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Abbreviations

BALP	 Bone-specific alkaline 
phosphatase

BMC	 Bone mineral content
BMD	 Bone mineral density
BRONJ	 Bisphosphonate-related 

osteonecrosis of the jaw
BS/BV	 Bone surface/bone volume ratio
BV	 Bone volume
BV/TV	 Percentage of bone volume
Ca.Dm	 Canal diameter
Ca.Sp	 Canal separation
Ca.V	 Canal volume

Ca.V/TV	 Canal porosity
CKD	 Chronic kidney disease
Conn.D	 Connectivity density
Cr. BMD	 Cortical bone mineral density
CS	 Canal surface
Ct.Po	 Cortical porosity
Ct.Th	 Cortical thickness
CTX	 C-terminal telopeptide fragment 

of type I collagen
DA	 Degree of anisotropy
DEXA, DXA	 Dual energy X-ray 

absorptiometry
DPD	 Deoxypyridinoline
FEA	 Finite element analysis
L1–L4	 Lumbal 1–4 vertebra
Lc.N/TV	 Lacunar density
Lc.V/TV	 Lacunar porosity
NTX	 Type I collagen cross-linked 

N-telopeptide
OC	 Osteocalcin
OPG	 Osteoprotegerin
OVX	 Ovariectomized
PINP	 Procollagen type 1 amino-

terminal propeptide
PTH	 Parathyroid hormone
ROI	 Region of interest
SAMP6	 Senescence-accelerated mouse 

P6
SHAM	 Sham-operated
SMI	 Structural model index
Tb.N	 Trabecular number
Tb.Pf	 Trabecular pattern factor
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Tb.Sp	 Trabecular separation
Tb.Th	 Trabecular thickness
TMD	 Tissue mineral density
TRACP-5b	 Tartrate-resistant acid phospha-

tase 5b
TV	 Tissue volume
VOI	 Volume of interest

7.1	 �Introduction: Osteoporosis

Osteoporosis is a systemic bone disease that 
occurs along with low bone density, loss of bone 
and the lesion of the microarchitecture of bone 
tissue, resulting in an increase in bone fragility.

Around 200 million people are affected in civi-
lized societies worldwide, and a significant surge 
in this number can be expected in the future. An 
even more alarming data is that only a low per-
centage of patients will be getting treated. This 
number is around 10%, although we know that the 
average lifespan of a woman with osteoporosis is 
4 years less than of someone not having this dis-
ease. Two thirds, according to some other data 
three quarters of all patients are women which can 
derive from various presumed reasons. Firstly, the 
initially thinner and lower-weight bone structure 
[1] can be mentioned; secondly, women due to 
postmenopausal oestrogen deficiency are more 
prone to bone loss; and thirdly, in almost all popu-
lations, women live longer than men so their pro-
portion with the progression of age grows at the 
expense of men [2]. All these data along with the 
fact that following cardiovascular diseases, mus-
culoskeletal disorders impose the greatest burden 
on the economy and on the society contributed to 
the fact that the World Health Organization initi-
ated by Swedish orthopaedists announced the 
Bone and Joint Decade first between 2000 and 
2010 and then the second time between 2011 and 
2020. The initiative joins together 65 countries, 
and it is supported by 750 associations. Its aim is 
to reduce the economic and social burden caused 
by musculoskeletal diseases by improving preven-
tion, diagnosis and treatment of these diseases.

Types of osteoporosis can be classified in dif-
ferent ways: based on the dynamics of bone 

building and bone degeneration, we differentiate 
low, normal and high turnover osteoporosis; sec-
ondary and primary types can also be differenti-
ated depending on the fact if the osteoporosis is a 
result of another primary disease or it is a sepa-
rate clinical picture; also there is Type I (post-
menopausal) and Type II (senile) classifications.

7.2	 �Role of Micro-CT 
in Osteoporosis Research

Micro-CT is a widespread tool used for observing 
the changes in the microarchitecture of the bone 
tissue; thus the pathology of osteoporosis and the 
effects of treatments can be well examined by it. It 
is primarily used in in  vitro examinations, but 
there is opportunity for in vivo experiments too. 
The sample used for the examination can be of 
human as well as of animal origin (Fig. 7.1).

7.2.1	 �Human Researches

In micro-CT studies, due to the size of the sample, 
mainly in the case of in  vivo studies, they are 
mostly animal-derived, but we can also find many 
human studies. The importance of selecting the 
location of sampling is shown by the research of 
Eckstein and his colleagues. One hundred sixty-
five samples taken from human cadavers were pro-
cessed using micro-CT.  The locations of the 
sampling were the distal radius, the femoral neck 
and trochanter, iliac crest, calcaneus and second 
vertebral body, where in each case the volume of 
interest (VOI) was a 6-mm-diameter and 6-mm-
long cylinder examined with a 26 μm voxel. At the 
distal radius and at the femoral neck, the trabecular 
bone had a more plate-like structure, thicker tra-
beculae, higher trabecular number (Tb.N), smaller 
trabecular separation (Tb.Sp), higher connectivity 
and higher degree of anisotropy (DA) by men than 
by women. The trochanter shows more plate-like 
and thicker trabeculae by men. The calcaneus, the 
iliac crest and the lumbal 2 (L2) vertebra show no 
difference between the two genders [3].

In 2003, Dufresne et al. examined the effect of 
risedronate in placebo-controlled test on the 
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samples taken from the hip bone. After 1 year of 
treatment, it was found that the percentage of 
bone volume (BV/TV) decreased by 20%, the 
Tb.N decreased by 14% and Tb.Sp increased by 
13% compared to the baseline in the group taking 
placebo, while by the ones taking risedronate, it 
did not appear to have significant differences 
compared to baseline values. However, during 
this time, the bone mineral density (BMD) mea-
sured with dual energy X-ray absorptiometry 
(DEXA) in the lumbar spine section decreased 
only by 3.3% among placebo users [4].

