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1

Abstract

2

Unicoronal craniosynostosis is the second most common type of non-syndromic

3

craniosynostosis: it is characterised by ipsilateral forehead and fronto-parietal region

4

flattening with contralateral compensatory bossing. It is a complex condition, therefore

5

which is difficult to treat because of the asymmetry in the orbits, cranium and face. The

6

aim of this study is to understand optimal osteotomy locations, dimensions, and force

7

requirements for surgical operations of unicoronal craniosynostosis using a patient-

8

specific finite element model and – at the same time - to evaluate the potential

9

application of a new device made from Nitinol which was developed to expand the

10

affected side of a unicoronal craniosynostosis skull without performing osteotomies.

11

The model geometry was reconstructed using Simpleware ScanIP. The bone and

12

sutures were modelled using elastic properties to perform the finite element analyses

13

in MSc Marc software. The simulation results showed that expanding the cranium

14

without osteotomy requires a significant amount of force. Therefore, expansion of the

15

cranium achieved by Nitinol devices may not be sufficient to correct the deformity.

16

Moreover, the size and locations of the osteotomies are crucial for an optimal outcome

17

from surgical operations in unicoronal craniosynostosis.

18

Keywords: unicoronal craniosynostosis, finite element modelling, patient-specific

19

model

20
21
22
23

1

1

Introduction

2

Unicoronal craniosynostosis is the second most common type of non-

3

syndromic craniosynostosis1, characterised by ipsilateral forehead and fronto-parietal

4

region flattening with contralateral compensatory bossing. It is a complex condition,

5

aesthetically difficult to treat because of the asymmetry in the orbits, cranium and face2

6

and can cause neurological complications due to the irregular cranial geometry and

7

relatively high intracranial pressure3.

8

Unicoronal craniosynostosis is corrected surgically between six and twelve

9

months of age, with the aim of expanding and reshaping the skull4. The primary

10

surgical method is fronto-orbital advancement by reshaping of the bones at the front

11

of the skull and above the eye sockets to normalise the head shape5,6. This approach

12

may not offer optimal aesthetical outcomes for middle and lower facial asymmetry and

13

ocular anomalies may be persistent6,7. Endoscopic-assisted craniosynostosis surgery

14

is offered as an alternative to open surgeries to minimise these complications8 and it

15

is followed by four to six months of helmet therapy9. This endoscopic technique

16

assisted by helmet therapy improves the facial growth and symmetry significantly10.

17

However, it generally yields suboptimal results in patients older than six months8.

18

Distraction osteogenesis following suturectomy is another approach for unicoronal

19

craniosynostosis treatment, allowing displacement of the bones in the skull apart from

20

each other into a controlled, optimal position11,12. Positive outcomes have been

21

reported with fewer complications when compared to fronto-orbital advancement13.

22

Nonetheless, a comparison of the outcome of this technique with controls remains to

23

be studied5,14.

2

1

Understanding the causes of suboptimal correction or predicting the correction

2

in a skull may help to improve the outcome of the correction techniques used in

3

unicoronal craniosynostosis skulls. Computational finite element modelling have

4

already been used to simulate craniosynostosis in patient skulls and can provide a

5

valuable tool to design osteotomies and understand forces affecting the bones15

6

Moreover, results from the numerical simulations can be used to develop new devices

7

to correct the craniosynostosis or optimise the existing devices to improve the outcome

8

of the treatments16.

9

The aim of this study is to use a patient-specific and parametric finite element

10

model to study osteotomy locations, dimensions, and force requirements on a

11

unicoronal craniosynostosis skull, in order to understand distraction forces and

12

displacement outcomes.

13

Materials and Methods

14

An eight-month old boy with unicoronal craniosynostosis was selected for this

15

study. Simpleware ScanIP was used to reconstruct the skull bone volume and sutures

16

from the patient computed tomography images (Figure 1, top panels), to create a finite

17

element model of the patient skull (tetrahedral elements with -25 coarseness option,

18

generating around 440000 structural 3D elements) and to perform osteotomies on the

19

reconstructed model geometries. The skull materials were modelled as linear elastic

20

with Young’s modulus (E) and Poisson’s ratio (ν) of the bony part set to 157 MPa and

21

0.22 respectively, and Young’s modulus (E) and Poisson’s ratio (ν) of the sutures set

22

to 8.3 MPa and 0.49 respectively, according to the child’s age17,18. Fixed boundary

23

conditions describing no displacements and rotations were applied at the base of the

3

1

skull model similar to16. Computational simulations were carried out in MSc Marc

2

Mentat using an implicit solver.

