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bone loss. It represents a model of disuse osteoporosis. Although bone loss has been
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regularly evaluated at the metaphysis of long bones, little is known concerning the bone
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changes occurring in the epiphysis.
Material and methods: Ten Copenhagen male rats received a single BTX injection in the Mus

Keywords:

quadriceps femoris on the right side and unilateral paralysis developed in the following days.

BTX

Animals were euthanized after 28 days; femur and tibia were harvested and analyzed by

Disuse osteoporosis

microCT. Vector analysis of porosity was applied to the 2D sections and produced a frontal

Epiphysis

image with mapping in pseudo-colors. This allows quantitative analysis at the epiphysis and

Vector analysis

metaphysis. ‘‘Hot spot’’ were evidenced and indicated bone loss. Quantitative analysis of
these images was done by decomposition of the R, G and B planes and deriving the ratio of R

Porosity

+ G pixels on the whole pixel number.
Results: At the metaphysis, this ratio was correlated with measurement of the bone volume
obtained by microCT. At the epiphysis, which has a complex shape in 3D, the method easily
identiﬁed the bone loss.
Discussion: Paralysis of a unilateral quadriceps induces bone loss at the metaphysis of the
long bones. However, the epiphysis, having a reduced bone remodeling is also concerned by
disuse. MicroCT analysis of this part of the bones is difﬁcult due to its complex shape in 3D.
Vector analysis is a new and robust method to quantify bone loss in such complex areas.
# 2016 Anatomical Society of India. Published by Elsevier, a division of Reed Elsevier
India, Pvt. Ltd. All rights reserved.

1.

Introduction

Botulinum toxin (BTX) injections are now routinely used in
clinical practice to temporarily paralyze muscle activity.1 This
leads to a transient muscle paralysis which is fully reversible

in a few months.2–4 BTX type A is produced by Clostridium
botulinum that courses botulism, a food poisoning. BTX
speciﬁcally inhibits the acetylcholine release at the neuromuscular synapse. BTX was initially proposed for its ability to
reduce facial wrinkles.5 BTX injections have also been
proposed to treat muscle spasms in various locations.6
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We reported that a single BTX injection in the mus
quadriceps can lead to a rapid bone loss due to the muscle
paralysis.7 The bone loss was evidenced at the upper tibia
metaphysis and lower femoral metaphysis. These data were
conﬁrmed in other laboratory animals (mice, rabbits, cats,
etc.) and by using various methods such as histomorphometry and microcomputed tomography (microCT).8–11 In
most of these papers, the metaphysis is analyzed because
it contains a large amount of trabecular bone in the secondary
spongiosa, immediately under the growth plate. However,
bone loss also concerns cortical bone to a lesser extend.12–15 It
is now clear that muscle atrophy caused by the toxin leads to
disuse with a secondary bone loss.16 BTX is responsible for
muscle paralysis in the injected muscle but also in the
neighboring muscles.11
Bone loss induced by disuse is more intense in bones with a
previous high remodeling. In the rat, bone loss was found
more pronounced in the tibial metaphysis than at the femur's
one.7 However, bone remodeling of the epiphyseal bone has
poorly been considered. Trabeculae of the epiphysis are
thicker than in the metaphysis and the remodeling rate is
lower.17,18
These characteristics have been attributed to the continuous loading of the epiphyses which preserves the thickness of
their trabeculae throughout life.17 However, the epiphyseal
bone is difﬁcult to analyze in rodents due to the reduced
volume of this area. Histomorphometric analysis is not easy
and microCT is difﬁcult due to the complex shape of this bony
subpart. Moreover, we developed of a new analysis technique
applied to microCT sections of objects with a complex 3D
shape (vector analysis of porosity).19 In the present study, we
conducted a vector analysis of porosity of the epiphyses and
metaphyses of the femurs and tibae in a series of rats with
BTX-induced paralysis of the Mus quadriceps femoris. The bones
were analyzed by microCT and the sections were further
treated by vector analysis.

2.

Material and methods

2.1.

