone and bone marrow of tibias and mandibles could
not be clearly distinguished at resolutions below 8.82
pm and 13.57 pm, respectively (Fig. 3). There were
unpredictable changes in the results of morphometric
parameters at different resolutions; the data obtained
at the highest resolution were similar to those obtained
by histological analysis. It was therefore concluded that
the most appropriate resolution at which to scan was
8.82 pm.

Histomorphometric parameters of mandible correla-
tions between histological indices and micro-CT. The
results indicated that the mean calculated by micro-CT
was slightly overestimated in BV/TV, BS/BV and Tb.N
compared with that of histology in the remaining three
groups. The Tb.Sp average was calculated to be roughly
equal between the two methods. According to the for-
mula (Tb.Dm = 4/(BS/BV), Tb.Th = 2/(BS/BV)), Tb.Dm
was equal to twofold Tb.Th in number (Tb.Dm = 2*
Tb.Th).24 Hence, the mean of Tb.Th from micro-CT was
equal to Tb.Dm by histology, and the two parameters are
combined hereinafter to simplify the analysis. The coef-
ficients of variations (CV) of histomorphometric param-
eters from micro-CT were lower when compared with
their corresponding histological CVs.

Our results demonstrated that there were significant
correlations in the mandible between histological indices
and micro-CT analysis for all five histomorphometric
parameters (Fig. 4). Moreover, for the mandible, good cor-
relation was found between the two methods for BV/TV,
Tb.Th, and Tb.Sp, with the mean percentage differences
being no more than 5%. Larger differences, although still
relatively small, were found for BS/BV and Tb.N.

The correlations of the histomorphometric parameters of
the tibia between histological indices and micro-CT. Our
results demonstrated that the 3D values from micro-
CT were overestimated in the BV/TV compared with
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Fig. 2a

Fig. 2b

These images show the bone micro-architecture of the a) mandible and b) tibia among sham, ovariectomised (OVX) and zoledro-
nate-injected ovariectomised (OVX-ZOL) groups in the coronal plane. The first row represents a single histological section. The
second row represents a 3D reconstruction corresponding to histological section. Scale bar =1 mm.

Fig. 3

Radiographs of the mandible (top) and tibia (bottom) from the same rat at all five scanning resolutions. The
radiographs became less clear as the scanning resolution decreased. Scale bar =1 mm.

2D measurements obtained from histological sections.
The averages of the other parameters were inconsistent
between the two methods. However, the CV of histo-
morphometric parameters from micro-CT was lower
compared with their corresponding histological ones.
Unexpectedly, the CVs of the tibia were higher compared
with those of the mandible, especially in the OVX-ZOL

group. In the OVX-ZOL group, the CV value of the tibia
was dramatically higher than that of either sham or OVX
groups. This was associated with the pyknotic bone tra-
becular plate induced by zoledronate below the proximal
epiphysis (Fig. 2b).

In addition, for the tibia, there were significant correla-
tions between histological indices and micro-CT analysis

BONE & JOINT RESEARCH



BONE MICRO-ARCHITECTURAL ANALYSIS OF MANDIBLE AND TIBIA IN OVARIECTOMISED RATS 257

25
£ y =0.4909x + 8.066
IS r=0.94
2 20-
2
c
(]
>
©
2 154
&
[a]
8
2

10 T T l

10 15 20 25
MicroCT BS/BV of Mandible (1/mm)
Fig. 4b
6.5

y =1.3061x -2.6039
6] r=0.90

5.54

Histo Th.N of Mandible (1/mm)
“n

3.5 T T T T T |
3.5 4 4.5 5 5.5 6 6.5

MicroCT Th.N of Mandible (1/mm)
Fig. 4d

701
y =0.9914x -1.6808
§ r=0.95
<@
3 60+
c
©
=
©
=
= 50+
o
el
T
40 T T l
40 50 60 70
MicroCT BV/TV of Mandible (%)
Fig. 4a
0.3
- y=1.8561x+0.0172
E r=0.86
£0.251
[
]
2 0.2-
©
=
©
< 0.154
=
g
'_
9 0.1
2
0.05 T T T T |
0.05 0.1 0.15 0.2 0.25 0.3
MicroCT Tb.Dm of Mandible (mm)
Fig. 4c
0.14 -
z y =1.5102x -0.0361
E r=0.92
<2
2 0.1
kS
c
©
=
©
o
2 0.06 4
!
'_
L
T
0.02 T
0.02 0.06

0.1 0.14

MicroCT Tb.Sp of Mandible (mm)
Fig. 4e

Histological indices and micro-CT analysis correlations from the same histomorphometric parameters of the mandible; a) bone volume density;
b) bone surface density; ¢) Tb.Dm (Tb. Th); d) trabecular number; e) trabecular separation. A total of 15 specimens among sham, ovariect-
omised, and zoledronate-injected ovariectomised groups were used for correlations. All regressions were highly significant.

for all five histomorphometric parameters (Fig. 5).
However, for the tibia, good correlation between the two
methods was only found in Tb.Th. The mean percentage
differences of the other four parameters in the tibia were
higher than those of the mandible.

