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Abstract

Sagittal split ramus osteotomy (SSRO) is one of the most common maxillofacial operations, and the technique relies on a directed fracture
involving different biomechanical variables. The aim of this study was to find out the biomechanical characteristics involved during each step
of sagittal split osteotomy. We sampled eight fully dentate human mandibles and used the right side for hardness tests and the left side for
a traction-to-fracture test within an unfinished SSRO. Right sides were sampled in five parts underlying the corticotomy course and tested
with a hardness testing automatic machine. The mean hardness measures ranked to 21.5 HV (Hardness Vickers Unit): 17.8 HV; 27.4 HV;
22.7HV; 28.7HV; for the lingual, diagonal, vestibular, full ramus, and full body samples, respectively. Left sides were cut using Epker’s
technique, and split with an electromechanical testing machine. The higher values reached before fracture in the traction-to-fracture tests ranked
to 99.1 N/6.7 mm; 137.2N/10.8 mm; 36.2 N/4.2 mm; 93.0N/7.3 mm; 74.0N/8.1 mm; 78.1 N/4.5 mm; 90.9 N/10.6 mm; and 64.7 N/4.1 mm,
respectively, for specimens I, II, III, IV, V, VI, VII and VIII. This study provides to our knowledge the first biomechanical characteristics of
SSRO and proposes a reproducible method for evaluation.

© 2020 The British Association of Oral and Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.
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Introduction

Understanding the overall structure and functioning of any
material implies an understanding and documentation of its
mechanical properties. When it comes to bone surgery, an
understanding of the underlying mechanical properties is
essential for mastery of the surgical intervention. Sagittal split
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osteotomy of the mandibular ramus (SSRO) is a common sur-
gical intervention in maxillofacial surgery, which consists of
creating a directed fracture along the alveolar inferior nerve
canal. This requires three steps: the corticotomy, fracture of
the medullary bone, and then final full fracture. One feared
complication is the wrong fracture of the mandible, com-
monly called a “bad split”, which provokes a highly unstable
fracture and jeopardises the whole operation.'> As SSRO
consists of a directed fracture, it is essential to understand
its biomechanical aspects first. Many studies have reported
the various biomechanical characteristics of the mandibu-
lar bone,>~° but none has reported the direct biomechanical
variable specifically implied in each of the different surgical
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steps through laboratory experiments. Defining the hardness
of cancellous and cortical bone and the steps needed to split
the mandible are necessary to develop a further robotic tool,
or 3-dimensional printed high fidelity model for training and
surgery.

The aim of this study is to describe the characteristics
involved in the SSRO with biomechanical testing.

Material and methods

From January to June 2019, 10 fresh human cadavers (five
male and five female, numbered I -X) were dissected. (The
cadavers were provided by I'Ecole de Chirurgie du Fer a
Moulin, Agence Générale des Produits de Santé-AGEPS,
Assistance Publique des Hopitaux de Paris-APHP). Permis-
sion for the study was obtained from the institutional board
(Ecole de Chirurgie, AGEPS, APHP). All cadaveric subjects
had given their consent for the use of their bodies for medi-
cal research. Lengths of cold preservation in a storage room
at 4 °C extended from 1 - 2 days before harvest and ages at
death ranged from 41 - 65 years.

Sampling (Fig. 1)

We sampled eight fully-dentate entire mandibles (specimens
I to VIII) and split them in two. The left side was used for
the traction-to-fracture test within an unfinished SSRO and
the right side was used for the hardness tests. First “test-
ing specimens” (specimens IX and X, data not shown) were
used to develop our protocol and ensure the reproducibility
of our tests and were excluded. Each right side was sam-
pled in five parts underlying the process of the osteotomy:
lingual cortical bone sample; vestibular diagonal ramus cor-
tical bone sample; vestibular horizontal corpus cortical bone
sample; full ramus piercing sandwich, with vestibular corti-
cal, medullary and lingual cortical bone sample, tested on the
lingual face; and full body piercing sandwich, with vestibular
cortical, medullary, and lingual cortical bone sample, tested
on the vestibular face.

The circumferential cortical bone was cut at the edge of
the basilar border, to ensure that no cortical basilar bony
resistance could affect our measures. Also, samples 4 and
5 have been harvested to find out whether the medullary part
could have a deciding role in the strain forces applied by
the burr on the cortical bone, by comparing their values with
those obtained with the simple cortical samples harvested
at the same location. All samples measured 1 cm? and were
harvested with a sagittal saw.