Arlot et  al. treated postmenopausal patients 
with strontium ranelate or with placebo in a 
3-year follow-up study. With the help of micro-
CT, they analysed transiliac bone biopsy at the 
end of the research, and it was found that com-
pared to the placebo group by the strontium 
ranelate consumers, structural model index (SMI) 
significantly improved and Tb.Sp significantly 
decreased, while cortical thickness (Ct.Th) and 
Tb.N increased [5].

The effectiveness of treatment with human 
parathyroid hormone (PTH) was also tested in 
placebo-controlled research; in a micro-CT anal-
ysis of the sample obtained with hip biopsy, there 

it was found that BV/TV was 44%, Tb.N 12%, 
and trabecular thickness (Tb.Th) 16% higher 
compared to the values of the placebo group at 
the end of the 18-month-long treatment [6].

Yamashita-Mikami et  al. examined the bone 
structure of the alveolar spongiosa taken from the 
site of implants to be implanted in place of the 
molars or premolars of the lower jaw among pre-, 
post- and late postmenopausal women with 
micro-CT. Besides that, they also examined bone 
turnover markers (type I collagen cross-linked 
N-telopeptide (NTX), bone-specific alkaline 
phosphatase (BALP), osteocalcin (OC), 
deoxypyridinoline (DPD)). The BV/TV was sig-
nificantly smaller, the trabeculae were more sep-
arated and more rod-like at the postmenopausal 
group than in the premenopausal and all bone 
parameters showed correlation with at least one 
bone turnover marker [7].

7.2.2	 �Rat Studies

Because none of the animal models are fully suit-
able for modelling osteoporosis, since 1994 FDA 
requires any potential new therapy to be verified 

SHAM OVXFig. 7.1  Representative 
samples from mice 
femur in the case of 
ovariectomy or sham 
operation
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in experiments conducted on at least two differ-
ent animal species before proceeding further [8]. 
Osteoporosis models can be created medically 
(e.g. dosage of oestrogen receptor antagonist [9], 
gonadotropin release hormone agonist [10]) or 
surgically. However, besides these, an immobili-
zation model (created surgically, e.g. with neu-
rectomy [11] or with tenotomy [12], or in a 
conservative way, e.g. with hindlimb [13]), or a 
model created by interfering in their nutrition 
(e.g. a low-calcium diet [14]), can also be found 
in the literature [15]. The ovariectomized rat 
model was used even before 1973, and then in 
1992 it was confirmed that it might be useful in 
modelling postmenopausal osteoporosis [16]. 
This model, along with its known errors, repre-
sents the gold standard even today. Surgical tech-
niques can also be of several types: both ventral 
or dorsal approaches are possible [17] (Fig. 7.2). 
Techniques can also be combined (e.g. simulta-
neous application of ovariectomy and low doses 
of calcium intake [18]).

Caution should be taken however when choos-
ing the age of the animals, since with age the 
modelling changes into the remodelling in cases 
of both spongiosa and cortical in the rats’ skeletal 
system [19]. Studies show that the examination 
of remodelling is possible in rats after 12 months 
of age in cases of the lumbar vertebrae and the 

tibia proximal metaphysis, because by this time 
this is the dominant activity in the case of the 
spongiosa and the cortical [20]. As long as mod-
elling dominates, areas adjacent to proximal tibia 
epiphysis nearby the growth plate cannot be used 
for densitometry, tomography or histomorphom-
etry, since length growth can still be experienced 
in the bones. In female rats this process ends in 
the case of tibia by the age of 15 months and in 
the case of lumbar vertebrae by the age of 
21 months [20]. Bone loss does not develop at the 
same pace at different test locations in the spon-
giosa: 14  days after ovariectomy by the tibia 
proximal metaphysis; 30 days after by the femo-
ral neck; and 60 days after by the body of lumbar 
vertebrae, a significant change can be seen. On 
the contrary after the ovariectomy, the thickness 
of the cortical bone decreases significantly, in 
180 days in the case of the tibia and 90 days in 
the case of the femur [20]. The rate of bone loss 
in respect of the whole organism is also of alter-
ing dynamics: rapid bone loss is experienced in 
the first 100 days. This is followed by an interme-
diate period where, at an osteopenia level, a rela-
tive stabilization occurs in the spongiosa and then 
after 270 days a slower bone loss is experienced 
[21]. When analysing the cortical bone, the fact 
that for a long time Havers remodelling could not 
be demonstrated in rodents posed a problem. It 
can be experienced that the cortical increases 
from the periosteum’s side and gets thinner from 
the endosteum side [22]. Further studies have 
confirmed that Havers system can be found also 
in the rats’ cortical: they are large, highly inter-
connected and irregular in the endosteal region, 
while the canals in the periosteal region are 
straight and small [23].

Micro-CT is suitable for both in  vivo and 
in vitro examinations in the case of animals this 
size, as well as several types of sampling places 
can be used: may this be in the area of the tibia, 
femur, vertebrae, and mandible.

It was an in  vivo examination of Brouwers 
et al., when they were examining the parathyroid 
hormone (PTH) treatment’s effects in an ovariec-
tomized (OVX) rat model. Immediately after the 
surgery and then on the 8th, 10th, 12th and 14th 
week, micro-CT examinations were conducted Fig. 7.2  The dorsal ovariectomy technique
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under general anaesthetic, in order to cross-
reference the proximal tibia meta- and its 
epiphysis’s microstructure. At both areas the 
growth of the Tb.Th was found as an effect of the 
therapy. Tb.N grew only in the epiphysis during 
the time of the longitudinal examination. It was 
found, therefore, that the two areas react differ-
ently to the therapy and firstly bone is to be 
formed where due to the increased force it is 
most necessary and only after that at all other sur-
faces. During the PTH treatment, the cortical 
bone mass was continuously increasing [24], in 
accordance with other studies [25].

Dai et al. studied the changes of the alveolar 
bone in the area of the maxilla in the ovariecto-
mized rat model in vitro. Twelve weeks after the 
ovariectomy and the sham-surgery (SHAM), the 
animals were examined, and their maxilla was 
removed; in order to examine the alveolar bone 
between the roots of the upper first molar by 
using micro-CT, a histological examination was 
also performed. Compared to the BMD, BV/TV 
and Tb.Th values of the sham-operated group, 
significantly smaller values were measured at the 
ovariectomized group. Based on their results, it 
can be concluded that changes created during 
ovariectomy can be observed in the maxilla spon-
giosa the same way like in other bones [26].