3

As an initial trial, the reconstructed skull geometry was used to evaluate the

4

deformations imposed by a 0.5 MPa surface load applied as boundary condition to a

5

portion of the inner surface of the affected side of the skull, without osteotomies (Figure

6

1, bottom panels). The surface load represents the force exerted by a potential shape

7

memory alloy device as presented in19, fixed to the outer portion of the skull on the

8

affected side. The device would recover its initial shape whilst puling the bone

9

outwards, thus correcting the skull geometrical abnormality.

10

Correction of the unicoronal craniosynostosis skull by means of osteotomies

11

was studied using three different set of cuts varying in size and location. Distraction

12

was obtained by applying nodal displacements to the finite element model cuts, aiming

13

to correct the deformity as in fronto-orbital advancement. The nodal displacements

14

represent the effect of potential devices such as the craniofacial springs described in 20

15

Results were evaluated in terms of displacements and stresses.

16

The first type of osteotomies (T1) was performed on the affected side of the

17

skull in conjunction with a cut through the orbits (Fig. 2a). The cut on the side and top

18

of the skull was changed by 10 mm steps towards the frontal bone. The cut in the

19

orbits was aligned to the nasion and also moved by 10 mm steps. The length of the

20

osteotomies was changed to evaluate the effect of the osteotomy sizes on the

21

displacement of the cut bones, along with osteotomy locations.

22

The second type of osteotomy (T2) aimed to correct the affected side on the

23

patient’s skull by a cut on the lateral side, aligned to the coronal suture, and frontal

24

bone above the orbit, and by dividing the bone portion into three smaller parts for
4

1

independent distraction (Fig. 2b). The cut bones were also trimmed at the edge to

2

avoid non-anatomical shape when distracted (Fig. 2c).

3

The third set of osteotomies (T3) included a cut aligned with the coronal suture

4

on the affected side and continuing to the vicinity of the frontozygomatic suture (Fig.

5

2d). This cut was extended around the orbit to evaluate the effect of this osteotomy

6

variations (Fig. 2e).

7

The nodal displacements applied in the simulations are listed in Table S1 and

8

the directions are shown in Figure 3, for the presented bone displacements in the

9

result section. The skull displacements and stresses are presented for five different

10

cases which summarise the general response of the skull under various cut sizes and

11

locations for each osteotomy analysed using computational simulations.

12

Results

13

The displacement map for the skull model corrected by a surface load is shown

14

in Figure 4.

15

Loading the frontal bone with 0.5 MPa surface pressure overall expanded the

16

cranial vault. The deformation on the affected side of the frontal bone provided a more

17

natural look whilst a slight collapse was recorded on top of the affected side of the

18

skull. The orbits were deformed because of the displacements occurring in the skull.

19
20

The bone displacement maps for the first type of the evaluated osteotomies are
shown in Figure 5.

21

Relatively shorter cuts on the side and top of the skull, and in the orbits caused

22

a slight collapse of the top of the skull (Fig. 5I-III). Extending the cuts in the orbits

23

reduced the displacement of the top of the skull (Fig. 5IV). The most extended cut at

24

the top of the skull (Fig.5V) caused almost no deformation of the top of the skull and
5

1

corrected the frontal bone better with respect to relatively shorter cuts. There was no

2

displacement on the unaffected side of the skull for model V because of the extended

3

cuts in the orbits, and on the side and top of the skull.

4

The displacement maps for the second type of selected osteotomies are shown in

5

Figure 6.

6

Distracting the separated bones only in one direction on the horizontal axis

7

caused misalignment between the separated bones and the rest of the skull (Fig. 6I).

8

Imposing displacement in two directions and moving the bones on a horizontal plane

9

improved the alignment between the cut bones and the rest of the skull (Fig. 6II).

10

Nonetheless, the alignment between the cut bones and the skull depends on optimal

11

adjustment of the predefined displacements, as further increase of these

12

displacements may result in misalignment between the cut bones and the rest of the

13

skull (Fig. 6III). However, higher displacement values or imposing predefined

14

displacements in three axes can be used to nicely correct the frontal bone on the

15

affected side of the unicoronal craniosynostosis. Indeed, the trimming of the cut bones

16

at the edges allowed avoiding misalignment and imposing different displacements as

17

boundary conditions. Applying displacements on the three axes for the cut bones

18

provides better correction for the affected side of the frontal bone (Fig. 6V). The

19

displacement maps for the third type of osteotomies are given in Figure 7.