Hardness tests

The objective of those tests was to find out the hardness of the
bone under the tip of the hardness machine, simulating the
surgeon’s burr when it was applied to the mandible to make
the corticotomy. Each sample was tested with a hardness

Fig. 1. Hardness: results and sampling.

testing automatic Fischer® machine (Microdurometre Fis-
cherscope HM2000, Fischer Technology Inc.750 Marshall
Phelps Rd. CT 06095) calibrated with a pyramidal Vickers
tip, using 6 x 6 matrices to keep 30 relevant values after
deleting the three lowest and three highest values obtained
in hardness Vickers Units (HV). All samples were hot press-
mounted in a standard resin with a 3 minute heating time
and a 2.5 minute cooling time at a 250-bar pressure, and
then automatically polished under water using a polishing
disc (80 grains) until a plain surface was obtained. It was cut
with a sagittal saw afterwards to ensure that the depth of the
mounted sample was sufficient. Each hardness measurement
was made for a 2000 mN load, with an increase and decrease
time of 20 seconds, and a five seconds’ peak time. Each hard-
ness measurement was checked, and the remaining tip print
photographed.

Traction-to-fracture test (Figs. 2 and 3)

For all left mandibular sides, we did a SSRO according to
Epker’s technique' in three steps as follows: the corticotomy,
using a Lindeman burr through the cortical surface to access
the medullary bone; the split preparation, using an osteotome
and a mallet with special care taken to create a passage exter-
nally to the alveolar mandibular nerve; and the final fracture.
The cutting was done at a speed of 2 mm.min™! until fracture,
using an automatic Instron® testing machine (Instron 5967
Instron®, Division of ITW Limited) with specific home-made
bits mounted on two subperiosteal elevators and introduced
inside the uncut osteotomy, and positioned facing the ramus
at the depth of the Spix spine and the horizontal branch at the
edge of the basilar border. We chose a slow speed so that we
could see precisely every loss of load or uncomplete fracture
before final fracture. We chose to do the osteotomy with a Lin-
demann burr to have a wide approach to the medullary bone
so that the subperiosteal elevators could be introduced easily.
Each half-left mandible was then split with measurement of
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Fig. 2. Traction to fracture testing. The splitting was done at 2 mm/min™!
until fracture, using an automatic Instron® electromagnetic testing machine
showing the position of the specimen during the traction-to-fracture test.

Fig. 3. Final aspect after cutting: the inferior alveolar nerve canal remains
untouched.

the necessary force (N) depending on the displacement (1) of
the two grips, and of the original gradient coefficient.

Statistical analysis

We compared the values obtained from hardness tests among
the different specimens, sample per sample, and used a Z-
test to compare the mean value of each sample with the
whole specimen pool. We accepted that the difference was
significant if the absolute value of the Z-test result was above
1.96 for a =0.05, 3 =0.2, bilateral test, and p value<(0.05. An
analysis of variance (ANOVA) was also used: with n=30
measures/sample, k=5 samples/specimen, n=150 (30*5)
measures in total, based on the null hypothesis that over-
all distributions of those sample values were equals, we
made our ANOVA calculations with Fk'lN_k;a degrees of free-
dom, and rejected the null hypothesis if Fo>F4 145:0.05 ~ F*
100:0.05 = 2.46 for each specimen. Regarding traction to frac-
ture tests, we calculated the original gradient coefficients for
each curve. All results are given as mean (SD). All results

were considered significant if the p value was <0.05. All sta-
tistical analyses were made with the statistical software IBM
SPSS Statistics for Windows, (version 23.0, IBM Corp).

Results
Hardness tests (Figs. 1, 4, and 5, Table 1)

Our results for hardness measurements are given as mean
(SD) HV units and are summarised in Fig. 1. Each hardness
measure was checked and photographed to ensure the test
had worked properly. We compared the hardness measures
distribution for samples 1 and 4 and 3 and 5, respectively,
given their close locations, to find out if the medullary bone
component exerts a significant difference on hardness mea-
sures (Fig. 4). Mean (SD) hardness measures values ranked
t021.5(8.1); 17.8(8.1);27.4 (8.6); 22.7 (10.6); and 28.7 (9.6)
HYV, respectively, for the lingual cortical samples, the diago-
nal cortical samples, the vestibular cortical samples, the full
ramus samples and the full corpus samples.

There were significant differences between samples 1 and
2 (Z-test=4,61, p<0.001), samples 1 and 3 (Z-test=7.76,
p<0.001), samples 1 and 5 (Z-test=9.2, p<0.001), sam-
ples 2 and 3 (Z-test=11.75, p<0.001), samples 2 and 4
(Z-test=5.38, p<0.001), samples 2 and 5 (Z-test=12.9,
p<0.001), samples 3 and 4 (Z-test=5.34, p <0.001), samples
4 and 5 (Z-test=6.76, p<0.001). No significant differences
were found between the means of samples 1 and 4 (Z-test:
1.41),or for samples 3 and 5 (Z-test: 1.6). Significant differ-
ences for the distribution of overall measurements between
each type of sample were retrieved out of our ANOVA calcu-
lation: F-values were: 18.07 (p<0.001), 113.13(p<0.001),
64.20 (p<0.001), 19.14(p<0.001), 37.24 (p<0.001), 31.3
(p<0.001), 13.5 (p<0.001), 33.5 (p<0.001) for specimens
L IL IIL, IV, V, VI, VII, and VIII, respectively

