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The stomatognathic system is a functional unit characterized
by several structures: skeletal components, dental arches, soft
tissues, and the temporomandibular joint and masticatory
muscles.These structures act in harmony to performdifferent
functional tasks (to speak, to break food down into small
pieces, and to swallow). On the other hand, the various com-
ponents of the stomatognathic system influence each other.
The restoration of function of the various components of
the stomatognathic system is a major focus of research from
different disciplines. For that reason stomatognathic diseases
are treated by dentists and maxillofacial surgeons as well
as otorhinolaryngologists. Furthermore, the preservation of
the masticatory muscles is nowadays also at the forefront of
scientists.

The current special issue summarizes five articles of
different research aspects on the highly topical field of tissue
engineering and oral rehabilitation in head and neck area.
The issue presents a wide range of findings from basic and
clinical research with interdisciplinary contributors from
clinics, specialist doctors, and biologists.

The preservation of the bone with bone substitute mate-
rials as well as autologous bone plays an important role.
Although these topics are explored for some time, there
are always new aspects and improvements. T. Gredes et
al., in Germany, in “Bone Regeneration after Treatment
with Covering Materials Composed of Flax Fibers and

Biodegradable Plastics: A Histological Study in Rats” have
focused on bone regeneration using green biocomposites.
These authors could demonstrate that composites from
unmodified and transgenic modified flax fibers can be used
as bone covering materials. The biocomposites prevent the
growth of connective tissue into the bone defect.

Among other qualities of the bone, augmentation and
surgical procedures play also an important role in the inser-
tion of implants. Oral implantology is one of the fastest grow-
ing fields in oral rehabilitation. In implantology, minimally
invasive surgical techniques are increasingly used, including
piezosurgery. This is an ultrasound-assisted technique. Dur-
ing the operative preparation of the implantation bed, there
is very often a strong heat development which can lead to
thermal damage of the surrounding tissue. J. Matys et al. in
Poland dealt with this topic “Assessment of Temperature Rise
and Time of Alveolar Ridge Splitting by means of Er:YAG
Laser, Piezosurgery, and Surgical Saw: An Ex Vivo Study.”
They found no temperature rise on the bone over 10∘C when
using piezosurgery and Er:YAG laser as well as surgical saw
and postulated that these surgical techniques are useful and
safe for ridge splitting.

It is well known that a lot of factors can influence the
osseointegration of dental implants and can cause dental
implants failure. The manuscript by M. Prados-Privado et al.
in Spain “Long-Term Fatigue and Its Probability of Failure
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Applied to Dental Implants” highlighted different fatigue
analysis based on a cumulative damage model and proba-
bilistic finite elements. With these analyses the authors found
worst behavior of cylindrical implants compared to conical
implants.

Furthermore, the function and composition of orofa-
cial muscles are important for the maintenance of oral
function. Patients with muscle diseases may suffer severe
malocclusions, feeding difficulties, and weight loss, because
of progressively impairing orofacial function. Furthermore it
is known that the loss of teeth is followed by functional loss
of orofacial muscles. It is becoming evident that more data
about the muscle regeneration process are needed to develop
strategies for improving life quality of the patients. The
article by U. U. Botzenhart et al. from Germany “Influence
of Botulinumtoxin A on the Expression of Adult MyHC
Isoforms in theMasticatoryMuscles in Dystrophin-Deficient
Mice” fits very well with this topic. The authors describe
that the neurotoxin botulinum toxin A causes muscular
atrophy with signs of dystrophic phenotype in healthy mice,
while mice with inherited muscle weakness do not show any
changes in the MyHC isoform expression.

Many metabolic or hormonal diseases can influence
both bone metabolism and muscle function. This is known,
among other things, for hypothyroidism, which can lead
to diminished length growth of the bones and myopathy.
The work is complemented by a work by T. Świdziński
et al. in Poland “Hypothyroidism Affects Olfactory Evoked
Potentials.” These authors were able to demonstrate that the
sense of smell is also strongly impaired in patients with
clinical hypothyroidism, whereas patients with subclinical
hypothyroidism do not show any swelling difficulties com-
pared to healthy patients.

In conclusion, this special issue summarized various
aspects of regeneration from different parts of the stomatog-
nathic system. Both the implantology and the large area of
bone substitute materials are still propagated in the focus of
science.

Tomasz Gedrange
Christiane Kunert-Keil
Friedhelm Heinemann

Marzena Dominiak
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Themost common adverse effect after bone cutting is a thermal damage.The aim of our study was to evaluate the bone temperature
rise during an alveolar ridge splitting, rating the time needed to perform this procedure and the time to raise the temperature of a
bone by 10∘C, as well as to evaluate the bone carbonization occurrence. The research included 60 mandibles (𝑛 = 60) of adult pigs,
divided into 4 groups (𝑛 = 15). Two vertical and one horizontal cut have been done in an alveolar ridge using Er:YAG laser with set
power of 200mJ (G1), 400mJ (G2), piezosurgery unit (G3), and a saw (G4).The temperaturewasmeasured byK-type thermocouple.
The highest temperature gradient was noted for piezosurgery on the buccal and lingual side of mandible. The temperature rises on
the bone surface along with the increase of laser power. The lower time needed to perform ridge splitting was measured for a saw,
piezosurgery, and Er:YAG laser with power of 400mJ and 200mJ, respectively. The temperature rise measured on the bone over
10∘C and bone carbonization occurrence was not reported in all study groups. Piezosurgery, Er:YAG laser (200mJ and 400mJ),
and surgical saw are useful and safe tools in ridge splitting surgery.

1. Introduction

The important condition for predictable and aesthetic
implantation is the availability of sufficient surrounding and
supporting hard and soft tissues [1]. Due to the significant
loss of alveolar bone additionally surgical procedures are nec-
essary [2]. Augmentation of the resorbed alveolar crest can
be achieved, for example, with onlay bone grafts, membrane
techniques, bone distraction, and ridge splitting [3].

Dr. Hilt Tatum 1970s introduced a method of ridge
splitting or bone spreading using specific instruments like
D-shaped graduated osteotomes/wedges and tapered channel
formers [4]. Later, Summers [5], Scipioni et al. [6] in 1994, and
Sethi and Kaus [7] in 2000 revived and published articles on
edentulous ridge expansion with 97–98.8% implant survival
rate for over 5 years.With the emergence of implant dentistry
and introduction of micro saws, piezo saws, and specific
ridge split osteotomy, this technique has become an integral

part of implant dentistry, wherein primarily bone expansion
techniques were indicated in regions of division bone volume
and density of D3 or D4. Bone due to its dynamic viscoelastic
nature, thinner ridges (<3.5mm) can be expandedwith better
controlled instrumentationwith less risk for fracture, trauma,
and bone perforations.The softer the trabecular bone quality,
the lower the elastic modulus and the greater the viscoelastic
nature of the ridge. Therefore, the lower the density of the
bone, the easier andmore predictable the bone expansion [8].

Lateral ridge split technique is a way to solve the problem
of the width in narrow ridges with adequate height. Simulta-
neous insertion of dental implants will considerably reduce
the edentulism time. Dental implant placement in atrophic
ridges with deficiency in the bone volume with onlay bone-
grafting techniques (autografts/allografts) needs some time
between bone grafting and dental implant insertion (3–6
months) and there is always the possibility of bone graft
failure. Crest split augmentation techniquewith simultaneous
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implant insertion will reduce the time of edentulism treat-
ment. Bone compression and increase in trabecular density
are other advantages of this technique [9]. For creating split
between the cortical plates, different osseous surgical tools
such as hand instruments (chisels), rotary instruments (sur-
gical burs, saws), and piezosurgery instruments have been
used successfully [10].

The piezosurgery device produces specific ultrasound
frequencymodulation (22 000–35 000Hz).The unit provides
extreme precision and safety as well as micrometric cutting.
Moreover, the device causes less bleeding during and after the
operation and the healing process is shorter [11].

Thermodynamic effects in bone produced by bur were
widely described in the literature [12–14]. But modern medi-
cal technology is still developing and in the last two decades
the following gained more and more popularity: erbium-
chromium: yttrium-scandium-gallium-garnet (Er,Cr:YSGG)
and erbium: yttrium-aluminum-garnet (Er:YAG) lasers.
These lasers operate in the infrared spectrum at a wavelength
of 2.78 (Er,Cr:YSGG) and 2.94 (Er:YAG) 𝜇m and show good
absorption in water; hence, these lasers afford good results in
bone surgery [15, 16].

Extremely important during bone surgery is temperature
rise, which is key factor for osseointegration process. When
preparing and placing implants into a bone tissue, a non-
traumatic surgical technique is critical. The heat generated
during the preparation of the implant site is a major factor
influencing surgery failure [17].

Eriksson and Albrektsson [18, 19] showed that increasing
the temperature of the bone tissue by 10∘C for 60 seconds
induces permanent changes in the bone structure; therefore,
the tissue temperature gradient (ΔTa) below 10∘C should be
considered optimal and safe.

Objective. To the authors best knowledge, thermodynamics
effects during alveolar ridge splitting were not described
in the literature. The aim of the study was to evaluate
temperature gradient on pig model during ridge splitting
by means of Er:YAG laser, piezosurgery unit, and surgical
saw. Additionally, time of ridge splitting procedure and
carbonization occurrence were assessed.

2. Materials and Methods

2.1. Samples Preparation. The research included 60 man-
dibles (𝑛 = 60) of recently slaughtered pigs (breed:
Złotnicka Biała) intended for consumption and which had
been obtained from a butcher. The skin of each mandible in
the area between incisor (I1) and first molar (M1) tooth was
cut off. The specimens were randomly divided in 4 groups
(𝑛 = 15) according to the ridge splitting method and then
were washed under the tap water and left for 4 hours before
the researchwas commenced. In every specimen, preparation
of the soft tissues in region of canine (C) and first molar
(P1) tooth gave access to the buccal and lingual part of the
mandibular alveolar ridge. The specimens after preparation
were placed motionless in a clamp. The ethical approval was
not required for this animal ex vivo study.

2.2. Surgical Procedure. In the study area of the mandible
a ridge splitting procedure has been done by two vertical
cuts, 1 cm in length on the buccal side and 1 horizontal
cut on the alveolar ridge 1 cm in length and 1 cm in depth
by means of Er:YAG laser (LiteTouch�, Syneron Dental,
Yokneam, Israel), piezosurgery unit (Piezotome Solo, Acteon,
New Jersey, USA), and a saw disc (Hager &Meisinger GmbH,
Hansemannstr., Germany) for a high-speed contra-angle
hand piece (Intra C09-C3 27:1 Kavo, Biberach, Germany).
In the buccal and lingual area of mandible 2.5 × 2.5mm
holes were made in the bone with a ball-shaped diamond bur
for a high-speed contra-angle hand piece (Intra C09-C3 27:1
Kavo, Biberach, Germany) operated with a physiodispenser
(Intrasurg300�, Kavo, Biberach, Germany) for temperature
measure (Figure 1).

2.3. Measurement Procedure. The specimens were placed in
a container with water at a temperature of 22∘C for 20
minutes; the temperature was monitored with a Medicare
Clinical Products (MCP) Goldmercury thermometer (Medi-
care Products Inc., New Delhi, India). The temperature of
the bone was measured by means of a calibrated digital
Thermocouple Meter, TM-902C thermometer (Zhangzhou
Weihua Electronic Co., Fujian, China) with the temperature
probe of the K,Thermocouple Probe, TP-02 type (Zhangzhou
Weihua Electronic Co., Fujian, China). The measurement
error was 0.75%. The temperature was measured in a contin-
uousmanner bymeans of probes attached in the central point
of the prepared bone holes on the buccal and lingual side of
the mandible.The highest difference of the bone temperature
was recorded.The time of the bone preparationwasmeasured
with a sports stopwatch SP17 XL-009A (Fuzhou Swell Elec-
tronic Co., Ltd, Fujian, China).

2.4. Study Groups. The study specimens (𝑛 = 60) were
divided into 4 groups: G1 (𝑛 = 15), G2 (𝑛 = 15), G3 (𝑛 = 15),
and G4 (𝑛 = 15).

G1 group: Er:YAG laser (LiteTouch, Syneron Dental,
Yokneam, Israel), operation mode for hard tissues
(HT), was used, power: 200mJ, frequency: 30Hz,
energy density per pulse: 15.07 J/cm2, water spray
cooling (100%): 14mL/min., tip angle set at 70∘, size
of the tip: 1.3 × 6mm, and distance: 10mm.
G2 group: Er:YAG laser (LiteTouch, Syneron Dental,
Yokneam, Israel), operation mode for hard tissues
(HT), was used, power: 400mJ, frequency: 19Hz,
energy density per pulse: 30.14 J/cm2, water spray
cooling (100%): 14mL/min., tip angle set at 70∘, size
of the tip: 1.3 × 6mm, and distance: 10mm.
G3 group: piezosurgery unit (Piezotome Solo, Acteon,
New Jersey, USA) was used: the parameters of the
piezosurgery: tip: BSlS (cortical bone), CS1 (cut-
ting depth), power: D1, and water spray cooling:
20mL/min.
G4 group (control): tip: saw disc (Hager & Meisinger
GmbH, Hansemannstr, Germany), saw diameter:



BioMed Research International 3

(a) (b)

(c)

Figure 1: Monitoring and measurement of reaction to changes in temperature of the bone. (a) An alveolar ridge with cutting marks. (b) The
thermocouples attached to the bone. (c) The control of osteotomies depth with a periodontal probe.

10mm, speed: 1000 rpm, and water spray cooling:
20mL/min.

2.4.1. Statistical Analysis. The statistical analysis was per-
formed by means of ANOVA variance analysis and 𝑡-test
with the use of the programme Statistica 12 (StatSoft, Krakow,
Poland) with free 30-day trial license. Values below 𝑃 = 0.05
were considered to be statistically significant.

3. Results

An analysis of temperature gradient on bone surfaces
revealed significant higher rise for piezosurgery (G3) on both
lingual and buccal sides of an alveolar ridge as compared to
Er:YAG laser (200mJ, 400mJ) and a saw (G4) (Table 1). The
mean bone temperature increases during osteotomies using
surgical saw were lower than in cases when the Er:YAG laser
and piezosurgery were used. Furthermore, the temperature
gradient measured in the lingual region of the mandible was
significant lower as compared to the buccal part for each
group. The bone cutting by means of piezosurgery caused
much more temperature increases in the lingual region of a

Table 1: Mean temperature gradient and standard deviation data
measured in buccal and lingual sides of an alveolar ridge.