Animals

Ten Copenhagen male rats weighing 485  37 g were used in
this study. Generation of the model has been described in
detail elsewhere by our group.7,20 Brieﬂy, animals received a
single injection of BTX (Botox® – Allergan France, 2 IU
dissolved in 0.4 mL physiological saline) in the Mus quadriceps
femoris of the right hindlimb (here after referred as the BTXinjected side). A 0.4 mL injection of saline was done in the left
hindlimb (non-injected side). Paralysis of the right hindlimb
was effective as early as 2 days post-injection and last up to 2
months followed by progressive recovery. Animals were
sacriﬁced 28 days post-injection. This procedure was approved
by the University of Angers ethical committee (Agreements
49028 and 01732.01) and performed in accordance with the
European regulation for the use of animal in experimental
procedures.

2.2.

X-ray microcomputed tomography

MicroCT analysis was performed on tibias with a Skyscan 1172
microtomograph
(Bruker-Skyscan,
Kontich,
Belgium)
equipped with an X-ray tube working at 70 kV/100 mA. An
isotropic voxel size was ﬁxed at 13.4 mm, the rotation step at
0.258 and exposure was performed with a 0.5 mm aluminum
ﬁlter. The CTAn Software (Skyscan, release 1.14.11) was used to
measure the bone mass at the tibia upper metaphysis and the
lower femur metaphysis after binarization with a global
threshold. The ﬁrst image selected for analysis was located
just under the primary spongiosa (characterized by thin
trabeculae) and then extended on 300 sections toward the
bone shaft. The volume of interest (VOI) was designed by
interactively drawing a polygon on each 2D section. Only a few

Fig. 1 – MicroCT image of bones of the same rat after BTX injection on the right side. (A) Right femur; (B) left femur; (C) right
tibia; (D) left tibia. Note the reduced amount of the trabecular volume particularly in the right tibia metaphysis. Also note the
larger trabeculae in the epiphyses than in the metaphysis.
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Table 1 – Morphometric analysis of the tibiae and femurs by microCT and vector analysis.
Femur
BTX-injected
BV/TV (%)
R metaphysis (%)
R epiphysis (%)
a

40.7  0.5
57.2  1.9
54.9  1.9

Tibia
Non-injected
a

48.7  1.3
47.3  1.5a
35.9  2.9a

BTX-injected

Non-injected

41.1  0.8
60.6  0.8
49.0  1.2

50.4  0.5a
53.4  1.3a
33.0  1.4a

Indicates a significant difference with the opposite side.

number of polygons need to be drawn (e.g. on the ﬁrst section,
several at the middle, and on the ﬁnal section) since a routine
facility calculated all the intermediary masks by interpolation.
A ﬁrst VOI containing only trabecular bone and marrow cavity
was drawn and a global threshold was used to select the
trabeculae.21 The trabecular bone volume (BV/TV, in %)
representing the percentage of the cancellous space occupied
by trabecular bone was determined according to guidelines
and nomenclature proposed by the American Society for Bone
and Mineral Research.22

2.4.

Statistical analysis

Statistical analysis was performed using the Systat statistical
software release 13.0 (Systat Software Inc., San Jose, CA). All

