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Cortical Bone Modifications after
Radiotherapy: Cortex Porosity and
Osteonal Changes Evaluated Over Time
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Aiming to evaluate cortical bone microarchitecture and osteonal morphology after
irradiation, twelve male New Zealand rabbits were used. The animals were divided: control
group (no radiation-NIr); and 3 irradiated groups, sacrificed after: 7 (Ir7d); 14 (Ir14d) and
21 (Ir21d) days. A single radiation dose of 30 Gy was used. Computed microtomography
analyzed the cortical microarchitecture: cortical thickness (CtTh), bone volume (BV),
total porosity (Ct.Po), intracortical porosity (CtPo-cl), channel/pore number (Po.N), fractal
dimension (FD) and degree of anisotropy (Ct.DA). After scan, osteonal morphology was
histologically assessed by means: area and perimeter of the osteons (0.Ar; O.p) and of
the Haversian canals (C.Ar; C.p). Microtomographic analysis were performed by ANOVA,
followed by Tukey and Dunnet tests. Osteon morphology analyses were performed by
Kruskal-Wallis, and test Dunn's. Cortical thickness was significant difference (p<0.010)
between the Nlr and irradiated groups, with thicker cortex at Ir7d (1.15+0.09). The
intracortical porosity revealed significant difference (p<0.001) between irradiated groups
and NIr, with lower value for Ir7d (0.29+0.09). Bone volume was lower in Ir14d compared
to control. Area and perimeter of the osteons were statistically different (p<0.0001)
between NIr and Ir7d. Haversian canals also revealed lower values (p<0.0001) in Ir7d
(80.57+9.3;31.63+6.5) compared to NIr and irradiated groups. Cortical microarchitecture
was affected by radiation, and the effects appear to be time-dependent, mostly regarding
the osteons morphology at the initial days. Cortex structure in Ir21d revealed similarities
to control suggesting that microarchitecture resembles normal condition after a period.
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Introduction

lonizing radiation therapy used in radiotherapy (RT)
in combination with surgical procedures are the main
treatment modalities for malignant tumors (1). When the
bone is included in the irradiated field, initial changes
directly affect bone remodeling activity (2). Therefore,
high-dose irradiation causes irreversible side-effects on the
tumor surrounding healthy tissues. These injuries lead to
impairment in bone repair properties that could progress
to complications, such as infections, healing delay and
osterradionecrosis (3). Previous publicatios from our group
showed the effects of RT on cortical bone that revealed
modification on the morphology of bone channels network
(4), decreased anisotropy and increased bone fragility (5),
also with deficity in bone quality, with decrease of stiffness,
more evident in later time points after radiation (6).

The cortex comprises the majority of the appendicular
skeleton (7), and as this bone part is known to be altered
after RT, a major interest on the principal unit of the
cortical bone - the Osteon - has increased. Osteons could
be primary and secondary (8). Besides osteonal structure,
cortical bone is considered not fully compact, once the

structure is traversed by many Haversian (at the center of
the osteons) and Volkmann canals. All of these canals have
in their surfaces the lining that provide a surface area for
remodelling (9). In humans, about half of cortical bone loss
at peripheral sites was the result of remodelling within the
cortex adjacent to the marrow (9).

Regarding bone quality within the cortex and
remodeling, larger osteons may favour crack propagation
increasing bone toughness, whereas smaller osteons may
favour a crack propagation with low resistance to fracture
(10). These cracks, a type of bone microdamage, are
considered target for remodeling (11,12). The secondary
osteons of cortex are formed by two sequential processes
and the remodeling extends from the endosteum to the
subperiosteal lamellar systems (13). The geometry of the
osteon hasan importantrole in a resistance to deformation
(14), and the influence of osteon geometry and composition
on bone fragility is not fully understood (10).

Therefore, the aim of this study was to evaluate the
cortical bone microarchitecture and the morphological
characteristics of osteons after a single-dose (30 Gy)
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of ionizing radiation, also comparing modifications on
different periods after radiation exposure.

