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ABSTRACT

Objective. To assess structural changes,
especially structural anisotropy, of rat
bone trabecular system 6 months after
ovariectomy followed by low-calcium
diet.

Method. The study was carried out on
the group of 32 female rats, half of
which were ovariectomized at the age of
75 days. The animalswere divided into
4 groups: one receiving a normal diet
(N), another receiving a low-calcium
diet (LCa), ovariectomized rats receiv -
ing a normal diet (OVX), and ovariec -
tomized animals receiving a low-calci -
umdiet (OVX+LCa). After 6 monthsthe
animals were killed, bone specimens
were collected and cut into sections of 6
um thickness. Digital images of the sec -
tions were analyzed using a software
package enabling analysis of the trans -
versal and longitudinal trabeculae.
Results. Sgnificant changesin trabecu -
lar structure due to a low-calcium diet
(trabecular bone volume loss of 19%),
ovariectomy (53%) and ovariectonmy
combined with low-calcium diet (71%)
were observed. In all the analyzed
groups, the percentage loss (as com -
pared with controls) of transversal tra -
beculae was mor e significant than the
loss of longitudinal trabeculae. In the
LCa group, transversal trabecular loss
was 39%, longitudinal 25%, in (Ovx):
63% and 54%, respectively, and in OVX
+ LCa: 77% and 72%. The structural
anisotropy coefficient, defined as the
ratio of transversal to longitudinal tra -
becular surface area was 0.64 for (N),
0.50 for LCa, 0.49 for OVX, and 0.54
for OVX+LCa groups.

Conclusions. The effect of ovariecto -
my and low-calcium diet on trabecular
structure can be assessed quantitative -
ly by means of analysis of transversal
and longitudinal trabeculae associated
with the main direction of strain. The
degree of transversal trabecular lossis
much higher than the longitudinal tra -
becular loss; the difference becomes
smaller with the progress of bone des -
truction, being greatest in the LCa
group, the smallest in the (OVX+ LCa)

group.

Introduction
Mechanical strength of trabecular bone
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is dependent not only on bone density,
but also on the spatial pattern of thetra-
becular structure (1-5). Considerable
bone mass loss and structural destruc-
tion — characteristic of osteoporosis —
result in deterioration of mechanical
bone parameters and, consequently, in
fractures. Therefore, qualitative assess-
ment of the trabecular microarchitec-
ture is very important to determine the
extent of osteoporotic lesions and the
fracture risk prognosis.

There are many known methods to
assess trabecular structure, both two-
dimensional (6-9) and three-dimen-
sional (10-14). The method used in this
study has been previously described (9)
and is based on mechanical anisotropy
of the trabecular bone (15,16). Mech-
anical anisotropy refersto the differing
mechanical resistance of the bone to
strain depending upon its orientation in
relation to the direction of strain. Thus,
the strength of the longitudinal trabecu-
lae parallel to the main strain direction,
will be different from that of the trans-
versal trabeculae which are perpendic-
ular to it, and the degrees of destruction
in osteoporosis will also be different.
Therefore, mechanical anisotropy is
reflected in the trabecular bone struc-
ture. The software developed by us
analyzes transverse and longitudinal
trabeculae.

The presented study assessed structural
bone anisotropy due to prolonged,
simultaneous effect of hypogonadism
and low-calcium diet. The influence of
an ovariectomy and low calcium diet
on the trabecular structure was shown
by several studies (17-21). These stud-
ies were performed on rats during early
periods following an ovariectomy and
low calcium diet. The questions about
long-term influence of these factors
and character structural changes arises.
The aim of those studies was to assess
transverse and longitudinal trabecular
loss and structural anisotropy of the
trabecular bone in rats exposed to the
prolonged effects of estrogen- and cal-
cium deficiency.

Material and methods

Bone specimens

This study focused on the trabecular
structure of the proximal tibia and was
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performed on 32 female Wistar rats.
Half of them underwent an ovariecto-
my on the 75th day of life. The rats
were divided into 4 groups: 1) ovariec-
tomized rats on a standard diet (22)
(OVX); 2) ovariectomized rats on a
low-calcium diet OVX +LCa; 3) non-
ovariectomized rats on a low-calcium
diet (LCa); and 4) non-ovariectomized
rats on a standard diet (N). The low-
calcium diet contained 0.25% of calci-
um After 6 months, the animals were
killed and the metaphysical tibia sam-
ples were collected, stained in methyl
methacrylate and fixed. Next, the 6 nm
thick specimens (3 on average per rat)
were prepared. The study was approv-
ed by local ethics committee.