Traction-to-fracture measurements (Fig. 5)

Our results for mean (SD) traction to fracture measure-
ments are summarised in Fig. 5. For each curve the
higher value of the y-axis corresponds to the necessary
load to provoke the directed fracture and complete the
osteotomy. The higher values reached before fracture in
our traction-to-fracture tests ranked to: 99.1 N/6.7 mm;
137.2N/10.8 mm; 36.2 N/4.2 mm; 93.0N/7.3 mm;
74.0N/8.1 mm; 78.1 N/4.5 mm; 90.9 N/10.6 mm;
64.7N/4.1mm for specimens I, II, III, IV, V, VI, VII
and VIII, respectively. The original gradient coefficients
were 24.1 (2=0.95); 14,4 ?=0.91); 8,3 (>=0.93); 9,5
(2 =0.98); 14,3 (2 =0.93); 20.7 (r> =0.99); 10.8 (1> = 0.90);
14.8 (r2 =0.79); mean = 14.58, SD =5.46 for specimens I, II,
I, TV, V, VI, VII, and VIII. There were no “bad splits” and
the mandibular nerve remained untouched on the internal
valve for all our traction-to-fracture tests (Fig. 3).
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Fig. 4. Hardness measures. Distribution of hardness measures: the x axis matches the ranking of each measure after classification from lowest to highest, and

the y axis matches the hardness Vickers Unit (HV) for the entire pool of mandibles (I-VIII). Samples 1 and 4, and 3 and 5, respectively have a close distribution,
as sample 2 measures the lowest values.

Table 1

Mean (SD) Hardness Vickers (HV) measures of entire mandibles.

Specimens Samples

1 2 3 4 5

I 21.06 (4.07) 23.03 (3.86) 31.26 (6.91) 2423 (4.15) 27.63 (6.21)

11 21.61 (6.35) 5.98 (3.15) 22.70 (4.57) 16.51 (3.95) 31.32 (5.28)

I 10.93 (3.07) 9.99 (2.53) 20.20 (5.91) 15.46 (6.86) 26.97 (4.20)

v 21.25 (2.45) 18.48 (3.41) 30.40 (6.25) 16.41 (2.77) 22.45 (4.99)

\' 23.05 (4.18) 20.30 (4.43) 24.30 (3.90) 12.79 (2.65) 23.35(5.43)

VI 12.84 (2.55) 16.32 (1.79) 20.06 (2.66) 26.09 (6.64) 20.75 (5.78)

VI 26.32 (5.58) 16.73 (11.00) 31.12 (9.71) 25.81 (5.75) 33.00 (12.81)

VIII 34.57 (3.91) 31.56 (8.56) 39.08 (5.93) 44.11 (4.17) 44.37 (3.28)

Mean (SD) 21.45 (8.09) 17.80 (9.23) 27.39 (8.65) 22.68 (10.59) 28.73 (9.65)

Discussion has been well defined and is used all over the world,! and it
involves various types of mechanical stress, such as torsion,

In this original study, the objective was to find out which traction, hardness, crack propagation and, finally, fracture,

mandibular mechanical properties were involved in direct which is interesting from a mechanical point of view.

surgical applications. Many studies have characterised the

biomechanical properties of the mandibular bone over the

past 30 years. As important and relevant as those studies Hardness of bone, a biomechanical approach for

are, none of them were used to improve surgical practice or corticotomy

to create biomechanically faithful replicas in 3-dimensional

printing. We chose the Epker osteotomy to explore the biome- As far as hardness measures were concerned, we managed

chanical characteristics of the mandible for two reasons: it to design a reproducib]e protocol to assess the hardness of



G. Rougier et al. / British Journal of Oral and Maxillofacial Surgery 58 (2020) 975-980

979

150

Specimen 1 :
Specimen 2 :
Specimen 3 :
125 Specimen 4 :
Specimen 5 :
Specimen 6 :
Specimen 7 :
Specimen 8 :

100

LOAD (N)
)
G

25

SPECIMEN MARKING

red se—

Green s

blue  —

cyan

magenta . 3
yellow

grey s

pale green

N

—

=

2,5 5 75 10
DISPLACEMENT (mm)