Material and Methods
Study Design

Twelve male New Zealand rabbits (Oryctolagus cuniculus)
weighting 3.0 - 3.5 kg were randomly divided into four
groups of three animals each. All animals were acclimatized
for 2 weeks previously to experimental procedures and
individually housed in standard cages containing bedding
and nesting material at 20°C under controlled humidity
and a light/dark cycle of 12h/12h. The diet consisted of
standard laboratory pellets and water ad libitum. The
animal caretakers were blind to the experimental groups.
Both legs from each animal were included in the study,
totalizing six tibias per group (n=6). The animals were
divided into 4 groups: non-irradiated rabbits (NIr; control
group), and irradiated rabbits (Ir), sacrificed at different
times, as follows: group Ir7d (euthanized at 7 days after
the radiation procedure), group Ir14d (euthanized at
14 days after the radiation procedure) and group Ir21d
(euthanized at 21 days after the radiation procedure).
The Institutional Animal Care and Use Committee of the
institution approved all procedures (Protocol: 093/12), in
compliance with Ethical Standards.

Irradiation Procedure

During the RT session, the animals (Ir groups) were kept
under general anesthesia with an intramuscular injection
of a combination of 0.25 mg of ketamine/kg (Ketamina
Agener®; Agener Unido, Sdo Paulo, SP, Brazil) and 0.5 mg
of xylazine/kg calculated for this dose per body weight
(Rompum® Bayer, Sdo Paulo, SP, Brazil). The left and right
hind legs of each rabbit were subjected to a single dose of
30 Gy. The total dose of 30 Gy is considered adequate to
produce compromised surgical bed, simulating in rodents
the clinical situation observed in humans (15).

Animals were placed in the supine position and the left
and right hind legs were positioned and fixed laterally using
a wooden stick and adhesive tape. A wax bolus was placed
over the area and the tibia wasirradiated in asingle anterior
field. A dose of radiation was delivered with a source-skin
distance of 60 cm and the field size was 15 x 15 mm, with
direct electron beam of 6 MeV electrons (Varian 600-C®
Varian Medical Systems, Palo Alto, California, EUA). After
radiation, the responsible veterinarian closely monitored
the skin, hair, weight, and appetite of the rabbits. The
animals were sacrificed by an overdose of anesthetic (0.75
mg of ketamine/kg of body weight). Animals of the control
group were sacrificed at t0, which means, at the day 0.
In the irradiated groups, the sacrifice was planned at 7,
14 and 21 days after radiation. The overlying soft tissues
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were removed, and the tibias were stored in phosphate
buffered saline solution and frozen at -20 °C in plastic
tubes (Cralplast 17000, Sio Paulo, SP, Brazil).

Micro Structural Analysis by Micro-CT

The samples were stored frozen at -20 °C for 48 h. For
assessing the tridimensional (3D) bone microarchitecture,
the tibia diaphysis (Fig. 1A) was examined using a micro-
computed tomography analyzed (uCT; SkyScan 1272,
Bruker, Kontich, Belgium). During scanning, the tibia was
placed in the polyethylene tube avoiding movements and
dehydration. The scanning parameters were 15 um pixel
size, 50 kV X-ray voltage, 160 mA electric current and using
a 0.5 mm Al filter. Subsequently, the reconstructed 3D data
sets were obtained and quantified using NRecon and CTAn
automated image analysis system (Fig. 1B). Cortical bone
was segmented manually on a slice-by-slice basis by asingle
expert operator (Fig. 1C). After that, the volume of interest
(VOI) for cortical analyses was selected and extending 300
slices in total for each tibia, and a global bone threshold
(55 lower grey threshold and 255 upper grey threshold)
it was obtained (Fig. 1D). The following parameters were
measured in the cortices: mean thickness (Ct.Th, um);
total porosity (Ct.Po, %); closed porosity (just considering
the intracortical pores, Ct.Po (cl), %); Haversian channel/
pore number (Po.N); bone volume (BV, mm3); degree
of anisotropy (Ct.DA, #); and fractal dimension (FD, #),
analyzed using CTAn software (Skyscan, Bruker, Belgium).