Figure 1 shows examples of bone spec-
imen images from the four examined
groups.

Image analysis

Digital images of the specimens (256
shades of gray) were obtained using a
TV cameraand andog-digital converter.
For analysis the area 130 x 150 pixels
from the proximal tibia metaphysis just
bel ow the growth plate was chosen. The
images were further processed using the
software described in (9). The software
comprised a binarisation procedure to
analyse erosion by means of linear
transversal and longitudinal structure
elements. This enabled usto obtain tra-
becular structure images with selected
longitudinal and transversal elements,
which were used for measurement.
Figure 2 illustrates the consecutive sta-
ges of image processing. The following
parameters were determined: the longi-
tudinal trabecular area S(It); the trans-
versal trabecular area S(tv); the ratio of
the transversal and longitudinal areasd
(structural anisotropy coefficient); and
the trabecular bone volume BV/TV.
Two additional parameters were also
calculated: q (It), the ratio of the mean
longitudinal trabecular area in the
given group to the mean longitudinal
trabecular area in the control group,
and q(tv), defined analogically for the
transversal trabecular area.

Satistical evaluation
The differences between groups were
tested using the non-parametric Mann-
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Fig. 1. Examples of images of bone specimens from four examined groups after 6 months of estrogen
and calcium deficiency. Two specimens from each group are presented.

N: non-ovariectomized rats on standard diet, L Ca: non-ovariectomized rats on low-calcium diet,
OV X: ovariectomized rats on standard diet, OV X + L Ca: ovariectomized rats on low-calcium diet.

Fig. 2. lllustration of consecutive image processing stages: (A) origina image of bone specimen; (B)
the image binarized; (C) visualization of transversal elements; (D) visualization of longitudinal ele-

ments.

Whitney U test.

Results

Six months after the ovariectomy and
low calcium diet, we observed the fol-
lowing trabecular structure changes
(Table 1). In animals following an ov-
ariectomy (OVX), the mean transversal
trabecular areawas 63% lower, and the
longitudinal trabecular area was 54%
lower than in the control group. Alsoin
animals following an ovariectomy and
on a low calcium diet (OVX +LCa),
transversal S(tv) and longitudinal tra-
becular area values S(It) were different
from the control group (p < 0.005). The
mean value of S(tv) was 77% lower
and S(It) was 72% lower in comparison
with the control group. In non-ovariec-
tomized animals on a low calcium diet
(LCa), the transversal trabecular area
was 39% lower, and the longitudinal
trabecular areawas 25% lower in com-
parison with the control group.

The differences were found, on the
basis of the Mann-Whitney U-test, to
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reach statistical significance (p< 0.005)
for the transversal trabecular area val-
ues S(tv) in all three examined groups
compared with the controls. The same
was found for the longitudinal trabecu-
lae with one exception: no statistically
significant difference was found be-
tween LCa and controls.

The ratio of transversal to longitudinal
trabecular areas, referred to as the ani-
sotropy coefficient, was 0.61 for the
control group and 0.50, 0.49, 0.54 for
the LCa, OV X and LCa+QV X groups,
respectively. A statistically significant
difference was found in the values of
the anisotropy coefficient d between
the OV X and control groups, aswell as
between the L Ca and control groups (p
< 0.005). No such difference was found
in the coefficient values between the
OVX+LCaand control groups.

The values for BV/TV in the OVX,
OVX+LCaand LCa groups were low-
er than those obtained in the control
group and statistically significant dif-
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24), reduction of trabecular thickness
Th.Th (21,24), no significant changes
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Tablel.Values of measured parametersin the 4 study groups.

BV/TV S(It) S(tv) i i
mean + SD mean + SD mean + SD a9 q(tv) in trgbecular thickness Tb.Th (18,2_3),
(%) (pixels) (pixels) and increased trabecular separation
Th.Sp (18,19,21,24). The magnitude
N 356+ 15 663 £ 53 409 £ 20 1 1 of changes in the above parametersis a
LCa 281 + 28 495 + 55 249 + 38 0.75 0.61 function of the time elapsed from ovar-
ovX 168 + 1.7 306 + 33 152 + 21 0.46 0.37 iectomy. The change in the bone vol-
OVX +LCa 104 + 1.4 182 + 33 95 + 17 0.28 0.23 ume fraction BV/TV can serve as an

ferences between groups were found (p
< 0.005). The mean value of BV/TV in
the OVX +LCa group was 71%, in the
OV X group 53%, and in the L Ca group
19% lower than in the control group
(Tablel).