Ovariectomized rat models are not only used 
in micromorphological investigations, but most 
of the time, biomarkers are also examined along 
with the aforementioned. This is how it happened 
in Yoon et al.’s in vitro research, where OC and 
BALP levels were examined in the serum, which 
are the sensitive indicators of bone formation, 
and C-telopeptide of type I collagen (CTX), 
which is the marker molecule of bone degrada-
tion. They found that in the OVX group com-
pared to the SHAM group, a 75.4% higher level 
of osteocalcin and a 72.5% higher level of CTX 
level were detected. The increased values of 
resorption markers indicate the activation of bone 
resorption in postmenopause, which can be 
explained by oestrogen deficiency. Bone forma-
tion increases due to the elevated number of bone 
building, starting in the bone lacuna. The osteo-
porotic bone develops because the balance among 
these processes shifts. As a result of all these 

changes, an osteoporotic bone was found, in this 
case, while the L4 vertebra was examined and 
mechanical testing was done. In the case of the 
spongiosa, there was a significant difference 
between the groups in respect of the Tb.Th, BV/
TV and the Tb.Sp, as well as in the case of the 
cortical bone mineral density (Cr.BMD) [27].

Besides studying the spongiosa, examining 
the cortical bone keeps gaining greater and 
greater importance. By using the ovariectomized 
rat model, Sharma et  al. have also studied the 
spongiosa and the cortical bone structures on the 
tibia proximal meta- and epiphysis. In line with 
most of studies, they found that the BV/TV, 
Tb.Th and Tb.N significantly decreased in the 
OVX group in respect of the spongiosa, while 
Tb.Sp and SMI significantly increase. In respect 
of the cortical, they found that vascular canal 
porosity (Ca.V/TV) and canal diameter (Ca.Dm) 
in both the anterior and the posterior region 
increase in the OVX group, which may contrib-
ute to the increased fragility of the osteoporotic 
bones. In contrast, lacunar porosity (Lc.V/TV) 
and lacunar density (Lc.N/TV) did not show sig-
nificant differences between the groups [28].

Bone lesions developed due to oestrogen defi-
ciency were studied in rats’ mandible by Ames 
et al. They found that in the OVX group in the 
alveolar bone, the variability of the value of tis-
sue mineral density (TMD) is greater than in the 
control region, which was designated to represent 
the bone part of the mandible, which is not an 
alveolar bone, and neither the internal nor the 
external borders. Oestrogen deficiency increases 
the level of bone remodelling, and consequently, 
the variability of TMD also increases. The vari-
ability in the alveolar bone increased even more 
compared to this, presumably due to the chewing, 
what makes bone remodelling here quite active 
anyway [29].

The cortical of the mandible in the ovariecto-
mized rats was found significantly thinner by 
Yang and his colleagues compared to the sham-
operated animals. However, 12  months were 
required for this change [30].

Mavropoulos et al. compared the microarchi-
tecture and bone mineral density (BMD) of the 
mandible and the proximal tibia. The rats were 
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ovariectomized or sham-operated and were pair-
fed isocaloric diets containing either 15% or 
2.5% casein. The animals were given 100 IU/kg 
body weight vitamin D in peanut oil every day. 
Seventeen  weeks after the surgery, blood was 
sampled to determine the IGF 1 and OC levels, 
and they were exterminated. They worked with a 
16 μm voxel size in the case of both bones. The 
mandible VOI was drawn between the roots of 
the molars and the root of the incisor. The follow-
ing differences were found: in the members of 
the SHAM group by a low protein intake, the 
mandible BV/TV decreased with 17.3%, and the 
tibia BV/TV decreased with 84.6%. By normal 
protein intake in the OVX group, the decrease of 
the mandible BV/TV was 4.9%, as opposed to 
the 82% decrease of the tibia (p < 0.001). A pos-
sible explanation of the deviation may be that the 
mandible’s alveolar bone structure is stimulated 
the continuous chewing, with this protecting the 
microstructure of this area [31].

Kozai et al. were investigating the impact of 
the glucocorticoids on the bone structure on the 
mandible and femur. BMD values were mea-
sured by pQCT in both bones. They were also 
analysing the structure of the spongiosa (voxel 
size 32 μm) from the first molar root through 
100 slices by micro-CT.  They found a strong 
correlation between the mandibular and femoral 
cortical bone mineral content (BMC): steroid 
treatment significantly reduces the value of the 
BMC and the thickness of the cortical in the 
mandible and the diaphysis of the femur. At the 
same time, in the trabecular structure of the 
mandible, no significant changes were observed. 
The microstructure of the femur was not investi-
gated [32].

Blazsek et al. created an interesting rat model 
where implants were placed in tail vertebra and 
treated with aminobisphosphonate. They pub-
lished a surprising result that the rat tail vertebra 
was poor in the bone marrow parenchyma but 
rich in bone forming and resorbing cells. This 
means that rat tail vertebra is an ideal microenvi-
ronment in preclinical investigation where drug 
affecting bone metabolism can be examined 
without drug interactions with bone marrow cells 
just like in the mandible [33].

In light of the above-mentioned researches, it 
can be seen that within even a single bone, the 
change of the bone structure can be differing, in 
osteoporosis models created in different ways.

7.2.3	 �Mice Studies

Among all animal models, the mouse model is 
the second most common in osteoporosis 
research. But while in most rat studies, we meet 
examinations of the micromorphological changes 
caused by ovariectomy and consequential oestro-
gen deficiency, genetically modified mice experi-
mental researches are carried out more frequently 
among mice. Experiments are usually done on 
young, 8-week-old mice. Mice do not develop 
menopause, but as they grow older, they eventu-
ally become acyclic. Due to their extremely 
diverse genetic properties by each mice species, 
slightly different bone physiological characteris-
tics can be seen.

