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Abstract: The primary correction of congenital complete unilateral cleft lip and palate (UCLP) and
bilateral cleft lip and palate (BCLP) is challenging due to inherent lack of palatal tissue and small
extent of the palatal shelves at birth. The tissue deficiency affects the nasal mucosa, maxillary bone
and palatal mucosa. This condition has driven the evolution of several surgical and non-surgical
techniques for mitigating the inherent problem of anatomical deficits. These techniques share the
common principle of altering the neighboring tissues around the defect area in order to form a
functional seal between the oral and nasal cavity. However, there is currently no option for rectifying
the tissue deficiency itself. Investigations have repeatedly shown that despite the structural tissue
deficiency of the cleft, craniofacial growth proceeds normal if the clefts remain untreated, but the
cleft remains wide. Conversely, craniofacial growth is reduced after surgical repair and the related
alteration of the tissues. Therefore, numerous attempts have been made to change the surgical
technique and timing so as to reduce the effects of surgical repairs on craniofacial growth, but they
have been only minimally effective so far. We have determined whether the intrinsic structural soft
and hard tissue deficiency can be ameliorated before surgical repair using the principles of periosteal
distraction by means of magnetic traction. Two three-dimensional maxillary finite element models,
with cleft patterns of UCLP and BCLP, respectively, were created from computed tomography slice
data using dedicated image analysis software. A virtual dental magnet was positioned on either
side of the cleft at the mucoperiosteal borders, and an incremental magnetic attraction force of up to
5 N was applied to simulate periosteal distraction. The stresses and strains in the periosteal tissue
induced by the magnet were calculated using finite element analysis. For a 1 N attraction force the
maximum strains did not exceed 1500 µstrain suggesting that adaptive remodeling will not take place
for attraction forces lower than 1 N. At 5 N the regions subject to remodeling differed between the
UCLP and BCLP models. Stresses and strains at the periosteum of the palatal shelf ridges in the
absence of compressive forces at the alveolar borders were greater in the UCLP model than the BCLP
model. The findings suggest that in newborns with UCLP and BCLP, periosteal distraction by means
of a magnetic 5 N attraction force can promote the generation of soft and hard tissues along the cleft
edges and rectify the tissue deficiency associated with the malformation.
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1. Introduction

Cleft lip and palate (CLP) is the most common craniofacial malformation, affecting one in every
500 to 700 live births, thus accounting for about 220000 new cases each year worldwide with disparity
across geographic areas, racial groups, and socioeconomic status [1]. No effective preventive measures
exist. The ongoing manifestation of CLP as well as its broad implications on psychological well-being,
speech, orofacial development, and therapeutic burden underline the need to identify and targeting
the intrinsic causes [2–4].

The etiology of CLP is complex, which could occur as a result of multiple genetic and environmental
factors or a combination of both [5,6]. The clefting of the lip and/or palate may occur in a unilateral
or bilateral fashion, and the embryological pattern of clefting results from a fusion failure during the
development of maxilla and palate. The normal fusion of the medial frontonasal process with the
maxillary process of the first pharyngeal arch takes place at 4–6 weeks of gestation forming a primary
palate [7]. A complete fusion failure results in a cleft of the lip through the vermillion border that
extends to the nasal sill and in a cleft of the alveolar process [7]. The cleft of the secondary palate occurs
at 8–12 weeks of gestation due to fusion failure of the palatal shelves of the maxillary processes [8,9]
that results in a cleft in the palatal roof and soft palate that extends to the uvula.

Affected children have a range of both functional and esthetic problems. They comprise feeding
difficulties at birth due to incomplete oral seal, swallowing, nasal regurgitation, respiratory problems,
hearing difficulties due to abnormalities in the palatal musculature, and speech impairments due to air
escape and articulation problems [10]. Therefore, an ideal early and complete cleft treatment would
allow the normalizing of food intake, speech development, growth and esthetics - while imposing
minimal treatment burden to child and family.

Several different surgical protocols have been advocated for managing children with CLP.
The amount of palatal mucosa present and timing of the surgery play important roles in healing success
after surgery. Clefting of the palate at birth structurally results in 16% less palatal mucosa compared
with a normal child [11] and anatomically smaller palatal shelves on the cleft and noncleft sides [12,13].
The intrinsic tissue deficiency in the palate has no spontaneous improvement trend. It persists until
adulthood in both unilateral cleft lip and palate (UCLP) and bilateral cleft lip and palate (BCLP) [14].