2.3.
Analysis of mandibular 3D porosity by a vector
projection algorithm
The stacks of binarized 2D sections were transferred to a labmade software written in Matlab (Math Works, Natick, MA)
release 7.10. The algorithm has been extensively described
elsewhere.19 Before analysis, the sesamoid bones were
removed from the images because they produce artifactual
results. On the binarized images, porosity was visible in white
and bone in black. For each (x, y) binarized image of the stack,
the pores (i.e. white pixels) which belong to the same image
column x received the same pseudo-color according to a look
up table (LUT). A LUT is a transfer function which determines
what screen values correspond to image pixel intensity values
at all x-y coordinates in the image. The representation of the
LUT appears in Fig. 3. A 3D model was reconstructed from the
subsequent colorized images the ImageJ 3D plugin (NIH,
http://rsb.info.nih.gov/ij/index.html). A frontal image was
saved in the tif format with the colorized LUT and analyzed by
ImageJ. With this method, the large porous areas (indicating
the disappearance of trabeculae) are in ‘‘hot colors’’ (i.e. red,
orange and yellow) and areas rich in trabeculae or cortical
bone appear in blue (‘‘cold colors’’). The method to analyze
quantitatively RGB images was proposed by several authors
and is based on the 3 histograms of the image.23,24 In the
additive RGB color model (Red-Green-Blue), each image can be
decomposed in 3 planes (red, green and blue). The histogram
of each bit plane was obtained with ImageJ and transferred to
an Excel spreadsheet (Microsoft Co). Then, only values
comprised between 20 and 255 gray level were selected to
discard irrelevant data. They were converted in percent of the
whole number of pixels and the ratio R of the (red + green)
pixels to the whole number of pixels was derived. This
method allows determination of the fraction of the image
containing ‘‘hot colors’’ because yellow is obtained by adding
red and green pixels values in the RGB mode. R was measured
separately in the metaphysis (an area corresponding to the
BV/TV measurements done in 3D) and the epiphysis of each
bone.

Fig. 2 – MicroCT images of a femoral rat epiphysis. The
image was obtained by removal image by image the
primary and secondary spongiosa on the whole stack of
images using Photoshop CS5 (Adobe). (A) Upper view
showing the two condyles and the intercondylar notch. (B)
Lower view showing the four expansions of the primary
spongiosa and their impingement deep inside the
epiphysis. (C) Lateral view with the presence of horns in
various directions.
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Fig. 3 – Analysis of the same bones than in Fig. 1, by vector analysis. The presence of ‘‘red spots’’ indicates areas where
porosity is increased (A) right femur; (B) left femur; (C) right tibia; (D) left tibia. The LUT appears on the right side of the figure.

data were expressed as mean  standard error of the mean
(SEM). Differences between the right and left bones were
compared using the Mann and Whitney's U test. Differences
were considered signiﬁcant when p < 0.05.

3.

Results

The histograms of the Red, Green and Blue planes of
metaphyseal ROIs in the injected and non-injected side of a
femur appear in Fig. 4. On the non-injected side, the histogram
frequency exhibits a large peak for the blue component while

A

3.1.
Assessment of bone mass on microCT images of the
metaphysis

3.2.
Assessment of bone porosity on images with vector
analysis
Fig. 3 illustrates the aspect of the femurs and tibia of the same
rat imaged after vector analysis of porosity. The highest
porous zones (corresponding to areas with an increased
trabecular resorption) appear in ‘‘hot colors’’ i.e. red to yellow.
The bone loss is easily demonstrated in the metaphyses of
both bones. In the epiphyses, the presence of ‘‘hot spots’’ is
also clearly evidenced and corresponds to a bone loss. In all the
rats of the series, the maximum areas with increased porosity
were observed at the inner femoral condyle. In the tibia, the
‘‘hottest areas’’ were also observed at the inner plateau.
The difference in R reached 20.9% at the femoral metaphysis and 13.5% at the tibial metaphysis. In the epiphyses, the
difference was 52.9% at the femur and 48.4% at the tibia.

3
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Percent

Fig. 1 illustrates the bone loss in these two bones from the
same animal. The trabecular bone volume was markedly
decreased at the metaphysis of the two bones on the BTX
injected side. A 16.4% decrease was observed at the femur
and a 18.4% at the tibia (Table 1). Fig. 2 illustrates the complex
shape of a femoral epiphysis in 3D after interactive elimination
of the primary and the secondary spongiosa from the stack of
2D images containing. Each image was processed separately. It
is likely that it is impossible to select the trabecular bone in this
area because softwares cannot adapt to such complicated
boundaries.
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Fig. 4 – The Red, Green and Blue histograms of the
metaphysis of the femur in (A) the un-injected side (left
limb) and (B) the injected side (right limb). Note the increase
number of red pixels in the histogram and the reduction in
the percent of blue pixels after BTX injection. Each
histogram is figured with its representative color.
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Ratio red+green/total (in %)