Variable ΔTa (∘C) ±
SD buccal

ΔTa (∘C) ±
SD lingual

𝑃 value
(buccal

versus lingual
area)

Group 1 (𝑛 = 15) 2.23 ± 0.47 1.19 ± 0.49 0,0000021
Group 2 (𝑛 = 15) 3.49 ± 0.54 2.09 ± 0.27 0,0000927
Group 3 (𝑛 = 15) 6.19 ± 0.70 3.17 ± 0.35 0,0000775
Group 4 (𝑛 = 15) 0.93 ± 0.27 0.53 ± 0.21 0,0000966

mandible even when comparing with an Er:YAG laser with
energy set of 200mJ and a saw on the buccal side.

A significant bone temperature increasewas observed fol-
lowing Er:YAG laser irradiation and a piezosurgery operation
as compared to the saw in the buccal area of the mandible
(Figure 2). Depending on the cutting device used, significant
differences in bone temperature rise on the lingual side of an
alveolar ridge between each group were also observed. Our
findings show that following bone cutting with the Er:YAG
laser, piezosurgery, and saw, the bone temperature on buccal
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Figure 3: The highest results in temperature increase measured on
the buccal and lingual side of an alveolar ridge of a mandible. ∘C:
Celsius grade.

side increased much more rapidly than it measured on the
lingual side.

The maximum bone temperature of 7.3∘C was noted for
a specimen prepared using piezosurgery device (Figure 3).
Additionally, the maximum temperature of none of the
mandible rose by more than 10∘C when applying different

Table 2: Mean time required to performmandibular ridge splitting.
The results showed significant differences in comparison with ridge
splitting time in comparison between each group, respectively (𝑃 <
0.05).

Study groups Time 𝑡 (sec) ± SD
Group 1 (𝑛 = 15) 538.47 ± 70

Group 2 (𝑛 = 15) 360.73 ± 58.03

Group 3 (𝑛 = 15) 305.13 ± 54.84

Group 4 (𝑛 = 15) 172.07 ± 41.56

𝑃 <0.05

devices used in this study. Furthermore, the bone temper-
ature after irradiation with an Er:YAG laser for energy of
400mJ raised more quickly in comparison with the cases of
energy equal 200mJ.

The analysis of the ridge splitting time revealed significant
differences in time needed for the bone osteotomies using
Er:YAG laser and a piezosurgery as compared to the saw.
Furthermore, significant differences in ridge splitting time
depending on the cutting device used were also observed
(Table 2). The time needed to perform a ridge splitting fol-
lowing an Er:YAG laser with power of 200mJ and 400mJ was
3- and 2-times longer as compared to the saw, respectively.

We also observed no signs of carbonization occurrence
during bone cutting by means of Er:YAG laser, piezosurgery,
and surgical saw.

4. Discussion

To the best of our knowledge, the comparison of Er:YAG laser,
piezosurgery device, and saw on contra-angle for ridge bone
splitting has not been discussed in the literature.

Heat is defined as a process in which energy flows from
hot to cold objects.Despite the simple definition, heat transfer
is an extremely complex physical phenomenon to analyze. A
great deal of research has been expended to measure heat
production during bone cutting with different techniques.
Several important issues arise when dealing with temperature
recording in bone tissue concerning the measuring device,
the distance of the thermometer probe from the heat source,
the cooling system, and the thermal properties of bone (e.g.,
type and shape of bone samples, thermal conductivity, and
heat capacity). To overcome the limits related to the large
number of factors at stake, a propermethodological approach
and dedicated technical environment are essential [20].

In 2011, Rashad et al. [21] and Esteves et al. [22] prepared
implant bed using two different ultrasonic devices (Piezo-
surgery, Mectron Medical Technology and VarioSurg, NSK)
and one conventional drill. Result of their research showed
that the heat production and time required for implant site
preparation using both ultrasonic devices were significantly
higher than those for conventional drilling (𝑃 < 0.01). Our
study showed similar results for piezosurgery compared to
the surgery saw during bone osteotomies.

Moreover, Agrawal et al. [23] suggested piezoelectric
devices advantage over traditional methods of alveolar bone
splitting due to the factors such as micrometric bone cut,
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clear surgical field, and selective cut. The authors empha-
sized that the piezosurgery device which operates with
modulated ultrasound micro movements with oscillating
frequency from 29 to 32 kHz, making it specifically suitable
for osteotomies but not for a soft tissue cutting. Accord-
ing to researchers maximum surgical visibility is allowed
during osteotomy, thanks to cavitation effect of the sterile
saline. Stübinger et al. [24] also underlined advantage of
piezoelectric unit over conventional rotary instruments in
ridge splitting osteotomy. The authors drew attention to the
biological aspects associated with the use of this type of
devices. In their opinion one of the main benefits of using
piezosurgery is reduced blood loss which improves healing
conditions. Furthermore the constant irrigation helps to
reduce thermal damage and thus reduces the risk of bone
necrosis.

However, histopathological examination carried out by
the Esteves et al. [22] on the rat bone exposed to create defects
of 2mm in diameter by using piezosurgery (piezo group) and
conventional drilling (drill group) revealed that bone healing
was similar in both groups with the exception of a slightly
higher amount of newly formed bone observed at 30 days
after surgery (𝑃 < 0.05).Ma et al. [25] in their studies reached
similar conclusions. The purpose of their study was to
compare bone healing of experimental osteotomies applying
either piezosurgery or two different oscillating saw blades
in a rabbit model. Authors claimed that all three osteotomy
techniques revealed an advanced gap healing starting after
one week. The most pronounced new bone formation took
place between two and three weeks, whereby piezoelectric
surgery revealed a tendency to faster bone formation and
remodeling.

Our study which has taken into account an increase in
temperature of the bone also has demonstrated the advantage
of using piezosurgery as compared to conventional methods
based on the rotary instruments in bone surgery.

In 2015 Rashad et al. [26] showed different result in
comparison with temperature rise among sonic, ultrasonic,
and conventional drills. Results of their newer findings
were associated with lower heat generation compared to the
conventional saw osteotomy. Copious irrigation seems to play
a critical role in preventing heat generation in the osteotomy
site. Lamazza et al. [27] described temperature gradient rise
during piezoelectric implant bed preparation. Their study
showed temperature gradient increase lower by 10∘C after
one minute of piezosurgery working. Our findings showed
similar results.

Pandurić et al. [28] compared an Er:YAG laser (pulse
energy, 1,000mJ; pulse duration, 300 𝜇s; frequency, 20Hz)
and surgical drill for osteotomy in oral surgery.The tempera-
ture rise and time were assessed in their study. The Er:YAG
laser removed significantly more bone tissue than the drill
(𝑃 < 0.01) in a significantly shorter time (𝑃 < 0.01). Also the
temperature was statistically lower during the laser prepa-
ration. Results are different than our findings. In another
in vitro study on mandibular bones irradiated by an
Er,Cr:YSGG laser Kimura et al. [29] stated that a temperature
rise over 10∘C (ΔTa) could be recorded 30 s after laser

application. In our study a temperature rise over 10∘C has not
been recorded.

Romeo et al. [30] compared the peripheral bone damage
induced by different cutting systems. The Er:YAG laser,
piezosurgery, and high-speed and low speed drill have been
utilized in their research. Four different parameters were ana-
lyzed: cut precision, depth of incision, peripheral carboniza-
tion, and presence of bone fragments. All sections obtained
with the Er:YAG laser showed poor peripheral carbonization.
The sections obtained by traditional drilling also showedpoor
peripheral carbonization. Piezosurgery incisions showed
superficial incisions without thermal signs but with irregular
margins. The level of carboxylation was evaluated with an
optical microscope. The results of our study were similar.
Making the optical evaluation by sight, we have not found
carbonization in tested samples.

Results of our findings are also in coinciding with studies
conducted by Lewandrowski et al. [31]. They compared the
interaction of Er:YAG laser and traditional saw on the bone
tissue. Based on the assessment of collected histological
samples, they concluded that extent of thermal damage at the
osteotomy sites was comparable for laser and mechanically
saws.

Yoshino et al. [32] also in their study showed no severe
thermal damage for Er:YAG laser compared to electro-
surgery. Er:YAG laser irradiationwithout water coolant easily
ablated bone tissue, and thermal alteration in the treated
surface was minimal. In our studies for all specimens the
thermal damage and carbonization of the bone have been not
reported. Also results of lack of or minimal thermal damage
in their research were similar to those of Martins et al. [33],
Papadaki et al. [34], and Li et al. [35].

Stübinger [36], exchanging basic clinical benefits of
using Er:YAG laser, stressed that in contrast to conventional
osteotomy an Er:YAG laser enables noncontact interventions,
no mechanical vibration, free and elaborate cut geometries,
and aseptic effects. Passi et al. [37] also appreciated clinical
benefits of Er:YAG laser in bone surgery compared to
traditional drill method. Their study comprised 40 subjects
requiring removal of impacted mandibular third molar,
randomly categorized into two equal groups of 20 each, who
had their impacted thirdmolar removed either using Er:YAG
laser or surgical bur as per their group, using standard
methodology of extraction of impacted teeth. In next step
they evaluated clinical parameters such as bleeding, pain,
time taken for bone cutting, trismus, postoperative swelling,
wound healing, and complications. Their study found that
clinical parameters like bleeding, pain, and swelling were sig-
nificantly lower in laser group than in the bur group. Wound
healing and complications were assessed clinically and there
was no significant difference in both the groups. Additionally,
the laser group required almost double the time taken for
bone cutting than bur. Stübinger et al. [38] demonstrated
similar mind about the runtime of bone surgery using the
Er:YAG laser. They emphasized that laser osteotomy was
time-intensive and offered no depth control, and therefore
it demonstrated only slight advantages for intraoral bone-
grafting technics.
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In our study, the time needed to carry out the alveolar
ridge splitting on an animal model was also the highest for
the laser group.

Many surgical techniques were adopted for a bone
extension procedure. The bone ridge splitting is a surgical
technique included an implant placement and guided bone
regeneration in 1 stage. The ridge expansion technique in 1
stagewas suggested as an alternative to horizontal and vertical
augmentation techniques. The ridge splitting technique and
osteodistraction are considered efficient to increase bone
width with lower failure rate [39, 40]. The use of the
osteotomes in a less dense bone (D3, D4) allows fracturing
of bone trabeculae [41, 42]. However, this technique does
not ameliorate peri-implant bone density. It was shown by
Büchter et al. [43] that fractured trabeculae in a peri-implant
bone, caused using the osteotome technique, induce a delayed
secondary stability in comparison with conventional drilling
protocol.

After alveolar ridge extension using saws and screw type
osteotomes some proportion of bone undergoes necrosis
due to interruption of the Havers’ and Volkmann’s canals.
Vascular interruption, caused by drilling and cutting the
bone, leads to necrosis of the osteocytes and thus to bone
devitalization [44]. Also a temperature increase in bone over
10∘C leads to death of osteocytes and to bone necrosis; thus,
precise knowledge concerning the heat generation induced by
laser, piezosurgery device, and a saw seems to be key factor of
therapeutic success after ridge splitting procedure. All these
facts together make variable ridge extension protocols using
modern bone cutting devices necessary.

The recent study’s showed superiority of Er:YAG during
bone surgery, as compared to diode, Nd:YAG, KTP lasers.
Fornaini et al. [45] pointed out the lower increase for Er:YAG
and higher for diode laser. Their ex vivo study showed that
laser utilization gives no risks of dangerous thermal elevation
to the tissues. The key factors for preparing the bone and
soft tissue by use of Er:YAG lasers are type of laser (Gaussian
distribution of energy), short laser pulses duration, lowpower
of laser beam, fluid pumping technology (fluid pressure),
time of emission of a laser beam, and type of laser tip.
Er:YAG laser without optic fiber and with rectangular energy
distribution profile generate high uniform power with regard
to the beam and with low energy losses during transport.
In most of the presently used lasers, the energy beam is
transported to the tip by means of an optic fiber, which
distorts the energy distribution. In such lasers, the highest
energy is located only in the middle of the beam and it is
much lower at the edges. Concentration of the beam power in
the very centre (older technology) with relatively low power
and high frequency settingsmay cause thermal damage in the
bone. A new laser technology results in reductions of Er:YAG
laser defects, for example, overheating and carbonization
[46, 47].

Furthermore in our study the Magnum tip 1.3mm in
diameter and 6mm in lengthwas used.This is the only one tip
which allows transferring laser light without its defocusing.
Therefore this tip does not change laser beam distribution
of energy from flat-top to Gaussian profile as compared to
glass optic fiber. Hence, higher energy density irradiated

target tissue in shorter time causes less thermal damage.Thus,
quantity of energy irradiated on the target area is the most
productive and ablation of the tissue is fast and cuts are
clean without carbonation effects. Further studies should be
conducted to establish predictable and safe clinical protocol
of different procedures in laser surgery. Additionally, an influ-
ence of tip size on temperature change in the bone should be
evaluated.

5. Conclusions

The Er:YAG laser has great potential in advancing surgi-
cal techniques where precision in osseous preparation is
required. Piezosurgery, Er:YAG laser, and surgical saw are
useful and safe tools in ridge splitting surgery. For all devices
the temperature rise was below 10∘C, which confirmed
safeness and predictability of these methods.
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Background. Objective electrophysiological methods for investigations of the organ of smell consist in recordings of olfactory cortex
responses to specific, time restricted odor stimuli. In hypothyroidism have impaired sense of smell. Material and Methods. Two
groups: control of 31 healthy subjects and study group of 21 with hypothyroidism. The inclusion criterion for the study group was
the TSH range from 3.54 to 110𝜇IU/mL. Aim. Assessment of the latency time of evoked responses from the olfactory nerve N1 and
the trigeminal nerve N5 using two smells of mint and anise in hypothyroidism. Results.The smell perception in subjective olfactory
tests was normal in 85% of the hypothyroid group. Differences were noticed in the objective tests. The detailed intergroup analysis
of latency times of recorded cortical responses 𝑃N5 and 𝑃N1 performed by means between the groups of patients with overt clinical
hypothyroidism versus subclinical hypothyroidism demonstrated a significant difference (𝑝 < 0.05) whereas no such differences
were found between the control group versus subclinical hypothyroidism group (𝑝 > 0.05). Conclusion. We can conclude that
registration of cortex potentials at irritation of olfactory and trigeminal nerves offers possibilities for using this method as an
objective indicator of hypothyroidism severity and prognostic process factor.