The bone structure of mice responds similarly 
to ovariectomy as rats: for example, the stock 
loss of spongiosa in the proximal metaphysis of 
tibia is 50% in 5 weeks at Swiss-Webster mice 
[34]. C57BL/6J is another commonly used mice 
type. The increase of the femur ends in the 6th–
7th  month. However, the increase of the intra-
medullary and the deceleration of bone building 
are already common at 12-week-old mice (cor-
responding 40 human years), and these processes 
result in thinner cortex [35]. Glatt et al. also call 
attention to the fact that in this tribe the BV/TV 
value reaches its maximum in the metaphysis of 
bones when the animals are in 6–8 weeks of age. 
From that point there is a slow but continuous 
decrease during their aging even without any 
bone metabolism influencing factors [36]. 
However, the cortical bone mass of BALB/c mice 
does not start to decrease until they reach the age 
of 20  months [37]. Senescence-accelerated 
mouse P6 (SAMP6) is used for the modelling of 
senile osteoporosis. This is the species that 
attracts attention because microscopic changes in 
the trabecular bone structure of vertebrae can be 
observed earlier than in the spongiosa of tibia and 
femur, but the bone changes of the cortical are 
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not significant compared to SAMR1 mice of the 
same age [38].

The femur [39], tibia [38], lumbar vertebra 
[40] and less often the mandible [41] are the most 
commonly investigated areas in the case of spon-
giosa in mice as well (Fig. 7.3).

Sheng et al. examined the effect of zoledro-
nate on osteoprotegerin-deficient mice. Mice 
received zoledronate or the medium for 4 weeks. 
BALP and tartrate-resistant acid phosphatase 5b 
(TRACP-5b) levels were determined from 
serum with ELISA, and after that the animals 
were exterminated and the mandible and tibia 
were removed. Values of BALP and TRACP-5b 
of KO mice were significantly higher than the 
ones of the wild type or ones that had received 
zoledronate. As an effect of zoledronate treat-
ment, high values of BALP and TRACP-5b 
decreased among KO mice. Both bones were 
examined using 7-μm-wide voxel size. VOI 
expanded from the mesial edge of first molar 
until the distal edge of third molar during the 
examination of mandible spongiosa, except the 
teeth and the cortical. A 1.5-mm- X 1.5-mm-
wide area was marked out between the lower 

and the upper barrier on the buccal side of the 
mandible body during the examination of the 
cortical. In the case of the KO mice in the man-
dible, the BV/TV by 31%, Tb.Th by 60%, con-
nectivity density (Conn.D) by 66% and Tb.N by 
21% became lower, while the bone surface/bone 
volume ratio (BS/BV) by 61%, Tb.Sp by 37% 
and SMI by 114% became higher than in the 
wild type. In the case of the tibia in KO mice, 
BV/TV by 93%, Conn.D by 87% and Tb.N by 
88% became lower, while SMI became higher 
by 82% than in wild type. Porosity grew dra-
matically in the mandible cortical region of KO 
mice. Lower involvement of the mandible spon-
giosa in the alveolar area was seen compared to 
long bones [42].

Six weeks after the ovariectomy and sham sur-
gery of C57BL/6 mice, a 0.8-mm-diameter-wide 
cortical bone defect was created into the middle 
diaphysis of the right femur of those mice that 
were not exterminated. Its changes then were 
examined in  vivo on the 0, 3, 7, 10, 14 and 
21  days after the surgery. When these animals 
were exterminated as well, procollagen type 1 
amino-terminal propeptide (PINP) and CTX with 

Fig. 7.3  Several types of sampling place (e.g. mouse femur and mandible)

7  Micro-CT in Osteoporosis Research



94

ELISA were determined, and several expressions 
of more genes were also investigated (i.e. type I 
collagen, OC). In vivo micro-CT analysis gave 
the result that bone volume fraction was signifi-
cantly lower in the defect and intramedullary 
areas in the OVX group between day 10 and 20. 
It seems that intramembranous ossification was 
damaged in the osteoporosis caused by the OVX 
[43].

7.2.4	 �Other Animal Models 
in Osteoporosis Research

Most commonly used postmenopausal animal 
models were elaborated on rodents which usually 
means the ovariectomization of the animals. 
However, these models are often criticized in 
respect of what kind of significant differences 
there are between rodents’ and humans’ bone 
metabolisms. Critics firstly emphasize the fact 
that rodents don’t have menopause, so it is artifi-
cially created for the experiment, and they also 
differ in their remodelling. That is why, less often 
though, there are a few researches done on other 
mammals too. The execution of these is more 
complicated, and their process time is longer than 
by rodent models.

Not surprisingly, primates are very similar to 
humans in respect of hormonal and bone struc-
tural changes. These animal species have similar 
menstruation cycles to humans, and they can 
reach menopause, only at a much later age [44]. 
The ovariectomized or sham-operated cynomol-
gus apes were selected as subjects of the experi-
ment by Binte Anwar et  al. Seventy-six  weeks 
after the surgeries, the mandibles and L2–L4 
vertebrae were scanned, and the microarchitec-
ture of the area between the second molar and of 
vertebrae was compared. SMI growth was found 
in the alveolar bone of the OVX group, and an 
increasing number of pores were found towards 
the top of alveolus. A positive correlation 
between the damage in the structure of the alveo-
lar bone and the microarchitectural condition of 
the vertebrae was also detected, which observa-
tion is of great significance from a parodonto-
logical aspect [45].

Effects of drugs used in osteoporosis are being 
tested on ovariectomized models of cynomolgus 
apes, for example, the romosozumab by Ominsky 
et  al. [46]. The developed OVX model was 
applied on rhesus apes [47] and on baboons [48], 
especially for the micro-CT investigation of lum-
bar and thoracalis vertebrae’s micromorphology. 
During the test done on baboons, tight correlation 
was observed between the histological and 
micromorphological changes of vertebra T12; 
however, histology was determined as a more 
sensitive process than micro-CT, at least when 
the number of cases is low [48]. It must be taken 
into account that these models require animals 
aged 8–22 years, and the duration of experiments 
is 12–24 months.