0.70

p < 0.01

p < 0.01

p < 0.03
p < 0.001

0.56

0.42

0.28

0.14

0.00

metaphysis

FEMUR

epiphysis

metaphysis

epiphysis

TIBIA

Fig. 5 – Quantitative analysis of the ratio (red + green) pixels
on the total number of pixels in the metaphysis and
epiphysis of the femur and tibia of rats having received a
BTX injection in the Mus quadriceps femoris. BTX-injected
side in red (right); non-injected side in blue (left).

the green and red histograms are more ﬂattened. On the BTXinjected side (Fig. 4B), the peak of the blue histogram is
markedly reduced and the red histogram exhibits a large peak.
The R ratio is illustrated in Fig. 5 and Table 1 in the different
bones and their metaphyseal and epiphyseal subparts.
Noteworthy, BV/TV measured by microCT and R, estimated
at the metaphysis were well linearly correlated (r = 0.65;
p = 0.001).

4.

Discussion

Striated muscles are under the control of the voluntary
nervous system which controls body movements. The
motoneurons of the spinal cord transmit information to the
muscles via their axon which ends at the neuromuscular
synapse. Acetylcholine is the neurotransmitter released by
the axon and BTX blocks its release by destroying the
intracellular SNARE system involved in the fusion of the
synaptic vesicles with the cell membrane.2–4 The paralysis
occurs within 2 days after injection of the toxin and the
muscle function recovery is observed within two months.
Paralysis causes disuse of the injected limb leading to a rapid
bone loss.7 The effect of BTX on bone loss is cumulative with
other factors known to reduce bone mass such as castration.25,26 or hind limb unloading.27 At the bone cell level, bone
loss is due to a sudden increase in osteoclast number
associated with a progressive decline of the osteoblastic
formation of new bone.28 Since the original description of the
model, at least 40 publications have been presented and
pharmacological or physical counter measures have been
evaluated.29 However, up to now, little consideration has been
paid to the epiphyses because this bone subpart is difﬁcult to
analyze. Because of the heterogeneity in trabecular repartition and the very complex shape of this bone (see Fig. 2), a very
limited number of studies have been done on bone loss in this
area in animal models of osteoporosis. In the present study,
we performed a ‘‘virtual dissection’’ of a femoral epiphysis to
show the 3D complexity of a femoral epiphysis and to explain
why it is impossible to select the whole trabecular bone inside
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the cortical shell of the epiphysis. Although some studies
have presented data on bone remodeling at the epiphysis in
laboratory animals, they are most often concerned with 2D
microCT images,30 histological sections,31,32 or scanning
electron microscopic images.31 To our knowledge, only two
papers have presented a quantitative analysis of trabecular
bone by microCT at the epiphysis but determination of the
VOI was poorly described and no 3D model was presented.33,34
Here, the bone loss induced by the BTX-related disuse was
conﬁrmed at the metaphysis of mature rat bones by a
quantitative analysis using the dedicated software available
for microCT. Vector analysis of porosity was initially developed by our group to analyze the complexity of the pores in
various biomaterials presenting a complex shape.19 The
method was also successfully used to characterize the
alveolar bone loss at the mandible in rats with paralysis of
masticatory muscles.35 A very similar approach was presented previously to appreciate the thinning of cortical bone
at the hip on human CT scans with mapping pseudo-colors at
the surface of the 3D model.36,37 Here, we found that vector
analysis could be applied to evaluate the bone loss in the
metaphysis and epiphysis of rats in the BTX model. MicroCT
values and R were well correlated in the metaphysis, making
the method valid to extrapolate the results to the epiphysis.
However, the variations in R are not comparable between
different types of bones because the bone width inﬂuences
the parameter. So, R can only be used to compare changes
occurring in the same bone. In addition, the method allows an
immediate visual perception of the bone loss in these two
skeletal pieces.

5.

Conclusion

BTX induces bone loss after paralysis of a single muscle. It
occurs both at the femur and tibia on which the different heads
of the muscle are inserted. Disuse causes bone loss at the
trabecular envelope of the metaphysis and epiphysis. Vector
analysis of porosity can be quantiﬁed by analysis of the RGB
histograms of the images.
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