20

In the third type of evaluated osteotomies imposing relatively higher

21

displacement in the cut bone towards the front of the skull increases the displacement

22

in the cut part; however, this also causes a misalignment between the cut bone and

23

the rest of the skull. Extending the cut made on the side and top of the skull causes a

6

1

collapse on the non-affected part of the cut bone and creates abnormal skull shape

2

(Fig. 7V).

3
4

The corresponding maximum principal stresses on the skull model for the
evaluated osteotomies are shown in Figure 8.

5

The maximum stress for the first type of osteotomies (T1) did not change

6

significantly with the extended cuts in the orbits when cut on the side was furthest back

7

on the skull. The stress increased when the cut on the side of the skull was moved

8

towards the frontal bone. Aligning the cut with the suture reduced the stress whilst

9

extension of the cut on the top skull increased the stress.

10

In the second set of osteotomy simulations (T2), the maximum stress showed

11

a correlation with the alignment of the cut bones and the skull. The stresses on the

12

skull for the trimmed bones was lower for the imposed displacements with respect to

13

the stresses on the skull for the non-trimmed bones. Moreover, trimming the bones

14

caused a better alignment between cut bones and the skull.

15

The maximum stress for the third set of osteotomies (T3) was relatively higher

16

for the extended cut at the vicinity of the frontozygomatic suture. The stress distribution

17

remained relatively low for the cuts until the frontozygomatic suture. Extending the cut

18

on top of the skull reduced the stress further for this type of osteotomy. The stress

19

levels remained significantly higher for third type of the evaluated osteotomy (T3) with

20

respect the first and second type of osteotomies (T1, T2).

21

Discussion

22

In this study, outcomes of potential different correction techniques for

23

unicoronal craniosynostosis were evaluated using a patient-specific computational

24

model. The first simulated treatment technique was the application of an innovative
7

1

Nitinol device to correct the affected side of the skull without performing osteotomies19.

2

Nitinol is a super-elastic shape memory alloy used widely in clinical applications21, as

3

it can recover its initial shape after being largely deformed22. This property would be

4

ideal to achieve controlled displacement and therefore optimal shape outcome on the

5

affected side of the unicoronal craniosynostosis skull Correction of the skull deformity

6

with such device would depend on the amount of the device recovery, which in turns

7

would depend on the mechanical response of the bone (i.e. bone properties such as

8

elastic modulus) to the force exerted by the device. The effect of the simulated device,

9

which aimed at pulling outwards the affected side of the frontal bone, expanded the

10

cranial vault and provided a more natural look for the skull. However, the overall load

11

required for deformity correction in this patient specific case was found too high to be

12

achieved with the simulated device. Using larger sizes or thicker plates may not be

13

suitable because of the limited skull space. In younger children, with softer skull bones,

14

the forces applied by this potential device may expand the cranium in the affected

15

side, however, the correction may not be satisfactory. In older children, osteotomies

16

are deemed necessary for correction of unicoronal craniosynostosis.

17

Three different types of osteotomies were evaluated in this study. The first

18

included cuts on the side and top of the skull and in the orbits. Longer cuts yielded a

19

better correction and a more natural look for the cut part without causing deformities

20

on rest of the skull. However, performing such osteotomies requires open and highly

21

invasive surgical techniques because of the cut in the orbits. Therefore, implantation

22

of devices developed for minimally invasive approaches such as springs as in the

23

sagittal craniosynostosis or Nitinol meshes could not work with this type of

24

osteotomies.

8

1

The second type of evaluated osteotomies aimed to intervene on the affected

2

side of the frontal bone in the skull by dividing it into three smaller parts to distract

3

them separately. Careful arrangement of the displacement forces is required for bone

4

distraction to obtain an accurate correction in the frontal portion on the affected side,

5

as distracting the bones only in one direction may cause misalignments between the

6

cut bones and the skull (Fig. 6). Patient specific surgical planning, potentially using the

7

described methodology, would allow careful selection of this osteotomy lines and

8

device placement for optimal shape outcome.