A scientific basis was proposed in 2005 for determining the optimal conditions for palatal cleft
closure in complete UCLP and BCLP [15]. This should be performed when the surface area of the
cleft space does not exceed 10% of the surrounding palatal surface bounded by the alveolar ridges,
because under these circumstances the facial growth is less affected, independent of the patient’s age at
surgery [15]. This recommendation may be applicable for clefts which are smaller in size, whereas
in cases of wider clefts it is imperative for surgeons to mobilize the tissue adjoining the cleft more
extensively which may lead to open wound areas that undergo secondary healing. This may lead to
structural tissue deficiencies and pronounced interference with the normal growth and development
of the midface [16].

The use of a palatal appliance for presurgical maxillary orthopedics is a widely accepted
non-surgical therapeutic adjunct for addressing the problem of tissue deficiency in wider clefts. Such an
appliance approximates the palatal shelves and thus reduces the alveolar and palatal cleft width prior
to surgery [17]. The effect of those appliances on the growth is controversial. Some proponents of
this technique have claimed that gradual adaptations of the appliance can stimulate palatal tissue
growth [18,19]. Others have shown that this approach resulted in retarded growth of the palatal
tissue [20]. Finally, a randomized controlled trial concluded that using a palatal appliance does not
result in any permanent growth change or tissue gain [21].

Various surgical techniques have also been applied in an attempt to mitigate the problems of
tissue deficiency. These techniques varied between surgeons, and there is still no consensus on which
is the best protocol for treating CLP patients. Seventeen different surgical sequences for repairing
unilateral complete clefts were identified in a survey of over 201 European cleft centers [22].
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Three main surgical principles to mitigate the tissue deficiency in CLP have evolved [23]. The first
principle limits the closure only to either the oral or the nasal mucosa layer by applying a so called
single-layer closure [24–27]. This procedure involves turning over the mucosa from either the oral or the
nasal cavity like a book page while leaving an open wound on the back side of the turned-over mucosa.
The second principle involves detaching the oral tissue and shifting it over the cleft area while creating
an open wound that heals outside the cleft area from where the tissue has been detached [28–30]. In the
third principle, tissue from outside the palatal area is used to cover the open wound areas that result
from the first or second technique [31–34]. While all of these surgical techniques are able to close the
cleft gap using the available tissue, none of them result in the generation of new mucoperiosteal tissue.

Adjuvant therapies or strategies such as tissue expansion [35] and distraction osteogenesis
(DO) [36] have been attempted to increase the volume of tissue in the areas of tissue deficiency in
clefts. The principles of DO require a bone cut through the palatal shelf ridges. However, in infants
this would damage the dental follicles that are embedded in the palatal shelf ridges. Most tissue
engineering studies have focused on the application of biomaterials purely for bone generation [37].
However, the palatal cleft comprises bone and two mucosal layers, which makes it a difficult target for
biomaterial or tissue-engineering techniques.

Animal experiments suggest that periosteal distraction osteogenesis (PDO) is an appealing option
for utilizing the principles of DO [38–40] for combined bone and soft tissue generation without the need
for a bone cut. PDO is performed by gradual lift-up on the mucoperiosteum from the underlying bone
by applying mechanical loading. The physical tissue strain and biological tissue stimulus to bone and
periosteum lead to new tissue formation. We therefore address PDO as a potential treatment strategy
to target the tissue deficiency in orofacial clefts while using magnetic forces to exert the necessary
tissue strain. Magnetic forces have been used in orthodontics to generate tooth movement and to
promote tissue reactions [41].

Finite element (FE) analysis is a numerical tool to compute the stress and strain fields in the
bone structure under external loading. It thereby reveals the distribution of the internal loads and
deformations. Computational FE analysis has provided crucial basic data for understanding mechanical
interactions between the magnets and mucoperiosteal tissue for tissue expansion [42]. The loading
distribution depends on the shape and size of individual anatomical structures and malformation.
Previously, this method has been used to assess the maxillary load transfer during conventional DO in
patients with cleft lip and palate [43].

In our previous study we have examined the feasibility of dental magnets as distraction devices
in newborns with UCLP [44]. Unilateral clefts form 76% of all CLP cases worldwide which still leaves
the BCLP, accounting for one fourth (24%) of all CLP unaddressed [45]. As the anatomy of BCLP is
different from UCLP, it is the aim of this study to compare the load transfer of magnetic forces used for
PDO in both UCLP and BCLP in silico models. It examines whether the forces reach the threshold
necessary for regeneration of the hard and soft tissue volumes along the cleft edges in both UCLP
and BCLP.