Micro Structural Analysis by Histological Sections
After scan and in order to determine the osteonal

morphology, the samples were decalcified in 10% formic

acid solution for 15 days, and then processed and embedded

Figure 1. Microtomography computadorized (MicroCT) image of bone
structure. A: Cortical bone microarchitecture of the tibia diaphysis;
B: Slice of the reconstructed volume in an axial view; C: Manual
segmentation performed on a slice-by-slice basis; D: Definition of
a global bone threshold.



in paraffin. Histological sections were obtained as 5 pm
thick sections, counting 3 sections per sample. All sections
were stained with hematoxylin and eosin (H&E). Digitized
images of each sample were captured at 10x magnification
using a Nikon Eclipse E2000 binocular microscope (Nikon,
Sao Paulo, Brazil) along with a Moticam Pro 252B camera
and the Motic Live Imaging Module software (Motic®,
British Columbia, Canada). These images were inserted to
the Image) software (ImageJ, 1.45q, National Institutes
of Health, USA) (Fig. 2), and the area and perimeter of
osteons and Haversian canals were measured manually.
The osteons within the image were randomly chosen,
respecting the exclusion criteria: non-totally visible
osteons within the measurement region; a non-circular/
oval format of the inside channel; unidentifiable limits and
too small size (as smaller as the visually mean of the other
osteons within the image). The following parameters were
obtained: Osteon area (O.Ar in square micrometer), Osteon
perimeter (O.p in micrometers), Haversian canal area (C.Ar
in square micrometers) and Haversian canal perimeter (C.p
in micrometers). At least 20 osteon including vascular
channels in their middle were measured for each group.

Statistical Analysis

The mean thickness (Ct.Th), total porosity (Ct.Po),
closed porosity (Ct.Po (cl)), pore number (Po.N), bone
volume (BV); degree of anisotropy (Ct.DA) and fractal
dimension (FD), data were tested for normal distribution
(Shapiro-Wilk) and equality of variances (Levene's test),
followed by parametric statistical tests. One-way analysis
of variance (ANOVA) was performed for all data. Multiple
comparisons were made using Tukey's test for comparison
between irradiated groups on different periods and Dunnet
test was used for comparison between control group and

Figure 2. Histological assessment of the osteons morphology
(Hematoxilin and Eosin stain. Original Magnification of 20X).
Delimitation of the Osteon and Haversian canal (in yellow).
Measurements were obtained using ImageJ software.
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irradiated groups. Sample size was grounded on information
from previous reports applying similar animal model. A
post-hoc test was performed to define the minimum
difference in the parameters assessed herein that would
have been possible to detect applying a power of 80% and
an alpha error of 0.05%. The Osteon area (0.Ar), Osteon
perimeter (O.p), Haversian canal area (C.Ar) and Haversian
canal perimeter (C.p) were tested for normal distribution
(Shapiro-Wilk), followed by nonparametric statistical test
(Kruskal-Wallis) and multiple comparison test (Dunn's). All
tests employed a=0.05 significance level and all analyzes
were carried out with the Statistical Package for Social
Sciences version 15 (SPSS Inc., Chicago, IL). In addition,
intraclass correlation coefficient (ICC) was calculated
for the osteonal morphology analysis, being analyzed 20
osteons per group after a time interval in order to test the
intra-rater reliability (0.995).

Results

Clinical evaluation of the animals during the procedure
revealed that irradiated rabbits developed alopecia due
to radiotherapy. No animal or leg was lost in the study.
Concerning pCT results, cortical thickness was significant
different (p<0.010) between Nlr (1.01+0.04) and the
Ir7d irradiated group, with thicker cortical bone on the
experimental group (1.15+0.09). Among irradiated groups,
the cortex was thicker at 7 compared to 14 days (1.01+0.05),
but similar to the 21 days (1.07+0.09) (Fig. 3A).

There was no difference for the total cortical porosity
for all groups (Fig. 3B). However, the intracortical porosity
(closed porosity), represented by only the intracortical
channels, revealed significant difference (p<0.001), among
the irradiated groups, with lower value for the Ir7d group
(0.29+0.09), compared to Ir14d (0.48+0.08) and Ir21d
(0.44+0.06) (Fig. 3C). In addition, the intracortical porosity
was also different (p<0.001) between Ir7d and Nir group
(0.53+0.18) (Fig. 3C).