9

The third type of evaluated osteotomies could be delivered using minimal

10

invasive surgical techniques. Also in this case, the length of the cut on the side and

11

top of the skull played a significant role in bone displacement. Extending the cut on

12

the side and top of the skull yielded an abnormal skull shape because of the minimal

13

cut on the side of the skull (Fig. 7V). Extending the cut through the orbits as shown in

14

Fig. 5V might yield better shape result. However, as mentioned before, this would

15

require open surgical techniques instead of minimal invasive approaches. Moreover,

16

the stress on the skull is relatively high for this type of osteotomy.

17

In this study, various osteotomies and possible spring placement locations were

18

investigated using computational modelling in a patient specific model. The simulation

19

results are valid for the specific patient skull model. The proposed methodology may

20

help define optimal osteotomy size and locations in any unicoronal patient skull before

21

the surgical operation, becoming standard of care in the future. It should be noted that

22

3D printed skull models have already been used for surgical planning23. However, the

23

mechanical properties of 3D printing materials are significantly different with respect

24

to mechanical properties of infant skull making 3D printed in-vitro models unsuitable

25

to evaluate clinical scenarios similar to the presented computational models 17,24,25.
9

1

Nonetheless, computational modelling is a powerful tool and allows to assess and

2

compare outcome of new techniques resorting to in-vivo assessment.

3

As a main limitation it should be noted that this is an initial study and clinical

4

applications would require further analyses to consider spatial and biological

5

responses. Factors such as bone thickness, location of fusion, differences in biologic

6

response to stretch or remodelling of bone, and the influence of the abnormal cranial

7

base deformity on the overlying skull structure would all play a role in the final outcome.

8

Nonetheless the potential of the presented methodology, finite element analysis, for

9

surgical planning is shown in this initial work to address clinical effectiveness in normal

10

tissues, at least in the earliest stages of treatment. In the future, the preliminary model

11

presented in this study will be further elaborated to include more case, anatomy and

12

structure variability, and the biological processes such as calcification of the

13

osteotomies or change in the material properties over time in order to achieve

14

improved outcome prediction.

15

Conclusions

16

Patient

specific

computational

models

of

skulls

with

unicoronal

17

craniosynostosis can provide information to support the design of new devices and

18

potentially guide treatment planning. The simulation results showed that expanding

19

the cranium without osteotomy requires a significant amount of force, difficult to deliver

20

using minimally invasive devices.

21

The effects of the displacements applied after performing different osteotomies

22

and the immediate outcome of different surgical operations can be quantified using

23

finite element models. The simulation results gave valuable insights about the size of

24

the cuts made and displacements occurred on the studied skull.
10
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Figures Legend

Figure Legends
Figure 1. The reconstructed patient-specific and finite element models with unicoronal
craniosynostosis, the shaded area with light blue represents the Nitinol device pulling
the bones outwards direction to expand the cranium.
Figure 2. The performed T1 (a), T2 (b, c) and T3 (d, e) type osteotomies on the skull
model
Figure 3. The direction of the predefined displacements for the evaluated osteotomy
types (T1, T2 and T3) and in the presented finite element models (I-V)
Figure 4. The displacements in the unicoronal craniosynostosis skull model corrected
by a surface load
Figure 5. The displacements on the skull model for the first type of the evaluated
osteotomy (T1), I-V show the skull models as given in Figure 2
Figure 6. The displacements on the skull model for the second type of the evaluated
osteotomy (T2), I-V show the skull models as given in Figure 2
Figure 7. The displacements on the skull model for the third type of the evaluated
osteotomy (T3), I-V show the skull models as given in Figure 2
Figure 8. The maximum principal stresses for the evaluated osteotomies, the arrows
point notches on the osteotomies where stresses are concentrated

Figure 1

Click here to access/download;Figure (1 Figure per File);Figure_1.tif

Figure 2

Click here to access/download;Figure (1 Figure per File);Figure_2.tif

Figure 3

Click here to access/download;Figure (1 Figure per File);Figure_3.tif

Figure 4

Click here to access/download;Figure (1 Figure per File);Figure_4.tif

Figure 5

Click here to access/download;Figure (1 Figure per File);Figure_5.tif

Figure 6

Click here to access/download;Figure (1 Figure per File);Figure_6.tif

Figure 7

Click here to access/download;Figure (1 Figure per File);Figure_7.tif

Figure 8

Click here to access/download;Figure (1 Figure per File);Figure_8.tif