Discussion

The analysis of trabecular structure
images, based on the assessment of tra-
beculae parallel and perpendicular to
the main direction of strain, allowed us
to characterize the changes of trabecu-
lar structure resulting from estrogen-
and/or calcium deficiency. Advanced
changes in trabecular structure were
observed. Trabecular bone volume loss
BV/TV in the OVX + LCa group am-
ounted to 71% and was 1.3-fold higher
than in the OVX and 3.7-fold higher
than in the LCagroup. In al the exper-
imental groups, transversal trabecular
area loss was found to be more pro-
nounced than longitudinal trabecular
area loss in comparison with the con-
trol group.

Severa dozen preparations were exam-
ined and in every case the finding was
confirmed. In the LCa group, transver-
sal trabecular loss as compared with
controls was 38% and longitudinal tra-
becular loss as compared with controls
was 25%. In the OVX group losses
were 63% and 54% respectively, and in
the OVX + LCagroup 77% and 72%.
It is noteworthy that the percentage of
transversal trabecular area loss com-
pared with controls was always higher
than the total trabecular arealoss. Thus,
total trabecular area loss after ovariec-
tomy amounted to 53%, whereas that
of transversal trabecular area reached
61%. After alow-cacium diet, the re-
spective percentage loss values were
19% and 35%, and after ovariectomy
combined with low-calcium diet the
percentage loss values were 71% and

77%. Transversal trabeculae arethe site
where the earliest osteoporotic changes
appear. Therefore, measurements of the
transversal trabeculae may provide
important information.

The fact that the transversal trabeculae
are more susceptible to destruction
than the longitudinal trabeculae results
from their lower mechanical strength;
the values of mechanical parameters
for the transversal trabeculae are lower
than those for the longitudinal trabecu-
lae.

Bone density is of essential importance
for mechanical properties. Trabecular
bone strength is generally known to de-
pend on the square of bone density.
However, as demonstrated by Sugita
(15), mechanical parameters (elasticity
modules, maximal stress) decreasein a
linear manner together with the de-
crease of bone density square value,
but more rapidly for the longitudinal
than for transversal trabeculae. Thus, as
the bone density decreases, the differ-
ence between the degrees of transversal
and longitudinal trabeculae destruction
is reduced and structural anisotropy
decreases. The results obtained in our
study may provide a confirmation of
this correlation. In the LCa group, the
loss of transversal trabecular area was
41% higher than that of the longitudi-
nal ones, in the OV X group the differ-
ence amounted to ca. 14%, and in the
OVX +LCa — to ca 7%. The mean
structural anisotropy coefficient d in
the OV X + LCa group was lower than
in the controls and higher than in the
OVX and LCagroup.

The microarchitecture of trabecular
bone in ovariectomized rats has been
analyzed and described by numerous
investigators. The findings included
reduction of such parameters as the
bone volume fraction BV/TV (17-24),
trabecular number Th.N (18,19, 21, 23,
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example. Eight days after surgery a
BV/TV reduction by 25% was observ-
ed (18), and after 4 weeks by 34-41%
according to certain studies (19, 23,
24). After 7 weeks BV/TVwas reduced
by 38% (17), after 12 weeks by 62%
(21), and after 16 weeks by 60.5% (19).
In ovariectomized rats on a low-calci-
um diet, a BV/TV decrease by 64%
was found one month after ovariecto-
my (24). In our study, a decrease of
71% was demonstrated 6 months after
the surgery.

In conclusion, in al three analyzed ani-
mal groups (OVX, LCa, and OVX +
LCa) transversal trabecular area loss
was found to be more pronounced than
longitudinal trabecular loss. The differ-
ence between the percentage loss of
transversal and longitudinal trabeculae
was most significant in the LCa group,
and least significant inthe OVX + LCa
group, where bone loss was the high-
est. The structural anisotropy of cancel-
lous bone increases with trabecular
loss; however, in cases of extensive
bone destruction the bone became
more isotropic. The obtained results
seem to confirm the fact that in cases of
bone mass (density) reduction, the
strength of the longitudinal trabeculae
is reduced more rapidly than that of
transversal trabeculae.
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