Histomorphometric parameter correlations between the
mandible and tibia by histological indices and micro-CT

analysis. There were significant correlations observed in
BV/TV, BS/BV, and Tb.Sp between mandible and tibia,
respectively (Fig. 6). Consistent with the correlation of
histological analysis, the results of micro-CT showed
that the more significant correlations were found in BV/
TV, BS/BV, Tb.N, and Tb.Sp between mandible and tibia
(Fig. 7). These data have confirmed that the variation
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Histological indices and micro-CT analysis correlations from the same histomorphometric parameters of the tibia; a) bone volume density;
b) bone surface density; c) Tb.Dm (Tb. Th); d) trabecular number; e) trabecular separation A total of 15 specimens among sham, ovariect-
omised and zoledronate-injected ovariectomised groups were used for correlations. All regressions were highly significant.

of histomorphometric parameters in the mandible was
associated with that of the tibia in OVX-induced osteo-
porotic or zoledronate-treated rat models.

Comparison of histomorphometric parameters among
sham, OVX, and OVX-ZOL groups by undecailcified histo-
logical sections and micro-CT. For undecalcified histo-
logical sections of the tibia, the OVX group significantly
decreased in BV/TV, Tb.Dm, and Tb.N compared with

sham and OVX-ZOL groups. Moreover, there were signifi-
cantincreases in BS/BV and Tb.Sp in the OVX group com-
pared with the sham and OVX-ZOL groups. The OVX-ZOL
group dramatically increased in BV/TV and decreased in
BS/BV compared with the sham group. Consistent with
undecalcified histological sections, micro-CT analysis of
the tibia showed that the values of BV/TV, Tb.Th, and Tb.N
in the OVX group were lower than in sham and OVX-ZOL
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Correlations from the same histomorphometric parameters between the mandible and tibia by histological indices analysis; a) bone volume
density; b) bone surface density; c) trabecular separation. A total of 15 specimens among sham, ovariectomised, and zoledronate-injected
ovariectomised groups were used for correlations. All regressions were highly significant.

groups with the exception of the Tb.N of the OVX-ZOL
group. Moreover, there were significant increases in BS/
BV and Tb.Sp of the OVX group compared with sham
and OVX-ZOL groups. However, the parameters of BV/TV
and Tb.Th in the OVX-ZOL group were higher than that
of the sham group. Meanwhile, the BS/BV in the OVX-
ZOL group was lower than the sham group.

In undecalcified histological sections of the mandible,
there were significant decreases in BV/TV and Tb.Dm of
the OVX group compared with sham and OVX-ZOL
groups. Moreover, the OVX group showed a dramatic
increase in Tb.N and Tb.Sp compared with the sham
group. The OVX-ZOL group showed a significant increase
in Tb.N compared with the sham group. Meanwhile, in
the OVX-ZOL group, Tb.Sp was dramatically decreased
compared with the sham and OVX groups. Consistent
with undecalcified histological sections, the micro-CT
results of the mandible showed that the OVX group sig-
nificantly decreased in BV/TV and Tb.Th and increased in
BS/BV compared with the sham and OVX-ZOL groups. Of
note, inconsistent with the tibia, the Tb.N of the mandi-
ble in the OVX group exhibited a significant increase
compared with the sham group using both methods,

which might be associated with new bone lacunae of the
alveolar septum induced by bone resorption in the man-
dible (Fig. 2a). The OVX-ZOL group showed a significant
decrease in Tb.Sp compared with the OVX group. These
aforementioned data further corroborate the finding that
undecalcified histological sections and micro-CT have an
excellent ability to evaluate OVX-induced osteoporosis
and osteoporotic treatment. Moreover, consistent with
the tibia, bone histomorphometry on the mandible also
revealed the presence of osteoporosis or effect of osteo-
porotic treatment in an ovariectomised rat model.

Discussion

Although quantitative structural comparison of histological
sections and micro-CT using human bone biopsies has been
investigated in several studies,’ '35 bone micro-architec-
tural comparison of these two methods using rodent speci-
mens has rarely been reported. Our analysis has indicated
that the mean percentage differences in trabecular morpho-
metric parameters are increased when the average width of
rodent trabeculae is only a few micrometres compared with
that of the human trabeculae (1324  um,
SD 27.9).2° The results of the accuracy of micro-CT at different
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Correlations from the same histomorphometric parameters between the mandible and tibia by micro-CT analysis; a) bone volume den-
sity; b) bone surface density; c) trabecular number; d) trabecular separation. A total of 15 specimens among sham, ovariectomised, and
zoledronate-injected ovariectomised groups were used for correlations. All regressions were highly significant.

scanning resolutions indicated that the radiographs became
less clear as the scanning resolution decreased and that the
histomorphometric parameters at the highest resolution
were similar to the histological parameters. Consistent with
our results, Miller et al?¢ demonstrated that only the highest
resolution could predict accurate values of human bone
biopsies when very accurate results are required. Moreover,
the accuracy for lower resolution data could decrease. In this
respect, the micron-sized micro-CT may currently be the
best available option, although inadequate to scan the bone
trabeculae of rodent animals, therefore a higher resolution of
micro-CT should be used in future. However, although vary-
ing accuracy appeared in the morphometric results when
bone micro-architectural analysis of 2D and 3D data were
compared, highly significant linear correlations between the
two methods were found for the determination of both of
the morphometric parameters. Meanwhile, stereology-
based comparison of the trabecular bone structures on the
mandible or tibia by a histological and the corresponding
micro-tomographical section also provided visible evidence
that the micro-CT system was functioning effectively for the
evaluation of bone micro-architecture.