1. Introduction

Hypothyroidism, condition in which the thyroid fails to
produce a sufficient amount of hormones, manifests itself
mainly in the form of general constitutional symptoms such
as fatigue, constipation, increased sensitivity to cold, weight
gain, thinning hair, skin dryness, and hoarseness of voice.The
symptoms of a nervous system disorder, most frequently in
the form of peripheral neuropathy, do not manifest them-
selves in a way that significantly impairs the patient’s ability.

Peripheral neuropathy may occur particularly in the course
of severe and persistent untreated hypothyroidism. Although
the relationship between hypothyroidism and peripheral
neuropathy is not entirely understood, it is known that
hypothyroidism may cause fluid retention in the tissues and
thus exert pressure on peripheral nerves [1–3].

Peripheral neuropathy may, in turn, be one of the
causes of olfactory disorders. The studies by Mackay-Sim
and Beard conducted on mice indicate that thyroxine is
necessary for normal development of the nervous system,
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including the genesis of new olfactory receptor neurons
[4, 5]. Although hypothyroidism disrupts development of
the olfactory epithelium, it does not cause however com-
plete atrophy of neurons [6]. Olfactory disorders are most
frequently caused by conduction disorders of the sensory
stimulus mainly due to upper respiratory tract infections,
infections of the nose and sinuses, and injuries or as an
idiopathic disorder [7–9]. In our study we excluded this
group of patients.

In primary hypothyroidism, disorders of smell and taste
turn out to be frequent pathologies [10], which is confirmed
also by other researchers who indicate that hypothyroidism
significantly influences smell perception attenuating or even
suppressing it completely. There is, however, little infor-
mation considering the relationship between severity of
hypothyroidism and intensity of smell disorders [11–13]. It
seems evident therefore that a distinction should be drawn
between the stages of smell disorders depending on the
formof hypothyroidism:mild subclinical versus overt clinical
forms. Olfactory reactions that can be disturbed in thyroid
diseases are difficult to assess subjectively, without the use of
specialist equipment. In view of the above, the diagnostic tests
used in olfactory disorders are divided into subjective and
objective methods, wherein objective methods (in contrast to
subjective tests assessing the thresholds of smell perception)
are based on changes in registration of smell cortex evoked
potentials, characterized by greater accuracy and repeatabil-
ity [7, 14–16].

Since the impact of subclinical hypothyroidism on the
sense of smell seems to be unclear, and due to the fact that
there have been no distinct differences drawn in this respect
between overt and subclinical forms of hypothyroidism, the
aim of this work was to evaluate the relationship between
intensity of hypothyroidism and the state of olfactory reac-
tions measured by objective method.

2. Material and Methods

Thematerial comprised 2 groups: the first group consisted of
31 healthy subjects aged 24 to 66 years (mean 51 years)without
symptoms of smell disorders displaying a free access to the
olfactory region in the nasal cavity in the rhinological test,
and the other study group included 21 patients aged 24 to 71
years (mean 54 years) with hypothyroidism. Prior to com-
mencement of the olfactory tests, an informed consent was
obtained from each participant to undergo the procedures,
and subsequently the subjects received complete ear nose and
throat examination to exclude cases of smell disturbances
such as nasal and sinus disease, upper respiratory tract
infection, head trauma, atrophy of nasal mucosa, and cases
with taste disorders.

All the subjects underwent subjective threshold tests of
smell perception determined by Ellsberg’s olfactory testmod-
ified by Pruszewicz and olfactory objective tests recording
latency times of responses from cranial nerves I and V using
two smells of mint and anise.

The inclusion criterion for the study hypothyroid group
was the TSH range from 3.54 to 110 𝜇IU/mL. The subclinical

form was determined for 3.51 ≤ TSH ≤ 10 𝜇IU/mL; values
above the limit were regarded as representing the overt
clinical form. All patients underwent examination by two
endocrinologists to confirm the diagnosis and all of them
were enrolled into the study at the time of diagnosis. In
each patient, signs and symptoms of various degrees of
hypothyroidism were found, with a broad range of intensity
that increased in line with TSH levels. We observed the
following clinical symptoms and signs: weight gain, hair loss,
dry skin, decreased libido, easy fatigability, menstrual abnor-
malities (both oligo- and polymenorrhea and metrorrhagia),
peripheral edema, hoarse voice, memory, and concentration
problems. Importantly, all the smell examinations shown in
this paper were performed prior to the administration of
levothyroxine treatment. The reference group consisted of 31
subjects matched for age with the study group for whom the
TSH value was normal and ranged from 0.1 to 3.50 𝜇IU/mL.
In none of them any signs or symptoms of thyroid disease
were found.

Disturbances in perception thresholds of the olfactory
test within the subjective scale were evaluated using Ells-
berg’s olfactory method modified by Pruszewicz [13, 17].
The method is however subjective, depending on individual
perception of the patient. Measurements based on recordings
of smell cortex potentials are more accurate.

The subjective Ellsberg method modified by Pruszewicz
was used primarily for selection of the control group and to
obtain preliminary information on the state of the organ of
smell in the other participants of the experiment. Thresh-
olds of perception for those with a normal sense of smell
determined by Pruszewicz for both oils of mint and anise are
12mL. It is the volume of the saturated vapors of these oils
at room temperature about (22 ± 1)∘C administered with a
syringe in about 0.5 sec into each nostril separately. Identical
quality and the production of these oils according to the
manufacturer—The National Chemical Reagents POCh—
are guaranteed for 50 years [9, 15]. In the control group
the scope of the thresholds of perception for both anise
and mint oils ranged in 3–8mL. The method of registering
olfactory cortical response by T. Świdziński was used with
similar stimulus lasting for 0.5 s with speed of 10–30mL/s.
This range of applied speed of stimulus provides optimal
recording cortical olfactory response. For speeds less than
5mL/s single questionable entries for the control group were
obtained, whereas at speeds greater than 50mL/sec single
false responses from the trigeminal nerve endings during the
anise oil examination were registered. It can be suggested
that they were caused by nonspecific mechanical or thermal
stimulants.

The apparatus for recordings of ERP (evoked reaction
potentials) as well as the authors’ self-designed device that
enables appropriate dispensing of olfactory stimuli were
used [15]. The modified self-designed device for objective
measurement of cortex reaction potentials evoked by olfac-
tory stimuli, which proves to be a unique investigation, is
at present routinely used in our center in diagnostics and
clinical evaluation of the organ of smell.
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Table 1: Mean values, ranges, and standard deviations of recorded latency times of olfactory potentials 𝑃N1 and 𝑃N5 for all the groups of the
subjects in stimulation with concentrated vapors of mint and anise oils.

Latency in ms
Hypothyroidism Reference group (norm)

Subclinical Overt clinical
𝑃N1 mint 𝑃N1 anise 𝑃N5 mint 𝑃N1

∗ mint 𝑃N1
∗∗ anise 𝑃N5

∗ mint 𝑃N1 mint 𝑃N1 anise 𝑃N5 mint
Mean 597 588 291 658 667 337 603 571 301
Minimum 500 500 200 570 550 270 450 450 200
Maximum 730 720 380 750 780 460 710 670 410
Standard deviation 88.1 72.6 55.0 58.8 71.8 51.9 77.1 78.9 55.3
∗
𝑝 < 0.05, ∗∗𝑝 < 0.005 (Kruskal-Wallis test).

Application of the olfactory stimulus is synchronized
with the inspiration phase of the subject in our study.
Automatically, using the vacuum sensor that reacts to the
onset of each inspiration, the olfactory applicator starts the
device for recording the averaged evoked responses.

The ERA 2250 apparatus by Madsen Electronics is used
to record evoked responses by means of Beckman electrodes
placed to the forehead and bilaterally to the nape (or the
neck). The technique of summing and averaging responses
to a quantitatively identical stimulus was used. The number
of repetitions was 10 stimuli, and the response recording
time ranged from 0 to 1000ms. Olfactory stimuli (anise,
mint) were used for the tests in the volumes of 5 and 10 cm3
ranging within the norms determined by Pruszewicz for
the modified Ellsberg’s method [13] and additionally 15 cm3.
Anise oil stimulated endings of the olfactory nerve and mint
oil endings of the olfactory and trigeminal nerves. It was
possible to differentiate responses to stimuli irritating nerve
V endings (potential 𝑃N5 within latency range 200–410ms)
as well as nerve I endings (potential 𝑃N1 within latency
range 460–700ms). The Kruskal-Wallis, Mann-Whitney’s
significant differences tests, descriptive statistical tests, and
Spearman’s rank correlation tests were used.

Results of the objective olfactory tests in hypothyroid
patients (both forms of hypothyroidism) were compared to
the results obtained from healthy subjects from the reference
group. Moreover, the effect of increased TSH on the latency
of smell cortex potentials 𝑃N1 and 𝑃N5 in the subjects with 2
forms of hypothyroidism was evaluated.

3. Results

The groups markedly differed in TSH levels; the patients
were divided into groups with different TSH in 𝜇IU/mL
levels: first, control group interval between minimum 0.01
and maximum 3.01, median 1.23; second group, subclinical
form, interval between minimum 3.54 and maximum 10.00,
median 5.80; and the third group, clinical overt form, interval
betweenminimum 12.90 andmaximum 110.00,median 20.51.
The significance of differences test (Kruskal-Wallis) in these
groups was 𝑝 ≪ 0.001.

In the subjective olfactory tests performed using Ells-
berg’s olfactory test method modified by Pruszewicz in the
hypothyroid patients, the smell perception thresholds (mint
and anise) were normal in 85% cases.

In the remaining 15% of our patients we found abnormal
results of subjective tests of smell perception (mint, anise)
thresholds, as well as a lack of cortical potentials in electro-
physiological registration after olfactory stimulation (5% of
cases) or slight cortical responseswith very late latencies, over
400ms (10% of cases).

However, differences were noticed in the objective tests in
which evaluation concerned recordings of electric responses
to olfactory stimulation of nerves N1 and N5 by means of
aromatic smells, mint and anise in groups of healthy subjects
and hypothyroidism.

Table 1 showsmean values,medians, ranges, and standard
deviations of recorded latency times of olfactory potentials
for both study groups and the reference group. As seen there,
the mean latencies of cortical responses (𝑃N1 potential) in
the study groups differ significantly in the Kruskal-Wallis test
for stimulation with mint oil (𝑝 < 0.05) and with anise oil
(𝑝 < 0.005).

A similar dependence was found (𝑝 < 0.05) at cortical
recording for nerve V stimulation with mint oil (𝑃N5 poten-
tial). Simultaneously, however, differences between the mean
latency values of the studied potentials in the subclinical
hypothyroid group are not statistically significant in compar-
ison to the healthy controls (Mann-Whitney’s test 𝑝 > 0.05).

Graphs in Figures 1 and 2 present a comparison of
mean values, ranges, and standard deviations of 𝑃N1 and 𝑃N5
potentials in the subclinical and overt clinical hypothyroid
groups as well as in controls.

Analysis of the correlation between TSH values and
latencies of smell cortex evoked responses to olfactory and
trigeminal nerves stimulation indicated that the greater the
TSH value, the longer the latency of the recorded potential.

Figures 3–5 show correlations between the parameters
(TSH versus latency) under analysis for all the three study
groups of subjects. We also presented here the value of
the correlation coefficient 𝑟s-Spearman’s rank for significance
of 𝑝.

The growing trend (visible in Figures 3–5) between TSH
and latencies for the analyzed potentials proves to be a
statistically significant relationship for 𝑃N1 at mint and anise
stimulation (Figures 3 and 4) as well as for 𝑃N5 at mint
stimulation (Figure 5).

Spearman’s rank correlation coefficient that served to
describe the correlation strength of two measurable features,
namely, TSH values and latencies of cortical responses,
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Figure 1: Mean values, ranges, and standard deviations of cortical response latencies in the study groups of hypothyroid patients (subclinical
group 3.51 ≤ TSH ≤ 10𝜇IU/mL and clinical group TSH > 10 𝜇IU/mL) and healthy subjects (TSH < 3.5 𝜇IU/mL) for 𝑃N1 potential at olfactory
stimulation with (a) mint and (b) anise.
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Figure 2: Mean values, ranges, and standard deviations of cortical
response latencies in the study groups of hypothyroid patients
(subclinical group 3.51 ≤ TSH ≤ 10𝜇IU/mL and clinical group TSH
> 10𝜇IU/mL) and healthy subjects (TSH < 3.5 𝜇IU/mL) for 𝑃N5
potential at olfactory stimulation with mint.

demonstrated a strong positive correlation between increased
TSH and prolonged latencies for potential 𝑃N1 at olfactory
stimulation with mint and anise (𝑟s = 0.42 and 0.34) as

well as for potential 𝑃N5 at olfactory stimulation with mint
(𝑟s = 0.39).

Furthermore, the analysis of latency times of recorded
cortical responses 𝑃N1 and 𝑃N5 performed with the Mann-
Whitney 𝑈 test between the groups of patients with overt
clinical hypothyroidism versus subclinical hypothyroidism
demonstrated a significant difference (𝑝 < 0.05) whereas no
such differences were found between the control group versus
subclinical hypothyroidism group (𝑝 > 0.05).

Detailed results are presented in Table 2.
Moreover, it was also observed that above the TSH

limit = 30 𝜇lU/mL there were no recorded cortical responses
in as many as 70% cases, particularly as regards potential 𝑃N5,
despite the fact that, in the subjective tests, normal threshold
values of olfactory perception were obtained.

In addition, detailed results of the studies demonstrated
also that there were no differences in latency times for 𝑃N1
as well as 𝑃N5 in the hypothyroid group and in the reference
group for different values of olfactory stimulations in cm3 (5,
10, 15 cm3) both at stimulations with anise oil as well as mint
oil (Kruskal-Wallis test 𝑝 > 0.05).

It was noted, however, that irrespective of the volume
of inhaled stimulus fragrance, rapid olfactory fatigue was
observed. Therefore, the number of olfactory stimuli for an
averaged response was limited to 10 repetitions in our tests.

4. Discussion

Apart from an effect on subjective perception of fragrances,
a symptom of olfactory disorders proves to be a change
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Figure 3: Results of the correlation between TSH and latency of
smell cortex evoked potentials 𝑃N1 at mint oil stimulation.
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Figure 4: Results of the correlation between TSH and latency of
smell cortex evoked potentials 𝑃N1 at anise oil stimulation.
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Figure 5: Results of the correlation between TSH and latency of
smell cortex evoked potentials 𝑃N5 at mint oil stimulation.