Minipigs have been used for a long time in 
various ways in the research of osteoporosis [49] 
or bisphosphonate-related osteonecrosis of the 
jaw (BRONJ) [50] research. The advantage of the 
pig model is they have a well-developed Havers 
canal system and their oestrous cycle duration is 
approx. 20 days, but a disadvantage is the rela-
tively low amount of data available of the ovari-
ectomized model [44]. Attention is being drawn 
in the case of model OVX that while with cyno-
molgus apes the animals should be older than 
9 years, when the operation takes place, minipigs 
can be operated when they are only 10–18 months 
old. When testing different medicines, it should 
be taken into account that a 16 months’ dosage at 
minipigs and cynomolgus apes equals 4 years in 
the case of human testing [51].

Bone resorption and formation markers raise 
significantly in 3–4 months at sheep [52]; these 
animals have Havers canal system, and their oes-
trous cycle duration is 14–21 days. However, it 
can be a problem that they are able to spontane-
ously lose bone volume during the winter because 
of the decreased bone formation [44]. In the case 
of a combined model, microstructural bone 
changes develop over 6 months, as it happened in 
the case of Lill et  al. while they were working 
with sheep aged 7–9 years. Animals were divided 
into four groups according to the treatment they 
had gone through (simulated surgery/ovariecto-
mization/calcium/vitamin D/methylpredniso-
lone). Their BMD was determined every 
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2 months; then 6 months after the surgeries, the 
animals were exterminated; and the central 
located biopsy—taken from vertebrae L3 and 
L4—was analysed with micro-CT.  Results 
showed that at this species the combined 
procedure is the most expedient as well, because 
the ovariectomized, calcium- and vitamin 
D-withdrawn but methylprednisolone-injected 
group had the largest BMD, Tb.Th and Tb.N 
decrease [53].

Neither is the rabbit model common, but 
Baofeng et al. worked with this model in 2010. 
Actually, this experiment is very similar to the 
model of Castaneda et al. [54]. It is a combined 
model too: osteoporosis was created with the 
simultaneous ovariectomy and glucocorticoid 
dosage. BMD in vivo was measured three times, 
animals were exterminated 10  weeks after the 
first surgery and the microarchitecture of verte-
brae L3 and L4 were examined, as well as 
mechanical test was run on them. Their outcomes 
proved that this model is advantageous from 
many aspects: active Havers remodelling takes 
place in the bones of the rabbit, this species 
reaches bone maturity quickly (7–8 months) and 
besides the time scale of this model is relatively 
fast (10 weeks) [55].

The advantages of examinations done on 
dogs are that dogs have Havers canal systems 
and their intracortical remodelling is the same 
as the one found in the human’s bone system. 
There are disadvantages to be found as well; 
judgements of microstructural changes occur-
ring after ovariectomy can vary because dogs 
only have one oestrous cycle per year [44]. 
Even so the ovariectomized dog model is useful 
[56]. Effects of bisphosphates on lumbar verte-
bra’s (L1) spongiosa’s microarchitecture and 
on its changes were tested on female beagles 
aged 1–2  years. The control group did not 
receive anything, while the second group 
received risedronate and the third received 
alendronate for a year in high concentrate. 
Micro-CT examinations gave the outcome that 
microstructure moved towards the plate-like 
model as a consequence of the treatment and 
the bone structure became denser compared to 
the control [57].

Siu et al. worked with a goat model. Averagely 
aged 3.4-year-old Chinese mountain goats were 
ovariectomized and then kept on low-calcium 
diet for 6  months. Important selection criteria 
were the growth zone’s completion of the distal 
femoralis and the proximal tibia. Both the micro-
CT testing and the BMD determination were 
done on a biopsy of iliac crest at the beginning 
and then 6  months later. BMD decreased by 
16.3% in the 6th month, while BV/TV decreased 
by 8.34%, Tb.N by 8.51%, Conn.D by 18.52% 
and Tb.Sp increased by 8.26%. Straightforward 
positive correlation was determined between 
BMD and BV/TV, while negative correlation was 
determined between BMD, Tb.Sp and SMI [58]. 
Yu et al. did a long-term experiment on Chinese 
mountain goats. Serum oestrogen levels and the 
BMD on the vertebrae L1–L4, on the femoral 
neck and on the diaphysis of femur and tibia were 
measured at the beginning and 24 months after 
the ovariectomy and sham surgeries; moreover 
cyclic mechanic testing was executed on the ver-
tebra, femoral head and femoral neck. Micro-CT 
examination took place on the vertebra, femoral 
head and femoral neck only after the extermina-
tion. A decrease of the BMD value was found 
along with a significant decrease of the Tb.N, 
Tb.Th and BV/TV in the OVX group compared 
to group SHAM. At the same time, cortical bone 
porosity was significantly higher at group OVX 
in the aspect of femoral neck and vertebrae [59].

Osteoporosis experiments conducted on 
guinea pigs [60] and micropigs might be the rar-
est [61].

7.3	 �Micromorphological 
Changes of Bones 
in Osteoporosis

Most of the time, it is the first fracture that draws 
the attention to the fact that someone has osteo-
porosis. For a long time, the illness lacks any 
symptoms. However, the broken bones and 
microfractures accompanied by symptoms are 
not predominantly derived from the lessened 
state of the bone tissue; the underlying cause is 
also the significant change in the microarchitecture 
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of the bones. These changes occur in the time and 
the way of appearance bone by bone. Deviations 
within a certain bone can be found too. For some 
time besides the changes of the trabecular bone 
structure, researchers attach increasing impor-
tance to the cortical bone loss in the pathogenesis 
of osteoporosis, especially with patients above 
the age of 60. Unfortunately, nowadays most 
anti-osteoporotic drugs used clinically have less 
effect on cortical bone than trabecular bone, since 
these two types of bone tissue differ not only in 
their structure but in their mechanical character-
istics and metabolic activity too [62].

When choosing the size of the voxel, we have 
to consider that a too high resolution expands the 
time of scanning and makes it harder to manage 
the file. The voxel number at the same time must 
be high enough in order to manage to catch the 
complex structure of the bone. It seems that it is 
enough if six voxels form one trabecula along the 
thickness direction to analyse the structure, and 
for the acceptable accurateness of the finite ele-
ment analysis (FEA) model, it is also appropriate 
if six elements create a trabecula [63].