Fractal dimension (Fig. 3D) and degree of anisotropy
(Fig. 3E) were not different between NlIr and irradiated
condition, and among the irradiated groups. Bone volume
was lower (p<0.001) at 14 days (92.06+6.34) compared
with: control group (108.16+8.95), and with both other
irradiated groups, at 7 days (114.37+12.15) and 21 days
(120.36+6.09) (Fig. 3F).

The osteons area (0.Ar), and perimeter (0.p) mean
and standard deviation values are shown in Figure 4A
and 4B, respectively. Tukey test showed that NIr group
had significant higher values for both parameters (0.Ar:
3347.0+149.0; O.p: 210.7+54.6) than Irradiated group
measured at 7 days (0.Ar:1490.0+78.7; 0.p:142.0+35.2;
p<0.001). Among the irradiated groups, the area and
perimeter measured at 7 days were significantly lower than
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Figure 3 Mean and standard deviation values of morphologic parameters measured by
Microtomography computadorized (MicroCT) for non-irradiated bone (control group) and
irradiated bone after different periods (7, 14 and 21 days). A: Mean thickness - Ct.Th in mm;
B: Total porosity - Ct.Po in %; C: Closed porosity - Ct.Po in %); D: Fractal dimension - FD; E: -

presented the smaller Osteons with
more variable shapesamong all groups
(Fig. 5C), also accompanied with the
most heterogeneous interstitial bone,
revealed by amorphous basophilic
areas and no lamellae organization
(Fig. 5D).

Discussion

This study evaluated the cortical
bone after a single-dose radiation
therapy (30Gy) in rabbit's tibias at 7,
14,and 21 days after irradiation, using
a high-resolution imaging technique
followed by histological analysis.
The results revealed an increase in
cortical thickness after irradiation in
the first period analyzed, followed
by a decrease of the thickness after
this period. Intracortical porosity
decrease drastically in the first
period of 7 days, and then increased
in the following periods, possibly
demonstrating a recovery in channels
number over time. After irradiation,
bone volume was decreased justin 14

Degree of anisotropy - Ct.DA; F: Bone volume - BV in mm3. Different letters mean significant

difference between irradiated groups (Tukey test; p < 0.05). * significant difference between

the non-irradiated group and control group (Dunnet test; p<0.05).

at 14 days (0.Ar: 2890.0+152.7; 0.p:196.9+51.6; p<0.001)
and 21 days (3695.0+253.5; 216.0+75.2 p<0.001).

The area and perimeter of the Haversian canals mean
and standard deviation values are shown in Figure 4C and
4D.Tukey test showed that NIr group had significant higher
values both parameters (C.Ar.: 365.2+40.2; C.p.: 65.5+17.9)
than Ir7days group (C.Ar.: 80.5+9.3; C.p.: 31.6+6.5; p<0.001)
and Ir14days (C.Ar.: 188.7+35.8; C.p.: 43.7+9.5; p<0.001).
Among the irradiated groups, the area and perimeter of
the Haversian canals were significantly smaller at 7 days
compared with 14 days (p<0.001); and were significantly
higher at 21 days (398.2+33.3; 71.8+16.4; p<0.001).

To better represent histological results regarding osteons
and Haversian channels, a schematicillustration was created
with 3 possible osteon designs for each group (Fig. 5A, C, E
and G). Histological images that match these designs were
chosen for all groups (Fig. 5B, D, F and H). Based on the
standard deviation values variability, the outer surface of
the osteons and their sizes variation, accompanied with
the variation on the canals format, were found to range
from round to oval design, containing canals ranging
from higher to smaller diameters (Fig. 5). Ir7days group
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days, different from 7 and 21 days.
Going along with imaging results,
osteons morphology also revealed
changes related to the heterogeneity
in their sizes and morphology, demonstrating an initial
modification, probably related to a remodeling process.
The size of the osteon was found to be smaller in the first
period analyzed and increased in size in the subsequent
periods, after radiation. Osteon perimeter also decreased
in the first days, followed by recovery in 14 and 21 days.
The standard deviation of osteon perimeter at all groups
revealed that their design remained uniform, however
different among them. Haversian channels also were
smaller in irradiated group at 7 days, as well revealing a
tendency to reach higher sizes and different design at 14
days, and more evident at 21 days, with similar results with
the control group in this last-mentioned period.