Table 2: Difference significance test in latencies of recorded cortical
responses 𝑃N1 and 𝑃N5 between the groups of patients with overt
clinical versus subclinical hypothyroidism as well as between the
control group versus subclinical hypothyroidism group.

Mann-Whitney’s 𝑈 test in study groups

Potential Group
Control
TSH < 3.5

Subclinical
3.5 ≤ TSH ≤ 10

Overt clinical
TSH > 10

𝑃N1 mint 𝑝 = 0.0246
𝑝 = 0.9903

𝑃N1 anise
𝑝 = 0.0114

𝑝 = 0.6844

𝑃N5 mint 𝑝 = 0.0181
𝑝 = 0.8238

in parameters of objective ERP recording of smell cortex
potentials such as latency time or response amplitude. A
subjective olfactory perception does not always correlate with
objective tests of the central nervous system (CNS) responses
[18].

Themethods used in clinical practice for objective exami-
nation of the olfactory function are based on recording reflex
reactions. Such methods are, for example, so-called reflex
olfactometry (olfactorhinometry according to Gundziol and
Mlynski [7]), changes in cerebral bioelectrical function (EEG
olfactometry acc. to Roux and Synek [14]) and recording
of smell cortex potentials (as averaged responses to strictly
normalized olfactory stimuli in Hummel’s method [16]),
and the method by Świdziński [15]. The latter was used to
test hypothyroidism. The main problem in computer-based
olfactometry that consists in averaging cortex potentials is the
manner of stimulation [14, 19, 20].

A considerable difficulty seems to be how to ensure
repeatable application of olfactory impulses.There have been
introduced, however, the so-called impulse olfactometers in
which it is possible to control parameters of the stimulus
[19, 21, 22], yet another difficulty seems to be elimination of
simultaneous irritation of other afferent endings [23].

The following authors were able to overcome this dif-
ficulty. Fikentscher, who had used the olfactory method
according to Ellsberg, obtained clear cortex responses with
latency time 500–1000ms [24]. Making use of the impulse
olfactometer with the electronically amplified olfactory stim-
ulus (designed by Giesen and Mrowiński), Alber et al.
(1972)made computerized averaging of 1.5- second electroen-
cephalogram sections in responses to an olfactory stimulus
[25]. Then, Herberhold obtained cortex evoked olfactory
potentials using 10–20mL stimuli with 100–200ms stimu-
lation time. He obtained two separate potentials of 250ms
latency time for responses from the trigeminal nerve and
500ms for those from the olfactory nerve [8].

Methods of recording the potentials of smell used by us
turned out to be accurate, and problems with stimulation of
the olfactory organ were overcome. This objective olfactom-
etry method is author’s method [15].
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The objective test method for mint and anise fragrance
stimulation that has been used in our center for several years
providing us with wide clinical experience appears to comply
with the requirements of an objective investigation. Imple-
menting this method in diseases of the upper respiratory
tract as a complementary method, for instance, in injuries
of the craniofacial skeleton and surgical operations of the
nasopharyngeal tumors, has already become quite common
[5–7, 26, 27].

Hence, there have been further attempts to spread the
use of this method to disease entities that may be accompa-
nied by peripheral neuropathies even without clear clinical
symptoms of olfactory disorders, for example, in neurological
diseases such as Alzheimer’s, Parkinson’s, and Creutzfeldt-
Jakob’s diseases [28].

As obtained in our study, disturbances of latency response
to cortical stimulation on the olfactory nerve and trigeminal
probably are related to disturbances of the cortex not receptor.
Studies of other authors using more sophisticated methods
to stimulate the olfactory structures (such as pyridine and
nitrobenzene) affirm opportunity for differentiation of sen-
sory or cortical disorders [10, 29].This is allmore understand-
able that in themajority of respondents olfactory functions on
discrete scents of mint and anise were not disturbed, though
we found also in all this cases delayed latencies of cortical
potentials 𝑃N1 and 𝑃N5.

To date, no studies have been undertaken to analyze
latencies of olfactory responses recorded from nerves I and
V in hypothyroidism in both subclinical and overt forms.

The method designed for receptor stimulation in the
olfactory region of the nasal cavity as well as the analysis
of latencies of smell cortex evoked potentials allow us to
differentiate responses to stimulation of N5 endings (shorter
latency) and N1 endings (longer latency) and can become
useful in monitoring changes in olfactory disorders caused
by hypothyroidism.

There seems to be no immediate link between subjective
perception of fragrance and the delay of recorded smell cortex
potentials in different forms of hypothyroidism.

In this paper we show for the first time that the greater the
TSH values, the longer the latency of smell cortex potentials
recorded fromboth the trigeminal nerveN5 and the olfactory
nerve N1.

5. Conclusions

The results from analyses of the obtained recordings allow us
to conclude that registration of cortex potentials at irritation
of olfactory and trigeminal nerves offers possibilities for use
in clinical practice as one of the basic methods in objective
olfactometry, and its use in hypothyroidism as an objective
indicator of hypothyroidism severitymay prove helpful in the
diagnostic and prognostic processes.
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vol. 196, no. 2, pp. 377–380, 1970.

[22] C. Semeria, “Studio delle reazioni psico-galvanometrische alla
stimolazione olfativa,” Minerva Otorinolaringologica, vol. 6, p.
97, 1956.

[23] H. J. Gerhardt and Ch. Rauch, “Objektive Olfaktometrie-
Erfahrungen mit Atmungsregistrierung unter Geruchreiz,”
Zeitschrift für Laryngologie, Rhinologie, Otologie und ihre Gren-
zgebiete, vol. 42, p. 658, 1963.

[24] B. Roseburg and R. Fikentscher, Klinische Olfaktologie und
Gustologie, Johann Ambrosius Barth, Leipzig, Germany, 1977.
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The aim of this study was to examine the osteogenic potential of new flax covering materials. Bone defects were created on the
skull of forty rats. Materials of pure PLA and PCL and their composites with flax fibers, genetically modified producing PHB
(PLA-transgen, PCL-transgen) and unmodified (PLA-wt, PCL-wt), were inserted. The skulls were harvested after four weeks and
subjected to histological examination. The percentage of bone regeneration by using PLA was less pronounced than after usage of
pure PCL in comparison with controls. After treatment with PCL-transgen, a large amount of new formed bone could be found. In
contrast, PCL-wt decreased significantly the bone regeneration, compared to the other tested groups.The bone covers made of pure
PLA had substantially less influence on bone regeneration and the bone healing proceeded with a lot of connective tissue, whereas
PLA-transgen and PLA-wt showed nearly comparable amount of new formed bone. Regarding the histological data, the hypothesis
could be proposed that PCL and its composites have contributed to a higher quantity of the regenerated bone, compared to PLA.
The histological studies showed comparable bone regeneration processes after treatment with tested covering materials, as well as
in the untreated bone lesions.

1. Introduction

Autografts are still the gold standard in bone grafting
because of immediate availability and high success rate,
though their amount and applications are limited due to
donor site morbidity and graft resorption [1]. The use of
autografts is currently becoming narrower and they are
often substituted for likewise efficient bone allografts [2].
Host integration and limited long-term functional capacity
still require improvement of bone substitutes [3, 4]. Most
allografts can provide vastly superior mechanical stability,
which is indispensable for therapy of extensive bone damage,
caused by traumatic injury, degenerative disease, or tumor
resection [5]. In case of severe bone fractures or bone damage,
the use of pins, nails, screws, or plates is a reliable method
of producing rigid internal fixation and a functionally stable
fracture site to keep bone fragments together [6–8]. The
most commercially used bone plates and screws are made
of metallic materials which are not particularly compatible

with such noninvasive diagnostic imaging procedure like
magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) because of metal-related artifacts [9]. Although
metal plate fixation will be mostly use after complicated bone
fracture, they do not remain without disadvantages. Beside
possible corrosion and fatigue strength, the rigid metal plates
can cause by the stress shielding effect considerable bone
atrophy in plated segment, especially a decreased cortical
density andmineral content [10].Many polymers or polymer-
based composites are contemplated as an alternative for
bone fixation due to their biocompatibility, high strength-to-
weight ratio, radiolucency, biofunctionality, and nontoxicity
of degradation by-products [11–13]. Though unreinforced
polymers are more ductile thanmetals and ceramics, they are
often not stiff enough to be used to replace or retain hard
tissues. A better mechanical property, due to strength and
stiffness requirements for hard tissue substitution, exhibits
polymer-based composites [14].They have already beenmul-
tifunctionally applied, for instance, as biosensors, coatings,
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and load-bearing implants [15]. Biodegradable composites
gain more and more importance for creation of surgical
devices which avoid an additional surgery for their removal.
The continuous degradation and a gradual load transfer of
thesematerials could stimulate the healing and remodeling of
bone tissue [14, 16]. Among themany synthetic biocompatible
and biodegradable polymers, polylactide (PLA) and their
copolymers have been approved for human clinical uses
[17]. PLA has already been used for craniofacial fracture
and ankle fixation [17, 18]. PLA and polylactide-co-glycolide
(PLGA) are often used for drug delivery, tissue engineering,
and manufacturing of medical implants and surgical sutures
[19]. PLA occurs in metabolism of all microorganisms and
animals incorporated into the tricarboxylic acid cycle; hence,
its degradation and excreted products are assumed to be
completely nontoxic [20]. Zygomatic fracture fixation with
PLA or metal showed similar results; however, 60% of the
patients treated with PLA showed intermittent swelling at the
implantation site [17, 18].

A very good biocompatibility with bone cells exhibits also
polycaprolactone (PCL), used in several biomedical appli-
cations, inter alia in scaffolds for bone and cartilage tissue
engineering [21]. Owing to the relatively lowmelting point of
PCL, its mechanical properties can be improved in melting
techniques by bonding with other polymers or stiffer mate-
rials, in the form of particles or fibers [14, 22, 23]. Another
group of polymers, polyhydroxyalkanoates, represented by 3-
hydroxybutyric acid (PHB) and its copolymers, gained a fixed
place in the biomedical field, due to their biocompatibility,
biodegradability, and physical andmechanical properties [24,
25]. PHB scaffolds are highly compatible with osteoblast and
can induce ectopic bone formation [26]. Recently, it could
be shown that PHB membranes can act as matrix for cell
migration, proliferation, differentiation, and vascularization
in process of bone healing [27]. It was speculated that PHB
patches or PHB in form of composites could be an interesting
examination object in the treatment of bony defects.

Polymer-based and fiber-reinforced composite materials
have been already investigated in animal studies for biocom-
patible bone defect fillings, adhesion, and anchoring into
bone [12, 28, 29].Thesematerials were reinforcedwith natural
as well as glass or carbon fibers. Flax fibers exhibit better
mechanical properties than other natural fibers, comparable
to those of glass fibers [30]. Modification of flax fibers to
create therapeutic dressing could be of medical interest. One
of the first studies on the transgenic flax fibers overproducing
various antioxidative compounds has demonstrated promis-
ing therapeutic results for a wound dressing [31]. Other
genetic modifications of flax plants allowed the synthesis of
PHB in the plant fibers which improved their mechanical
features and offered thereby an attractive material for indus-
try and medicine [32–34]. This material did not show any
inflammation response after subcutaneous insertion and a
good in vitro and in vivo biocompatibility was shown in
previous studies [35–37].

Due to preliminary molecular-biological analyses and
earlier studies to bone regeneration after usage of PHB,
it was hypothesized that composites from transgenic flax
plants producing PHB showed faster bone regeneration in

comparison with composites of nontransgenic flax plants.
The aim of the current study was to both histologically and
histomorphometrically, evaluate the effect of polymer-flax
composites on the osteogenesis process, using a model of
unperforated bone defects at the skull top of rats.

2. Material and Methods

2.1. Surgical Procedure and Experimental Design. For the
study, flax composites were used which have already been
described [35–37]. The osteogenic potential of flax compos-
ites was investigated in 42 adult Lewis 1A rats (2 months old,
body weight between 250 g and 350 g, and of both sexes).The
animals were randomly divided into the following 7 groups:

(i) Group 1, controls (𝑛 = 6): untreated bone defects.
(ii) Group 2, PLA (𝑛 = 6): bone defects treated with pure

PLA-composites.
(iii) Group 3, PLA-transgen (𝑛 = 6): bone defects

treated with composites of PLA and transgenic PHB-
producing flax.

(iv) Group 4, PLA-wt (𝑛 = 6): bone defects treated with
composites of PLA and fibers from wildtype flax.

(v) Group 5, PCL (𝑛 = 6): bone defects treated with pure
PCL composites.

(vi) Group 6, PCL-transgen (𝑛 = 6): bone defects
treated with composites of PCL and transgenic PHB-
producing flax.

(vii) Group 7, PCL-wt (𝑛 = 6): bone defects treated with
composites of PLA and fibers from wildtype flax.

The approval for all surgical and experimental procedureswas
issued by the Animal Welfare Committee on the State Gov-
ernment (LALLF M-V/TSD/7221.3-1.1-094/11). All surgical
procedures were performed according to standard protocol.
This protocol has been published several times [27, 36, 38–
40].

In order to compare the data obtainedwith themolecular-
biological findings [35] the skulls were dissected four weeks
after composite insertion and fixed in 4% PBS-buffered
formalin, dehydrated in a graded series of alcohol, and
separately embedded in methylmethacrylate (Technovit 9100
neu, Kulzer, Germany) as previously described [41–44] or in
paraffin after decalcification as previously described [40, 45].

2.2. Histology. Serial longitudinal sections of about 5 𝜇m
were stained with hematoxylin/eosin (HE) for recognizing
various tissue types and Masson’s trichrome for differen-
tiation between collagen and bone tissue. With Masson’s
trichrome histological structures were stained as follows: col-
lagen and nonmineralized bone in blue or green, mineralized
bone in orange or red, and cell nuclei in dark brown or black
[46].