When setting the value of the threshold, we 
create a binary picture from a complex picture. It 
is a qualitative definition, if a calibrated expert 
compares the original greyscale images to the pic-
ture of the segmented trabecular bone. It is quan-
titative, if it is determined based on a histogram 
what counts as bone tissue and what does not. In 
the case of the global threshold, there is a set 
threshold for the whole data set, while by the local 
threshold, there is a different threshold value 
assigned to each and every pixel, based on the 
greyscale information of the adjacent pixels [64].

In the research done by Isaksson et  al., the 
standardized sampling was taken from alive sub-
jects’ iliac crest area, cadavers, femur and the 
tibia’s condylus medialis or the medialis plateau. 
The donors were males and females, alive and 
cadaver, who were divided into groups: osteopo-
rotic and ones with normal bones based on DXA, 
clinical diagnosis and quantitative histomorpho-
metrics. The size of the voxel was 14 μm at the 
iliac samples and 18  μm by the femur and the 
tibia. Two different threshold techniques were 
used in every case, global threshold independently 
from the size of the voxel and local threshold used 

with a technique demonstrated by Waarsing [65]. 
Taken everything into consideration, they found 
that the algorithm using local thresholds is less 
applicable, when we want to show the difference 
between the highlighted parameters (BV/TV, 
Tb.Th, Tb.Sp, DA, SMI), and that the value of 
BV/TV does not change significantly in normal 
bone structure over 150 micron voxel size, but by 
osteoporotic samples deviation can be seen, even 
in the case of a smaller voxel size [66].

Longo et al.’s experiment draws special atten-
tion to choosing the right voxel size. They anal-
ysed the rat tibias, using micro-CT on an 
ovariectomized model, with an in vivo 18 μm and 
ex vivo 9 and 18 μm resolution. There was no dif-
ference by 18 micron voxel size between the 
in vivo and ex vivo scanning in the analysed bone 
parameters. However when comparing the values 
obtained using 9  micron voxel size to the ones 
obtained using 18  micron voxel size, Conn.D is 
significantly lower, and Tb.Th and the Ct.Th are 
significantly higher at 18 micron resolution both 
by OVX and SHAM groups, although most of the 
parameters are correlated with the parameters 
obtained using 9 micron ex vivo scan settings [67].

In a research conducted on a vertebra belong-
ing to a mouse, the pixel size was varied between 
6 and 30 micron, and the threshold values were 
defined both quantitatively and qualitatively. 
They found that certain parameters are highly 
depending on the voxel size, for example, CD 
and Tb.Th, but with other parameters like Tb.N 
and Tb.Sp, there was no significant difference 
either by small or bigger voxel size. By small 
voxel size, the two threshold techniques con-
cluded in similar results, but when increasing the 
voxel size, the differences were increasing. The 
qualitative segmenting technique was more effec-
tive for measuring BV/TV and Tb.Th besides 
varying voxel sizes, while the quantitative tech-
nique seemed to be more effective in the case of 
Tb.N, Tb.Sp and SMI [68].

Milovanovic et al. found in his research that 
when examining the femoral neck cortical of 
both healthy women and women with osteoporo-
sis and contralateral hip fracture, the fragile bone 
demonstrated lower pore volume at the measured 
scales. The investigated pore size was between 
7.5 and 1500  nm. In the healthy bone 200 to 
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1500 nm pores were present in a higher rate. The 
osteoporotic bone is known for increased poros-
ity at macroscopic level and level of tens or hun-
dreds of microns, but this study with a unique 
assessment range of nano- to micron-sized pores 
reveals that osteoporosis does not imply increased 
porosity at all length scales [69].

7.3.1	 �Micromorphological Changes 
in Vertebra

The prevalence of broken vertebra is higher in 
younger generations than any osteoporotic frac-
tures, i.e. hip fractures. The annual occurrence of 
osteopathic vertebrae fractions can be hardly deter-
mined, because a substantial proportion of the frac-
tures remains unrecognized in clinical practice. But 
whether they cause complaints or not, a broken 
vertebra causes increased morbidity and mortality 
[70]. When testing on humans [71], rats [27], mice 
[38] and on other species [48, 53] inside the verte-
bral body, we usually see the following changes 
while performing micro-CT analysis: the trabecu-
lae are getting thinner, they are mostly rod forms, 
the distance between them is increasing and the 
BV/TV connectivity decreases [71].

7.3.2	 �Micromorphological Changes 
in the Femur and Tibia

The distal femur and proximal tibia are the most 
investigated fields of the osteoporosis research 
done by micro-CT, usually in animal testing. A 
well-defined and assessable-sized region of 
interest (ROI) can be marked out even in the 
case of the mouse. Marking out the ROI in the 
case of meta- and diaphysis spongiosa and corti-
cal research can be conducted easily by keeping 
a certain distance from the growth plate. 
Femoral neck is a rarely investigated area with 
micro-CT [69], although it is used in more mod-
els conducting mechanical tests [72]. While 
examining humans in this area in the spongiosa, 
even aging results in a 20% decrease in BV/TV 
and Tb. Th, Conn.D and Tb.N also decrease in 
both genders [73]. It was observed on more 
occasions that osteoporotic microstructure 
changes can be detected earlier in the trabecular 
bone structure of the vertebra than in the spon-
giosa of the femur and the tibia [20, 38]. In 
osteoporosis by these bones, mainly BMD 
decrease was observed along with a decrease in 
BV/TV, Tb.Th and Tb.N and rod-form trabecu-
lae [39, 74] (Fig. 7.4).

Fig. 7.4  OVX and SHAM trabecular bone from mouse tibia
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7.3.3	 �Micromorphological Changes 
in the Mandible and Maxilla

In a systematic review, published in 2015, atten-
tion is drawn to the fact that the examination 
areas of the rodents’ jaw microstructure are rather 
heterogenic and standardization would be 
required [75]. Most frequently on the maxilla, the 
alveolar bone around the first molars, the inter-
radicular septum is examined. On the mandible, 
the alveolar bone around the molars, the area 
between the molars and the incisor and the base 
of the mandible are determined differently by 
each author, and the condylus are investigated 
[75]. Defining the ROI is a more difficult task in 
this case, harder than with the other bones, mainly 
because of the small size of the sample (Fig. 7.5).