2. Materials and Methods

2.1. Ethical Statement and Patient Data

The reported investigations and procedures were conducted according to the principles expressed
in the Declaration of Helsinki. Two computed tomography (CT) scans of anonymized 2- and 3-week-old
newborns with complete UCLP and BCLP, respectively, were obtained from an existing database and
analyzed. The DICOM data sets of 2 CT scans were obtained from a commercial CT scanner using a
voxel size of 0.3 mm (Philips CT scanner, Eindhoven, The Netherlands).
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2.2. Model Construction

The CT scans of the UCLP and BCLP newborns were imported into dedicated image analysis
software (Mimics version 19, Materialise, Leuven, Belgium) and three-dimensional (3D) surface models
were generated by thresholding and selecting only the hard tissues of the cranium and maxilla.
The region of interest was further defined by virtually removing all structures except for the midface,
including the maxilla and the adjoining bony segments of the face (first, second and third rows in
Figure 1).
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Figure 1. From computed tomography scans to finite element (FE) models with magnets in the
unilateral cleft lip and palate (UCLP, left column) and bilateral cleft lip and palate (BCLP, right column).
Frontal views of three-dimensional reconstructions of the soft tissue (first row) and hard tissue (second
row). Regions of interest of the FE models (third row) and the models with magnetic strips which are
blue in color (fourth row).
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2.3. Magnet Implantation

The rare-earth permanent magnets used for in vitro testing were constructed from a
neodymium-boron-iron alloy (Dyna WR magnets, Dyna Dental Engineering, Halsteren, The Netherlands).
The magnets were disc shaped with a height of 1.7 mm and a diameter of 4.5 mm (02MS1 Dyna WR
magnet S3). The mucoperiosteum borders on the cleft and non-cleft sides were covered with two 23 mm
long parallel bars of five magnets each placed in a row in the UCLP and BCLP models (Figure 1, fourth
row). In the following analyses, each row of the magnets was assumed to exert attracting forces relative
to the oppositely placed row of magnets. Experimental force-distance curves for these magnets were
measured [44] with the results used to define incremental forces with a magnitude of up to 5 N to either
side of the cleft in the UCLP and BCLP models.

2.4. FE Model Design

The FE mesh was constructed based on the CT scans of the 3D UCLP and BCLP models. The UCLP
FE mesh consisted of 238243 4-node tetrahedral elements with 43822 nodes, whereas the BCLP FE
mesh consisted of 409027 4-node tetrahedral elements with 74551 nodes. The position of the centroid
of each element was calculated and a gray scale was associated with it based on spatial interpolation of
the gray scale values of the nearest voxels. The gray scale values from the CT scans were correlated
with the material density and the material stiffness. Relevant material properties were assigned for the
elements representing bone, arithmetic relationships between gray scale values, apparent densities
and Young’s moduli [46–49]. Depending on its apparent density and the associated gray scale values,
the bone tissue was stratified into ten different material property groups, ranging from very low-density
cancellous bone (bone 1) to dense cortical bone (bone 10). The material properties of these ten types of
bone (apparent density, Young’s modulus, Poisson’s ratio and yield strength) were same as used by
Nalabothu et al. [44].To highlight the compositional difference between the UCLP and BCLP model
each type of bone density (bone 1 to bone 10) has been cumulatively compared between both models
(Figure 2).
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Figure 2. The cumulative percentage of the ten material property groups for the unilateral cleft lip and
palate (UCLP) and bilateral cleft lip and palate (BCLP) models, respectively. The material properties of
the ten different bone types are retrieved from Nalabothu et al. [44].
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2.5. FE Analysis

The UCLP and BCLP FE models were exported from the image analysis program in NASTRAN
format and imported into an FE analysis program (Strand7, Sydney, Australia). The material properties
of the bone were assumed to be non-linear, with its stress-strain curves in the ten groups adapted
so that the bone would behave as a perfectly plastic material whose compressive strength was 150%
higher than its tensile strength [50]. The FE analyses were conducted using a nonlinear solver with
logarithmically increasing increments from 0.01 to 1 (100% load). The calculated stresses and the
associated strains were used for post-processing.

3. Results

The application of a 1 N attraction force did not produce strain levels in the 1500 µstrain range
in both the UCLP and BCLP model. As this was considered a minimum requirement for adaptive
remodeling, in the following only the results for a 5 N attraction force are presented.