The slices were observed and photographed under alight
microscope (BX61, Olympus, Hamburg, Germany) equipped
with a calibrated digital camera (Color View II; Soft Imag-
ing System, Olympus Optical GmbH, Hamburg, Germany).
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Figure 1: (a) Cranial cross-section embedded in paraffin (control and PLA) or methylmethacrylate (PLA-transgen and PLA-wt) stained with
Masson-Goldner four weeks after PLA-composite insertion; collagen and nonmineralized bone in blue or green, mineralized bone in orange
or red, and cell nuclei in dark brown or black; (b) histomorphometric analysis of bone regeneration. Stated is mean ± standard error. Bars
represent 200 𝜇m. ct = connective tissue; mb = mineralized bone; nmb = nonmineralized bone.

Image analysiswas performedon composed pictures showing
the complete cavitywith amagnification of×100 as previously
described [40, 47] using the software cell∧F (analySIS Image
Processing Olympus, Münster, Germany). From each skull a
minimum of 10 sections were histomorphometrically anal-
ysed. With this approach we are able to perform an overall
conclusion about the bone regeneration in the cavity.

2.3. Statistical Analysis. The statistical analyses of variance
between groups were made using Mann-Whitney 𝑈 Rank
sum test (SigmaStat 3.5 Software, Systat Software, Inc., 1735,
TechnologyDrive, San Jose, CA 95110, USA). Data were given
as means ± SEM. 𝑃 < 0.05 was considered statistically
significant.

3. Results

Wound healing proceeded in all operated animals without
any complications and relatively fast. During sampling of
bone treated part of calvaria, no signs of inflammation
reactions in that tissue could be macroscopically detected.

The histological sections showed nearly finished bone
healing in untreated bone defects. The surgically created
lesions at the beginning of this study were filled after four

weeks with nonmineralized bone as well as bone marrow. In
addition, a so-called bridging between origin bone and newly
formed bone could also be observed (Figures 1(a) and 2(a)).

When using pure PLA, solely connective tissue was
detected in the bone defects. In contrast, both flax compos-
ites, PLA-transgen and PLA-wt, caused bone regeneration,
whichwas comparable to that of control animals (Figure 1(a)).

In case of bone defects covered with different PCL
composites, there was nearly completed bone regeneration
with evidence of bone marrow and nonmineralized bone,
respectively (Figure 2(a)). Osteolysis and bone resorption did
not occur. In addition, it should be noted that all composites
are completely embedded in connective tissue in the form of
a capsule. When using flax composites, this capsule became
thicker (exemplary for PCL and PCL-wt; Figure 2(a)).

Histomorphometric analysis, as shown in Figures 1(b)
and 2(b), revealed a regenerated bone mean value of 72.0% ±
3.1% in untreated control animals. After treatment with PLA
composites, the level of bone regeneration was achieved
between 55.3 and 70.0%. These results have not shown any
statistically significant differences in comparison with bone
healing processes in controls. Similar results were obtained
after usage of PCL and PCL-transgen, though significantly
reduced bone regeneration in bone lesions was found after
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Figure 2: (a) Cranial cross-section embedded inmethylmethacrylate (PCL and PCL-wt) or paraffin stained withMasson-Goldner four weeks
after PCL-composite insertion; collagen and nonmineralized bone in blue or green, mineralized bone in orange or red, and cell nuclei in dark
brown or black; (b) histomorphometric analysis of bone regeneration. Stated is mean ± standard error. Bars represent 200𝜇m. ∗𝑃 < 0.05
PCL-wt versus control; #

𝑃 < 0.05 PCL-wt versus PCL; +𝑃 < 0.05 PCL-wt versus PCL-transgen. ct = connective tissue; mb = mineralized
bone; nmb = nonmineralized bone.

treatment with PCL-wt (control versus PCL-wt: 72.0 ± 3.1%
versus 55.6 ± 3.0, 𝑃 = 0.002, power: 0.931; PCL versus PCL-
wt: 67.4 ± 2.4% versus 55.6 ± 3.0, 𝑃 = 0.011, power: 0.737;
PCL-transgen versus PCL-wt: 71.0 ± 2.7% versus 55.6 ± 3.0,
𝑃 = 0.003, power: 0.924; Figure 2(b)).

4. Discussion

In the current study, we evaluated the osteogenic potential
of new polymer/flax composites in an animal model. Bone
histological examination of cavities after treatment with PLA,
PCL, or their composites as well as of the empty reference
cavities showed spontaneous regeneration of the bony bed,
though after four weeks their areas were not completely
filled with new bone and they exhibited a large amount
of connective tissue, especially after using of pure PLA.
The nonsignificant stronger percentage increase of bone
regeneration was noticed after using of pure PCL rather than
after treatment with PLA. If only the histological preparations
were considered, the hypothesis could be proposed that PCL
and its composites have contributed to a higher quantity of
the regenerated bone, compared to pure PLA.

Biodegradable polymers have already been used for
various bone surgical procedures, and in general, they are
considered as safe for clinical use [48]. With regard to
bone regeneration, many studies have shown that PLA is
applicable with satisfactory results as plates, membranes,
suture anchors, interference screws, and pins [49, 50]. The
adhesive and proliferative behaviors of bone forming cells
on various surfaces have been well studied. In vitro tests
for bone regeneration have demonstrated that rat osteoblasts
cultured on PLA retained their phenotype by high expression
of alkaline phosphatase activity and collagen synthesis [51].
It was found that additional coating of PLA scaffolds with
apatite or apatite/collagen was more efficient for osteoblast-
like cells adhesion and proliferation [52]. Further biocompat-
ibility tests of subcutaneously implanted PLA in rat have not
detected any acute inflammatory reactions [53, 54]. However,
the long-lasting degradation time of PLA can induce late
foreign body reactions due to crystalline remnants or a
decrease of the pH value during the decomposition [55–
57]. Moreover, bone resorption could be observed following
degradation of the polymer due to release of nondegraded
PLA microparticles [58] or change in the tissue surrounding
the degrading PLA implants associated with the leaching of
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residual monomer or lactic acid [59, 60]. A close contact
between the amorphous polymer poly(D,L-lactic acid) and
the surrounding tissue without trace of inflammatory tissue,
signs of infection, bony necrosis, or any interference of the
bone healing process could be recently demonstrated [61].
Our results showed that PLA devices are highly tolerated
by host tissues after 4 weeks, which was in agreement
with Annunziata et al. [61]. We could affirm a good bio-
compatibility in vitro as well as in vivo of PLA and their
composites in previous studies [35–37]. The biocompatibility
of composites from transgenic flax plants producing PHB did
not differ from composites of nontransgenic flax plants and
the covering materials composed of flax fibers and PLA or
PCL had no influence of the attachment, growth, and survival
of the fibroblast cells [37].

PCL degradesmuch slower than other known biodegrad-
able polymers [62, 63]. It has already been used for bone
and cartilage repairs [64] because of its good biocompatibility
and high bone inductive potential [65]. A better bone regen-
eration was achieved using more permeable PCL scaffolds
with regular architecture [66]. PCL membranes supported
attachment, growth, and osteogenic differentiation of human
primary osteoblast-like cells [67]. Previously, it was shown
that PCL and PCL-based scaffolds were able to deliver
recombinant human bonemorphogenetic protein-2 aswell as
provide sufficient structural support to promote bone healing
[68]. A good compatibility of 3D PCL scaffolds was showed,
inter alia, in an animal study after insertion of PCL implants
into the rat skull with direct contact to the brain. According
the investigations of neurogenic potential and neurons, it
was demonstrated that PCL did not evoke an undesirable
inflammatory response [69]. Moreover, PCL-based scaffolds
did not cause further changes to the vascular supply in and
around the defect region [70]. In our study, we could also
observe a high tolerance of PCL devices by host tissues.
Bone healing proceeded without any complications and signs
of inflammation. Similar observations were described in
other studies [59, 69, 71]. Furthermore, it was found that all
composites were completely embedded in connective tissue
in the form of a capsule. The encapsulation, as a natural
reaction to foreign materials in the body, has also been
described previously [59, 72].

In our study, good bone regeneration was observed under
the covering materials made of pure polymers and theirs
composites. In all cases, a new bone formationwas verified by
histological examination. In addition, there were no sufficient
differences between the controls and treated bone cavities.
Recently it was shown that biodegradable PLAmembranes, as
bone defect coverage, were tested in a sheepmodel. Enhanced
remodeling of the spongiosa into native bony under the
membranes could be detected in cranial defects but also
without an osteopromoting effect. In contrast to our study,
a foreign body reaction around the tested membranes was
observed in sheep [73].

Our histological results were partially reflected in the
previously published molecular-biological analyses [36]. The
significant decrease of expression of 3 genes, which play
an important role in bone formation, osteocalcin (Bglap),
endopeptidase (Phex), and transcription factor Runx2, might

be linked to the reduced amount of new bone formation
under cover material of PCL-wt. Furthermore, an unchanged
gene expression of Runx2 and Phex was detected after
treatment with PLA and its flax composites. Osteocalcin,
also called “bone gamma-carboxyglutamate protein,” is a
hydroxyapatite-binding protein, which is almost exclusively
formed by osteoblasts in large quantities at the beginning
of the bone mineralization [74–76]. The differentiation of
preosteoblasts is triggered in the progenitor cells involving
Runx2 and other transcription factors. It has been shown
that a lack of Runx2 can lead to disturbances in the bone
formation and mineralization [77]. In knock-out mice with
deficiency of Runx2, any ossification processes of the bone
tissue were not demonstrated [78]. Phex, a marker for
osteocytes, has a significant impact on the transformation
of osteoblasts into osteocytes and thus affects the bone
mineralization [79, 80].

Based on the presented data, it could be concluded that
neither the transgenic nor the native flax fibers can accelerate
bone regeneration; however, they did not show any negative
influence on new bone formation. This might be attributed,
on the one hand, to very low content of flax fibers in the
composite (only 20%) and thereby a small proportion of PHB
and, on the other hand, to shielding of fibers by embedding
in a polymer matrix and to the very slow degradation of
used polymers. A further exacerbating factor is that cellulose,
main component of flax, is not metabolized and degraded
in the body [81, 82]. Therefore, these flax covering materials
in presented form are not clinically applicable. Further
modifications, for example, the oxidation of cellulose fibers
to produce oxycellulose which is absorbable in vivo within a
short time [83] could have a positive impact on properties of
the materials and their osteogenic potential.
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Themost widespread animal model to investigate Duchenne muscular dystrophy is the mdx-mouse. In contrast to humans, phases
of muscle degeneration are replaced by regeneration processes; hence there is only a restricted time slot for research. The aim
of the study was to investigate if an intramuscular injection of BTX-A is able to break down muscle regeneration and has direct
implications on the gene expression ofmyosin heavy chains in the corresponding treated anduntreatedmuscles.Therefore, paralysis
of the rightmassetermuscle was induced in adult healthy and dystrophicmice by a specific intramuscular injection of BTX-A. After
21 days themRNA expression and protein content ofMyHC isoforms of the right and leftmasseter, temporal, and the tonguemuscle
were determined using quantitative RT-PCR andWestern blot technique. MyHC-IIa and MyHC-I-mRNA expression significantly
increased in the paralyzed masseter muscle of control-mice, whereas MyHC-IIb and MyHC-IIx/d-mRNA were decreased. In
dystrophic muscles no effect of BTX-A could be detected at the level of MyHC. This study suggests that BTX-A injection is a
suitable method to simulate DMD-pathogenesis in healthy mice but further investigations are necessary to fully analyse the BTX-A
effect and to generate sustained muscular atrophy in mdx-mice.

1. Introduction

The stomatognathic system is based on a close mutual
and functional network of different hard and soft tissues
from those the masticatory muscles illustrate as an essential
component.They are one of the strongestmuscles of the body
[1].

In mammalians, muscle contraction is possible due to
highly organized motor units consisting of a motor neurone
located in the brain stem [2], its axons, and a colony
of corresponding fibres [2, 3]. Motor units show a large
variability inmorphological and physiological characteristics
[2] and can be distinguished on the basis of the differences
in contraction time, twitch tension, susceptibility to fatigue,
and histochemical staining [3]. Three classes of motor units
called slow fatigue resistant, fast fatigable, and fast fatigue
resistant were initially identified in mammalian skeletal

muscles composed by slow oxidative type I and fast glycolytic
type IIa and IIb fibres, respectively [3–5]. A fourthmotor unit
type with fast contractile characteristics and intermediate
fatigability composed by type IIx fibres was subsequently
detected in rat skeletal muscles [6, 7]. Due to that fact, the
most informative methods to delineate muscle fibre types are
based on specificmyosin profiles, especially themyosin heavy
chain isoform complement [8] possibly being more related
to functional behaviour of jaw muscle motor units than past
histochemical classifications [6].

Myosin heavy chains exist in multiple isoforms that are
differentially distributed in the various fibre types [9]. At
least, four different isoforms of myosin heavy chains are
expressed in adult skeletal muscle: slow isoform type I coded
by Myh7 gene [10] and fast isoforms type IIa, IIx/d, and IIb
[8, 11–14] coded byMyh2, Myh1, andMyh4, respectively [10].
The distribution of different MHCs and fibre types varies in
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a muscle-specific as well as a species-specific manner [3, 15]
and depending on the function, the anatomical location, and
structure of the muscle [3, 12, 14]. For example, limb muscles
predominantly contain type I fibres [3]. In the orofacial
muscles, especially the masseter muscle, a different fibre
distribution has been reported showing a wide variation in
fibre type composition as demonstrated in biopsy studies
[16]. Presumably depending on functional partitioning of
activity of this muscle [6], a predominance of type I fibres
in the anterior part and a general presence of hybrid fibres
have been described as a normal feature of this muscle in
humans [17, 18]. For temporal muscle a predominance of type
I fibres in the anterior part (46%) [19] and lower portion of
type I fibres (24%) in the posterior part may be also due to
functional compartioning.

Muscle fibres are versatile and dynamic entities capable
of adjusting their phenotypic properties under various con-
ditions and in response to altered functional demands and
display a great adaptive potential [8, 20].The dynamic nature
of skeletal muscle fibres is achieved by the adaption of its
MyHCs composition [1, 21], and changes in its expression
result in fibre type transitions [8]. This process can be
regarded as a significant contribution to improve survival
[8]. In developing muscles, fibre composition of individual
muscle groups varies dramatically [12], fibre transitions is
usually seen, and MHCs expression is regulated by neural,
hormonal, mechanical, and other factors [9, 22, 23], but
transitions of fibre types can also be found in adult muscle
fibres due to biological ageing [2, 8, 24], activation intensity
[2], neuromuscular activity [8, 25] or electrical stimulation
[26, 27], hormone levels [2, 8, 28], exercises [29–32], training,
during muscle atrophy induced by denervation [33], physical
damage, and also muscle disease [34].