The examination of alveolar bone structure 
in osteoporosis shows a different result: in some 
cases, no significant changes were found in 
these areas [32], or at least slower-evolving and 
less significant changes were found in the bone 
structure [45], but in other cases, damage of the 
bone tissue similar to those found in other bones 
was found, correlated with the bone marker 
molecules [7].

In the condylus of the mandible, two 
regions, the anterior and posterior, were exam-
ined on an ovariectomized rat model by Tanaka 
et  al. The anterior and the posterior regions 

showed different bone dynamics. In the OVX 
group, the bone volume (BV) decreased sig-
nificantly in the posterior area, though there 
was no change in the anterior. At the same time 
in the anterior region, BV was increasing while 
aging in the SHAM group, and there was no 
change found in the posterior area. An explana-
tion for this deviation might be that the 
mechanical stress caused by occlusion affects 
the two regions differently. The tendency of 
decreasing bone mass caused by oestrogen 
deficiency was to be seen in both regions, with 
time passing by [76].

7.3.4	 �Future Trends in Analysis 
of Micromorphological 
Changes of Cancellous Bone 
in Osteoporosis

As can be seen from the above, micro-CT is a 
widespread method for the analysis of the 
microstructure of the spongiosa, in the case of 
samples of both human and of animal origin. 
Data derived this way, or data calculated from 
these, describe the current state of the trabecular 
bone structure well. For analysing bone stiffness 
and locating the potential area, where a bone 
fracture might occur, a numerical method is 
used, called finite element analysis (FEA)[77], 
which has been more and more widely used in 
biomechanics since 1972 [78]. There is an 
increasing number of algorithms based on the 
data of the micro-CT to simulate bone remodel-
ling [79]. Wu et  al. tried to find an approach 
based on micro-CT data to evaluate the changes 
in bone structure and determine the bone stiff-
ness as quickly as possible especially in the case 
of longitudinal in  vivo examinations [63]. A 
new field of usage is the mechanical testing of 
the 3D printed trabecular bone structure, created 
from micro-CT data. In Barak et al.’s research in 
the case of the chimpanzee third metacarpal 
head, they found that an 8% BT/TV decrease 
results in a 17% structural stiffness and a 24% 
structural strength decrease [80]. The key step 
of this analysis is to choose a threshold method 
and a resolution correctly.

Fig. 7.5  The most commonly used ROIs on mandible are 
between the roots of molars
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7.3.5	 �Micromorphological Changes 
of Cortical Bone 
in Osteoporosis

When examining the structure of the corticalis, for 
quite some time, the histological examination was 
the gold standard. Therefore they wished to com-
pare micro-CT and histological results on human 
tibia and femur samples. They used two threshold 
values during the segmentation: one higher than 
that scanned from the air and the other lower than 
the sample embedded into the PMMA.  Cortical 
porosity (Ct.Po), canal separation (Ca.Sp) and 
canal diameter (Ca.Dm) data measured on both 
histological and micro-CT showed good corre-
spondence and good correlation. It was also 
revealed that if the threshold value is adequate, 
then the medium surrounding the sample has no 
influence on the results [81] (Fig. 7.6).

The cortical of bones gets slimmer while 
aging, even without the presence of osteoporosis. 
Tiede-Lewis et  al. examined the changes in the 
cortical bone on a mouse model. In their experi-
ment they compared the femur of 5-month-old 
and 22-month-old C57BL/6 mice. The analysis 
of the microstructure with the help of micro-CT 
was conducted on both male and female mice, 
they analysed the microstructure with micro-CT 
and they found that in the area of the distal femur, 
the cortical BV/TV decreased by 6.3% in female 
mice, while in males it decreased only by 19%. 

By these significant changes, not only there is a 
decreasing number of dendrite in the osteocytes, 
but the cell density is reduced too. The decrease 
in dendricity precedes the decrease in the number 
of osteocytes, giving the impression that the prior 
is a trigger of the reduced vitality of the osteo-
cytes. However, the osteocytes have a key role of 
maintaining bone volume [82].

While examining the cortical in the case of a 
rabbit’s femur by Pazzaglia et al., micro-CT pic-
tures were used to calculate tissue volume (TV), 
canal volume (CaV), Ct.Po and canal surface 
(CS). Subperiosteally higher canal number was 
found then subendosteally [83]. In the case of 
rats, Kim JN et al., in an aforementioned research, 
found wider diameter and higher connectivity 
Havers canals near the endosteal area, than sub-
periosteally [23].

Cortical canals can be visualized on the rat 
tibia on micro-CT slices and can also be used to 
examine percent porosity and mean canal diam-
eter with global thresholding [84].

7.4	 �Materials and Methods 
of Our Mice Study

While the negative effects of osteoporosis on the 
quality of the bone and the increased risk of frac-
ture in the vertebrae and long bones are well 
known and frequently tested in experiments, 

Fig. 7.6  SHAM and OVX cortical bone from mouse tibia
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changes in the jaw are less clear. The structure of 
the mandible and maxilla due to their function 
and unlike other bones and, uniquely, because of 
the teeth that are fixed in them, is even more com-
plex. Experiments have shown that postmeno-
pausal osteoporosis can play a role in the 
progression of periodontal disease and conse-
quent tooth loss [85, 86] but also in later alveolar 
wound healing [87]. Still, the involvement of the 
jaw bone in osteoporosis, perhaps because of the 
different sampling sites, is disputed. Our aim was 
to investigate the changes in the trabecular and 
cortical bone structure of the mandible and the 
femur together while adding vitamin D on the 
OVX mouse model.