In this study, the animal model used to assess cortical
characteristics were the rabbit tibiae, a very well-established
model for assessing bone biological and biomechanical
characteristics (16). Bone metabolism of rabbits is 3 to 4
times faster than human; therefore, they are commonly
used as animal model to evaluate the effects of radiotherapy
in bone tissue (17). By the difficulty inherent to animal
manipulation, the animals were exposed to just one dose
of ionizing radiation, also described in other studies (5,18),



Figure 4 Mean and standard deviation of the osteons and Haversian channels measurements for
non-irradiated (control group) and irradiated groups (7, 14 and 21 days): A: Osteon area, 0.Ar in pm?;
B: Osteon perimeter, O.p in pm; C: Haversian canal area, C.Ar in pm?2; D: Haversian canal perimeter,
C.p in pm. Different letters mean significant difference (Kruskal-Wallis test; p<0.05). * significant
difference between the non-irradiated group and control group (Dunn test; p<0.05).

where the exposition of the animals to a dose fractionation
was not possible. Also, lower doses administered in a
fractionated scheme do notseem to have as much an effect
on cortical bone strength as a single large dose (19), so
not adequate to our purposes in the approach to identify
cortical alterations due to radiotherapy.

Cortical porosity and thickness were found to be
different at 7 days. Was an interesting fact to discover an
increase in the whole cortical thickness, accompanied to
a decrease in intracortical porosity, the last one related to
bone channels network. Cortical porosity has an impact on
bone material and mechanical properties, as well as play a
role in the remodeling process. Porosity is associated with
bone channelsand resorption areas within the cortical bone
and consists in its majority part of a network of canals
which provide space for the vasculature in the cortices, and
also, to nourish the osteocytes (20). Therefore, our finding
revealed a decline in the number of intracortical pores at
7 days after irradiation, might reflecting activity on bone
turnover in the initial period after radiation exposure.
Intracortical porosity tend to be similar to the control
group in both Ir14d and Ir21d groups, suggesting that a
regular process of bone turnover may take place at these
periods. Also intriguing, the lower value for intracortical
porosity of Ir7d group was surprisingly interesting, once
there was more bone matrix at this period (represented
by higher cortical thickness). Along with all data reported,
this result suggests a direct effect on bone matrix together
with effects on vascularization.

Braz Dent J 32(1) 2021

Regarding osteons
characteristics and vascular
canals morphology (Haversian
channels), our study observed
smaller channels at 7 days after
irradiation compared to the
non-irradiated group. Geometric
indices of the osteons estimate
resistance to compression,
bending and buckling based on
their size (10). Also, some studies
have demonstrated that ionizing
radiation can cause endarteritis
and vascular occlusion (21,22).
Once theintracortical porosity was
lower at 7 days, the histological
assessment also confirmed the
imaging uCT results, revealing
smaller channels in histological
sections.

Osteons presented
smaller sizes after irradiation,
accompanied with a pronounced
heterogeneity concerning their contour and the interior
channels size and shape. All osteons analyzed in our study
revealed a lamellae organization formed by cylindrical
and round structure in layers around the channels. It is
known that secondary osteons consist of cylindrical units
comprising several lamellae layers that are generally
coaxial with the axis of the Haversian (or vascular), canal
around which they form. Thus, Haversian system shows
morphological heterogeneity that depends on the age of
the individual, skeletal site and presence or absence of
systemic factors that can alter the bone tissue (23). In this
way, it could be supposed thatin all groupsin our study the
bone was major composed by secondary osteons, and that
their morphology is dependent on the vascular channels
and on the remodeling process.