Duchennemuscular dystrophy (DMD), a X-linked reces-
sive disease [35, 36], is one the most common and most
serious myopathies which affects approximately 1 : 3500 life
born males [36, 37]. Its onset is between 2 and 5 years of
age [35] with clinical symptoms of muscle weakness in the
limbs and pseudohypertrophy of calf muscles [38, 39]. At
the age of 10–12 years, due to the loss of ambulation, the
patients are wheelchair bound [40, 41] and usually the onset
of masticatory involvement comes along with that time span.
Interestingly the orofacial muscles are affected approximately
2 years later [42], which results in muscle imbalance and
severe craniofacial and dental abnormalities [42–44].

The disease is caused by mutations in the dystrophin
gene [35], encoding for the sarcolemmal protein product dys-
trophin, which is part of the DGC (dystrophin glycoprotein
complex) and links the motor protein actin to the cytoskele-
ton [45]. It thus provides mechanical stability to striated
muscles [46]. Absence of dystrophin leads to disintegration of
the DGC, instability of muscle cell membrane, uncontrolled
calcium influx [47], sterile inflammation, and progressive
muscle degeneration [35, 48].

Currently the best-characterized and most widely used
[49] animal model for DMD is the naturally occurring
dystrophin-deficientmdx-mouse [50, 51], which carries a null
mutation in exon 23 of the dystrophin gene [35, 47, 49].
Mdx-mice are a genetically biochemical homologue of the

disease [37] but show a relative mild pathology [47], and
severity of the phenotype is less than that in the human
condition [36, 52]. Mdx-mice display hallmark symptoms of
the diseases, changes in skeletal muscle histology, respiratory
insufficiency, cardiomyopathy, and muscle weakness [36].

Botulinumtoxin A (BTX-A), a neurotoxin that blocks the
release of acetylcholine at the neuromuscular junction and
thus muscle contraction [53, 54] may lead to loss of muscle
function caused by muscle atrophy [55, 56]. The therapeutic
effects of BTX-A first appear in 1 to 3 days, peak in 1 to 4
weeks, and decline after 3 to 4 months [57].

Due to the fact that the mdx-mouse shows a higher
regenerative capacity that ensures a more benign phenotype
and essentially normal function [58], there is only a restricted
time slot for research. To extend the time frame for evaluation
of muscle influence on craniofacial growth and deformities,
the purpose of this study was to determine the effects of
BTX-A injection in the right masseter muscle of healthy and
mdx-mice on the MyHC expression and protein content,
to draw conclusions concerning remodelling and adaption
of the injected muscle as well as the adjacent noninjected
masseter, temporal, and tongue muscles.

2. Materials and Methods

In this study the experimental protocol and all procedures
were approved by the Laboratory Animal Research Commit-
tee of Saxony with the number 24-9168.11-1/2013-46.

2.1. Animals. As subjects mice of the line C57Bl/10ScSn
(control group, 𝑛 = 10) and C57/Bl10ScSn-Dmdy (mdx)
(test group, 𝑛 = 10) of both genders, aged 100 days at
baseline of the trial and a body weight of approximately 30 g,
were used in this study. The mice originally obtained from
Jackson Laboratory (Bar Harbor, USA) were borne in the
laboratory animal experimental centre of Dresden and up to
the beginning of the experiments housed in standard cages
in groups of 2–6 animals under standardised conditions in
a temperature-controlled room of 21–23∘C maintained on a
12:12 h light-dark cycle with standard mice chow and water
available ad libitum.

2.2. Chemodenervation Using Botulinumtoxin A (BTX-A).
For chemodenervation the mice were temporally anes-
thetized by an intraperitoneal injection consisting of a
mixture of 10% ketamine (Ceva, Tiergesundheit GmbH,
Düsseldorf, Germany) and 2% Rompun (Bayer, HealthCare
AG, Leverkusen, Germany) in a relation to 3 : 2 at a dose of
0.1mL per 100 g biomass.

To induce muscle paralysis, one single specific intra-
muscular injection of 0.025mL BTX-A (Botox�, Allergan�,
Irvine, California, USA; 1.25 IU/0.1mL in physiologic NaCl-
solution) was administered in the superficial and deep venter
of the right masseter muscle. Both, healthy and mdx-mice
were injected.

Postinjection care included a three-time daily control of
the health state of the mice after they had awoken from
anaesthesia and the verification of paralysis. The effects
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of chemodenervation after BTX-A injection usually start
delayed. Paralysis in the BTX-A injectionmasseter is typically
evident by the refusal of solid food and tooth chattering 3 days
after injection. Due to that fact, the mice were kept under
standard conditions described above with the possibility to
choose between soft or solid food for the first 7 days. After
that time, only solid food was offered. Until the terminal
experiments the weight of the mice was controlled regularly.

2.3. Muscle Sample Preparation and Processing. 21 days after
intramuscular BTX-A injection, the animals were painlessly
killed accordingly of the international guidelines for animal
protection by means of an overdose of Isoflurane. The head
was immediately separated from the body and the following
muscles were carefully dissected and harvested by the same
trained operator: masseter muscle (superficial venter) and
temporal muscle from the injection side and contralateral
side, respectively, as well as the tongue muscle.

According to Baverstock et al. [59], the dissected mas-
seter muscle tissue corresponded to the superficial and (in
parts) the deep masseter, accounting for 19% and 33% of
overall masticatory muscle mass, respectively. The dissected
temporal muscle, usually described as consisting of two parts
and in the mouse distinguished as lateral and medial part,
corresponded to themedial temporalmuscle, which accounts
for 77% of overall temporal muscle mass and is the larger
portion of both parts [59].

For each of the examined muscles mRNA expression and
protein content of myosin heavy chain (MyHC) isoforms
were assessed. In addition, directly after dissection the right
and left masseter muscles were weighted with a precision
balance for direct comparison of muscle wet mass of the
injected as well as the untreated contralateral side. The
muscles were then flash-frozen in liquid nitrogen at −173∘C
and up to subsequent analysis stored in a deep fridge at
−80∘C.

2.4. RNA-Extraction and Reverse Transcription Reaction.
Total RNA isolation from the muscle tissues was per-
formed using Trizol (QIAzol Lysis Reagent QIAGEN, Hilden,
Germany) and the RNeasy� Mini Kit (QIAGEN, Hilden,
Germany) according to manufacturer’s instructions. RNA
concentrations and purity of the eluate were determined pho-
tometrically by ultraviolet absorbance measurements in the
Eppendorf BioPhotometer� (Eppendorf Vertrieb Deutsch-
land GmbH, Wesseling-Berzdorf, Germany) at a wavelength
of 260 nm, a background compensation for the absorbance
at 280 nm, and distilled water for calibration. Reverse tran-
scription for synthesis of cDNA was performed in the
Thermocycler TOptical (Analytik Jena AG, Jena, Germany)
using an amount of 200 ng RNA and the innuSCRIPT
Reverse Transcriptase inNucleotideMix andRandomprimer
(Analytik Jena AG) following manufacturer’s protocol.

2.5. qRT-PCR (Quantitative Real-Time Polymerase Chain
Reaction). The mRNA quantification of four different
myosin heavy chain isoforms (Myh1, Myh2, Myh4, and
Myh7) in the concerning muscle tissues was performed by
qRT-PCR (Taq-Man� Assays; PE Applied Biosystems�,

Weiterstadt, Germany) in comparison to 18S rRNA
(Eucaryotic 18S rRNA Endogenous control: 4310893E;
PE Applied Biosystems�, Weiterstadt, Germany) using
gene-specific TaqMan PCR probes and primers which have
been previously described elsewhere [60]. The master mix
contained innuMix qPCR Master Mix Probe (Analytik
Jena AG), 10x specific probes and primers, and RNase
free water. For quantification of gene expression of the
different MyHCs, 8 ng cDNA was used in a final volume of
20𝜇L. Gene amplification was performed with the TOptical
cycler (Analytik Jena AG) at 95∘C for 10 minutes for initial
denaturation followed by 40 cycles, in each case 10 seconds
at 95∘C and 45 seconds at 60∘C. Absolute copy numbers of
the studied genes and 18S cDNA were determined using
calibration curves generated with cloned PCR fragment
standards [60]. Copy numbers of individual transcripts were
given in relation to those of 18S cDNA. Each probe was
performed twice and a “nontemplate control” was carried
out parallel in all experiments to validate results.

2.6. Western Blot. To extract muscle protein, the interphase
and phenophase from the RNA isolation protocol were used.
Protein isolation was performed following the manufac-
turer’s protocol (isolation of DNA and protein from QIAzol
Reagent-lysed samples (RY16 May-04) (QIAGEN, Hilden,
Germany)). To identify theMyHC isoforms, 15𝜇g of proteins
from each muscle was loaded onto Citerion� TGX Stain-
free� Precast Gels (Bio-RAD Laboratories GmbH, Munich,
Germany) and separated by 100V (constant Voltage) for 60
minutes. Following the electrophoresis, the proteins were
transferred to the Western blot membrane, using the Trans-
Blot� Semi-Dry transfer system (Trans-Blot� Turbo� Midi
PVDFTransfer Packs; Bio-RADLaboratoriesGmbH) and the
Trans-Blot Turbo blotting apparatus (Bio-RAD Laboratories
GmbH). After protein transfer to the PVDF membrane,
membranes were blocked over night at 4∘C with 5% dry milk
in phosphate-buffered saline (PBS) buffer with Tween.

Blots were incubated with monoclonal antibodies against
MyHC proteins (anti-fast skeletal myosin antibody [My-
32] (1 : 1000; Abcam, Cambridge, UK) and monoclonal
Anti-Myosin (Skeletal, Slow) antibody produced in mouse
(clone NOQ 7.5.4D; 1 : 1000; Sigma-Aldrich GmbH, Munich,
Germany) diluted in PBS containing 5% dry milk and
0.025% NaN

3
for 2-3 h at room temperature. Horseradish

peroxidase- (HRP-) conjugate goat anti-mouse immunoglob-
ulins (1 : 5000; Dako, Hamburg, Germany) were used after-
wards. Bound antibodies were detected and visualized using
an enhanced chemiluminescence system (WesternBright
Chemilumineszenz Substrat Quantum, Advansta Inc., Menlo
Park, USA). On each gel monoclonal anti-glyceraldehyde-
phosphate dehydrogenase (GAPDH) antibody (clone 6C5;
1 : 1000; Millpore, Billerica, Massachusetts, USA) severed as
loading control of the gels to finally calculate the protein
content (incubation at room temperature for 2 h). Quanti-
tative analyses of protein bands from MyHC isoforms and
GAPDH in the examined masticatory muscle of the 100-day-
old healthy and mdx-mice were undertaken using GelScan
5.2 software (Serva, Heidelberg, Germany). Mean optical
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density ± SEM are given in all cases for 𝑛 = 4 muscle
samples of different animals and three-independent Western
blot analysis.

2.7. Statistics. To evaluate differences in the mRNA expres-
sion and protein content of the different fibre types in the
analysed masticatory muscles of healthy and mdx-mice, sta-
tistical analysis was performed using the Software SigmaStat�
Version 3.5 (Systat Software Inc., San Jose, California, USA)
and Mann Whitney U test. In case of a normal distribution,
the t-test was applied. Results 𝑝 ≤ 0.05 were regarded as
statistically significant.

3. Results

3.1. Body Weight and Muscle Dimensions. An initial decrease
in body weight in the very early postinjection days, which
might be attributed to the beginning paralysis and reduced
food ingestion, was followed by a steady increase during the
experimental protocol up to its closure. A statistical difference
in body weight between the control and mdx group was not
obvious at any time. During the entire experimental setup the
body weight was similar in both groups.

To verify BTX-A induced atrophy, muscle mass of the
injectedmassetermuscle and the corresponding contralateral
noninjected muscle was measured. A comparison of the
muscle tissue mass revealed a statistically significant differ-
ence between the weight and size of the injected (right) and
untreated (left) masseter muscles for both control and mdx-
mice (Figure 1). Compared to the untreated left masseter
muscles, injected right masseter muscles were 56% and 45%
smaller in the control and mdx group, respectively.

3.2. mRNAExpression ofMyHC Isoforms. At first, the already
known expression difference between dystrophic and healthy
mice was also detectable, such as a decrease of Myh2 mRNA
and an increase of Myh4 mRNA in dystrophic masseter
muscle as well as an increase of Myh7 mRNA expression
levels (encoding for fibre type I) in dystrophic temporal
muscle compared to control.

21 days after BTX-A injection in the right masseter
muscle, mRNA expression ofMyHCs in the extractedmuscle
tissues of injected atrophic masseter muscle of control-mice
differed significantly from the untreated noninjection side. A
significant decrease ofMyh4mRNAandMyh1mRNAencod-
ing for the fast fibre types IIb and IIx/d, respectively, could
be detected, whereas Myh2 and Myh7 mRNA expression,
corresponding to the fibre types IIa and I, were significantly
increased. In control temporal muscle tissue of healthy mice
no differences between the right and left side were found. In
tongue muscle a high expression level of Myh4 mRNA in the
control as well as mdx group, with no statistically significant
differences between both groups, could be detected.

The mRNA expression of all tested MyHC isoforms
remained unchanged in mdx muscle tissue from both
sides. No differences between BTX-A treated and untreated
masseter muscle as well as right and left side could be
observed in this mice strain (Table 1).
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Figure 1: Muscle weight of treated (right) and untreated (left)
masseter in control (C57Bl; 𝑛 = 10) and mdx-mice (𝑛 = 10) 21 days
after BTX-A injection. Mean values ± standard deviations; Student’s
t-test (∗𝑝 ≤ 0.05).

3.3. Protein Content. Semiquantitative analysis of fast and
slow skeletal myosin proteins were performed with Western
blot analysis. Single immune-reactive bands of approximately
220 kDa were detected. These bands correspond to the
expected molecular weights of slow as well as fast myosin,
respectively (Figure 2(a)). The quantitative evaluation of
Western blots only showed significant increased protein
levels of MyHC-II in BTX-A treated control masseter muscle
compared to contralateral untreated masseter muscle tissue
of control-mice (𝑝 = 0.006; Figure 2(c)). In neither other
muscle samples from control-mice nor all muscle samples
from dystrophic mice differences in the expression levels
of fast and slow myosin heavy chains could be detected
(Figure 2).