12,5

Fig. 5. Traction to fracture tests results. The x axis matches the displacement (mm) and the y axis matches the load applied (N). Specimens I, IL, III, IV, V, and
VII adopt similar curves despite the differences in maximum load obtained before reaching full cleavage. Specimen II shows multiples of load losses matching
fracture propagation (red arrows) that happen before rapid loss of load when reaching full cleavage (double-spotted orange arrow) as specimen VII. Specimen
VI adopts a different gradient with a progressive loss of load after a higher value had been reached, downwards from 78.15N to 60.54 N, then a rapid loss
before reaching full fracture. Specimen VIII shows no major, rapid loss after reaching full fracture at 64.75 N. On the contrary, there was a rapid peak in the

gain of load applied before fracture, followed by a progressive loss of load.

bone in a simple, precise way. All samples had significantly
different mean values as long as they were from a different
location: we were unable to find any significant differences
between samples 1 and 4 (ramus samples) and samples 3 and
5 (vestibular horizontal branch), which seems logical given
their close locations, but all other comparisons in our entire
pool of samples were significant (Fig. 1).

The curves shown in Fig. 4 also show that the overall dis-
tribution of hardness values is similar between samples 1 and
4 on the one hand, and samples 3 and 5 on the other. As
the only difference between those samples is the medullary
part of the bone, this tends to emphasise that the inherent
resistance to compression in part of the medullary bone may
be neglected and that the cortical bone holds the major part
in the resistance to the Lindemann burr during the cortico-
tomy, for the ramus as well as the body. Such results are
in accordance with other published work, including Lakatos
et al® who reported a much lower Young’s modulus value
for the medullary bone of the condyle, ranging from 6.9 to
199.5 MPa, which is negligible compared with the cortical
bone. Studies that have characterised the elastic properties of
bone through its Young’s modulus and intrinsic resistance to
strains report similar results — for example, Van Eijden et al*

(101 to 685 MPa for the ramus cortical samples) or Odin et al’
(3 GPa for the Young’s modulus of circumferential cortical
body samples).

Traction to fracture test, a biomechanical approach for
cleavage

Traction to fracture tests rely on their simplicity and capac-
ity to measure the stress applied between the two valves
during the final fracture. The tests present different values
for the maximum load reached before full fracture, ranging
from 36.2 to 137.2N for displacements ranging from 4.05
- 10.83 mm. These biases can be the result of an interspeci-
men variability, which remains even if the surgical technique,
protocol, and device used for each specimen are unchanged.
The exact and precise course of the osteotomy can also vary
from one specimen to another. However, considered the low
SD of the coefficient gradient in our tests, its reproducibility
can be ensured. All curves adopted a similar shape, except
for specimens 6 and 8, showing multiples short load drops
matching fracture propagation before cutting, and a total loss
of load afterwards.
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We adopted a surgical approach with a Lindemann burr
to do the corticotomy, rather than a reciprocating saw, and
therefore spared less cortical bone at the edge of the basilar
border with a wider notch. This could have influenced our
results as the risk of a bad split may be limited with a wider
cut. A certain limitation to the generalisation of those results
(apart from their cadaveric nature) could also be linked to
the motionless position of the subperiosteal elevators inside
the osteotomy during the traction to fracture test, as those are
usually repositioned during the split in conventional surgery.
Howeyver, such modifications could not have been made with-
out compromising the entire interpretation of the test, which
was our top priority, and in our entire group of specimens
there was no bad split, and the alveolar inferior nerve always
remained untouched on the external side of the internal valve,
which increased its surgical interest.

We divided the major steps of Epker’s osteotomy in two,
and followed a protocol that we think may help many surgical
teams in their approach to mechanical testing of the mandible.
This original study has several strengths: first, itis the first one
to our knowledge that aimed to work out the inherent biome-
chanical properties that are at work in the SSRO through
hardness measurements and traction to fracture tests with
mounted elevators. Secondly, we designed a reproducible
protocol with simple variables and obtained coherent results
with both biomechanical and anatomical explanations.

Howeyver, some limitations had to be overcome: we made
no direct measurements of the surrounding soft tissues such
as periosteum, muscles, or mucosa, and that should be done
in the future to find out if 3-dimensional printed materials
may match such tissues. Debelmas et al” have already exper-
imented on, and reported, the measure of the stress-strain
applied to the periosteum during mandibular distraction, and
such experiments should be conducted on all oral, mandibu-
lar, and cervical soft tissues. Next, to complete our protocol,
a study of “crack-fracture-propagation” should be made on
the medullary bone. Finally, to characterise the biomechan-
ical variables implied in the mandibular SSRO, one should
keep in mind that each step of the whole operation responds
to specific mechanical variables that first need to be assessed
separately. Those data will help the oral and maxillofacial
surgical community to create high-fidelity, 3-dimensional,
printed mandibular replicas for surgical simulation by choos-
ing appropriate materials, and overall constitute the necessary
information for the making of robotic tools or mechanical
accessories in orthognathic surgery.
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