In this study, the mean percentage differences of all
five morphometric parameters of the mandible were

lower than the tibia, although correlation coefficients
were similar between both methods. Our analysis indi-
cated that the discrepancy of accuracy between the man-
dible and tibia was mainly due to the cut direction and
discontinuity of the undecalcified histological sections.
Undecalcified histological sections were created by the
EXAKT precision cutting and grinding system. Therefore,
local bone tissues were grinded by specific sandpaper in
one step. For the mandible, the sections were cut along
the coronal plane (Fig. 1). In this plane, the micro-archi-
tecture of the alveolar trabeculae exhibited repeatability,
although the trabeculae are irregular in each plane.
However, the numbers of trabeculae in the central can-
cellous bone of the tibia are fewer than those of the
peripheral cancellous bone in the tibia when the sections
of tibia were conventionally cut along the coronal planes,
especially in diseases of bone resorption such as osteo-
porosis (Fig. 8). Generally, the cutting sites of undecalci-
fied histological sections on rats were more focused on
the central cancellous bone in the tibia to avoid cutting
the excessive cortical bone accidentally in a diameter of a
few millimetres. Therefore, the BV/TV of the tibia that was
calculated from the histological slices was underesti-
mated compared with the 3D data from micro-CT, which
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Fig. 8

Visual comparison of numbers of trabeculae between the central and peripheral cancellous bone of tibia in
ovariectomised rats in coronal planes. The first row represents the trabeculae of coronal planes derived from
different locations of cancellous bone in tibia (represents the front, middle, or back plane). The second row
shows the transverse plane of tibia where the yellow lines mark the corresponding coronal locations in the
first row for observation of cancellous structures. Scale bar =1 mm.

showed a greater difference of BV/TV in the tibia between
both methods than that of the mandible.

Yan, Pham and Crabbe?” discovered that significant
positive correlations were found in Tb.Sp and the struc-
ture model index (SMI) using micro-CT between mandi-
ble and tibia in an ovariectomised rat model. We
previously reported that there were significant correla-
tions in BS/BV, Tb.Th, and Tb.Sp by micro-CT between
alveolar bone around the mandibular first molar and the
proximal tibiaamong sham, OVX, and oestrogen-injected
ovariectomised rats.’” In order to confirm the conclusion,
the correlations between mandible and tibia were evalu-
ated by undecalcified histological sections and micro-CT,
and our results demonstrated that there were significant
correlations in BV/TV, BS/BV, and Tb.Sp between the
mandible and tibia by both methods.

In this study, we found that both histological sections
and micro-CT were effective in evaluating bone morpho-
metry of osteoporosis and relative treatment. We also
conclude that the mandible may be used as an effective
site to assess the bone morphometry of OVX rats or other
metabolic bone disease models, although the mandible
had a smaller percentile reduction in BV/TV than the tibia
in response to oestrogen deficiency. This difference might
be associated with masticatory function of the jaws.?8 In
order to investigate whether mandible can be used as an
effective site to assess bone morphometry, further experi-
ments are required.

Although there was a good correlation for morpho-
metric parameters between micro-CT and undecalcified
histological sections, much information could not be

provided by micro-CT, such as bone dynamics and the
number of osteoblasts or osteoclasts. In this regard,
micro-CT imaging cannot replace histology, but is
complementary.

However, there are limitations to this study. One piece
of undecalcified histological section was made from one
specimen, which was one of the reasons for the differ-
ence between undecalcified histological sections and
micro-CT, especially regarding the tibia. Sequential unde-
calcified histological sections will be made by a more
advanced precision cutting and grinding system in fur-
ther investigations.

In conclusion, this study has demonstrated for the first
time that there are highly significant linear correlations
between between undecalcified histological sections and
micro-CT bone micro-architectural analysis of the mandi-
ble and tibia in osteoporotic rodent models. Our data
provide solid evidence for the application of micro-CT
analysis in rodent animals of metabolic bone disease.
In addition, we further confirmed that there were signifi-
cant correlations of histological data between the mandi-
ble and tibia by two methods, and the mandible could be
used as an alternative site to evaluate the bone morpho-
metry of metabolic bone diseases.

Supplementary material

Tables showing further data on the histological

and micro-tomographic parameters of the mandi-
ble can be found alongside the paper at http://www.bjr.
boneandjoint.org.uk/
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