3.1. Overall Deformation of the Maxilla

The maximum deformation in the UCLP and BCLP models occurred around the sites adjacent
to the magnetic strips at the vomer edge of the greater and lesser segments of the palatal shelf ridge.
The overall deformation was greater in the UCLP model (left column of Figure 3) than in the BCLP
model. In the BCLP model, the deformations occurred more in the posterior area of the palatal shelf
ridges (right column of Figure 3) than in the anterior one.
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3.2. Stresses and Strains in the Maxilla

The obtained stress/strain components of the UCLP and BCLP FE models in the X-direction
(coronal), Y-direction (medial/lateral) and Z-direction (anterior/posterior) were different in each aspect.
In the BCLP model no strains higher than 1500 µstrain were seen for a magnetic load of 1 N (Figure 4).
However, a load of 5 N regions with strains beyond 1500 µstrain were observed though less than the
UCLP model [44].Appl. Sci. 2020, 10, x FOR PEER REVIEW  8 of 14 

 

Figure 4. Areas showing the overall strain levels in BCLP model during loading of 1 N (left) and 5 N 
(right) from the palatal view. 

The orthogonal stresses in the coronal (X) direction occurred in the UCLP model mainly at the 
anterior part of the ridge of the lesser segment and the posterior part of the vomer edge (Figure 5: left 
column, top row), while in the BCLP model it occurred bilaterally in the posterior border of palatal 
shelf ridge (Figure 5: right column, top row). The orthogonal stresses in the medial/lateral (Y)-
direction occurred in the UCLP model mainly at the middle portion of the lesser segment’s ridge and 
in some sparse areas at the middle portion of the vomer edge and the greater segment’s ridge (Figure 
5: left column, second row), while in the BCLP model it occurred bilaterally on the palatal shelf ridges 
at the anterior tip and posterior border (Figure 5: right column, second row). 

The orthogonal stresses in the antero/posterior (Z) direction occurred in the UCLP model mainly 
on the anterior portion of the lesser segment’s ridge and on the middle portion of the vomer edge 
and on the anterior portion of the greater segment’s ridge (Figure 5: left column, third row), while 
there were no stresses in this direction in the BCLP model (Figure 5: right column, third row). 

The von Mises stresses (stress intensity) in the UCLP model were highest on the entire greater 
and lesser palatal shelf ridges and on the vomer edge (Figure 5: left column, bottom row), while in 
the BCLP model von Mises stresses were highest bilaterally on the anterior and posterior parts of the 
palatal shelf ridges. (Figure 5: right column, bottom row). 
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(right) from the palatal view.

The orthogonal stresses in the coronal (X) direction occurred in the UCLP model mainly at the
anterior part of the ridge of the lesser segment and the posterior part of the vomer edge (Figure 5:
left column, top row), while in the BCLP model it occurred bilaterally in the posterior border of
palatal shelf ridge (Figure 5: right column, top row). The orthogonal stresses in the medial/lateral
(Y)-direction occurred in the UCLP model mainly at the middle portion of the lesser segment’s ridge
and in some sparse areas at the middle portion of the vomer edge and the greater segment’s ridge
(Figure 5: left column, second row), while in the BCLP model it occurred bilaterally on the palatal shelf
ridges at the anterior tip and posterior border (Figure 5: right column, second row).

The orthogonal stresses in the antero/posterior (Z) direction occurred in the UCLP model mainly
on the anterior portion of the lesser segment’s ridge and on the middle portion of the vomer edge and
on the anterior portion of the greater segment’s ridge (Figure 5: left column, third row), while there
were no stresses in this direction in the BCLP model (Figure 5: right column, third row).

The von Mises stresses (stress intensity) in the UCLP model were highest on the entire greater
and lesser palatal shelf ridges and on the vomer edge (Figure 5: left column, bottom row), while in
the BCLP model von Mises stresses were highest bilaterally on the anterior and posterior parts of the
palatal shelf ridges. (Figure 5: right column, bottom row).
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Figure 5. Distributions of the three orthogonal stress components and the von Mises stresses under a
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and third rows shows the orthogonal stresses in the X-, Y-, and Z-directions, respectively, and the
bottom row shows the von Mises stresses (stress intensity).
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4. Discussion

The success of surgical hard palate closure in UCLP and BCLP is dependent on the availability of
tissue in relation to the cleft area that needs to be closed. In wider clefts it is imperative to mobilize the
tissue adjacent to the cleft more extensively, which leads to a wider tissue wound and tissue reparation
rather than regeneration [51]. This situation may interfere with the normal growth and development
of the midface and dentition [12,52]. The growth in patients with clefts remains a challenge regardless
of which surgical protocol is applied. Applying adjuvant therapies before surgery can alleviate the
problems of tissue deficiency to some extent by approximation of the palatal shelves using active
presurgical orthopedics [53] or passive plate therapy [17], which facilitate tissue closure across the cleft
area. However, the stocks of bone and soft tissue still remain deficient since such therapies do not aid
in the regeneration of local tissue.