4. Discussion

In the present study the effects of different masticatory
muscles after BTX-A injection in the rightmasseter of healthy
and mdx-mice muscles were evaluated concerning mRNA
and protein expression of MyHC isoforms. BTX-A was used
to reduce masticatory function and to prolong dystrophic
features of muscle fibres in the masseter muscle of mdx-mice.
Usually muscle pathology of mdx-mice is most pronounced
and peaks at the age of 3-4 weeks [35, 61] and goes to
cycles of de- and regeneration by 9–12 weeks of age, where
regeneration overcomes degeneration of muscle fibres [62,
63]. In our study 100-day-old control and dystrophic mice
were used. It has previously been shown that muscle fibres
of mdx-mice of this age have centralized nuclei in 75% of all
muscle fibres, a typical sign of muscle fibre regeneration [64].

BTX-A injection and inactivation of the right masseter
muscle clearly resulted in a reduction of muscle weight 21
days after injection. It is well known that BTX-A treatment
indirectly induces masticatory hypofunction and muscle
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Figure 2: Western blot analysis of fast and slow skeletal muscle myosin extracted from 100-day-old mice (control/mdx) 21 days after BTX-A
injection into the right masseter muscle. (a) Representative blots, (b) quantitative analyses of slow myosin (MyHC-I), and (c) fast myosin
(MyHC-II) compared to GAPDH in masticatory muscle of BTX-A treated control- (C57Bl) and mdx-mice. Mean optical density (MOD) ±
SEM are given in all cases for 𝑛 = 4 muscle samples of different animals and three-independent Western blot analysis (Student’s t-test;
∗

𝑝 ≤ 0.05 treated versus untreated masseter muscle).

atrophy due to chemoinactivation [53]. Changes in muscle
weight after BTX-A injection could also previously be found
[65] and marked atrophy of paralyzed muscle fibres [5, 55] is
a common feature also seen under clinical conditions taking
advantage of BTX-A treatment for masseter hypertrophy
[66, 67] and bruxism [68, 69]. In animal experiments, the
muscle fibres begin to show atrophy histologically within
10–14 days after injection and this atrophy continues to
develop over 4–6 weeks [70]. As shown previously, BTX-
A influences the expression of MyHC isoforms. After BTX-
A injection into the right masseter muscle of pigs a fibre
shift towards faster isoforms in the injected as well as to
slower isoforms in the noninjected masseter muscle could be
demonstrated [71]. Slow-to-fast fibre shift is also well known
from other denervation studies where no nerve stimulation
exists [5]. In our study at protein level similar effects could be

seen in injected control masseter muscle with a statistically
significant increase of type II myofibres compared to the
contralateral noninjection side, whereas treated dystrophic
masseter muscle does not show any statistically significant
differences compared to untreated masseter muscle of mdx-
mice.

By contrast, at mRNA level some other effects have been
demonstrated in wild-typemice. In the rightmassetermuscle
of control-mice a decrease in MyHC-IIb and -IIx mRNA
expression as well as an increase in MyHC-IIa encoding for
the slowest form of type II myofibres and an increase of
MyHC-I encoding for slow muscle fibres could be identified.
It is well known that healthy mouse masseter muscle (super-
ficial part) predominantly consists of fast type IIb myofibres
[72, 73]. A reduction of fast muscle fibres is typically seen
in dystrophic muscles. Petrof et al. have proved preferential
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degeneration of type II fibres in mdx limb and trunk muscles
[74] and in dystrophic masticatory muscles reduced MyHC-
IIb mRNA expression was also detected [60]. Furthermore,
it was reported that the IIb fibres degenerate first in DMD
patients [75]. Analyses of MHC isoforms in the affected
diaphragm of canine X-linkedmuscular dystrophy (CXMDJ)
also indicated amarked increase of type I and decrease of type
IIa myosin isoforms [76]. In histological studies a fibre shift
with more pronounced portion of slow type I fibres has been
described for the superficial masseter muscle as a hallmark of
disease progression obvious in 14-week-old mdx-mice [77].
Lee et al. by their study indicated that after degeneration
the regenerated muscle acquires muscle fibre characteristics
entirely different from those in its normal counterpart, with a
very strong expression ofMyHC-I inmdx-mousemasseter at
9 weeks of age [63]. The MyHC-IIx isoform has already been
reported to represent the transition from fast type II to slow
type I myofibres [22] and subsequently this transition results
in a decrease of type II fibres. Based on these findings, it is to
be assumed that chemical denervation, induced by BTX-A,
simulates dystrophic appearance in healthy mice masticatory
muscles with regard to fibre composition.

Muscles can also induce a fibre shift towards slower
isoforms to adapt to varying functional load and endurance
training [78]. In 10-week-old pigs, after chronic sagittal
advancement of the mandible, a significant increase in the
cross-sectional area of type I fibres and type I MyHC expres-
sion in the anterior part of the masseter, distal part of the
temporal and the medial pterygoid muscle could be shown,
which was simultaneously accompanied by a comparable
decrease in type II MyHCs in these muscles [21]. Step-by-
step transition of muscle fibres from type IIb via type IIa
to type I under activity was also found by Goldspink [79]
and Pette and Staront [80] and they stated that under higher
muscle stress the increase in cross-sectional area of type I
fibres is more efficient for long-term energy accumulation. In
our study, in healthy mice after BTX-A injection a decrease
in fast muscle fibres was observed in the untreated masseter
muscle, whichwas statistically significantly different from the
injection side showing at once an increase in type II fibres.
It is well known that stretch overload influences fibre type
transition towards slower MyHC isoform expression [8], and
the same transition takes place in case of functional overload
on skeletal muscles [81]. In the right temporal muscle of
control-mice an increase of MyHC-II protein expression
could also be observed, but these results were not statistically
significantly different from the contralateral side. However
this tendency of type II fibre increase seen could possibly
be traced back to a compensatory effect of functional loss of
the right masseter muscle and the rapid force increase and
high stress, which is known to induce a fibre shift towards
faster isoforms [78]. Harzer et al. emphasized that short-
time and long-term strain on muscles due to endurance and
fast-force training lead to different reactions, respectively.
Though endurance training promotes a fibre shift from fast
type II muscle fibres to slow type I with a more efficient
energy supply during constant load [82], whereas fast-force
training promotes a fibre shift in the opposite direction [78].
It can be assumed that due to the BTX-A induced inactivation

of the right masseter muscle, by simultaneous preservation
of the chewing function, other muscle groups might have
experiencedmore stress andmight have adapted by changing
their fibre type composition. Nevertheless this effect was only
significant for the left masseter muscle in control-mice. On
the other hand the effect seen at protein level in healthy mice
could also be explained by BTX-A induced fibre shift towards
faster isoforms in the injected muscle tissue whereas fibre
type composition of leftmassetermusclemight not have been
changed. This explanation seems to be more suitable because
at protein level a statistically significant increase of type I
fibres in left masseter muscle tissue was missing.

In contrast to healthy control-mice, muscles of mdx-mice
showed no remarkable changes induced by BTX-A injection.
It had been expected that the dystrophic injected masseter
muscle had been reacted in the same way the healthy muscle
did, but at protein level a statistically significant shift towards
faster isoforms could not be seen in this muscle although
such a tendency could be found. One explanation could be
that the regeneration potential of this muscle was already
exhausted due to the disease, and a shift towards faster
isoforms could not be realized. Another possible explanation
is due the role of dystrophin, which attributes particular
importance in the expression of type IIb fibres. Webster et al.
already emphasized that fast fibres are preferentially affected
in DMD, and it has been suggested that dystrophin gene
product plays a specific and essential role in IIb fibre function,
a subpopulation of muscle fibres specialized to respond to
the highest frequency of neuronal stimulation with maximal
rates of contraction [75]. Possibly dystrophin is essential for
accepting the high-frequency activity of fast motor neurons
to carry out the high-frequency contraction demanded for
type IIb muscle fibres [75]. In this case, the defect in the
muscle fibrewould bemanifested only under neural influence
[83]. Hence, with innervation being absent no degeneration
of IIb fibres should occur. Vice versa, even though with
innervation and strong IIb mRNA expression being present,
which could be seen on mRNA level in our study, on account
of dystrophin deficiency, no translation for MyHC-IIb exists.
So that the last mentioned explanation is more appropriate
to explain our results. Perhaps by this reason the reaction
to BTX-A injection occurs temporally delayed in this mouse
strain. Usually mRNA expression goes ahead to protein
expression which occurs as time-delayed. In this context the
fact that only one time point was investigated needs to be
considered critically. On the other hand, it was of special
interest to investigate both protein and mRNA expression in
the same muscle tissues after BTX-A injection to estimate
changes occurring at exactly one time point during the
process of muscle fibre adaption. The mRNA response to
stress is very rapid; thus mRNA content represents a steady
state of muscle adaption, but with the additional analysis of
protein content more distinctive effects of BTX-A injection
could be demonstrated.

Effects on mRNA expression encoding for MyHC iso-
forms found in injected muscles in our study, especially
in healthy mice, could also be attributed to reinnervation
process which is known to occur 3-4 weeks after denerva-
tion [84]. Nayyar et al. stated that after that time, at the
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cellular level, upregulation of the muscle nicotinic receptors
and accordingly reappearance of muscle innervation, due
to sprouting could be found in mice after a single BTX-
A injection [84]. Hence, the results presented here may
reflect the sum of fibre shifts in specific masticatory muscles
evoked by BTX-A induced immobilisation and subsequent
recovery of muscle function, reflected by fibre type diversity
in differentmuscles and accumulation of specific types during
fibre shift to one end of the fibre spectrum.

In conclusion, our study confirmed that a fibre shift due
to BTX-A injection is possible in healthy mice muscle tissue,
inducing different fibre type transformations. Likewise, the
mRNA MyHC expression demonstrated similar changes to
those observed in the untreated dystrophic muscles. How-
ever, in dystrophic mice BTX-A injection did elicit neither
detectable direct or indirect compensatory fibre shifts, nor a
prolongation of the dystrophic phenotype. Further research
at different time points is necessary to fully elucidate the
impact of BTX-A injection on masticatory muscles and to
better estimate whether this medication or treatmentmethod
is likely to be able to selectively switch off the active regen-
eration processes of the musculature in the mdx-mouse and
therefore to be able to use this effect for research concerning
craniofacial changes induced by functional adaptions.
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Kieferorthopädie, vol. 65, no. 6, pp. 451–466, 2004.

[2] T. M. G. J. van Eijden and S. J. J. Turkawski, “Morphology and
physiology of masticatory muscle motor units,”Critical Reviews
in Oral Biology and Medicine, vol. 12, no. 1, pp. 76–91, 2001.

[3] A. J. McComas, “Oro-facial muscles: internal structure, func-
tion and ageing,” Gerodontology, vol. 15, no. 1, pp. 3–14, 1998.

[4] R. E. Burke, D. N. Levine, P. Tsairis, and F. E. Zajac III,
“Physiological types and histochemical profiles in motor units
of the cat gastrocnemius,”The Journal of Physiology, vol. 234, no.
3, pp. 723–748, 1973.

[5] S. Ciciliot, A. C. Rossi, K. A. Dyar, B. Blaauw, and S. Schiaffino,
“Muscle type and fiber type specificity in muscle wasting,” The
International Journal of Biochemistry & Cell Biology, vol. 45, no.
10, pp. 2191–2199, 2013.

[6] A. G. Hannam and A. S. McMillan, “Internal organization in
the human jaw muscles,” Critical Reviews in Oral Biology and
Medicine, vol. 5, no. 1, pp. 55–89, 1994.

[7] L. Larsson, L. Edstrom, B. Lindegren, L. Gorza, and S. Schi-
affino, “MHC composition and enzyme-histochemical and
physiological properties of a novel fast-twitch motor unit type,”

The American Journal of Physiology—Cell Physiology, vol. 261,
no. 1, pp. C93–C101, 1991.

[8] D. Pette and R. S. Staron, “Myosin isoforms, muscle fiber types,
and transitions,”Microscopy Research and Technique, vol. 50, no.
6, pp. 500–509, 2000.

[9] S. Schiaffino and C. Reggiani, “Myosin isoforms in mammalian
skeletal muscle,” Journal of Applied Physiology, vol. 77, no. 2, pp.
493–501, 1994.

[10] S. Schiaffino and C. Reggiani, “Fiber types in mammalian
skeletal muscles,” Physiological Reviews, vol. 91, no. 4, pp. 1447–
1531, 2011.

[11] J. J. Sciote and T. J. Morris, “Skeletal muscle function and
fibre types: the relationship between occlusal function and
the phenotype of jaw-closing muscles in human,” Journal of
Orthodontics, vol. 27, no. 1, pp. 15–30, 2000.

[12] A. Weiss and L. A. Leinwand, “The mammalian myosin heavy
chain gene family,” Annual Review of Cell and Developmental
Biology, vol. 12, pp. 417–439, 1996.

[13] M. Maejima, S. Abe, K. Sakiyama et al., “Changes in the
properties of mouse tongue muscle fibres before and after
weaning,” Archives of Oral Biology, vol. 50, no. 12, pp. 988–993,
2005.

[14] K. Gojo, S. Abe, and Y. Ide, “Characteristics of myofibres in
the masseter muscle of mice during postnatal growth period,”
Anatomia, Histologia, Embryologia, vol. 31, no. 2, pp. 105–112,
2002.

[15] N. Hamalainen and D. Pette, “Patterns of myosin isoforms in
mammalian skeletal muscle fibres,” Microscopy Research and
Technique, vol. 30, no. 5, pp. 381–389, 1995.

[16] J. J. Sciote, A. M. Rowlerson, C. Hopper, and N. P. Hunt, “Fibre
type classification and myosin isoforms in the human masseter
muscle,” Journal of the Neurological Sciences, vol. 126, no. 1, pp.
15–24, 1994.

[17] M. Ringqvist, “Fiber types in human masticatory muscles.
Relation to function,” Scandinavian Journal of Dental Research,
vol. 82, no. 4, pp. 333–355, 1974.
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It is well known that dental implants have a high success rate but even so, there are a lot of factors that can cause dental implants
failure. Fatigue is very sensitive to many variables involved in this phenomenon.This paper takes a close look at fatigue analysis and
explains a new method to study fatigue from a probabilistic point of view, based on a cumulative damage model and probabilistic
finite elements, with the goal of obtaining the expected life and the probability of failure. Two different dental implants were
analysed. The model simulated a load of 178N applied with an angle of 0∘, 15∘, and 20∘ and a force of 489N with the same angles.
Von Mises stress distribution was evaluated and once the methodology proposed here was used, the statistic of the fatigue life
and the probability cumulative function were obtained. This function allows us to relate each cycle life with its probability of
failure. Cylindrical implant has a worst behaviour under the same loading force compared to the conical implant analysed here.
Methodology employed in the present study provides very accuracy results because all possible uncertainties have been taken in
mind from the beginning.