7.4.1	 �Examination of Femur 
and Mandible

We divided 30 6-week 22 g CRL:OF1 (Charles 
River Laboratories) mice into three groups. Ten 
members of the D3 group after ovariectomy had 
received vitamin D each day for 6 weeks (4 ng/
day, Alpha D3-TEVA 0.25 μg), while ten mem-
bers of the OVX group after the operation, and 
ten members of the SHAM group after the sham 
operation during the period of examination 
received peanut oil as a vehicle. Following the 
extermination of the animals, the left hemiman-
dibulas and the left femur were removed and 
stored in phosphate-buffered saline containing 
0.02% sodium aside at 4 degrees Celsius. 
Scanning was done by Skyscan 1172 (Bruker, 
Kontich, Belgium). For femur the scanning pro-
tocol was set at X-ray energy settings of 50 kV 
and 198 μA, and the voxel size was 5.02 μm. 
The settings for the mandible were 70  kV, 
114  μA and 7.1  μm. In both cases 0.5  mm 
Al-filter and 0.5 degree rotation degree were 
used. The reconstruction was performed with 
the NRECON (Skyscan, Burker) software; the 
analysis of the microarchitecture of the mandi-
ble and the femur was implemented with the CT 
Analyzer 1.7.0.0 (Skyscan, Burker) software. 
During the segmentation global manual thresh-
old technique was applied. For the examination 

of the parameters of the mandibula spongiosa, 
we used the area between the roots of the first 
molar tooth. The attributes of the mandibula 
corticalis were examined at the base of the man-
dible starting from the distal surface of the root 
of the third molar through 250 mesial slices 
(Fig. 7.7).

Femurine ROI was determined from the 
growth plate at the distal epiphysis. From here, 
the parameters of the trabecular bone were anal-
ysed in 400 slices (1.807 mm) from the height of 
50 slices measured in the direction of diaphysis. 
We specified the examination of the cortical bone 
between the 500. and 600. slices counted from 
the growth plate (Fig. 7.8).

Statistical analysis was performed using SPSS 
24.0 (SPSS, Chicago, IL, USA) software. 
Kruskal-Wallis test was applied. Significance 
was set at p < 0.05. Then Tukey’s post hoc test 
was used.

7.4.2	 �Results

In the cortical bone of the femur, Ct.Th was sig-
nificantly lower in the OVX group than in SHAM 
or D3 (p < 0.005) (Fig. 7.9). There were no sig-
nificant changes in mandibular cortical bone in 
the examined parameters.

In the trabecular bone of the femur, BV/TV 
was significantly lower in the OVX group than in 
SHAM (p  <  0.001), Tb.Th was significantly 
lower in the OVX group compared to SHAM and 
D3 (p < 0.05), and Tb.Pf in the OVX group was 
significantly higher than in the SHAM group 
(p < 0.005). BS/BV was higher in the OVX group 
compared to D3 and SHAM (p = 0.064). In this 
case, an increase in the number of elements 
would be required to confirm any significance 
(Fig. 7.10).

In trabecular bone of the mandible in the OVX 
group, BV/TV was significantly lower than in the 
SHAM or D3 group (p  <  0.05), BS/BV in the 
OVX group was significantly higher than in the 
SHAM group (p < 0.05) and Tb.Th in the OVX 
group was significantly lower than in SHAM or 
D3 (p < 0.005) (Fig. 7.11).
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Fig. 7.7  Mandibular ROIs
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7.4.3	 �Discussion

In the cortical examination, the results showed 
that in the OVX group, femoral cortical bone 
tends to become thinner due to oestrogen defi-
ciency, and this negative change could be elimi-
nated by the administration of vitamin D3. In 
contrast, there was no significant change in the 
cortical mandible. Considering the tendency of 
the data, this may be due to the need for more 
time to change the cortical thickness of the man-
dible than for long bones. Lee et al. investigated 
the development of renal osteodystrophy on 
mouse mandible, and at the end of week 15, the 
cortical was significantly thinner [88]. In a surgi-
cal model of postmenopausal osteoporosis in 
chronic kidney disease (CKD), in the case of 
mouse, 12 weeks after ovariectomy, mandibular 
cortical thickness was significantly lower in OVX 

and OVX + CDK groups compared to SHAM in 
Guo et al.’s study [89].

The bone parameter determinations in trabec-
ular bone both in the case of femur and mandible 
also resulted in significantly lower BV/TV values 
in the OVX group compared to SHAM and D3 
groups. Likewise, BV/TV was also lower in both 
study areas in the OVX group for SHAM and for 
mandible in relation to D3. The increase in BS/
BV values in the OVX group, consistent with the 
previous parameters, shows a weakened microar-
chitecture in both bones in the OVX group. Based 
on the results of the D3 group, it can be said that 
in both designated test areas, microstructural 
damage to bone tissue was reduced. The assess-
ment of alveolar bone involvement in osteoporo-
sis is controversial in the literature. Sheng et al. 
found that the bone structure of the mandibula 
was less responsive to the osteoprotegerin (OPG) 
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Fig. 7.11  Micromorphological results in trabecular bone of the mandible. (a) BV/TV; (b) BS/BV (c) Tb.Th (n = 10)
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gene deprivation than the tibia [42]. In the study 
of Bouvard et  al., the BV/TV value of alveolar 
bone decreased significantly in 28 days [41]. Ejiri 
et  al. examining the alveolar bone structure on 
OVX rat model found that serious bone loss was 
caused by high bone resorptive activity, which 
was accelerated immediately after ovariectomy, 
followed by a milder, but longer-lasting, resorp-
tive activity. During this time, trabecules are sep-
arated into smaller fragments, while their number 
decreases, so their recovery is very cumbersome 
[87]. In their examinations, it was concluded that 
occlusal hypofunction could significantly 
increase the fragility of the bone structure around 
the teeth [87]. The cause of the mentioned con-
troversy may be different ROI. Johnston et al. call 
attention in that the alveolar bone ROI should be 
limited to the interradicular septum of the first 
molar, because it is the most well-characterized 
site and appears to respond positively to the 
established bone-sparing effect of oestrogen [90].

7.5	 �Summary

In our study the microstructure of mandibular 
and femoral trabecular bone changed in the same 
way under the influence of ovariectomy in 
6 weeks, and the protective effects of vitamin D 
were also shown in the two test sites. To observe 
the changes of cortical bone in the case of the 
mandible, 6 weeks were not enough, unlike in the 
case of the femur.
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