Interstitial bone was found to be also irregular,
amorphous, and revealing very distinguish color, represented
by basophilic areas in the majority areas filled with this bone
(Fig. 5). These findings suggest that at 7 days, remodeling
process occurred and was sufficiently pronounced to
reach the whole cortical extension. Also, both osteon and
interstitial bone morphology highly varied in the first
period analyzed after irradiation, suggesting previous
remodeling process that changed the microarchitecture.
Well-designed osteon may be produced by the requlation of
bone apposition by osteocytes during osteon refilling, and
also that osteonsize is determined by the quantum of bone
removed by osteoclasts (24). In addition, our results also
work as an indicator of different levels of mineralization
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Figure 5 Schematic representation of the size and shape variation in the osteons and Haversian canal for each group (A: Nir; C - Ir 7 days;
E - Ir 14 days; G - Ir 21 days), and microphotographs of the corresponding histological sections (B: Nir; D - Ir 7 days; F - Ir 14 days; H - Ir
21 days; Hematoxylin and Eosin stain histological sections; original magnification of 20x).
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and/or maturation due to heterogeneity in morphology
and color shades of the osteons. However, a limitation in
our evaluation was the use of Hematoxylin and Eosin stain,
which is not a common used stain for osteon analysis and
does not allow differentiating mineralization stages. The
chosen stain was used because is easy access and low costs.
Anyway, our objective was to assess the osteon morphology,
and that was enough to evaluate the osteons and discover
thatafter radiation the osteons revealed differences in size
and shape, also containing smaller Haversian channels.
In conclusion, cortical bone can be affected by ionizing
radiation and it appears to be time dependent. In the
initial days, the number of intracortical vascular channels
decrease, and the osteons revealed to be smaller at this first
period, also containing smaller channels. As time increase,
similar conditions between control and irradiated groups,
mostly at 21 days, were found, suggesting that cortical bone
returns to its reqular conformation after a certain period.

Resumo

Com o objetivo de avaliar a microarquitetura 6ssea cortical e a morfologia
dos osteons apds irradiacao, foram utilizados doze coelhos machos da Nova
Zelandia. Os animais foram divididos: grupo controle (sem radiaco-NIr);
e 3 grupos irradiados, sacrificados apos: 7 (Ir7d); 14 (Ir14d) e 21 (Ir21d)
dias. Foi utilizada uma dose unica de radia¢do de 30 Gy. A microtomografia
computadorizada analisou a microarquitetura cortical: espessura cortical
(CtTh), volume 6sseo (BV), porosidade total (Ct.Po), porosidade intracortical
(CtPo-cl), numero de canal/ poro (Po.N), dimenséo fractal (DF) e grau de
anisotropia (Ct.DA). Apos a varredura, a morfologia dos osteosn foi avaliada
histologicamente por meio de: Area e perimetro do osteon (0.Ar; O.p) e dos
canais de Havers (C.Ar; C.p). A anlise microtomografica foi realizada por
ANOVA, seguida pelos testes de Tukey e Dunnet. As analises morfoldgicas do
osteon foram realizadas por Kruskal-Wallis e testadas por Dunn. A espessura
cortical foi diferente (p<0,010) entre os grupos controle e irradiados,
com cortex mais espesso no Ir7d (1,15+0,09). A porosidade intracortical
revelou diferencas significativas (p<0,001) entre os grupos irradiados e
o controle, com menor valor para Ir7d (0,29+0,09). O volume 6sseo foi
menor no Ir14d em relacdo ao controle. Area e perimetro do osteon foi
diferente (p<0,0001) entre o controle e Ir7d. Os canais haversianos também
revelaram valores mais baixos (p<0,0001) em Ir7d (80.57+9.3; 31.63+6.5) em
relacdo ao controle e demais grupos irradiados. A microarquitetura cortical
¢ afetada pela radiacdo e os efeitos parecem ser dependentes do tempo,
principalmente em relagdo a morfologia dos osteons nos dias iniciais. A
estrutura cortical em Ir21d revelou semelhancas com o controle, sugerindo
que a microarquitetura se assemelha a condicdo normal ap6s um periodo.
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