1. Introduction

Implants are widely used, asMisch discussed in [1], “to restore
the patient to normal contour, function comfort, esthetics,
speech, and health, whether restoring a single tooth with
caries or replacing several teeth. What makes implant dentistry
unique is the ability to achieve this goal regardless of the
atrophy, disease, or injury of the stomatognathic system.”

The use of dental implants to replace missing teeth has
become a routine in dental practice. Despite dental implants
have a high success rate [2], there are a lot of factors that can
involve complications and failure. On occasion, prosthetic
implants fail because of mechanical and biological causes [3].

The primary causes of implant failure in clinical observa-
tions include incomplete osseointegration [4], infection, and
impaired healing [5]. In addition to this, the failure of dental
implants can be attributed to poor planning or the use of
an improper implant for a given region of the maxilla or
mandible [6, 7]. Occlusal conditions such as parafunctional
habits have been identified as other important and potential
causes of fracture.

Overload is, as it was said previously, an important factor
in dental implant failure and one of the reason is bruxism.
Misch explains in [1] that forces involved in bruxist person
are significantly more important than normal physiologic
masticatory loads. This situation affects above everything the
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Figure 1: Different phases of fatigue life [18].

teeth, bone, implants, and prostheses although its conse-
quences depend on the bruxism type (diurnal or nocturnal).
Although this parafunction increases the risk of failure
in dental implants, bruxism does not necessarily represent
a contraindication for implants, but it does dramatically
influence treatment planning [1].

Nowadays, most of dental implants are made of tita-
nium, both pure or alloy, which is a highly biocompatible
biomaterial (both in vitro and in vivo) and show excellent
performance balance between biofunctional, mechanical,
and physicochemical properties [3, 8]. However, its rigidity
as compared with alveolar bone is an important disadvantage
of titanium. Due to the fact that it reduces the stresses in the
bone, a loss of bone mass appears. An important implication
of this bone loss is the risk of implant fracture [9].

Given that failure is an important occurrence in dental
implants, several papers have been published where this
problem has been treated from different points of view
such as clinical studies and finite element analysis [10–14].
However, most of these studies have been done from a
deterministic point of view. Due to the fact that fatigue in
dental implants is very sensitive tomany different parameters,
a probabilistic fatigue analysis is crucial in order to have a
more accurate prediction on probability of failure and mean
life. The randomness of material properties and loads have
been considered in this study, as well as its influence on the
life of the structural components [15].

Fatigue phenomenon is known as the change that appears
on materials when cyclic loads are applied. The International
Organization for Standardization published in 1964 a report
entitled General Principles for Fatigue Testing of Metals
where fatigue was defined as “a term which applies to changes
in properties which can occur in a metallic material due to the
repeated application of stresses or strains, although usually this
term applies specially to those changes with lead to cracking or
failure” [16].

The fatigue life is the number of stress cycles required to
cause failure. This number relies on several variables, such
as stress level, stress state, cyclic wave form, fatigue environ-
ment, and metallurgical condition of the material [17]. Pre-
diction of fatigue life can be difficult because small changes in
the specimen or test conditions can significantly affect fatigue
behaviour. Boyer detailed in [17] that fatigue cracking is
normally the outcome of cyclic stresses.These stresses are suf-
ficiently below the static yield strength of thematerial. Fatigue
cracks initiate and propagate in regions where the strain is
most severe.This area of high deformation becomes the initi-
ation for a fatigue crack, which propagates under the applied
stress through the material until the complete fracture.

Fatigue process can be divided into two periods: the crack
initiation period and the crack growth period, as Figure 1
shows. As Schijve detailed in [18] in the crack initiation
period, fatigue is a material surface phenomenon and it
finishes when microcrack growth is no longer depending on
the material surface conditions [18].

In crack initiation testing, the specimen is exposed to
the number of cycles required for a fatigue crack to initiate
and to grow large enough to produce failure. In crack
propagation testing, to determine the crack growth rates,
fracture mechanics methods are used [17].

It is also known that fatigue life is more sensitive to this
influence in the initiation period. In any case, laboratories
try to eliminate these sources of variability in order to obtain
more confident results, so fatigue tests are carried out under
closely controlled conditions [18].

This paper shows a newmethod of studying long-term life
in dental implants and its components both with normal con-
ditions and functional overload. Authors propose here a new
way of studying fatigue based on cumulative damage model
and probabilistic finite elements. This method allows us to
know what is the probability of failure in each cycle without
doing any mechanical test as previously explained, or, what
it is the same, the methodology employed here allows us to
obtain the failure probability without breaking any implant.

2. Materials and Methods

The aim of the method explained in this section is to
obtain the mean life and the probability of failure associated
with each cycle without doing any fatigue test as previously
explained. Novelty of this method is based, mainly, in the
perspective from the study involved. Most of fatigue studies
are addressed from a deterministic point of view, while we
here consider the randomness of some variables, as load
magnitude and direction or material properties (i.e., Young
modulus). Once stress distribution under a particular condi-
tion is known, long-term life and probability of failure can be
determined by employing a probabilistic model developed by
Bogdanoff and Kozin and by the Stochastic Finite Elements
Method [19–21]. To develop this method, the use of ANSYS�
(version 14.5, Canonsburg, Pennsylvania, United States) and
Mathematica� (version 10, Oxfordshire, United Kingdom) is
only required.

Geometry in IGES format has been used to generate
the finite element mesh employing the commercial soft-
ware ANSYS� and once geometry was meshed, boundary
conditions can be applied and stress analysis can be done.
Use of finite element software makes the efforts to obtain
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Figure 2: Dental implants characteristics: (a) IP861 and (b) IP804.

Table 1: Characteristics of each implant.

Implant name Connection Diameter
IP861 External hexagon 4.1
IP804 3.3

stress distribution on dental implants under different load
situations easier.

2.1. Dental Implants Characteristics. Dental implants
employed in the present study are manufactured by Avenir
S.L. (Rimini, Italy) and sold by Proclinic S.A. (Madrid,
Spain), with the characteristics as described in Table 1. The
implant name employed here is the same as the catalogue.

These two implants were used in this study: cylindrical
external Ø3.30mm (IP804) and conical external Ø4.10mm
(IP861). Figure 2 illustrates the dimensions and appearance
of the implants (14.5mm in length).

2.2. Material Properties. Implants were modelled with linear,
elastic, isotropic, andhomogeneous properties. Both implants
are made from Titanium Grade IV (Young modulus =
114GPa, provided by the manufacturer).

2.3. Boundary Conditions and Loading Configuration. All
degrees-of-freedom (DOFs) were restrained in all directions
at the nodes on the apical part of the implants and ideal
osseointegration was simulated in the rest of the implant.
Boundary conditions applied are shown in Figure 3.

Tables 2 and 3 detail bite force values in molar and
anterior region found in the literature, where N represents
the International System units for load. In the view of the
literature, we have decided to employ in this study forces and
angle detailed in Table 4.

Ideal
osseointegration

All DOFs
restrained

Figure 3: Boundary conditions applied in all situations.

Table 2: Bite forces on molar region in the literature.

According to Maximum bite
force [N] Range age [year]

[22] 300–600 10–70

[23]
387.79–392.34

(mean)
836–884

(maximum)

20–50 (mean =
24.89; SD = 5.658)

[24] 497.3–629.65 15–18
[25] 583,49 —

Thus, the literature suggests maximum bite forces in the
region area in the range of 300–629 and 65N for adults
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Table 3: Bite forces on anterior region in the literature.

According to Maximum bite force [N]
[26] 150
[27] 146
[28] 178

and maximum forces in the anterior region between 146 and
178N. In the current study, forces in twodifferent regionswith
different angles were simulated: a static load of 489N in the
molar region and a load of 178N in the anterior region.

2.4. Methodology Proposed. The hypothesis employed for the
development of the current study was the following:

(1) Literature available about fatigue is experimental in
most cases. Therefore, equations that describe mate-
rial behaviour under cyclic loads cannot be too much
realistic.

(2) Fatigue studies in dental implants available in the
literature are addressed from a deterministic point
of view. Stochastic variations of the geometry and
dimensions, material properties, and load history
have a decisive influence on the fatigue phenomenon
in dental implants, inducing important deviations
from the mean or characteristic values of the fatigue
life when considered as deterministic [29].

(3) Fatigue is therefore recognised as a random process,
which only recently has started to be analysed with
the tools of the probability theory.

Steps to obtain the results with themethodology employed in
the present study are the following:

(i) Obtain the mesh of the geometry by the used of
ANSYS.

(ii) Apply boundary conditions and loading configura-
tion with ANSYS.

(iii) Apply the probabilistic finite elementmethodwith the
aim of obtaining the statistics of the stress.

(iv) Apply the cumulative damage model to obtain the
mean life, the variance, and the probability of failure.

The reader is referred to Prados-Privado et al. [19] for further
details.

3. Results and Discussion

Probabilistic finite element method proposed in the current
study has been applied on Proclinic� dental implants. Two
different situations have been studied: fatigue behaviour in
molar and fatigue behaviour in anterior region. Magnitude
forces employed are shown in Table 4 and these loads were
applied with three different angles. All results shown here
have been measured in the neck (point A), body (point B),
and apical region (point C).
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Figure 4: Von Mises stress in implant IP861.
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Figure 5: Von Mises stress in implant IP804.

3.1. Stress Distribution. Von Mises stresses on implants were
used to assess the stress distribution in each situation. The
Von Mises stress values in each point of study are shown
Figures 4 and 5.When the stress distribution in both implants
was compared, it was found that all investigated stress values
in molar region were higher than the values in anterior
region.MaximumVonMises stress values were found in both
dental implants and in each point when the static load is
applied with the maximum angle.

3.2. Mean Fatigue Life and Variance. Applying the model
proposed here, which was explained in detail in [19], the
mean fatigue life and its variance have been obtained in all
situations described. Figures 6 and 7 depict the mean fatigue
life for dental implants employed. The most breakable part
of the implant, independently of the configuration load, is
the apical part. However, under the same loading conditions,
the minimum mean life is relatively similar under the same
situation in both dental implants.

With the aim of having a good accuracy on the results,
fatigue life must be correctly defined by statistic parameters.
Therefore, the variance was also obtained and represented
in Figures 8 and 9. Cylindrical implant (IP804) has more
variability in terms of fatigue than the conical implants
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Table 4: Bite force magnitude and angle employed in this study.

Magnitude force [N] Angle [∘]
Molar region 489 [25] 0, 15, 20
Anterior region 178 (maximum value in the literature) [28] 0, 15, 20
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Figure 6: Mean fatigue life in implant IP861.
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Figure 7: Mean fatigue life in implant IP804.

under the same situation of boundary conditions and loading
configuration.

3.3. Probability of Failure. Once the statistic parameters of
the long-term life are defined, the probability cumulative
function can be drawn. Two examples, which correspond to
axial load situation, are shown in Figures 10 and 11.

In view of Figures 10 and 11, implant IP861 has a better
behaviour in terms of failure because this implant has more
cycles with a probability of failure equal to zero.

4. Discussion

The present study focused on the problem of the fatigue
behaviour in different areas of the jaw.This paper presents the
application of a probabilistic methodology to dental implants
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Figure 8: Variance of the mean fatigue life in implant IP861.
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Figure 9: Variance of the mean fatigue life in implant IP804.

with the aim of knowing the fatigue behaviour and the
probability of failure under two different loads with three
different angles of application. The methodology employed
offers a technique to define the influence of the variability
and uncertainty of the most important factor in the efficacy
of dental implants performance.

Different from most of studies available on the literature
about fatigue in dental implants, this study has been proposed
from a probabilistic point of view. As forces act on a repeated
way, fatigue failure is introduced in dental implant [30].
Mastication habits are also different depending on the patient
[22–28, 31].Therefore, this decision is justified because dental
implants have stochastic characteristics and, also, because
they are very sensitive to many factors such as load and
material. As opposed to the conventional way of studying
fatigue, our results provided themean fatigue life, its variance,
and the probability of failure associated with each cycle.
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Figure 10: Cumulative probability function for implant IP861 and
axial molar load.
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Figure 11: Cumulative probability function for implant IP804 and
axial molar load.

Probabilistic models on dental applications are relatively
new; thus,most of finite element and fatigue studies on dental
implants available on the literature are deterministic [26, 32–
34].

A realistic finite element model has been applied in the
present work with the goal of obtaining the mean fatigue life,
its variance, and the probability of failure.The influence of the
material properties and the loading conditions on probability
of failure has been demonstrated.

Several assumptions have been made with regard to the
material properties and model generation. Implant material
properties were assumed to be homogenous, linear, and
isotropic and were assumed to be 100% osseointegrated.

Our results showed that the stress was mainly concen-
trated at the apical part of the implant when the highest angle
was applied.Themathematicalmodel proposed in the current
work provided a relative similar mean life in all implants
analysed under the same situation. However, the variance of
the long-term fatigue life suggests that cylindrical implants
havemore variability because their variance is bigger than the
values obtained in conical implants. According to the clinical
experience, the conical implant employed here has a better
behaviour than the cylindrical.

Finally, the cumulative probability functions were
obtained. These functions provide the failure probability
associated with each cycle in a determined condition. The
model proposed in this study is focused on the study of
fatigue with a probabilistic point of view obtaining accuracy
results.

5. Conclusions

Variables involved in implant behaviour introduce random-
ness in the process due to the fact that masticatory forces are
not constant and material properties can be different along
the implant. Method to study fatigue employed here reduces
the unrestrained elements.

To be able to quantify the randomness in this process,
a cumulative damage model based on Markoff chains and
the probabilistic finite element have been applied. This is the
novelty of this paper because most finite element studies on
dental implants are static analyses [34–38].

Proclinic� dental implant has been studied under two
different load magnitudes, one bruxism and one a common
masticatory load. As it was expected, stresses in all bench-
mark are bigger under bruxism condition. In light of the
results of this study, the cylindrical implants have a greater
uncertainty in the fatigue process, which is reflected in greater
probability of failure.
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