Therefore, in this study we tested a contrasting strategy based on increasing the bone and soft tissue
prior to cleft surgical repair by means of magnetic periosteal distraction. It aims for true generation of
the deficient osteo-mucoperiosteal tissue−thus, tackling the inherent palatal tissue deficiency which is
a basic feature of the cleft malformation that does not disappear over time. With this intention, we
analyzed the in silico stress distribution induced by magnetic strips placed on the cleft palatal shelves
in newborns with UCLP and BCLP. We tested the hypothesis that magnets can generate bone inducing
strains in UCLP and BCLP newborns.

Analyses of load transfer, by studying the distribution of stresses and strains, are a prerequisite
before in vivo testing since incorrect loading or overloading may lead to disorganized tissue structures,
eventually leading to tissue necrosis. Determining these stresses and strains in vivo is not feasible in
newborns for ethical reasons, and so 3D in silico models were deemed a valid alternative approach.
Although our experiments were confined to tissue generation by means of stresses induced by magnetic
periosteal distraction, there is increasing evidence that magnetic fields can further promote bone
regeneration directly by attracting growth factors, hormones and polypeptides to the implantation
site [54]. The length of the magnetic strips was defined as 23 mm since the average length of hard
palate at birth is 25.6 mm ±1.6 mm [55]. Previous tests on the magnetic attraction forces across porcine
palatal mucosa (rugae) tissue allowed the simulation of the thickness of mucosa in the newborns [44].

In the present study we found that applying 5 N attraction forces using magnetic strips induced
stresses in the UCLP and BCLP models mainly at the vomer edge and the palatal shelf ridges of
the greater and lesser segments (left and right columns, Figure 3). Areas of tissue generation were
delineated by applying the principles of Frost’s Mechanostat theory, which states that mechanical
loading influences the bone structure by changing the mass (amount of bone) and architecture
(arrangement of surrounding tissues) if the induced strain exceeds 1500 µstrain. This implies that
periosteal tissue regeneration will be induced at sites where the strain in the underlying bone exceeds
1500 µstrain, as the periosteum is mechanically subservient to the bone [56] (Figure 4).

The area of periosteal tissue that was subjected to at least 1500 µstrain was larger in the UCLP
model than the BCLP model, which could be due to differences in material properties of the bone
and anatomical variations. In the two FE models there is more low-density bone type 3 present in
BCLP than in the UCLP model (Figure 2). Moreover, the direction of the magnetic forces is also more
horizontally oriented in BCLP model compared to the UCLP model. The stresses and strains, able to
induce adaptive remodeling, as exhibited in both UCLP and BCLP models, were localized to the area of
the intrinsic tissue deficit of the cleft malformation while at the same time not affecting the neighboring
areas, thus providing evidence that no compressive forces were transmitted to the alveolar ridges by
the magnets.

The abovementioned geometrical and structural differences between the bone anatomy of the
UCLP and BCLP mean that each will require a different design of implant. The larger cleft width
in case of BCLP would make a more powerful magnet necessary to generate equivalent forces as in
case of UCLP. Alternatively, the use of spacers to partially bridge the distance, or the placement of an
auxiliary implant at the vomer could be considered as an option. The present findings obtained in
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the UCLP and BCLP FE models might not be generalizable to all clefts of similar distances between
the affected and non-affected segments, since the 3D bone morphology might vary even when the
morphology in the cleft area is identical. However, the results of this study give guidance about the
distribution of palatal load transfer around the cleft segments by inducing PDO within the optimal
biological limits [56]. Future studies could test this hypothesis of mucoperiosteal distraction in an
in vivo cleft animal model [57] in order to validate the findings of the present FE analyses.

5. Conclusions

The following conclusions can be drawn from this study

1. The present FE models have shown that the use of magnets as approved for dental applications
can exert attraction with the potential to induce PDO around the greater and lesser segments of
the palatal shelf ridge in cases of UCLP and BCLP.

2. A magnetic attraction force of 5 N was found to be sufficient to reach strain values in excess of
1500 µstrain in the palatal bone in both UCLP and BCLP models, and thereby have the potential
to initiate adaptive remodeling.

3. The effects of magnetic load transfer were localized to their area of application, and did not spread
out to distant structures.

4. The anatomical variations both in external bone geometry and internal bone composition affect
the load transfer across the palate.
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